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1. PREFACE

This is an observational review. The topic of H I in the Galaxy is so vast
that it cannot be covered in any single article. Recent comprehensive
reviews by Kulkarni & Heiles emphasizing the thermodynamics and astro-
physics of the atomic phase (152, 153), and by Burton on the galactic
distribution and morphology of H I (34), together run to more than 120
pages and free us from the burden of discussing those topics here. Instead,
we focus on observations of interstellar atomic hydrogen, from Lyman-a
and the 21-cm line through indirect tracers like dust and gamma rays; on
what one can and cannot learn from these observations; on what the H I
sky looks like; and, finally, on the state of our knowledge and prospects
for the future. We also discuss results from recent H I studies that bear on
two important areas: the spatial organization of interstellar H I, and its
vertical distribution in the Galaxy. There is no mention of the galactic
nucleus (see 28, 163), and we are unable to summarize or even list the
many observations of H I associated with objects such as individual H II
regions, supernova remnants, high-velocity clouds, or specific interstellar
clouds (see, for example, 56).

The sheer abundance of galactic H I data drives us to speak of it in
terms derived from theoretical models that we do not have space to discuss.
The temperature variations of the interstellar medium are so dramatic, its
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pressure structure is so problematic, and its dynamics, hydrodynamics,
and/or magnetohydrodynamics are so intricate that it has commanded the
attention of several generations of the finest theoretical astrophysicists.
We assume in this review that the reader is familiar enough with terms
like “cloud” and “the two-phase model” to get the gist of what we say,
while being thoughtful enough to recognize that, whatever else is true
about galactic H I, the last word on its properties has yet to be spoken.

2. 21-cm OBSERVATIONS

2.1 Critical Review of the Observational Tools

2.1.1 GENERAL COMMENTS The only radio transition of ground-state
neutral hydrogen is the 21-cm hyperfine line at 1420.4058 MHz. In contrast
to the typically highly saturated ultraviolet lines of H I, a Gaussian 21-cm
line has an opacity at line center of

_ -19 Ny

1=52x10 AT 1.
where the spin temperature 7 is the kinetic temperature in most cases,
and Av is the line’s full width at half-maximum, in kilometers per second
(93, 153).

Since typically T, > 50 K and Av ~ 10 km s~ !, the column density Ny
must be greater than 10%! cm™? before the line center is opaque. This is
about 10 times the total column density in the direction of the galactic
poles (168), but values of 10*! cm~? in a narrow velocity interval are
common at low latitudes or toward dense clouds. So, unlike La, the 21-
cm line often has a moderate or even low opacity, and a single spectrum
may have a number of line components whose opacities range from <10~*
to >4. The spectra usually contain a bewildering amount of kinematic
detail.

2.1.2 OBSERVING EMISSION Emission at 21 cm was first detected nearly
simultaneously by three groups (89, 187), and it was studied intensely in
the 1950s by astronomers in the Netherlands and Australia using telescopes
of the 25-m class (see ref. 248 for a historical review). The ubiquity of
atomic hydrogen in the Galaxy, the low energy of the 21-cm transition, its
long lifetime, and its relatively high excitation temperature (compared with
the radio continuum brightness temperature in most directions) make it
easily detectable in emission in every direction despite its generally low
opacity. It is the strongest thermal spectral line in radio astronomy. Profiles
have a peak brightness temperature never less than about 0.5 K and as
high as 125 K at low galactic latitude.
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2.1.2.1 Sensitivity The accuracy of galactic 21-cm spectra is not always
determined by noise from the receiving equipment. A filled-aperture (sin-
gle-dish) radio telescope with a state-of-the-art receiver can take spectra
at 1 km s~ ' resolution with a noise level of only AT}, ~ 0.5 ¢~ '/? K (where
t is the integration time, in seconds), independent of the telescope size,
structure, or angular resolution. Thus, a minute’s integration on a modern
single dish gives an H I spectrum with a signal-to-noise ratio of about 15
at the galactic poles and more than 1500 in the plane. Receiver noise is no
longer the limiting factor in filled-aperture 21-cm emission studies.

The same is not true for observations using a radio interferometer or
“synthetic aperture.” Here the noise, expressed as a brightness temperature
AT,, depends on the telescope configuration because in these systems it is
the noise in units of flux density per beam, i.e. AT, x HPBW?, that is a
constant. (HPBW is the full width at half-power of the antenna beam.) In
general, a synthesis telescope produces a map that has a brightness noise
that goes as the inverse square of the beam size, so increasing the angular
resolution of a synthesis telescope by moving the individual elements
further apart reduces the telescope’s sensitivity to surface brightness. The
trade-off is extremely advantageous when observing an object of small
angular size and high surface brightness, but it has drawbacks for galactic
H I emission work. As an order-of-magnitude example, consider the Very
Large Array (VLA), which currently obtains 21-cm spectra with a bright-
ness temperature noise in a 1 km s™! channel of AT, ~ 100 x [HPBW
(arcmin)]~%(z~ /%) K. In its most compact configuration, the VLA has a
HPBW at 21 cm of ~1’. It would thus take more than 6 hr to get a 3¢
detection on a 1-K galactic H I line from a cloud 1’ in diameter. At the
higher angular resolutions of which the VLA is capable (e.g. 1”), the
integration time required to detect even the bright H I in the galactic plane
is prohibitively large.

2.1.2.2 Strayradiation Radio telescopes have some response (sidelobes)
in all directions, not just in the vicinity of the main beam, and this can
compromise H I emission measurements. Sidelobes arise principally from
Fraunhofer diffraction at the dish edge and from scattering off the feed-
support legs or any other obstacle in the aperture. The aperture-blockage
sidelobes, which can lie many tens of degrees off the telescope axis, cause
the most problems for galactic H I studies. Although the sidelobes have
small amplitude, they cover a large solid angle and can contain a significant
fraction of the telescope’s total response. When pointed toward the galactic
poles, many single dishes receive about equal amounts of radiation from
the galactic plane via a far sidelobe as from the pole itself (168). This so-
called stray radiation has the effect of reducing the dynamic range of 21-
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cm observations and may even create spurious and time-varying spectral
features (135).

Stray radiation is not a significant problem for telescopes that have an
unblocked aperture, e.g. horns or horn-reflectors, and these have been
used to measure highly accurate H I profiles (120, 245, 282). Unfortunately,
all existing unblocked telescopes are relatively small and thus have poor
angular resolution (HPBW of a few degrees). Larger telescopes can be
used for accurate H I studies if their spectra are corrected for stray
radiation, either by modeling the sidelobes and compensating for the
emission expected in each (135, 267) or by “bootstrapping’ observations
to those made with unblocked apertures (168). Both methods require
substantial off-line computer processing of the data and have been used
in only a few directions. The new 100-m class telescope under construction
at Green Bank, West Virginia, has been designed to minimize stray radi-
ation and should be a superb instrument for measuring galactic H 1.

2.1.2.3 Aperture synthesis telescopes Aperture synthesis telescopes have
a different sidelobe problem that complicates their use for galactic H I
emission studies—namely, the sidelobes are both positive and negative.
Because of the very high degree of angular correlation of galactic H 1
emission, almost all of the signal entering the main beam will be canceled
by that which enters nearby negative sidelobes (e.g. 45a, p. 197). This
severely reduces the usefulness of most aperture synthesis telescopes for
the study of most galactic H I emission unless their data can be combined
with accurate single-dish observations to restore the missing signal.

In more formal terms, a multiplying interferometer artificially sets the
map average of each spectral channel to zero because it cannot measure
the “zero-spacing” flux, i.e. the flux in the u-v plane pixel centered on
(0,0). Most galactic H I emission, however, contributes only to the (0,0)
pixel and so is absent from the interferometer measurement. Even with
perfect knowledge of the sidelobes, the zero-spacing flux still cannot be
recovered.

Aperture synthesis radio telescopes are very useful for studying H I
emission features of moderate angular size that are isolated, either because
they are much brighter than their surroundings or they are at a different
velocity than most galactic gas. Examples of these are H I clouds near
H II regions, the brighter high-velocity clouds, and, of course, most other
galaxies. The unique wide-field aperture synthesis telescope at the
Dominion Radio Astrophysical Observatory (Penticton, Canada) is par-
ticularly well designed for measuring galactic H I emission. The array
consists of small-diameter dishes that allow very short u-v spacings to be
sampled and also produce maps that cover a wide area (1¢7) at 1’ resolution
(e.g. 157, 217a).
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2.1.2.4 State of 21-cm emission surveys A useful table of the available
H I surveys is given by Burton (34). Although every part of the sky has
been measured at least once, it is only near the galactic plane that sensitive
surveys are complete with ~ 10" angular resolution. Thus, while we know
the galactic H I sky well enough to characterize its main features, a
researcher looking for a high-quality H I emission spectrum in any given
direction may be disappointed with what is available. One problem is that
large single-dish telescopes measure 21-cm emission lines no faster than
do small telescopes, merely with better angular resolution. Large telescopes
have such small beams that it is not feasible to map large areas completely.
Also, many existing surveys are compromised by stray radiation at the
< 1-K level. Much work needs to be done before there is a satisfactory
account of the 21-cm sky.

2.1.3 OBSERVING21-cm ABSORPTION H I viewed against a bright continuum
source may appear in absorption. In the simplest general case, the bright-
ness temperature T, of the 21-cm signal at a velocity v, relative to the

signal level in the continuum, is a mix of emission and absorption defined
by ‘ '

ATy() = [T,— To][L — e, 2.

Absorption dominates emission at velocity » when the brightness tem-
perature of the continuum source averaged over the antenna beam, T, is
greater than the H I spin temperature averaged over the antenna beam,
T,, and the optical depth 7 is high. Typically, the emission brightness at a
given velocity does not vary strongly with beam size, whereas the observed
brightness of a small background continuum source goes as the inverse of
the antenna-beam solid angle. In practice, most telescopes measure an
average temperature for a point continuum source at 21 cm of 7, ~ 100
S(Jy) [HPBW (arcmin)]™ % Typical bright extragalactic radio continuum
sources are several janskys, and the smallest beam that one gets from a
single dish is about 3’2 at Arecibo, so except in a few special directions T,
is at most several tens of kelvins. This is smaller than the typical values of
T,. Single dishes, then, generally measure a net H I emission profile even
when pointed at a relatively bright continuum source, albeit an emission
profile that has been reduced somewhat by absorption.

To untangle 7(v) from Equation 2 and thus obtain the average kinetic
temperature and column density as a function of velocity, it is necessary
to determine what the emission would be in the absence of a continuum
source by one of two techniques: (@) use a variable continuum source, such
as a pulsar, as a target and measure the pure emission term when the
source is “‘off”’; or (b) observe the H I emission in directions near the
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continuum source and interpolate an “expected” emission profile toward
the source.

