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ABSTRACT 
We examine whether high-velocity clouds of neutral hydrogen (not the Magellanic Stream), 

observed in every longitude quadrant of the sky, can condense from a hot, dynamic corona above 
the plane of the Galaxy. Supernova-heated gas that arises above the disk must either flow outward 
as a wind or remain bound to the Galaxy in a dynamic corona in which gas is constantly in 
motion—a static corona is not stable. Since clouds cannot condense in a wind, we favor a corona 
and show that it is consistent with current values for the supernova heating rate above the disk. 
Gas continuously entering the corona from the disk rises up (in Z) and outward (in ¿ü) in an 
attempt to reach static equilibrium with the corona. The gas behaves adiabatically until radiative 
losses become important. Then, coronal gas is susceptible to thermal instabilities and neutral 
clouds condense from the corona. Clouds form toward the top of the corona at about one density 
scale height because thermal instabilities grow most rapidly there. After formation, clouds fall 
ballistically toward their point of origin. 

To explain the observed cloud velocities, we argue that as coronal gas flows outward, it 
conserves its angular momentum. Then, the velocities of clouds from differential galactic rotation 
are much greater than normal differential rotational velocities (no outward motion of coronal 
gas before forming into clouds). Without pressure support, clouds plummet downward and 
radially inward, providing the velocities to clouds seen overhead and toward the anticenter, 
respectively. We demonstrate that gas must travel outward 2-3 times its original position and up to 
Z ^ 5-10 kpc before forming clouds. Also, the corona is nearly hydrostatic in Z. Because of a 
pressure gradient at the base of the corona, the hot gas flows radially outward; some clouds 
form in the outward flow. The dynamic corona is modeled with a two-dimensional hydrodynamic 
code that includes radiative cooling, rotation, and a mass model of the Galaxy with an extended 
halo. We reproduce the major velocity features of the high-velocity clouds without violating any 
observational or theoretical constraints if the density and temperature at the base of the corona 
above the Sun are 1.5 x 10“3cm-3 > «0 > 5 x 10“4 cm-3 and 1.6x 106 K > Tq > 7x 105 K, 
respectively, and where the density at the base of the corona is proportional to the atomic and 
molecular hydrogen density in the disk, «0 ^ «hi+h2- In addition, = 1 x 106 K, «0 = 
1 x 10"3 cm-3 in the favored model; the coronal mass is 7 x 107 M0, and the mass flux of clouds 
onto the disk is 2.4 M0 yr"1. With the assumption that clouds form individually, a model distri- 
bution of the velocities of clouds on the sky is given. Clouds spiral down onto the plane 3-60 x 
107 yr after formation and often intercept the plane slightly beyond where the gas originally 
entered the corona. This creates a circulation current in the disk which makes the metallicity 
gradient shallower than in a “closed” model of the Galaxy. Density perturbations which trigger 
cloud formation are probably coherent over a length of ~ 1 kpc. Because the corona rotates 
differentially, large perturbations, and later, cloud groups, are stretched in 0; this explains the 
occasional chainlike appearance of groups of high-velocity clouds. 
Subject headings: galaxies: internal motions — galaxies: structure — insterstellar: matter — 

nebulae: general 

I. INTRODUCTION 

The high-velocity clouds of neutral hydrogen are 
common objects in the Galaxy, yet their origin 
remains unknown. Since these clouds reflect global 
activity within the Galaxy, by understanding them 
one can gain further insight into the physical processes 
active within our Galaxy as well as in other galaxies. 
Therefore, we are motivated to develop a successful 
explanation for the origin of these high-velocity 
clouds. 

A cloud of neutral hydrogen above 6 = 10° with a 
velocity greater than SOkms"1 is termed a high- 
velocity cloud (HVC; see review by Hulsbosch 1975 
and § lia). HVC are detected in every longitude and 
latitude region, and most clouds have negative 
velocities. Occasionally, HVC form prominent chains 
on the sky. Unfortunately, the distances to the clouds 
are poorly known, but the most widely accepted view 
is that they are a few kiloparsecs above the plane of 
the Galaxy (Silk 1974; Hulsbosch 1975; Oort 1978). 

Explanations for the origin and position of the HVC 
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account for some of the clouds (e.g., clouds overhead), 
but fail to resolve other major features (e.g., clouds 
toward the anticenter; see discussion in §Ma). The 
key to a successful model for the HVC is provided by 
an observational and theoretical result. First, the mass 
flux of clouds onto the plane is so large (1 M0 or 
greater; Shapiro and Field 1976; Hulsbosch 1975) 
that accumulated infalling gas would overwhelm the 
disk gas in much less than a Hubble time unless the 
source of HVC is the disk gas. Second, it is theoretically 
well established that clouds can condense within a hot, 
gaseous galactic corona that is bound to the Galaxy 
(if a corona exists; Spitzer 1956; Field 1975a, 6; 
Shapiro and Field 1976; Chevalier and Oegerle 1979). 
One may envision a cycle where some disk gas is con- 
verted to coronal gas that rises above the disk, only 
to condense into cold clouds that return to the disk 
(first suggested by Shapiro and Field 1976, and termed 
“galactic fountain”). 