Observation of 21-cm absorption against pulsars is quite difficult
because the typical pulsar is weak at 21 cm (S « 1 Jy). As a result, most
spectra are noisy and only a small fraction of all pulsars have been observed
(49). Nonetheless, the results have special value because of a pulsar’s
extremely small angular size, which probes the narrowest possible line of
sight. The observations have also helped establish distances to pulsars and
thus map the galactic electron distribution using the pulsars’ dispersion
measures (278).

2.1.3.1 Single-dish absorption studies Even the largest single dish rarely
measures a net absorption spectrum [i.e. AT (v) is usually positive], so the
accuracy of the observations depends on the accuracy with which the
expected emission profile can be determined. Natural emission fluctuations
across the sky a/lways dominate the error budget of the resulting absorption
spectrum. The rms uncertainty of spectra from the Arecibo telescope is
typically ~0.5 K at moderate galactic latitude, which is greater than the
noise in a spectrum for integration times longer than a few seconds; it may
rise to 22 K at low latitudes. This spectral-line confusion appears only at
velocities where real emission is present, so the reliability of an absorption
spectrum cannot be estimated from the spectral baseline away from the
line. The accuracy of the absorption spectrum is a strong function of
telescope size. The smaller the telescope, the larger is its beamwidth, so
not only is the absorbing component of Equation 2 weaker, but the
reference spectrum must be taken farther from the continuum source,
where it is less likely to be representative of the ““on” position. Liszt (162)
has argued from simulations that a telescope must be > 100 m in diameter
to produce a trustworthy absorption spectrum, except for the strongest
continuum sources (> 10 Jy). Ironically, the emission fluctuations, or noise
of any sort, limit the measurement of high-opacity lines more than that of
optically thin lines because the “optical depth noise’ goes as At = o, X €.
Additional discussion of the observational techniques is given by Colgan
et al (50).

2.1.3.2 Absorption studies using interferometers Interferometers can
have higher angular resolution than any single dish, and most background
continuum sources are well matched to their angular response. For
example, the VLA in the “A” configuration has a beam of ~1” at 21 cm,
so a 1-Jy point source has an average brightness over the beam of ~5 x 10°
K, whereas the receiver noise in the spectrum is two orders of magnitude
smaller after only an hour’s integration. Absorption lines with 7 = 0.1 are
detected easily, but the emission, even if it has a T}, ~ 100 K, is below the
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noise level. In addition, the negative sidelobes of an interferometer, which
interfere with its ability to measure H I in emission, are an asset for
absorption measurements because they further diminish the smooth emis-
sion component that varies slowly across the sky. Recent studies have used
aperture synthesis instruments to generate a very small, clean beam and
measure absorption toward compact sources (78) or map the distribution
of absorption across the face of an extended background source (60, 105).

Although interferometers reject the bulk of the 21-cm emission, there is
still the potential for confusion if the emission has some structure on angles
as small as the fringe separation for some or all of the baselines used in
the aperture synthesis. At low latitudes, even baselines as long as 1 km
(fringe separation 44”) can show traces of galactic emission. Since the
amplitude of the emission fringes decreases roughly as the angle to the
power two to three (59), and the brightness of the absorption goes as the
inverse beamwidth squared, the ultimate absorption sensitivity that a
telescope can achieve is proportional to its angular resolution to about the
fourth power.

The telescope dynamic range sets a limit on the maximum absorption
sensitivity also, since at some level the absorption spectra toward nearby
continuum sources blend with the spectrum toward the source of interest.
If the absorption is different toward different continuum sources in the
field, there will be errors at the level of At/R, where At is the variation in
optical depth over the field and R is the dynamic range (typically 100 to
1000 or more for well-calibrated observations).

Observational techniques for synthesis telescope observations of 21-cm
absorption are discussed by van Gorkom & Ekers (266). The experimental
results can be particularly sensitive to details of these techniques, especially
if the background continuum source is extended. For example, if individual
channels are ““cleaned” separately before subtracting the continuum, spu-
rious variations in optical depth may be generated. Also, variation in the
surface brightness of the background continuum source causes even a
constant level of noise in channel maps to generate a wildly varying noise
level in e " and in .

As an example of what is currently possible, it takes about 4 hr at the
VLA to obtain a spectrum with optical depth noise o, ~ 0.1 at a velocity
resolution of 1 km s~ ' toward a 50-mJy source. It is impractical to go
much deeper in optical depth, or to get a spectrum with even such meager
sensitivity toward a much fainter background source, because the telescope
time required soon becomes prohibitively large. But since there is typically
one extragalactic background source per square degree with S 2 50 mJy,
it should be possible to obtain an absorption spectrum within a degree or
so of any direction of interest. This will be adequate for many purposes
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because there is usually a fair correlation between absorption spectra
separated by a degree or less at high and intermediate latitudes.

2.1.3.3 Absorption surveys The first observations of 21-cm absorption
were made by Hagen et al (107) toward very strong galactic continuum
sources using a single-dish telescope, followed by Muller (186) and Shuter
& Verschuur (235), but after that until the mid-1970s most advances in
absorption studies were made by interferometers at Caltech (46, 47, 127)
and at Parkes (207). Further single-dish absorption studies became possible
when instruments of the 100-m class became available (69, 180, 281). In
particular, the Nangay radio telescope, because of its special geometry, is
particularly suited for absorption studies (61, 137, 158). The upgraded
Arecibo telescope has been used for these observations since the late 1970s
(50, 62, 79, 80, 148, 197-199, 237). In addition, combined observations
using interferometers to measure the absorption and single dishes to meas-
ure the emission have been done at the Parkes Radio Observatory and at
Green Bank (44, 75, 100, 181, 209, 210, 216). More recently, there have
been several absorption studies using the VLA (78, 97), the Arecibo inter-
ferometer (156), and the Ratan 600 telescope (2). About 500 absorption
spectra are now available with sensitivity to ¢ 2 0.1; some 50 to 100 have
sensitivity to lines a factor of 3 to 10 weaker.

2.1.3.4 VLBI Absorption by the 21-cm line can be measured and even
mapped at an angular resolution of <071 using VLBI techniques if the
background continuum source is suitable. Dieter et al (81) did the first
successful experiment of this kind and detected a surprisingly strong vari-
ation in the optical depth of absorbing gas in front of 3C 147 over about
072. On this line of sight this corresponds to a linear size of 70 AU or less.
This result has recently been confirmed by Diamond et al (73) using the
European VLBI Network; similar small-scale structure is suggested in two
other directions.

These results are stunning, particularly since the background sources
used are extragalactic, so the directions studied should give random
samples of low-latitude interstellar gas. The column density needed for the
absorption is a few times 10'° cm™?2, which implies a volume density of
nearly 10° cm™? if the optical depth variation is caused by density change
alone. Whether these are distinct structures or some sort of discontinuous
internal variations in the density and/or temperature inside larger clouds
is not yet known. If they are discrete structures, they need contain only
10~% M. The highest resolution VLA maps of absorption toward Orion
(262) also show very small concentrations of gas. However, with sizes of
a few tenths of a parsec and masses typically of 0.01 M, these subparsec
clouds are vastly larger and more massive than those found by the VLBI
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experiments. Both may be the result of the passage of a shock front through
a much larger cloud. The recently discovered structure in the ionized
medium on scales of ~10 AU (92c, 281a) might be related to the small-
scale structure in the cool neutral medium if, for example, both are caused
by instabilities behind supernova shocks, but this connection is only specu-
lative.

2.1.4 OBSERVING SELF-ABSORPTION Just as interstellar La absorption can
be detected against the broad La emission lines from late-type stars, so
too can a cold H I cloud appear in absorption against H I emission from
warmer gas behind it. Two circumstances are illustrated in Figure 1, along
with the 21-cm profiles that result: The telescope on the left measures the
sum of the two profiles because the hot cloud is optically thin, and the
telescope on the right sees a self-absorbed profile.

Self-absorption was first detected against the low-latitude, bright H I
toward the galactic center and anticenter (109, 205). Its occurrence is direct
evidence that the kinetic temperature of galactic H I has a large range.

The phenomenon can be difficult to recognize in a complex spectrum,
and Knapp (144) has proposed that self-absorbed features be identified by
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Figure I Schematic of the geometry of 21-cm self-absorption. The structure of an emission
profile depends on the relative location of hot and cold clouds as viewed by the observer.
Superpositions like this are very common at low and intermediate latitudes. The profile on
the right (b) is self-absorbed.
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the following characteristics: (a) They should have a relatively narrow line
width of only a few kilometers per second, implying that the kinetic
temperature is low; (b) they should have steep sides, so that they are
unlikely to be just the chance sum of emission components; and (c) they
should be relatively localized in space. A self-absorption feature is also
suspected where a sharp minimum is seen in an H I emission profile at
the velocity of a molecular cloud in the same direction. Conditions for
observable self-absorption are most favorable at low galactic latitudes,
where the H I is fairly bright, or in the direction of local gas clouds that
subtend many arcminutes. The technique is useful for determining cloud
properties in directions lacking suitable background radio continuum
sources (5, 8, 37, 178, 220, 222, 234).

In analyzing a seclf-absorbed profile, such as Figure 15, one usually
estimates the background emission by drawing a smooth curve connecting
the apparently unabsorbed portions of the spectrum. This step introduces
considerable uncertainty, especially for complex spectra (159), and still
leaves two unknowns (the spin temperature and the opacity of the cloud)
and only one measured quantity (A7}). The ambiguity can be resolved if
the cloud covers so large an angle that one can literally move off the
background H I, as one moves off a background continuum source, and
obtain a pure emission profile for the cloud. Circumstances like this are
more common than one might expect (206). At least one cloud goes from
emission to self-absorption as it crosses the bright H I in the galactic plane
(9), and van der Werf et al (261) have observed a cloud that appears in
self-absorption at its center but in emission at its edges. Where the cloud
disappears, its spin temperature must be close to the brightness tem-
perature of the background H I, in this case about 25 K.

Most self-absorption studies, however, can give only a range of tem-
perature and density for the absorbing cloud, usually with significant
uncertainty. Although the range can be restricted in some cases (219),
there is little or no way to determine a confidence level for an individual
measurement of 7.

It is possible that self-absorption causes much of the structure in low-
latitude galactic emission profiles. Prominent examples of self-absorption
remain a sobering reminder that there are places in the interstellar medium
where the 21-cm brightness decreases as the H I column density goes up.

2.1.5 COLUMN DENSITY MEASUREMENT  One of the major deductions from
21-cm observations is the total column density of H I, or the column
density at a particular velocity or in a particular spectral component. If
the 21-cm line is optically thin in the direction of interest, then the column
density is given by the velocity integral (in K km s~ ') under the profile:
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Nu(t « 1) =1.823 x IOISJdevcm_z. 3.

Given only an emission spectrum and not a measurement of 7 itself, a
reasonable rule of thumb is that if the peak T3 is only a few tens of kelvins
or less, the optically thin assumption is probably not too bad. Most H I
is hotter than 20 K, so a peak T less than that suggests a modest opacity
if self-absorption and other evidence of cool gas are absent.

A first-order opacity correction can be made by adopting a constant 7
for a spectrum. Most large-scale emission surveys have been analyzed this
way using values of T in the range 120-150 K (e.g. 35, 143, 194).

If the 21-cm line has significant opacity, a unique interpretation of the
data is usually impossible because a cloud with an optical depth 7 greater
than a few tenths partially obscures the emission from gas behind it. At
the velocity of this cloud, the emission brightness temperature is a function
of the spin temperature and optical depth of the cloud, plus the column
density of any foreground optically thin gas and the attenuated column
density of the background gas. Even with both emission and absorption
observations, and thus a measurement of {7,y and {z) at each velocity,
there is no unique Ny(v), since correction for opacity depends on the
detailed juxtaposition of warm and cool gas. The algebra of this radiative
transfer problem is discussed by many authors (50, 75, 153). As an example,
consider the spectra in Figure 1. The optically thin assumption gives an
Ny that 1s 10% too low for spectrum (a) and 20% too low for spectrum
(b). The assumption that the gas is isothermal at 125 K gives an Ny that
is only 5% too high for (a) but 10% too low for (b).

The need to correct for opacity in 21-cm profiles ultimately limits the
accuracy of many Ny determinations (88). In most directions, the total
column density derived from an optically thin analysis of an emission
spectrum should be multiplied by factors of 1.1-1.3 to account for self-
absorption. There are, however, a few places where the factor gets large
as cold clouds shield a region of velocity crowding. Observation of 21-cm
absorption toward extragalactic continuum sources and other evidence
(200) shows that considerably less than half of all velocities in low-latitude
spectra are covered by H I with ¢ > 1. While opacity effects make it difficult
to derive a very accurate Ny at low galactic latitude (5| < 10°), it is
unlikely that 21-cm emission surveys have missed more than about 20—
30% of the mass of galactic H I, on average (80a).

2.1.6 THE ZEEMAN EFFECT AT 21-cm The line-of-sight component of the
interstellar magnetic field shifts the frequency of the two circular polar-
izations of the 21-cm line by a small amount. This effect was first detected
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by Verschuur (269). There have been several recent comprehensive reviews
of Zeeman observations along with other methods for measuring the
interstellar magnetic field (115, 152, 254, 256).

2.1.6.1 Observational considerations The Zeeman effect is extremely
difficult to measure at 21 cm, not only because very high sensitivity is
needed to achieve even a significant upper limit, but because of the subtle
calibration required and the many sources of spurious polarized signals
that mask and even mimic the effect. High sensitivity is necessary because
the frequency difference between the two polarizations is very small, only
2.8 Hz (uG)™ !, so that for the typical interstellar field strength of a few
microgauss the splitting is more than two orders of magnitude smaller
than the H I line width. Thus, rather than seeing separate lines in the two
polarizations, one sees at best an almost imperceptible shift in the line
center. This is generally measured differentially—for example, using a
switch that synchronously subtracts the signals from two circularly polar-
ized feeds (254).

Zeeman splitting can be observed in emission or in absorption. The
former technique benefits from the strength of the lines on even a small
telescope, whereas the latter has the advantage of narrower lines and a
sampling of a more restricted volume in space that reduces the possibility
that the effect will be canceled by a reversal of the magnetic field along the
line of sight. But even with a relatively strong B, of 10 uG, the amplitude
of the circular polarization differential signal is only 1073 of the total
brightness in emission, and perhaps 3 times that in absorption. Thus, to
detect the Zeeman splitting takes about 10° times longer than the time
required to detect the line itself.

2.1.6.2 General results Most recent observations of the Zeeman effect
in 21-cm emission have been made with the 25-m telescope at the Hat
Creek Observatory (reviewed by Heiles in ref. 115; see also 116a, 117, 271).
This telescope has been carefully calibrated in circular polarization, and
integration times of many days per spectrum have been achieved. Because
of the enormous time and effort needed to obtain a good measurement,
the body of existing data is neither large nor systematic. It consists mainly
of observations in “interesting’ directions.

Measured field strengths typically range from ~ 10 to ~100 uG and
vary considerably and to some extent unpredictably from point to point.
The magnetic field seems to be concentrated in filamentary structures that
lie on the surfaces of H I shells and supershells. This concentration may
be the result of the interstellar shocks associated with the shells. The
magnetic field pressure P/k is typically several times 10* cm~> K, which is
much larger than the thermal pressure in the H I gas (typically 2-3 x 103
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cm~? K) and larger than the equivalent pressure in macroscopic and
turbulent motions (typically 2-5 times the thermal pressure) indicated by
the 21-cm line width. It is tempting to associate these line widths with
Alfvén waves (92) and consider the macroscopic motion of the gas to
be a response to magnetic pressure gradients resulting from the field
configuration (117). The magnetic field evidently dominates the small- and
intermediate-scale kinematics of interstellar H I in many regions. In one
interpretation (56), the magnetic field can also moderate the response to
thermal instabilities in the neutral gas and so determine the thermodynamic
phase balance in interstellar H I. On the other hand, many directions have
upper limits to the magnetic field of 3-5 uG or less. These areas, where
the magnetic pressure is less than or comparable to the pressure due to
macroscopic motions, are probably more typical of interstellar H I as a
whole than those exceptional regions of strong fields that give the positive
detections of Zeeman splitting.

In 21-cm absorption, few regions have been well observed because of
the long integration times needed even to place interesting limits on the
field strength. Detailed maps of the field distribution toward the very
bright supernova remnant Cas A have been made with the Westerbork
synthesis telescope (24, 229). In one spectral feature the magnetic field
strength more than doubles, from 20 to 50 uG, over a distance of 4 pc.
The regions of higher magnetic field strength correspond with the position
of molecular clumps embedded in the cool H I cloud (253). Recent VLA
studies of the 21-cm Zeeman effect in Orion (257, 262) and W3 (263) show
again that the magnetic pressure is sufficient to overcome gas pressure,
bulk motions, and gravitational forces in large areas around these H II
regions. Small-scale structure is seen in the field configuration with rever-
sals over lengths less than 1 pc, suggesting a tangled field. This may be the
result of the recent nearby star formation. ’

On larger scales the existence of a correlation between field strength and
gas density in the atomic phase is tentative (254-256), although strong
fields are seen in the 18-cm lines of OH, originating where the density is
several hundred atoms per cubic centimeter or higher (64, 191, 253).

Although interest in measuring 21-cm Zeeman splitting is increasing
and more telescopes are being used to measure the effect, we still know
less about the strength and direction of the magnetic field than about any
other major aspect of galactic H 1. This area of research is ripe for
observational advances.

2.2  General Characz‘eristicsAof 21-cm Observations

All 21-cm spectra, despite their diversity, have a number of common
attributes, which are illustrated in Figures 2 and 3. The data in Figure
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Figure 2 Representative 21-cm emission and absorption profiles at low galactic latitude.
All are in the same direction (/, b) = (5526, +293). The emission profiles were taken with
angular resolutions of 36’, 11°, and 4’, while the absorption is measured against an extra-
galactic source that subtends <071 (9, 78, 277). The emission profiles are in brightness
temperature on the scale given by the bar labeled “20 K.”” The absorption profile (inverted
here) gives the value of 1 —e™" ~ 7 at each velocity, and its reference bar has 7 = 0.25. At
the top of the figure is a curve that shows the relation between velocity and distance from
the Sun (in kiloparsecs) for an assumed galactic rotation law (36). While there are only
minor differences among the emission profiles despite the differing angular resolution, the
absorption profile looks quite different. This is not an effect of angular resolution but of the
bias of absorption spectra to the coldest H 1.
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2 were taken near (/,b) = (55%6, +2°3) in emission at several angular
resolutions and in absorption against an extragalactic continuum source
that has an angular size of <071. The curve at the top of the figure shows
how the velocity, if interpreted entirely as galactic rotation, corresponds
to distance from the Sun [using a rotation curve (36) scaled to R, = 8.5
kpc). Positive velocities imply galactocentric radii <8.5 kpc, i.e. within the
solar circle. This particular line of sight intersects the galactic “disk™ twice:
first near the Sun, then again as it passes through the galactic warp more
than 15 kpc from the Sun and > 500 pc above the nominal galactic plane.
The relatively bright and complex emission at negative velocities comes
from the galactic warp. Emission spectra with this sensitivity can be
obtained in about 1 min with current receivers. The absorption spectrum
was obtained in 1 hr using the VLA.

Low-latitude emission spectra, such as those shown here, are always very
complex; the signal commonly extends over several hundred kilometers per
second. The shape of the emission spectra does not change greatly with
angular resolution in the inner Galaxy (6), which here lies at positive
velocities. Except for self-absorbed features, high-angular-resolution
observations near the plane have revealed surprisingly little not already
seen in lower resolution observations. This relative absence of angular
structure is caused in part by “velocity crowding,” a term first used by
Burton (32) to emphasize the fact that galactic rotation, projected on the
line of sight, often does not impart very much of a velocity difference to
spatially separated objects. A long distance can be “crowded” into a small
velocity interval. On Figure 2, for example, the velocities from 20 to 30
km s~! cover >1.5 kpc. When a lot of space is squashed into a few
kilometers per second, individual interstellar components blend
completely, and little structure is revealed by increasing the angular resolu-
tion except, perhaps, for an occasional cold foreground cloud that can
appear in self-absorption. The absence of significant small-scale angular
structure at positive velocities is not the consequence of opacity of the line:
The absorption spectrum clearly shows that the gas is optically thin at
most velocities.

Small-scale angular structure in the negative velocity emission of Figure
2, e.g. near —65 km s~ !, arises because this gas is so distant that the 36’
beam covers 160 pc, which is comparable to the size of major structures
in the interstellar medium (ISM), and even to the thickness of the H I
layer.

The overall shape of the emission profiles in Figure 2 is mainly deter-
mined by the large-scale distribution and kinematics of H I in the Galaxy.
The bright, low-velocity gas is local, and the emission diminishes with
distance as the line of sight gets farther from the galactic plane. H I profiles
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at low galactic latitude always have several distinct peaks. The origin of
these is somewhat controversial; they are manifestations of variations in
velocity crowding as well as genuine density enhancements (33, 34). Large
features in ““longitude-velocity” space are seen in both 21-cm and CO
surveys (33), but their identification with spiral arms or “superclouds” is
ambiguous (87).