The observational and theoretical basis for the 
existence of a corona has substantially increased since 
Spitzer’s pioneering work. In the disk, soft X-rays are 
probably produced by tenuous gas (« ~ 3 x 10 ~3 cm “3) 
with temperatures in the million degree range (e.g., 
Williamson et al 1974; Sanders et al. 1977). The filling 
fraction for this hot interstellar medium (/him) is 
probably between 0.2 (Jenkins 1978) and 0.8 (McKee 
and Ostriker 1977); its presence is attributed to the 
occurrence of supernovae in the disk. This gas has an 
isothermal scale height of several kiloparsecs (Spitzer 
1956), vastly greater than the thickness of the H i disk. 
If the filling factor is small, hot gas bubbles through 
the H i layer, but if/HIM ^1, hot gas flows freely into 
the halo. In either case, hot gas eventually escapes the 
galactic plane and, depending upon its temperature, 
either flows outward as a wind or attempts to reach 
equilibrium with the galactic gravitational potential 
(Field 1975a, 6; McKee and Ostriker 1977; Chevalier 
and Oegerle 1979). If the cooling time is much longer 
than the time for gas to reach hydrostatic equilibrium, 
the scale height of the gas is independent of density. 
Eventually, radiative cooling causes coronal gas to 
undergo thermal instabilities (Field 1965), condense 
into neutral hydrogen clouds, and fall toward the 
plane (if its cooling time is less than a Hubble time; 
Spitzer 1956). Shapiro and Field (1976) point out that 
cooling may be rapid enough so that coronal gas 
condenses before reaching hydrostatic equilibrium. 
They suggest that these clouds fall toward the plane 
with velocities appropriate for the HVC, but they do 
not indicate if the major velocity features of the HVC 
can be reproduced (taken literally, their suggestion 
only explains the HVC observed overhead, not at 
lower latitudes). 

Here, we investigate the galactic fountain and 
galactic corona models in detail to see whether the 
high- and intermediate-velocity clouds are actually 
produced this way. In §§116 and lie we develop a 
model for the trajectories of clouds which matches all 
observational velocity features of the HVC; the posi- 
tions for the formation of clouds is deduced (§IIc). 
Then we investigate the dynamics of a hot corona of 

cosmic abundance (§§ III, IV) and the condensation of 
clouds within it, and eventually, we combine the 
hydrodynamics of coronal gas with the appearance 
of HVC on the sky (§§ IV, VI). 

II. KINEMATIC MODEL OF THE HIGH-VELOCITY CLOUDS 

a) Observations 

Neutral hydrogen clouds with velocities relative to 
the Sun of greater than 80 km s-1 are defined as high- 
velocity clouds (HVC). Intermediate-velocity clouds 
(IVC) refer to H i with line-of-sight velocities between 
35kms_1 and SOkms-1. Both the IVC and HVC 
are found in all longitude sectors and most of the 
HVC have latitude greater than 10°. Early maps of 
the HVC indicated that they all possessed negative 
velocities (Habing 1966; Muller et al. 1966; Hulsbosch 
and Raimond 1966; Hulsbosch 1968), and based upon 
this finding, Oort (1966, 1967, 1969, 1970) suggested 
that they were gas clouds being accelerated into the 
Galaxy by infalling intergalactic matter. Subsequent 
studies (Rickard 1971; Davies 1972a, 6; Wannier, 
Wrixon, and Wilson 1972; and others) revealed the 
presence of positive velocities in the third and fourth 
quadrants, which led Davies (1972a, b) and Verschuur 
(1973 ; see 1975 review) to suggest that galactic rotation 
in a highly warped disk provided the velocities and 
high latitude of these clouds. While this is a convincing 
explanation for some HVC at low latitude, HVC 
toward the anticenter or at high galactic latitude 
remain unexplained (Hulsbosch and Oort 1973; 
Hulsbosch 1975; these two authors express some 
concern that the HVC at / ^ 270° must be at least 
30 kpc distant if galactic rotation causes them ; in part, 
they refute the galactic rotation hypothesis). In the 
most recent maps of high-velocity H i, several investi- 
gators (see Davies 1975; Verschuur 1975; Hulsbosch 
1975; Giovanelli 1978) find both high positive 
and negative velocity gas toward the anticenter 
(—200 km s_1 < yLos ^ +125 km s_1), high positive 
velocities near / = 270° (240kms_1 > i>Los)> and 
large negative velocities at high latitude (b > 60°, 
I^losI ^ 130 km s"1, 130kms_1 may be a poorly 
defined upper limit because the sample of clouds above 
60° is small). In general, negative velocities are more 
frequent and of greater magnitude than positive 
velocities. The distances to these clouds are poorly 
known ; the evidence indicates that at least some of the 
clouds are above the plane by several kiloparsecs (see 
discussion by Oort 1970; Silk 1974; Hulbosch 1975; 
Oort 1978; Oort and Hulsbosch 1978). Until further 
data become available, we assume that most IVC and 
HVC are above the plane. Because no current theory 
explains all gross properties of the HVC in a physically 
self-consistent model (Davies 1975; Hulsbosch 1975), 
we seek a new explanation and begin by developing a 
simple kinematic model. The most important and 
unambiguous observational details we hope to repro- 
duce are (1) negative HVC at high latitude; (2) primarily 
negative HVC at / ^ 90°, b < 30°, and primarily high 
positive velocity clouds at / ^ 270°, b < 30°; (3) HVC 
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Fig. 1.—Hot gas rising from disk is denoted by dotted lines with an arrow. The solid and dashed lines illustrate the cycle in 
which gas moves upward and radially outward before suffering a thermal instability and forming into a cloud which falls toward its 
point of origin. 