The picture in H I absorption is substantially different from that in
emission. The quantity plotted in Figure 2 is the fractional absorption
(1—e77), which (unlike the emission) varies strongly with the gas tem-
perature. Absorption lines are always narrower than emission lines.
Absorption near the plane is common but highly variable. Some velocities
have H I emission but no detectable H I absorption. For example, there
is often little or no absorption between major emission peaks, whereas all
allowed velocities always show significant H I emission. There was dispute
for some time over whether this effect could be caused by the different
solid angles of the absorption background source and the telescope beam
used to measure emission (e.g. 104). However, with the introduction of
smaller beams and large absorption surveys the explanation has been
convincingly shown to be that suggested originally by Clark (46)—i.e.
that the difference between emission and absorption results mainly from
variation in the spin temperature of the H I along the line of sight.

The absorption spectrum of Figure 2 is not particularly rich in individual
features. To some extent it suffers from the same latitude influence as the
emission spectra: H I far from the galactic plane usually has a smaller
opacity than that close to the plane (154). But once the sight line pierces
the galactic warp, at negative velocities, absorption is again seen. It is
interesting to note that cool H I clouds are found even 15-20 kpc from
the galactic center.

Unlike emission spectra, which do not look like the superposition of a
few Gaussians with unambiguous line centers and widths, absorption
spectra can usually be decomposed into Gaussian components, although
it may be difficult to extract the weakest lines from a blend. In comparison
with 21-cm emission, it is surprising how nearly Gaussian most absorption
features are. This is because the absorption lines arise only in regions of
cool gas, which are more distinct along the line of sight, and which have
narrower intrinsic line widths, than the gas that contributes to H I emission.

Emission at high latitudes is typified by the spectrum in Figure 3, which
is in the direction of the radio galaxy 3C 287. Sensitive observations have
detected no 21-cm absorption in this direction, implying that the peak 21-
cm opacity is less than 1% (80). It is common for there to be little or no
H I absorption in directions with |b| = 45°.

H I emission profiles are never simple, single Gaussians; virtually all
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Figure 3 A representative 21-cm emission profile at high galactic latitude. This profile is
toward the radio source 3C 287. No H I absorption has been detected in this direction, which
implies that t < 0.01. Multiple spectral components, often with different velocities, are
common in galactic H I profiles, even at high latitude. The component at —25 km s~ ' is an
example of the apparently infalling gas that is widespread at northern latitudes (80b, 279;
see also Section 6.1).

show multiple components, line asymmetries, or broad wings. Sometimes,
as in Figure 3, they contain components whose velocity cannot arise from
galactic rotation. It is not generally useful to try to decompose emission
spectra into Gaussian components because a profile’s shape is determined
as much by the vagaries of galactic rotation, velocity crowding, and stream-
ing, modified by opacity and variations in temperature, as it is by the
superposition of discrete elements. A Gaussian analysis provides unam-
biguous information only when an emission feature has a very odd velocity
(such as high-velocity clouds) or is very much brighter than its surround-
ings, so that it is not blended with most other emission.

2.3 Integral Properties of the H I Sky

Some fundamental aspects of the H I sky can be seen in the distribution
of total column densities; thanks to a number of recent surveys (38, 48,
130, 141, 245, 277), reasonably accurate data are available. The following
discussion is based on these surveys merged and averaged into 1° x 1°
bins in / and b; this gridding is adequate for most purposes, except near
the galactic plane. Column densities were calculated for 7, = 200 K and
include all emission within 4250 km s~ ' of zero velocity (LSR), except
for that associated with the Magellanic Clouds.

The total H I column density varies by a factor of at least 500 across
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the sky. The location of the highest Ny is not well known because of
opacity effects; the highest value in our data set, 2.6 x 10°?> cm™? at
(1,b) = (339°,0°), is certainly less than the true maximum. The lowest
column density, however, has been fairly well established as
4.440.5 x 10" em™2 at (I, b) = (152°, +62°) in Ursa Major (130, 168).
Toward the galactic poles, the column density is ~10%° cm™ 2.

The frequency of occurrence of a given column density is shown in
Figure 4. The general form of this figure, with its steep decrease at the
low-Ny end, and the long tail to high Ny, would be seen in any uniform
H I disk observed from within, but the large breadth of the distribution
indicates that there are substantial variations in Ny at all latitudes. The
cutoff below Ny ~ 10?°is real and not an artifact of limited sensitivity or
stray radiation.

The distribution of Ny with latitude shown in Figure 5 is dominated by
the galactic plane, which has a FWHM of about 4° on average. As men-
tioned above, the values of Ny in our data set span a range of > 500, but
most of this is a csc |b] effect. The actual deviations from a simple plane-
parallel layer are shown in Figure 6, where Ny sin |b| is plotted against
sin |b|. These column densities vary by a factor of ~10 owing in part to
several large H I concentrations (e.g. in Orion and Taurus) that lie far
from the plane. The fact that Ny sin |b| —» 0 as sin |b| - 0 is mainly a

Percent
(&)}
T
|
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20 21 22
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Figure 4 The percentage of the sky covered by H I at a given Ny. Each column density has
been averaged over 1° x 1°. This figure is somewhat incomplete at the high-Ny end but
should otherwise be representative. It was derived using data and assumptions described in
Section 2.2. The same data set is used for Figures 5-8.
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Figure 5 H I column densities, each averaged over 1° x 1°, versus galactic latitude for the
entire sky.

consequence of the finite size of the galactic disk, although opacity effects
and the grid size also contribute somewhat.

The data in Figure 6 (for |b| > 2°5) have a mean of 2.9 x 102° csc ||
and a dispersion of 1.4 x 10%° cm 2. These values are consistent with other
determinations of {Ny) (145, 162). The mean, however, changes with
latitude in a systematic deviation from a uniform plane-paraliel layer (145).

S

w

Ny sin|b] (102 cm™2)

Figure 6 H I column densities multiplied by sin |b| and plotted versus sin [b| for the entire
sky. They go to zero as the latitude goes to zero, mainly because the Galaxy has a finite size.
The decrease in { Ny sin |b}) at high latitude is an effect of the hot cavity in the interstellar
medium that extends some 100 pc around the Sun.
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A fit to the binned median of the distribution gives Ny = 3.84 csc|b|—2.11,
in units of 10?° cm~2 More than two thirds of the points lie within
1.0 x 10%% csc |b| of this line. The minimum Ny does not lie at the poles
but near b = +55°.

The decrease in Ny sin |b| at high latitudes is a consequence of the Sun’s
location in a very low density region of the interstellar medium (reviewed
in ref. 57). A number of supernovae have apparently excavated an irregular
cavity 100-200 pc in diameter in which the Sun resides. The cavity contains
little H I but is filled with low-density, fully ionized gas that radiates
in the soft X-ray bands. The vertical extent of the excavated region is
comparable to the usual vertical thickness of the H I layer, so the high-
latitude H I sky has been perturbed substantially by this event. This is
discussed in detail by McCammon & Sanders (177a) elsewhere in this
volume.

The H I sky is shown in Figure 7. The top panel gives the total Ny,
while the bottom panel gives Ny sin |b| and therefore the deviations of the
sky from a uniform plane-parallel system. The regions of excess Ny sin |b|
often lie in arching filaments, some associated with well-known structures
like the North Polar Spur and the shell around the North Celestial Pole
(135°, +35°). These are no doubt regions like our own local cavity, though
in many cases more vast, that have been arranged by a series of supernovae.
Pictures like this have led to suggestions that the organization of interstellar
H I is better described with words like ““sheet” or “filament’ than the more
usual ““cloud” (111). We discuss this topic in Section 5.

The southern galactic sky (b < 0°) has about 20% more H I than the
northern sky. This is partly due to a large tongue of H I that extends south
in the anticenter, but the phenomenon is more general: There is more H I
in the south than in the north at all latitudes. This may be another effect
of the local cavity (57), for high-latitude molecular clouds have a similar
asymmetry (174).

3. ULTRAVIOLET OBSERVATIONS

The Lyman series of H I transitions lies in the ultraviolet between 1216
and 912 A and cannot be observed from the ground. Diffuse La emission
from backscattered solar radiation has been studied to obtain information
on the neutral interstellar medium surrounding the Sun (12), but the
biggest contribution of ultraviolet observations to the study of galactic H I
has come from the Lyman series of lines measured in absorption against
background targets, mainly stars (see the reviews in refs. 54, 243). The first
measurements of interstellar La absorption were made from sounding
rockets (43, 185). Observations have now been made toward about 300
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Figure 7 Two views of the H 1 sky. Both maps are centered on the galactic center with
longitude increasing to the left. (Top panel) The distribution of total H I column densities.
(Bottom panel) The distribution of Ny sin |b|. This shows the deviation of the sky from a
uniform, infinite, plane-parallel layer. The loops and arching filaments have probably been
swept up by supernovae.

stars from the space observatories O 40-2 (224), Copernicus (20), and IUE
(233). The Hubble Space Telescope (HST) is intended to be the next in
this series of observatories.

Lyman-a at 1216 A is the strongest interstellar absorption line. It is
saturated in almost all directions and thus it does not yield radial velocities,
but conversely it does give a fairly accurate column density. Equivalent
widths are derived by fitting model profiles to the observed spectra (226,
233); column densities have uncertainties in the range 10-40%. Currently
the major source of uncertainty in a derived Ny comes from errors in the
estimated stellar continuum; new instruments to be launched in the next
decade should reduce the total error to <10%.
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Most targets for La absorption measurements are early-type stars of
spectral class no later than B2. Stars of later spectral class have strong
stellar Lo absorption lines that contaminate the interstellar lines. The
dividing line between useful and suspect types, although generally placed
at B2, is not always precise, for it depends somewhat on the interstellar H I
column density (226). Early-type stars are so intrinsically luminous that
Lo observations have ample sensitivity despite the relatively small aperture
of the telescopes that have flown thus far. For example, the JUE has
detected interstellar Lo absorption toward unreddened BOV stars as faint
as my = 12-13 (223), which corresponds to distances of up to ~20 kpc.
This sensitivity is sufficient to detect La absorption toward nearly every
early-type star that is at moderate and high galactic latitude. The increased
sensitivity of future instruments like the HST will greatly expand H I
studies of stars at low latitude and those behind dense clouds, and it will
also increase the number of other objects that can be used for La studies.
For example, only a few La absorption measurements have been made
against the chromospheric emission from very nearby, late-type stars (189)
because with the JUE they can be observed to only ~ 30 pc from the Sun.

Higher order members of the Lyman series (LS, Ly, Ld, . . .) are in
principle accessible to check column densities and, if the higher order lines
are not saturated, to obtain velocity information (e.g. 272). Only the
Copernicus satellite, however, was able to observe substantially short-
ward of La, e.g. to L at 1026 A, and it will be some time before there is
general coverage of these wavelengths again, for the HST is limited to
A > 1060 A.

For a number of years there was a discrepancy between the values of
Ny derived from Lo absorption and from 21-cm emission measurements
made in the same direction at moderate and high galactic latitude (42,
131). In all cases Ny(21 cm) was greater than Ny(La), sometimes by an
order of magnitude. Plots of Ny(La) vs Ny(21 cm) showed little if any
correlation, even on a log-log scale (224). Blame for the disagreement was
variously laid to the poor angular resolution of radio telescopes or to some
radiative transfer phenomenon.

The structure of the local ISM and of the Galaxy caused most of the
early problems [as suggested by Spitzer & Jenkins (243)]. Stray radiation
in the 21-cm observations contributed to the confusion, but it was not the
main effect. La observations of nearby stars show less H I than 21-cm
observations because the Sun is located in a low-density cavity (reviewed
in ref. 57); nearly all galactic H I lies behind the nearby stars. It was an
unfortunate coincidence that in the region of the Orion Nebula, which was
the target of many early studies, most of the gas is also behind the bright
stars, so again Ny(La) < Nuz(21 cm). A bias of this sort is expected in most
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ultraviolet/radio comparisons because ultraviolet studies must use sight-
lines with low reddening, so if there is a substantial amount of H 1in a
given direction, it must lie behind the stars observed in the UV. Finally,
the general thickness and irregularity of the galactic H I layer were not
appreciated. Significant amounts of H I can occur many hundreds of
parsecs from the galactic plane, so very high |z| stars are needed for an
accurate La/21-cm comparison.

The current situation is summarized in Figure 8, where Ny (La) is plotted
against Ny(21 cm) for a selected set of stars. Figure 8 contains all available
observations that meet the following criteria (from ref. 123): (a) The target
stars are of spectral type B2 or earlier, (b) the stars are 230° from the
galactic plane, (c) they are at least 1500 pc above or below the galactic
plane, and (d) the 21-cm observations are not contaminated by stray
radiation. The La data are from the Copernicus and IUE satellites; the 21-
cm data are from the Green Bank 140-ft telescope (67, 167, 225). The error
bars are + 1o experimental errors. The agreement between ultraviolet and
radio estimates of Ny is excellent and somewhat astonishing, considering
that the angular resolutions, experimental techniques, and telescopes differ
in all respects. Even the rather coarse 21" angular resolution of the radio
data apparently does not introduce a large error. Within the experimental
uncertainties, and given the rather select nature of the target directions,
the La and 21-cm techniques give consistent results.
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Figure 8 High-latitude H I column densities derived from radio (21-cm) observations over
a 21’ beam compared with column densities derived from UV (L«) observations toward very
distant stars in the same direction. Error bars are experimental + lo values. The excellent
agreement between the two vastly different ways of measuring H I is reassuring and also
indicates that there is not very much angular structure in Ny at high latitudes (see also
Section 5.2).
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4. INDIRECT TRACERS OF H1

Alternatives to La and 21-cm observations give independent estimates of
the properties of galactic H I, often over paths that cannot otherwise be
studied. This is not a comprehensive account of the relationship between
H I and other interstellar species, but rather a summary of some of those
that can be used as predictors of H L.

4.1 Spectral Lines

Interstellar absorption lines from species like Ca, Na, K, and Ti can be
used to infer the distribution of H I when variations in excitation and
depletion by adsorption on the grains are small. [This topic was recently
reviewed by Cowie & Songaila (54; see also 242, 243).] The optical absorp-
tion line of Ti IT at 13384 A is perhaps the best qualitative tracer of H I
because it is the dominant ionization stage in H I regions and has an
ionization potential almost exactly that of hydrogen. This line has been
used for several studies of neutral gas (1, 246). Unfortunately, the depletion
of Ti is variable and the line cannot be used for quantitative estimates of
Ny. The gas-phase abundance of Ti II depends so sensitively on physical
conditions (because of depletion, the abundance is inversely proportional
to the ambient density) that the scale height of Ti II is substantially larger
than that of H I (85). Where one sees Ti II there must be neutral hydrogen,
but the amount is uncertain. Optical lines of Na I and K I correlate well
with Ny, with perhaps a factor of 2 scatter from star to star, but the slope
of the relationship between N(Na I) and Ny may well be a function of Ny
(91, 122). The H and K lines of Ca II correlate poorly with hydrogen and,
according to Hobbs (122), are the least suitable for most purposes.

A review of techniques of optical and UV spectroscopy can be found in
(54). Modern detectors have high-velocity resolution (~1 km s~ ') and
good sensitivity to lines from clouds with an equivalent H I column density
=10' cm™2. Detailed component-by-component comparisons between
21-cm, optical, and UV spectra are now being made in a few directions
(e.g. 67). This multiwavelength approach will be the pattern of future
studies of the ISM.

4.2 Dust

4.2.1 REDDENING AND EXTINCTION The connection between H I and
dust has been studied by making comparisons between Ny and reddening
E(B—V), or between Ny and extinction A4, ever since the detection of the
21-cm line (30, 31, 68, 95, 131, 147, 160, 177, 258). Because of the obvious
advantage in measuring the H I and reddening over an identical path, the
early radio work was superseded by ultraviolet/optical comparisons (20,

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1990ARA%26A..28..215D&db_key=AST

FTI9DARAGAL .-Z8- 215D

H I IN THE GALAXY 239

132, 243). These have established that ( Ny/E(B—V)> = 6+2 x 10*' cm ™2
mag ' for sight lines dominated by neutral atomic gas, in agreement with
determinations from other methods (20). Indeed, the small but select group
of stars [all of which have known E(B— V) values] used for Figure 8 give
this value, including the dispersion, provided that the two stars with a
reported E(B— V) = 0 are omitted. The existence of anomalies like these
two stars has provoked a small but important debate on whether there
might not be sight lines that have H I but virtually no reddening (e.g. 119).
We sidestep this issue by noting that to an H I observer the scatter in
{Ny/E(B—V)) is so large, no matter what zero point for reddening is
adopted or what correction is made for H,, that reddening must be con-
sidered a relatively poor estimator of Ny, uncertain by a factor of 2 for
any star. It is, however, the only way to get Ny in the direction of the large
number of stars that are too cool to be good L« targets (e.g. spectral type
A), yet are bright enough to be used for study of Ca, Ti, Na, and other
interstellar species. An excess of E(B— V) along a given path is also a
signal to check for ionized H IT or molecular gas, since a significant amount
of dust may reside in these phases.

4.2.2 INFRARED EMISSION The Infrared Astronomical Satellite (IRAS)
detected far-IR emission from all directions of the sky. This satellite was
so sensitive that it could measure the dust in an equivalent H I column
density of order a few times 10'° cm ™2 at its longer wave bands of 100 and
60 um (reviewed in ref. 11). While the IRAS results have been very
important for interstellar studies, it seems that interstellar conditions vary
so widely that far-IR emission is only a qualitative predictor of galactic H I;
it also follows H,, dust associated with H II regions, and the interstellar
radiation field (21, 118).

The galactic, diffuse IR emission that /RA.S measured can be separated
into two general components: The dominant one is a relatively smooth
background that varies as csc |b|. Superimposed on that are large, fila-
mentary “cirrus’” features (170). Both components have exact analogs in
H I, and some cirrus are seen optically as reflection nebulae (221a). At
high galactic latitudes and in the outer Galaxy where molecules are rela-
tively rare, there is a detailed point-by-point correlation between (100
um) and Ny, but the IR emissivity per H atom varies by a factor of 3 from
place to place (21, 251). This is because the far-IR brightness and color
depend on the mixture of small and large grains and on their temperature.
The grain-size distribution may well vary from place to place depending
on the grain creation and destruction processes at work in the local
environment (21a), while the interstellar radiation field is a strong function
of position (83, 201).
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Other anomalies in the H I-IR correlation can be attributed to the
presence of significant amounts of molecular hydrogen (often traced by
emission in the radio lines of CO) or ionized gas. This has stimulated
attempts to compare all convenient dust and gas tracers, an idea that of
course predates the IRAS survey (e.g. 65). The cirrus clouds appear to be
at the transition between primarily molecular and primarily atomic gas;
with column densities of 3-5 x 102 cm ™2 they can barely shield their CO
and H, from photodissociation (see Section 5.3). So neither 21-cm nor CO
emission studies give the total gas column density directly, and even with
both in hand there are uncertainties in the conversion factor between CO
emission intensity and H, column density. Finally, the gas-to-dust ratio is
probably not constant. Variations in the Milky Way have been found from
pre-TIRAS studies (31, 51, 120a), and Schwering (231, pp. 195-252) has
shown that it has a different value in the Small Magellanic Cloud.

One of the more exciting questions about the relationship between
IRAS cirrus and ordinary clouds traced by 21-cm emission is the frequent
correspondence between far-IR emission and multiple velocity com-
ponents in the H I profiles. Often the H I shows highly supersonic velocity
discontinuities in the vicinity of cirrus, and anomalous intermediate ve-
locity material is often seen associated with far-IR bright clouds (70, 118).
The prototype for this effect is the “Dracula” cloud (in Draco), which has
been studied for many years by Mebold and others (182, and references
therein; 219a). All these cases suggest enhancement of the far-IR emission
behind shocks such as those caused by cloud collisions. On the other hand,
the good overall correlation between far-IR and 21-cm emission means
that it cannot exclusively be anomalous velocity gas that corresponds to
the cirrus, since this gas makes up a fairly small fraction of the total H I
on most lines of sight. No 100-ym emission has been detected from high-
velocity H I clouds (274).

4.3  Absorption in the EUV and Soft X-Ray Bands

Any measurement of the opacity of the ISM at wavelengths between the
Lyman limit and the C-band edge (0.28 keV; A = 44 A) can be used to
determine the column density of neutral hydrogen, because in this energy
range only hydrogen and helium contribute significantly to the absorption
cross section (184). At the lower energies, the high H I cross section limits
the observations to very near (more precisely, very low Ny) objects, but in
the soft X-ray bands (for example, near 0.2 keV), the total opacity through
the galactic disk at high latitudes may be only ~2. To derive an accurate
Ny from these observations corrections must be made for molecular gas
along the line of sight and for the neutral helium in any low-excitation
H II regions that might be encountered. The background source must also
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have a strong EUV or soft X-ray flux and, most importantly, an intrinsic
spectrum that is well known, so that the photoelectric absorption can be
measured precisely.