toward the anticenter at all latitudes; and (4) pre- 
dominance of negative-velocity clouds. Also, HVC/IVC 
frequently appear in strings, and this feature is 
addressed in § Via. 

b) General Kinematic Models 
We propose that hot gas forming the galactic 

fountain moves upward and radially outward before 
condensing into clouds (by thermal instabilities ; Field 
1965) that return ballistically toward the disk (see 
Fig. 1). The observed velocity of these clouds is a 
substantial sum of its velocity components in z, ¿5, 
and d. Since the clouds move ballistically, their 
trajectories and observed velocities can be simply 
calculated. Here we develop general models for their 
observed velocities and then apply them to the HVC 
(§Hc). 

i) Differential Rotation Velocity 
The line-of-sight velocity component arising from 

differential rotation is 

Uq = (60 — 6ój0ld>) sin (/) cos (b) , (2.1) 

where 60 and œ0 are the orbital velocity (km s_1) and 
galactic distance of the Sun; 0 and œ are the velocity 
and position of the H i cloud. If 150° < / < 120°, 
ue < 100 km s“1, and for / = 180° ± 10°, ue is in- 
consequential regardless of what ô> or Ô is (for Ô < 00). 
However, for sin (/) cos (b) > 0.5, ue can be larger 
than 200 km s_1. 

In general, coronal gas above a> may have originated 
elsewhere in the disk (¿^ ^ d>), and, owing to pressure 
forces, may have been transported to œ (model a). If 
coronal gas retains its angular momentum as it moves 
from d>i to ¿>, its rotational velocity changes, so the 
corona and disk do not corotate. Alternatively, coronal 
gas may rise upward but remain at ¿D* and more nearly 
corotate with the disk (model b). To investigate these 
models, we use a flat rotation curve for the Galaxy. 
The differential rotational velocity which arises in 
model b is plotted in Figure 2. Even at low latitudes 
and / £; 90°, 270°, where sin / cos b = 1, uQ remains 
small until œ > 20kpc; ue = 150kms_1 for œ = 
25 kpc and = 200 km s_1 for = 50-70 kpc (de- 
pending on values chosen for di0 and 0O). Gas near 

Fig. 2.—Observed differential velocity is plotted against position of a cloud with respect to solar circle (â>/âJ0). The dashed 
line results from gas in stable rotation in the galactic disk (model b) and the solid lines are for clouds represented by model a. 
The number above each line is the rotational velocity at the solar circle times a geometrical reduction factor. 
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the solar circle (¿D ^ cD0) has no circular velocity 
regardless of latitude or longitude. 

If there is reason to expect gas to move radially, 
model a is more appropriate than model b. The 
thermal energy of coronal gas is comparable to, but 
less than, the potential field of the Galaxy. Similarly, 
pressure gradients in the hot gas are comparable to 
Galactic gravitational forces. Therefore, because the 
pressure of hot gas rising from the disk may be a 
function of radius, a pressure gradient exists at the 
base of the corona which forces gas to flow radially 
before attaining a new equilibrium position at œ. As 
the gas moves, suppose that it conserves its angular 
momentum (initial angular momentum is ^ 
When a cloud condenses, it will have a rotational line- 
of-sight velocity given by 

position and velocity in the disk) which forms a cloud 
at üjf(œf > ¿di; this is a model a described above). 
Acceleration of the cloud is given by 

dug, = dfo + j?_ 
dt dto ct)3 (2.3) 

where d^jdcb is the radial galactic gravitational force. 
If the rotation curve is flat in the region of interest 
(d®/dtü = 0í2/ó), the solution to equation (2.3) is 

uoiSi cos b sin 0) 1 

+ (ÿ)}“ (2'4a) 

where 

(1)1 IT- 

Uq = (0O — ÖjtDjcDoCü~2) sin (/) cos (b). (2.2) 