The H I density near the Sun is so low that the spectra of a number of
white dwarfs have been observed from the near-ultraviolet right through
the Lyman limit (124). This is possible only because the stars are nearby,
are bright, and have total column densities in their direction «10'® cm~2,
Such targets are rare. Of more general use are estimates of the total Ny
from soft X-ray observations of extragalactic sources like active galaxies
and quasars. But here the limit is the uncertainty in the “expected” X-ray
spectrum. Indeed, the first attempts to solve simultaneously for the X-ray
spectral index and the column density of intervening H I for a number of
quasars yielded values for Ny that were much too small. It is now recog-
nized that QSOs have complex X-ray spectra, and this makes them of little
use as tools for deriving an accurate galactic Ny (see 280). Even for sources
that have a simple power-law spectrum, the uncertainty in the Ny derived
from current data is relatively large (e.g. 173).

The next generation of X-ray observatories, beginning with ROSAT,
will measure spectra of many tens of thousands of objects. These will be
useful for determining Ny in some situations and will help to identify
regions of the sky that have excess X-ray opacity caused by the presence
of molecular gas or neutral He in a low-ionization-state H II region.
Attenuation of soft X rays by He in the diffuse ionized component, in
particular, may be substantial (215). The extragalactic X-ray observations
will be an independent complement to the IR observations in disentangling
the state of the ISM at high galactic latitudes.

4.4 Gamma Rays

Surveys of diffuse gamma-ray emission by orbiting observatories such as
SAS-2and COS-B have provided another way of measuring the abundance
of interstellar matter, including H I (92a; recently reviewed in ref. 15).
Gamma rays with energies in the range of a few hundred to a few thousand
MeV are produced mainly by bremsstrahlung of cosmic-ray electrons with
energies ~1 GeV and by decay of n° particles produced by collisions of
cosmic rays with the ISM. By observing the gamma-ray surface brightness
and comparing it with the distribution of interstellar gas, one can deduce
the density of cosmic rays as a function of position in the Galaxy (12a,
245a). Conversely, since the galactic nonthermal radio emission gives a
good estimate of the cosmic-ray density in this energy range (17, 214), one
could derive the total amount of interstellar matter from the gamma-ray
brightness. In practice, the most useful approach has been to start from
the surveys of 21-cm and CO emission as tracers of the H I and H,,
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respectively, and to try to reproduce the observed gamma-ray brightness
using various galactic models (247, and references therein).

There are observational and theoretical limitations to this technique.
The gamma-ray observations have low angular resolution (> 125 for COS-
B), so the survey of diffuse brightness is confusion limited by small sources.
Also, large-angle, nearby interstellar structures, like radio Loop I, must
be removed (15). In addition, there are uncertainties in interpreting the
gamma-ray flux due to our limited understanding of cosmic-ray propa-
gation in the Galaxy, both on small scales (e.g. magnetic reflection from
clouds) and large scales (e.g. leakage from the disk). When higher resolu-
tion data become available they will give a more detailed picture of both the
cosmic-ray distribution in the Galaxy and its interaction with interstellar
clouds (13, 16, 17). This should occur this year (1990) with the launch of
the Gamma Ray Observatory (92b).

It is unlikely that the techniques described in this section will supplant
the more direct methods of measuring interstellar H I, but they do serve
as an independent check that is especially important in tracing gas not
easily measured otherwise, such as molecular hydrogen and the low-
density, ionized component.

5. THE ORGANIZATION OF INTERSTELLAR H I

There has been a significant change in our understanding of the morphol-
ogy of galactic H I as new observations have revealed structures on scales
ranging from 1 kpc to <100 AU. With this has also come a breakdown
in the rigid distinction between atomic and molecular clouds. The main
message of these new data may be that galactic H I cannot be understood
unless viewed in conjunction with all other phases of the ISM, both locally
and globally.

5.1 Bubbles, Shells, and Supershells

It has been evident since the early emission studies of Heiles (110) and
Verschuur (270) that the most prominent interstellar atomic hydrogen
structures are shaped like sheets and filaments, often with velocity gradi-
ents and often arranged in shells. The most convincing shells show an
empty cavity centered on some velocity vy, two bright “polar caps” at
the central position but with velocity offsets vy+ve,,, and in between a
symmetric change of shell size with velocity, with the largest size at v, (150).
While few shells appear so cleanly in the data, shells or shell fragments are
seen throughout the Galaxy with a very broad range of size (for catalogs,
see 112, 114, 244). This diversity probably reflects the variety of physical
processes that generate the shells. It is possible that the expanding ring of
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gas and stars that we call Gould’s Belt is a shell viewed from within (40,
161, 193, 222).

Supershells, with diameters of more than a kiloparsec, are often larger
than the disk thickness and may open into the halo. Some of these (e.g.
the anticenter shell) have so much kinetic energy (some 10°3 ergs) that they
have been attributed to the impact of infalling high-velocity clouds on the
disk (155, 183, 249, 250). Other supershells can be explained by the com-
bined effect of multiple supernovae in an association (116).

There are a great many shells with diameters of a few hundred parsecs;
most of these are probably the old remnants of one or more supernovae
that are a few times 10° or even 107 years old. Often these have associated
shells of molecular gas and radio continuum emission (108, and references
therein; see also 18, 113, 133, 239). Expansion velocities tend to decrease
with increasing size, more or less as expected for old supernova remnants,
with typical values for v,,, being 25 km s~ ' or less. The oldest shells have
Vexp a8 low as 3 km s~ sizes of a few hundred parsecs, and ages of several
million years. Younger supernova remnants also show distinct H I shells;
the interaction of these remnants with the surrounding medium has been
the topic of numerous studies (e.g. 51, 84, 102, 103, 157, 212, 213).

The energy and, more importantly, the accumulated momentum avail-
able in stellar winds are sufficient to generate shells with properties nearly
identical to those caused by old supernova remnants (276, and references
therein). Many H I shells (these in particular are often called “bubbles’)
have OB associations near their center (e.g. 39, 41, 260). Typically these
bubbles are 50 to 150 pc in diameter, and their range of sizes overlaps that
of supernova remnants. Many H II regions show prominent H I velocity
discontinuities and cavities, which suggest that H I shells are in the process
of forming (22, 134, 212, 213, 217, 268). Striking examples are seen in the
VLA maps of Orion A, W3, and BG 2107 +49 (262-264).

On the smallest scales (1 pc or less), H I is associated with molecular
outflows (v, < 120 km s™') centered on infrared stars in star-forming
regions such as NGC 2071 (7, 71, 72, 218). This atomic gas is likely the
dissociation product of molecular gas, either behind the shock formed by
the outflow on the surrounding molecular cloud or on the inner edge of
the photodissociation front around the young stars. Such high-velocity
outflows may represent the earliest stages of bubble formation.

High-resolution maps of H I in other galaxies show disks pockmarked
with shells, as well as evidence of the systematic infall or outflow of large
neutral clouds (26, 27, 221, 259). These, combined with galactic data, have
at times led many H I observers to mentally picture most galactic H I as
residing in giant structures shaped by a history of local overpressure from
stellar winds or supernovae, rather than in a hierarchy of equilibrium
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clouds. Evidence for this extreme view, however, is still circumstantial.
There is no solid estimate of the fraction of galactic H I that is tied up in
bubbles, shells, and supershells or in their old fragments.

5.2 Small-Scale Structure in Atomic Clouds

Aperture synthesis observations of 21-cm absorption in front of extended
background sources almost always detect some structure in the absorption
on angular scales as small as the beam size (see, for example, the discussion
of VLBI results in Section 2.1.3). These data are clearly telling us something
about the internal composition of interstellar clouds. While it may seem
that the telescopes must be resolving ever smaller, independent “cloudlets,”
this model is not satisfactory. For one thing, the covering factor of the
absorbing gas parcels must be large, not small, because the angular scale
over which absorption is measured does not seem to affect 21-cm absorp-
tion line widths or line shapes or derived spin temperatures (199). That is,
the statistical properties of H I absorption lines are identical whether the
absorption is measured against point-source pulsars or is averaged over
several arcminutes (74). Furthermore, H I emission lines do not show the
large point-to-point fluctuations that would occur if a substantial fraction
of the ISM were concentrated into small cloudlets (128, 129, 158, 167).
There are directions where small-scale density fluctuations can be large,
such as the vicinity of H II regions and supernova remnants, but this is
not the case in more typical regions. In general, no more than 10% of all
H I can be in these small-scale structures, and the fraction is usually much
smaller on the subparsec scale. Skeptics on this point should study Figure
8 and note the high correlation between Ny measured over a 21 beam and
Ny measured over the solid angle of a star. Also, the suggestion that
broad, 21-cm emission lines are composed of many beam-smeared, nar-
row-velocity components (271a) is inconsistent with the observation of
absorption spectra toward distant stars (e.g. Ti II; 1), which often show
broad lines identical to those in 21 cm. Cloudlets cannot be the fun-
damental form of a significant fraction of interstellar H 1.

Nevertheless, aperture synthesis observations do show some variation
in 21-cm opacity on all angular scales. One of the most detailed 21-cm
observational studies ever done on a single field (136) found H I clouds in
a complex of clumps with sizes of 0.5-1 pc and masses of 0.03-0.5 M.
The solid-angle covering factor of the clumps is large, so they overlap in
front of the background source, although Gaussian decomposition of the
absorption spectrum shows these features to be distinct in velocity. About
three quarters of the H I, however, is not in these clouds but rather is
spread so smoothly across the field on scales > 10’ that the interferometer
could not detect it. Structure on linear scales of 0.1 pc and smaller has
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been probed by only a few experiments (60, and references therein; 73,
105), but these also show variations in optical depth of perhaps 20% at a
given velocity across a background radio source (see Section 2.1.3).

We believe that the evidence is against large variations in column density
on small scales, and that the concept of “cloudlets” is not a useful one in
describing most H I. The fluctuations in optical depth that are observed
on scales smaller than 1 pc or so most probably arise from turbulence and
temperature fluctuations within clouds. This implies that H I clouds are
both far from quiescence and far from thermal and dynamic equilibrium.

5.3 The Relation Between Atomic and Molecular Gas

Molecules require shielding against UV photodissociating radiation; this
requires a layer of partially atomic gas whose thickness (column density)
depends on the rate of molecule formation, and hence on the space density
(265; reviewed in refs. 257b,c). Molecular hydrogen is a significant com-
ponent of those interstellar clouds that have Ny = 5 x 10%° cm ™2 (224a).
In low-density environments it is hard to trace the molecular hydrogen
column density using the most common tool (millimeter-wave CO emission
lines), in part because the shielding of CO is rather different from that of
H, and in part because a total density of about 10° cm™? is needed to keep
the collision rate high enough to maintain the 3-mm transition in local
thermodynamic equilibrium. Even so, CO emission is detected from some
primarily atomic clouds (63, 175, and references therein). Also, OH absorp-
tion lines show that molecular cores are present inside clouds that show
H I absorption (76, 132a), and larger, primarily molecular clouds have
atomic halos (275) or residual cool H I (37, 101).