As an example, observe gas rising from the solar 
neighborhood; Ö^i = 60d>0 and ue is given in Figure 2. 
For the same position of cloud formation d>, much 
larger values of ue are possible in this model a than 
in model b. As seen in the example given in Figure 2, 
ue = 150 km s ~1 for to = 15 kpc (instead of 25 kpc). 
If gas that forms into clouds at œ originated interior 
to the solar circle (cD* < cD0, but cù > d)0), ue reaches 
these velocities at lower to than in the above example ; 
with (Li = 6 kpc, ue = 150kms_1 for <ô = 12 kpc. 
Another aspect of model a is that clouds now at the 
solar circle may have a significant ud (<100 km s_1) 
solely because gas comprising the cloud did not 
originate at â>0. 

The amplification of simple galactic rotation (model 
a compared to model b) arises because j = ûd is 
constant while a mass element is moved outward (to 
increases), hence 6 decreases. Therefore, the rotational 
velocity difference between the Sun and a radially 
displaced cloud at <o is much greater than the rotational 
velocity difference between the Sun and the disk at to. 
If the Galaxy were characterized by a Keplerian 
rotation curve exterior to the solar circle, then simple 
differential galactic rotation is more effective at 
producing large ue in model b\ model a is unaffected. 
However, no convincing evidence for a Keplerian 
rotation curve exists, and some studies indicate the 
rotation curve is nearly flat (Jackson, Fitzgerald, and 
Moffat 1978; Blitz 1979), consistent with Rubin’s 
(1978) finding for external galaxies. 

ii) Radial Velocity 

In order for a cloud to attain nonzero radial 
velocity, the element of gas from which it forms must 
feel different forces before and after formation. This 
occurs naturally if the corona is in static equilibrium 
in the radial direction because pressure forces and 
centrifugal forces balance gravity. As a condensation 
cools, its radial pressure support vanishes and it 
begins to fall toward its original radial position at 
velocity Uù (this is model a\ no radial velocities are 
produced in model b). Consider an element of gas 
with angular momentum j = #¿0^ (/ denotes its original 

sini/f = ^1 — sin2 / j for 

|/| >s¡n-1[min(^,l) 

= _ (i — sin2 /j12 for 

,in (!• ')] 
< sin- 

— 7T< l < 7T , 

— 77 < / < 77 . 

(2.4b) 

In Figure 3, u^di cos (b) sim/»)-1 is calculated as a 
function of tbltôi for different values of àv/tü*. Each 
line is a cloud trajectory which begins at zero velocity 

Fig. 3.—Radial velocity of an infalling cloud (uœ) is divided 
by a geometrical factor and the rotational velocity the cloud 
gas initially had at its point of origin in the disk (á^). The 
abscissa is the cloud position in units of ¿5i. Each line represents 
a cloud trajectory for clouds which form with zero radial 
velocity (wo, = 0 is the beginning of each trajectory). Clouds 
reach their maximum velocity at ¿5 = to*, which is where their 
acceleration changes sign. 
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and proceeds inward until it intercepts the disk near 
¿ü/cD = 1. The maximum streaming velocity occurs as 
the cloud passes over its original position œ = At 
the point of formation, if the streaming velocity of 
clouds is small with respect to 0i9 and if gas moved 
outward (tif > t^), is always negative in the direc- 
tion away from the galactic center [cos (b) sin ÿ > 0]. 
Positive velocities are also produced as clouds move 
interior to the solar circle (¿D < ¿D0), and the effect is 
greatest near the galactic center. 

iii) Vertical Velocity 

At high galactic latitude, the line-of-sight velocity 
arising from ue and u¿> is small because cos {b) -> 0 
as 90° ; only uz contributes to the total line-of- 
sight velocity i;L0S. Coronal gas is maintained vertically 
entirely through pressure support. Clouds condensing 
from the corona no longer feel any force from the 
pressure gradient in the hot gas, and they fall ballisti- 
cally under the influence of gravity. A cloud’s observed 
velocity is 

Uz = (zf - dz^ sin b , (2.5) 

where Zf is its velocity at formation; Zf is its position 
at formation; dO/dz is the gravitational force; and Z 
is the height at which the cloud is observed. A cloud 
spends the least amount of time at high velocities and 
the greatest amount of time at low velocities. We use 
the Innanen (1973) model for d^jdio in order to esti- 
mate u2 for Zf = 0, sin b = 1. For a cloud which has 
zero velocity at z, Table 1 indicates the maximum 
value for uZ9 which occurs as the cloud reaches the 
plane. 

Clearly, in the region away from the galactic center 
(270° > / > 90°) the observed velocity of a cloud 
formed in the corona cannot be greater than the escape 
velocity from the Galaxy at the solar circle. The local 
escape velocity is conventionally estimated to be 
360 km s-1, but it may be closer to 560 km s-1 if the 
Galaxy possesses a massive halo (Ostriker 1978). 

c) Fitting the Model to the High-Velocity Clouds 

All major features in the velocity distribution of IVC 
and HVC can be explained if the galactic fountain 
flows upward and outward from the disk (model a is 
valid). At high latitude only Z velocities are seen, while 

TABLE 1 
Free-Fall Velocity Us (km s -1) 

¿5 (kpc) 

Z (kpc) 7 9 13.5 18 

1   45 35 19 10 
2   100 77 35 18 
5  184 148 77 45 

10  253 210 126 77 
20  310 268 179 126 

toward the anticenter and at low latitude {b < 30°), 
only streaming motion contributes to the line-of-sight 
velocity. The third velocity component, w0, cannot 
similarly be isolated because it requires that the 
position of the cloud is known, which it is not. 

Near the anticenter (/ # 180°, \b\ < 20°), negative 
velocities up to —200 km s-1 are known (Hulsbosch 
1978; Oort 1979). In our model, this radial streaming 
is explained if the position where the most rapidly 
moving clouds form is at least twice its initial position 
(2 < <jjfla>i < 3 for sin / cos b = 1). Slower clouds 
either formed closer to their initial position, or have 
not yet reached maximum velocity. Radial return of 
gas could easily produce the negative velocity clouds 
found at low galactic latitude near the anticenter (HVC 
and IVC). A consequence of this model is that positive 
velocity clouds exist toward the galactic center at 
b < 20°. While this region is often excluded from 
surveys, some positive IVC are observed there (see 
map in Verschuur 1975). 

Directly overhead one detects only the vertical 
velocity of clouds (w2, b > 60°). The highest velocities 
(|w2| > 80 km s“1) are all negative and up to 
— 150kms_1. If large positive velocities existed, we 
would conclude that clouds formed in the upward 
flow (¿cod < ¿eq)- This is, however, not the case, so 
icooi S: ¿eq (small positive or negative velocity at 
formation)—the corona is nearly hydrostatic in the 
vertical direction. Clouds falling from 5 kpc < z < 
10 kpc easily attain the highest observed velocities 
(Table 1), while slower clouds either formed at lower 
elevation, or have not yet significantly fallen after 
forming. 

There are two positions in the sky where uz is un- 
important and Uü may be small (if clouds are nearby, 
8 kpc < oí < 12 kpc): at 6 < 30° and / ä 90° or 
270°. Because velocities are positive at / £ 270° and 
negative at / ^ 90°, we propose that these high 
velocities ensue from amplified differential rotation of 
clouds with respect to the Sun (model a). Earlier, 
Davies (1972a, b) and Verschuur (1973, 1975, and 
references therein) first noticed that in a crude sense, 
the velocity of the IVC and HVC changes sign between 
the second and third longitude quadrants, so they 
suggested that w0 must be an important component of 
these clouds. They chose model b which predicts 
velocities lower than model a, which we favor. Be- 
cause clouds naturally form high above the plane in 
our model, we obviate the need for an extremely 
warped galactic plane (e.g., Verschuur 1975), a 
severely criticized suggestion (Hulsbosch and Oort 
1973; Hulsbosch 1975). 

The negative velocities at / ^ 90 are easily explained 
if gas moved outward about twice its original position 
O’los = —149 km s_1; cD/ ^ ^ 6-8 kpc). At 
/ ä 270, most positive velocities (^Los < +200 km s-1) 
are explained by gas moving 2-3 times its original 
position (cùy/cDj = 2-3, óji ^ 6-8 kpc). However, vh0S 
is as large as +240 km s_1 in a few clouds (Giovanelli 
and Haynes 1976), so either 60 > 240kms_1, radial 
streaming contributes to v^os (§IVè [ii]), or these 
clouds are not associated with the corona. Note that 
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the maximum u& and uz velocities occur as clouds near 
their point of origin. 

Throughout the rest of the sky, negative velocity 
clouds are more frequent and of larger velocity than 
their positive velocity counterparts. This occurs 
because *;Los is the sum of and uz\ however, 
positive velocities are primarily contributed only 
from the ue component. 