It is at high latitudes that the various types of atomic and low-mass
molecular clouds can best be distinguished. Beginning with the pioneering
work of L. Magnani and L. Blitz, high-latitude molecular clouds have
been studied in surveys of CO, OH, C;H,, and other molecules (57a, 173a,
175, 175b, 257a, 281b). The nearby high-latitude clouds have masses of
only a few hundred solar masses, much lower than that of the giant
molecular clouds in the disk (which can reach 10° M or more) and lower
than such nearby large molecular complexes as Orion and Taurus. Often
they are found in the catalog by Lynds (171b) of dust clouds selected as
discrete, intermediate-A4, regions on the Palomar Sky Survey.

Observations of CO, CH, and OH can also be used to trace molecules
in much lower A4, regions that have been called “translucent molecular
clouds” (132a, 175a, 281b), although they are predominantly atomic and
have masses of only a few hundred solar masses and 4, < 1. Typically,
the 21-cm line is in self-absorption in such clouds. Some of the far-IR
cirrus clouds correspond to this translucent molecular cloud population,
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but most cirrus clouds show no trace of CO or any other radio molecular
species, which is not surprising since the sky covering factor of CO-bearing
clouds is only about 0.5% (174), whereas cirrus covers almost 10% of the
high-latitude sky. Thus, most cirrus clouds are probably diffuse atomic
clouds.

The physical conditions in the translucent molecular clouds and the
diffuse atomic clouds are very similar; they have densities of 50-100 cm 3
and temperatures of 50-100 K. The molecules simply reside in the higher
column density regions, where they are shielded from photodissociating
UV. Thus, the translucent molecular clouds, and even the Lynds-type
clouds at high latitude, may be simply the cores of the larger atomic diffuse
clouds. “Core,” however, is not the best description, since in fact these
shielded regions often have an octopus- or spongelike morphology.

Most of the cool atomic hydrogen at the solar circle and beyond, where
the surface density of atomic gas is greater than that of molecular gas
(34, 231a), is probably in clouds that are primarily atomic rather than
molecular. In the inner Galaxy, where the molecular gas surface density
exceeds that of H I, much of the H I may be associated with molecular
clouds, either as halos, as a photodissociation product near young stellar
associations [as is the case in M51 (252)], or as the low-density substrate
for the molecular “mist” suggested by Solomon et al (240). Warm H I, at
least half of which is not associated with clouds (50, 162), remains about
as abundant in the inner Galaxy as it is in the solar neighborhood.

5.4 Cloud Mass Spectrum

The range of cloud masses spans more than a factor of 10°, from the giant
molecular clouds to the diffuse atomic clouds. To measure the interstellar
cloud mass spectrum, i.e. the distribution function of cloud masses, differ-
ent tracers are needed for different types of clouds, and results obtained
from these may be difficult to put on the same scale. The problem is that
absorption surveys, whether in the 21-cm, optical, or UV lines, give the
number of clouds per unit line-of-sight distance (the mean free path) as a
function of optical depth, whereas emission surveys (e.g. in CO) give the
number of clouds per unit volume (cloud abundance or density) as a
function of flux or brightness temperature (86, and references therein;
230a, and references therein). The latter can be converted, at least approxi-
mately, into cloud abundance versus mass, and the former into mean free
path versus column density, but the issues of cloud cross section and
internal density structure still need to be addressed in order to put these
kinds of measurements together.

Dickey & Garwood (77) made rough guesses for these quantities to
produce the abundance function of Figure 9, which shows the number of
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Figure 9 The “mass spectrum” of interstellar clouds. This figure plots an estimate of the
distribution function by mass of clouds, i.e. the number of clouds per unit interstellar volume
as a function of cloud mass. Relatively complete inventories of the galactic cloud population
are available only over limited ranges of mass. The two solid lines on the right show results
from molecular cloud surveys, normalized to give the molecular gas surface density at the
solar circle and at the inner Galaxy peak. The solid and dashed lines on the left represent
estimates for atomic clouds based on 21-cm absorption surveys and two assumptions for
cloud temperatures (77).

clouds per unit volume p(m) as a function of cloud mass m. Cloud mass
is defined so that 2 x {|z|> x _‘p(m) dm gives the surface density of gas in
the cloud phase. The mass ranges that are directly observed are indicated;
the center of this figure is blank, not because it is difficult to see such clouds
(e.g. with masses 10* M), but because they are difficult to inventory over
a large area owing to incompleteness in the surveys. Also, we do not know
the cutoff at the low-mass end, which determines the total mass in clouds
if the slope is as steep as it appears among the low-mass clouds detected
in optical and 21-cm absorption. In computing this cloud mass spectrum it
isimportant to avoid using cloud sizes, if possible, because observationally,
cloud size has only a weak dependence on mass. It must be that cloud sizes
are determined by a variety of mechanisms (77, 190).

Our observational knowledge of the cloud mass spectrum is still so
rudimentary that it is difficult to know how much theoretical interpretation
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of Figure 9 is justified. It is reassuring that the observed slopes for atomic
clouds and for molecular clouds are about the same; the slope measured
from molecular surveys for clouds in the mass range of a few times 10—
10® M, is about — 1.6, whereas the slope measured for diffuse clouds with
masses 1-10 M 1s about —2.1. Given that there are roughly equal gas
surface densities in the molecular and cool atomic phases, the slope is
necessarily near —2, which is the critical slope giving an equal-mass con-
tribution from each decade mass range. A simple theory of collisional
agglomeration (the “Oort model”) predicts a slope of —1.5 (94), but the
theory has many possible variations depending on the physics of cloud
collisions and the velocity distribution of clouds (e.g. 52, 53, 227, and
references therein; 236, 283). A slope near — 1.5 is not necessarily ruled
out by the data, at least over mass ranges of several orders of magnitude.

On a more fundamental level, the interpretation of the survey results
implicit in Figure 9 does not take account of the hierarchical clustering of
interstellar clouds (e.g. 126, 226a). Aggregates of smaller clouds make up
larger clouds, all arranged typically on large shells or at least sheets,
sometimes punctured by smaller, younger shells or bubbles. In the inner
Galaxy, a large fraction of the cool atomic gas may be associated with
molecular clouds. This association raises the question of which structures
are distinct clouds and which are mere halos, cores, or the substrata of a
larger complex. The term cloud, a metaphor drawn from the terrestrial
atmosphere, is fraught with such imponderables, which are reflected in the

difficulty of objectively delimiting discrete features in emission surveys
(176).

5.5 Random Motions

To measure random velocities (as distinct from the large-scale galactic
rotation), either the atomic gas must be clearly associated with an object
that has a known distance [e.g. an H II region (232)] or a particular region
of l-v space must be studied in which the effect of galactic rotation is
somehow isolated. Examples of the latter are the lines of sight to the
galactic center and the anticenter (151, 211, 230), velocities near the ter-
minator (subcentral point) in the inner Galaxy (151), and high-latitude
clouds (58). Results from the various studies have generated some recent
controversy and have revealed several surprising properties of interstellar
HI.

There is evidence for several kinematic populations of interstellar H I,
not counting the high- and intermediate-velocity clouds that are defined
empirically as having a velocity well outside the range permitted by galactic
rotation (267a). The cloud population studied in absorption has a velocity
dispersion of ~7 km s~! (11a, 58, 230). In emission the dispersion is
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somewhat higher for the bulk of the H I, but it depends on the method of
analysis and the specific region of the Galaxy being studied (151). The
dispersion may increase toward the inner Galaxy. In addition, a com-
ponent of H I seen in both emission and absorption has a velocity dis-
persion in the range 15-35km s~ ' (3, 232, and references therein), although
the amount of gas in this phase was overestimated at first (see 151).
Whether this component is distinct from the intermediate-velocity gas, or
even from some of the high-velocity gas, is not clear (273). At rms velocities
of 15-35 km s~ ' the velocity distribution is quite symmetric, whereas the
higher velocities have a clear preference for infall in a class of high-velocity
clouds. There is a predominance of infalling gas at high positive galactic
latitudes even at velocities of —20 to —50 km s~ !, but this seems to be
local to the solar neighborhood (279).

A very interesting result from a study by Kulkarni & Fich (151) is that
at high latitudes the kinetic energy [v>N(v)] per unit velocity in H I is
approximately constant from 10 to 70 km s !, i.e. the amount of gas
decreases as velocity to the power —2 (see also 1). The physical cause of
this equipartition of kinetic energy among equal-velocity intervals is not
clear.

In addition to these truly random motions, there are systematic depar-
tures from galactic rotation associated with galactic structure. A galactic
bar or density wave will induce large-scale H I streaming, and a spiral
shock pattern can explain many of the velocity anomalies observed in
absorption toward H II regions (10, 33, 104a, 232).

6. VERTICAL STRUCTURE
6.1 Thickness of the H I Layer

In recent years there has been renewed interest in measuring and under-
standing the vertical distribution of H I and other components of the ISM.
The concentration of H I to the galactic plane was evident in the earliest
observations (195); in the inner Galaxy most of it lies in a layer that has
a thickness between half-density points of only about 220 pc. The thickness
is approximately constant from 0.4R, to R,, but it decreases to <100 pc
near the nucleus and increases enormously at R > R, (171). The vertical
density profile n(z) is approximately Gaussian near the plane with a low-
density tail to high z (165). The gas lies in a flattened system interior to
the solar orbit but is systematically warped in its outer parts (29, 139, 142).
A cross section of the Galaxy that illustrates most of these features is given
by Burton (34). Recent research has focused on topics like the detailed
shape of n(z) and its variation in the Galaxy, the maximum extent of the
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neutral layer, and the perennial, provocative question of what holds the
whole thing up.

It is necessary to consider UV, optical, and radio data together because
each has revealed a different aspect of the vertical structure of H I. The
classic Ca II observations of Miinch & Zirin (188) showed that there were
neutral interstellar clouds up to z ~ 1 kpc, a discovery that has been
confirmed and broadened through optical and UV measurements of many
species (1, 66, 137a, 185a, 225). The 21-cm emission data provide most of
the information on vertical structure but are usually dominated by low-z
gas; Lo studies show a component that is 3 times wider than the main
layer deduced from 21-cm data (20). The cumulative effect of these obser-
vations has led to a new appreciation of the vertical stratification of the
ISM. One can lay out a hierarchy of increasing physical temperature (or
lonization state) with increasing scale height that goes from molecular
clouds (the species most confined to the plane) through H I and on into
the gas traced in highly excited ions like C IV, Si IV, and N V, which
extends several kiloparsecs above the disk (225). It is natural to ask if there
might also be separate stratified components within the atomic hydrogen
itself, and this question has led to attempts to decompose the 21-cm data
into populations with separate scale heights, usually in the spirit of the
two-phase model (5, 90, 154, 208). Typically, the hotter H I is found to
have a scale height of order 1.5 times that of the colder clouds.

The vertical stratification shows dramatically in La/21-cm comparisons
toward high-latitude stars, where it is observed that the scale height of
H I is usually inversely proportional to the mean density along the line of
sight (167). This implies that dense clouds are in the thinnest layer and
probably accounts for the general difference between La and 21-cm scale
heights. A recent La study (225) toward stars chosen to have ““the lowest
attainable color excess and H I column densities per kiloparsec” measured
values of Ny that are consistent with a single exponential distribution with
n(0) = 0.1 cm~? and a scale height of 800 pc. This particular result is a
product of the target selection and may not pertain to any interstellar
H I component, but it again illustrates the composite nature of the vertical
structure and reminds us that along some sight lines, often spanning
many kiloparsecs, integrated properties vary by a factor of 5 from global
averages. Indeed, density fluctuations are often many times larger than the
mean at all altitudes, as one might guess from Figure 7. Moderate-density
H I clouds are found many hundreds of parsecs to several kiloparsecs from
the plane, and parts of H I supershells extend to z > 600 pc (112, 114, 165,
238). In all, the layer is not very tidy, and it looks like a smooth function
of z only when averaged over large volumes of the Galaxy (see, for
example, 45).
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In recent years there has been special interest in the highest z H I, which
lies in the lower galactic halo at |z| > 500 pc. This medium extends far
beyond the H I disk. It may regulate the evolution of supernovae and
supershells (172), may contain much of the kinetic energy of the ISM (151),
and may be connected with events high in the galactic halo via a galactic
fountain (23, 125, 192). Halo H I is difficult to measure in the 21-cm line
because of blending with the much brighter disk gas and contamination
of profiles by stray radiation. The most conspicuous neutral components
are clouds whose velocities are peculiar enough to make them stand out
against the rest of the ISM.

Such objects are common locally, and a prime example is the inter-
mediate-velocity H I that covers much of the northern galactic polar
regions at column densities occasionally as high as a few times 10?° cm~?
(80b, 279). It is falling toward the galactic plane at about —50 km s~ .
Absorption-line studies toward halo stars have bracketed its vertical dis-
tance between 340 and 760 pc, which implies that it has a mass of 10° M,
(66). This cloud (or, more likely, “sheet’”) contains ~ 10% of the H I mass
in the solar neighborhood and is probably connected with the evolution
of the local bubble (57). It is a nearby example of a general galactic process
that may produce most high-velocity clouds (23).

This leads to the question of whether halo H 1 is all in structures either
rising or falling, or whether there is also a truly diffuse, static medium.
Studies of general halo H I are not yet able to give a definitive answer, but
we feel that the observations point toward a halo in which the neutral gas
is mainly composed of discrete structures, such as intermediate-velocity
clouds or the fragments of supershells that are so evident in Figure 7.

6.2 Average n(z)

Recent analyses have suggested the following general form for the vertical
density function n(z): In the innermost few kiloparsecs, inside the radius
of the galactic bulge but outside of the galactic nucleus, the layer is
extremely thin and is approximated by a single Gaussian with a ¢ < 70
pc; in the outermost regions, beyond the solar circle at R > R,, the layer
flares dramatically and nearly linearly, reaching {z*>'? = 3 kpc (34, 82,
121, 149, 165). Gas in the outer Galaxy is distributed in a complicated
multicomponent layer. Faint emission extends very far from the main
concentrations, reminiscent of the “thick envelopes™ of H I that are seen
around some galaxies (e.g. 221).

From radii of perhaps 4-8 kpc, the layer has approximately constant
average properties (although, as noted above, with very large fluctuations).
This is the most studied part of the galactic disk. Our “best estimate” of
n(z) over this region is given in Figure 10. It is a combination of two
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Gaussians, of central densities 0.395 and 0.107 cm~* and FWHM s of 212
and 530 pc, and an exponential with 7(0) = 0.064 cm ™ and a scale height
of 403 pc. The distribution has a FWHM of 230 pc, a central density of
0.57 cm™ 3, and Ny = 6.2 x 102° cm~? through a full disk. This function
was derived from the data given by Lockman (165) scaled to R, = 8.5 kpc
and corrected for the undercounted H I at low z in that study by increasing
the central density of the narrowest component.

For comparison, Figure 10 also shows other density profiles that have
been derived for galactic H I. The UV data (Savage & Massa) were
obtained along very low Ny lines of sight, which accounts for the low n(0)
although not necessarily for the large scale height, while the earlier radio
data did not have sufficient sensitivity or vertical coverage to catch the
faint tail. Descriptions of the central layer, however, have been remarkably
consistent among radio observers (see also 45, 140), and in all, the various
differences displayed in Figure 10 probably reflect the diversity of the
neutral ISM.

LA L R S L R R AL L B R AL (L A AL HR I AL A L R L AL AL L |
s — Best Estimate
N\ e Savage and Massa (1987)
Y ——-Lockman (1984)
N O Baker and Burton (1979)
x x x Schmidt {1957)
0.4F
o =
i
£
L
[
0.2
0.0 e e
L PRI | PR S TR R W T B S S S 4 PR SR S PR DU SR S SR S DU S
0 100 200 300 400 500 600 700

z (pc)

Figure 10 Recent estimates of the vertical density distribution of galactic H I in the range
0.4 Ry < R S R,. All are based on 21-cm data (5, 165), except for the Savage & Massa (225)
curve, which comes from La observations of a sample of exceptionally low Ny lines of sight.
The curve marked ““Best Estimate” is what we believe to be the most likely distribution and
is discussed in the text. For comparison, the crosses show the values n(z) derived by Schmidt
(228) in 1957 after they are adjusted to a central density of 0.57 cm™>. All curves have been
scaled to R, = 8.5 kpc.
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6.3  Support of the Layer

The kinetic temperature of H I is far too low to support it to its observed
height against the galactic potential. It must be held up by turbulent
pressure (random motion of H I clouds) or by nonthermal pressure from
cosmic rays and magnetic fields. Models of global equilibrium have been
suggested that incorporate all three forms of support (4, 14, 55, 56, 96,
138, 196; reviewed by 284); most of the models are dynamically unstable.
It is not clear that cosmic rays or magnetic fields have a vertical pressure
gradient large enough to provide the needed support, but we do not discuss
the possibilities here [see Spitzer’s article in this volume (242a) for more
on this topic]. Instead, it is interesting to consider the vertical distribution
that would result just from the H I motions that are measured in 21-cm
emission profiles. Examination of high-latitude 21-cm spectra in the solar
neighborhood shows that there is enough kinetic energy in H I motion to
maintain a layer to a FWHM of 350 pc, and also that about 15% of the
H I could be in a component with a scale height of ~ 500 pc (151, 169).
This distribution is reasonably like the measured one (Figure 10) given the
large uncertainties, so we consider it possible that cloud-cloud or bulk
motion rather than nonthermal pressure supports the neutral ISM, at least
in the solar neighborhood.

An item that puzzled Oort in 1962 (195), and which is still unresolved,
is the apparent constancy of the layer’s thickness from 0.4R, to ~ R,
despite the change in the gravitational potential by a factor of several over
this range (19, 152; but see ref. 146 for a different opinion). Beyond the
solar circle the layer thickens to an extent consistent with a decrease in the
gravitational potential, but there is no corresponding narrowing interior
to the solar circle. Suggestions that increased cosmic-ray and magnetic
pressure exactly compensate the change in gravity seem artificial. No other
solution to the dilemma is apparent unless one is prepared to consider the
entire ISM, rather than just the atomic component, as one entity that is
in vertical balance. In that case, the overall layer does narrow substantially
in the inner Galaxy because molecular gas, which increasingly dominates
the total surface density at small R, is much more confined to the plane
than the H I.

6.4 Deviations From a Plane

6.4.1 CORRUGATIONS When H I observations were used to redefine the
galactic coordinate system it was noticed that there was a residual “wavi-
ness” of the inner-Galaxy H I layer about the new galactic plane (106).
Since then, there have been several attempts to determine if the waviness
has some large-scale pattern, for in some areas the deviations of the average
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z from zero seem to be tantalizingly regular, as if they are manifestations
of ordered “corrugations” that have an amplitude of a few tens of parsecs.
A similar, though perhaps not identical, effect appears in H II regions and
other constituents of the ISM (164, 202-204, 241). The form of these
distortions is not at all certain, for it is difficult to disentangle galactic
structures except in special directions, and it is even harder to follow
individual H I features for any distance in the Galaxy. An unambiguous
observational picture of the inner Galaxy corrugations might best be done
in species that are less abundant and therefore less confused than H I.

6.4.2 THE WARP The H I warp is one of the most striking but least
understood features of the Galaxy. Recent research has been reviewed by
Burton (34). The warp has an integral-sign shape; its line of nodes 1s close
to the Sun-center line and does not change significantly with R. The warp
begins just outside of the solar circle and extends to the Galaxy’s edge; it
reaches an altitude of 4 kpc in the north, whereas in the south it seems to
turn back toward the plane after reaching only ~ —1.5 kpc. But these
numbers do not do justice to the extent of the warp, for with the combined
flaring of the layer and its vertical displacement it is easily seen to latitudes
of ~30° in some directions (82). At its outermost edge the warp is fluted
as if by a higher frequency vertical distortion (249). Many other spiral
galaxies show even more extreme large-scale warps (25).

Accurate measurement of H I in the warp is an observational challenge
because of the high angular resolution, sensitivity, and freedom from stray
radiation that are required (166). Our knowledge of the warp, and thus of
the ultimate extent and size of the Galaxy, is certain to increase in the
coming years as better observational and theoretical tools are used to
study it.

6.4.3 CYLINDRICAL ROTATION Is it possible that when the gas layer is
significantly and systematically displaced from a simple plane, the
rotational motion of the H I deviates from strict corotation with the
motion at z = 0 and has full three-dimensional structure? Is gas in the
galactic warp, for example, rotating as if it were firmly fixed to the extension
of the galactic plane that lies a scale height below it? As of now, these
questions can be answered only for special subsets of galactic H 1. It seems
likely that H I in the inner Galaxy, for example, is corotating to at least 1
kpc, while high-velocity clouds, though they have some component of
galactic rotation, are following paths of their own (98, 99, 165). Also, there
are hints that some of the highest scale-height ions (C IV) are lagging
behind galactic rotation (225). Determination of the rotation curve away
from the galactic plane is critical in establishing a distance to gas in the
outermost parts of the Galaxy and the galactic halo (179, 223), but it will

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1990ARA%26A..28..215D&db_key=AST

FTI9DARAGAL .-Z8- 215D

H I IN THE GALAXY 255

probably be done with indirect tracers of H I, such as optical and UV
absorption lines, rather than with measurements of H I itself. The import-
ance of the assumption of corotation should not be underestimated when
analyzing velocities in the halo and outer Galaxy.
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