The details of the fountain change if the true galactic 
mass model differs from the adopted one. If 0O > 
230 km s_1, the radial travel of the fountain is 
decreased, and if the galactic potential well is deeper 
than we assumed (i.e., massive disk external to the 
Sun), uz was underestimated (in both cases high 
velocities are easier to achieve). The hydrodynamics 
of the fountain may be overly simplified—«0 and r0 
may be functions of 0 (spiral arms) and there may be 
local enhancements in n and T which could lead to 
turbulence in the corona. Also, circulation currents 
may exist in the corona (Waxman 1978). These effects 
may help explain those HVC with unusual charac- 
teristics. 

Despite random features in the velocity field, by 
fitting a kinematic model to the gross velocity features 
of the IVC and HVC, strong constraints are placed 
on the position of cloud formation. In conclusion, the 
primary features of the galactic fountain are as 
follows: (1) it flows upward to Z ^ 5-10 kpc before 
clouds condense: (2) /cool > teq in Z; (3) gas flows 
radially to c^/oD* ^ 2-3 before condensing; (4) some 
clouds probably form in the radial flow, or icool < feq 
in cD; (5) elements of gas retain their angular momen- 
tum as they flow upward and outward. 

Although the picture outlined above roughly ac- 
counts for the observations, it does not reveal how 
the clouds formed in the desired positions. In the 
following sections we develop a hydrodynamic repre- 
sentation for the corona and match it to the kine- 
matic model of the clouds to produce a unified and 
self-consistent description of the HVC. 

III. THE CORONA IS NOT STATIC 

Here we investigate the possible existence of a 
static corona, the simplest useful physical model. To 
do this, we consider only the corona in the vertical 
direction and assume that coronal gas is enriched, 
which it must be if it was originally part of the inter- 
stellar medium. 

A static corona must satisfy the time-independent 
momentum equation (pressure support balances 
gravity) and heating must balance cooling throughout 
the corona for at least a Hubble time. The corona is 
subject to boundary conditions—its pressure cannot 
fall below that of the intergalactic medium GPigM)- 
Field and Perrenod (1977) predict PIGM//; < 103 Kcm-3, 
but the actual value of PIGM¡k is not critical to this 
discussion as long as P1GMÍk > 0. A final point is that 
the static corona must be dynamically and thermally 
stable. 

When condition can be neglected, the corona is not 
isothermal, and the temperature must decrease up- 

ward. At every point in the corona, heating due to 
supernovae and the X-ray background (proportional 
to n) must balance radiative cooling (proportional to 
n2). The solution for a static corona can be easily 
found, and the corona is dynamically stable against 
convection. However, the corona is thermally un- 
stable (Field 1965), and instabilities grow during a 
cooling time scale, which is shorter than a Hubble 
time for «> 6xl0'6cm_3 (after Shapiro and 
Moore 1976). Without conduction, the corona is not 
static. 

If conduction is very important, the entire corona 
is isothermal, and all small-scale thermal instabilities 
are suppressed. Once again, a dynamically stable 
solution can be found, and while small-scale thermal 
instabilities do not grow in the corona, the entire 
structure of the corona is thermally unstable. With a 
few différences, the instability analysis is similar to 
that by Field (1965) and will not be repeated here. For 
a slight compression of the corona, the density in- 
creases and cooling begins to overwhelm heating as in 
the standard thermal instability scenario. A slight 
expansion of the corona (density decreases) causes 
heating to dominate cooling, and the corona even- 
tually escapes as a wind. These perturbations can arise 
from passing companion galaxies, changes in the 
heating rate, or a change in Pigm- So regardless of the 
role of conduction, the corona cannot remain static if 
its temperature lies in a thermally unstable regime 
(2 x 105 K < T < 107 K). Furthermore, we calculate 
that dust is also unable to suppress the thermal 
instability. 

We conclude that hot gas must rise above the disk, 
and if the gas remains bound to the Galaxy, it will form a 
corona that is not static. Because of a thermal insta- 
bility between 2 x 105 K and 107 K, regions in the 
corona must cool; these regions are small if conduc- 
tion is unimportant but comparable to the size of the 
corona if conduction is efficient. 

IV. HYDRODYNAMIC MODELS FOR THE CORONA 

a) Boundary Conditions and Parameters 

i) Influx of Hot Gas into the Corona 

To properly construct hydrodynamic models for 
the corona, one must have an accurate model for the 
interstellar medium; the supernova frequency and 
heating rate as a function of Z, the filling factor for 
the hot interstellar medium (/Him)> and the values of 
^him, Thim as a function of Z. Unfortunately, the 
density and temperature at the base of the corona 
depends sensitively upon poorly known quantities, 
such as the scale heights of supernovae and disk gas. 
One does know that the gas cannot be hot enough to 
cause a wind, as clouds cannot form in a wind 
(Chevalier and Oegerle 1979). 

Rather than a wind, we favor a corona which is 
supplied with gas by hot clouds percolating through 
the H i layer. Supernovae that break through the 
plane into the corona (Chevalier and Gardner 1974), 
and supernovae that occur in the corona supply heat 
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to the coronal gas. If most of this heating occurs 
primarily near the base of the corona (Zc), it is fair to 
fix n, ratZc. We will consider heating and cooling in 
a column of corona gas above the disk. The cooling 
rate in the column is given by 

the corona. This approach is similar to that used by 
Chevalier and Oegerle (1979) and has the advantage 
that a large number of poorly known variables are 
replaced by just two, which in principle can be 
observationally determined. 

n^kdZ, (4.1) 

where the cooling function for a gas of cosmic abun- 
dance isA = 6.2 x 10"19r-0-6 ergs cm3 s-1 (105 K < 
T < 2 x 107 K, from McKee and Cowie 1977). So 
for an adiabatic density distribution in Z and (T/Tq) = 
(nln0)

213, equation (4.1) can be written as 

L = 2 x io-«( w y-' 
VxlO-7 \1 x 10e K/ 

x (g2/10“8cms-2)_1ergscm 2s (4.2) 

where n0 and T0 are defined at the base of the corona. 
The stars in the spherical or bulge component of 
the Galaxy probably have a supernova rate like 
is/SO’s. From Tammann’s (1977) work, this is 0.18- 
0.19SN10-2yr-110_10Lo_1. Recently, de Vaucouleurs 
(1978) estimated L = 1.64 x 1010 M0 for the Galaxy; 
0.34 L is attributed to the bulge. We use our mass 
model for the Galaxy (§ IV¿z[ii]) to estimate the column 
density of bulge stars above the solar circle and thereby 
estimate the integrated supernova heating rate 

Hb = 2x 10~7(105fergs) ergs cm“2 s"1, (4.3) 

where E is the supernova energy. Clearly, supernova 
heating by the bulge near the sun is small compared to 
radiative cooling. 

The main heat source for the corona must arise 
from supernovae which break through the hydrogen 
layer. Locally, the supernova rate is ~ lO-13 SN pc-3 

yr_1 and the supernova scale height is ^ 55 pc. The 
total energy released by supernova between Z' =oo 
and Z' = Z is 

ii) Mass Model for the Galaxy 

Rotation curves of external disk galaxies are flat 
even past their optical images (Rubin 1978; Krumm 
and Salpeter 1976), and recent evidence indicates that 
the Galaxy also has an approximately flat rotation 
curve beyond the Sun (Jackson, Fitzgerald, and Moffat 
1978; Blitz 1979). Therefore, due to the commonness 
of flat rotation curves, we construct a mass model for 
the Galaxy by using Innanen’s (1973) “representative 
model” in addition to an extended halo of the form 

‘Aaio = Mhx
3{\ + x)"2 , (4.5a) 

x = (ó2 + Z2)ll2rb-\ (4.5b) 

where rb = 13 kpc, and Mh = 1.35 x 1011 M0. The 
halo is terminated at 100 kpc, out to which the rota- 
tion curve is roughly flat, asymptotically approaching 
220 km s-1 exterior to the solar circle. The rotation 
velocity at the solar circle (œ0 = 9 kpc) is 60 = 
230 km s_1 (Oort and Plaut 1974). The escape velocity 
from the solar circle of 541 km s_1 is very sensitive 
to the tidal cutoff of the extended halo, so the close 
agreement with Ostriker’s (1978) value of 558 km s~1 

is fortuitous. 
Within 20 kpc of the galactic center, the extended 

halo has Tittle influence on the gravitational field of 
the Galaxy because the Innanen model dominates the 
mass distribution there. To illustrate this, the potential 
drop between œ = 9 kpc, Z = 0 and w = 15 kpc, 
Z = 0 is 3 x 1014 cm2 s-2, only one-sixth of which 
arises from the presence of the extended halo. Because 
the regions of most prolific cloud formation primarily 
feel the gravitational force of Innanen’s model, the 
extended halo does not strongly affect our results (for 
T > 2 x 106 K, the extended halo plays a very im- 
portant role). 

x exp (—Z/55 pc) ergs cm-2 s_1. (4.4) 

Chevalier and Gardner (1974) point out that supernova 
of ~ 1051 ergs will break out of the H i layer only if 
they occur more than one scale height above the plane 
(Z > 100 pc). Unfortunately, the supernova rate and 
Z/55 pc are not known well enough to accurately 
calculate Hd, but for Z > 100 pc, we see that HdL~1 < 1 
(i.e., heating is about the same as, or less than, cooling). 
Locally, the primary heat source for the corona comes 
from the disk, not the bulge. Also, heating by the X-ray 
background is known to be small (Weisheit and Collins 
1976). 

In conclusion, we feel that a corona rather than a 
wind emanates from the disk, and that the corona can 
be characterized by choosing n and T at the base of 

b) Hydrodynamic Modeling 

There are several constraints on the local value of n 
and T. First, the pressure must be less than that in the 
disk (1); otherwise, back pressure from the halo 
would compress the ISM to bring it into pressure 
equilibrium. X-ray measurements in the 0.5-2 keV 
range must not be exceeded by the coronal gas (2). We 
also demand that (3) n be high enough so that radia- 
tive cooling exceeds supernova heating, that (4) the 
velocity distribution of the HVC reproduce the observa- 
tions, and that (5) T be low enough so that a wind 
cannot occur in the local neighborhood. 

A major obstacle to the above model is that n and T, 
which are not even well known near the Sun, must be 
specified as a function of œ and 0. We avoid this 
dilemma by examining a few general forms of n 
and T which represent the most probable physical 
conditions. 
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TABLE 2 
Hydrodynamic Models for the Corona 

Model «oa (cm-3) T0
a (K) 

«o, T0 independent of ¿5 

A1  3 x 10-3 5 x 105 

A2  lx 10-3 5 x 105 

A3  3 x 10-4 5 x 105 

B1  3 x 10-3 1 x 106 

B2  lx 10-3 1 x 106 

B3  3 x IO-4 1 x 106 

Cl  3 x 10-3 2 x 106 

C2   lx 10-3 2 x 106 

C3  3 x 10-3 2 x 106 

T0 constant, n0 oc «hi + h2 

D1  lx 10-3 5 x 105 

D2  3 x 10-3 5 x 105 

El  lx 10-3 1 x 106 

E2  6 x IO-4 1 x 106 

E3  3 x 10-4 1 x 106 

FI  lx 10-3 2 x 106 

F2  3 x 10-4 2 x 106 

a Density and temperature at the base of the 
corona directly above the solar neighborhood, 
(b = 8.7 kpc. 

where c is the adiabatic sound speed, ft is a correction 
factor determined from numerical models, and g is 
the mean gravitational field above the plane (g ^ 
IttGo). It is necessary and correct to use the adiabatic 
assumption here (y = 5/3); this is discussed later. As 
the gas rises, it cools after approximately 

f 3ÄT 4 2 x io7/—V 6 
0001 2Ah \106 kJ 

x (l0-7m^)"1),f- <4'8) 

and if tcool < tgq, hydrostatic equilibrium never occurs. 
Nevertheless, through hydrodynamic simulations A, 
B, and C we find that the density scale height of the 
gas [where n(Z)[n0 = 1/e] follows the law (to within 
20%) 

s = h[\ - exp (— tcoollteq)], (4.9a) 
or 

5 = (lO-ecms-2) 

x {l - exp 

The basic numerical model used in this analysis is a 
two-dimensional hydrodynamic code with symmetry in 
6, which includes galactic rotation and radiative cool- 
ing (see full description in Bregman 1978). The time- 
dependent accuracy is 5-107o yr throughout one entire 
run, which covers about 1-6 x 108 yr and 1000 cycles. 
The grid size was 15-28 kpc in œ and between 4.5 and 
21 kpc in Z, depending on r0; a 40 x 32 grid was 
used, but 28 x 22 and 60 x 44 grids were used in 
some runs. Model parameters are listed in Table 2. 

Clouds form when a zone radiatively cools below 
104 K so that the recombination time is less than one 
time step (rarely are two or more zones involved). The 
density or pressure perturbation that grows into a 
cloud arises from numerical noise. Clouds are re- 
moved from the grid and replaced by the average 
pressure and density of the surrounding medium. This 
method does not obviously stimulate cloud formation 
elsewhere (e.g., no chain reactions). 

i) Height of Cloud Formation 

We now search for the functions «(cù) and T(w) for 
which clouds form in the positions outlined above 
(§ lie). To determine the height of cloud formation, 
we initially treat the problem only in Z and ignore gas 
motions in ¿5 and È. As the hot gas escapes the plane, 
it rushes upward into the coronal gas at roughly the 
sound speed and attempts to establish itself in hydro- 
static equilibrium. The time required to reach equi- 
librium is the adiabatic density scale height divded by 
some multiple of the sound speed, or 

te(l = h/bc, (4.6) 

ft-6-5(Kre)(üF47F-*)"'kpc- (47> 

X (l0— cm s-3)]} ^ ' <4'9b) 

In the context of equations (4.6) and (4.9b), we find 
that the constant ft is approximately 2.4. The physical 
basis for equation (4.9) is that when /eq « ¿cooi the gas 
reaches hydrostatic equilibrium, but if /eq » ¿cooh the 
scale height occurs where the gas cools, which is the 
product of the cooling time and the mean gas velocity 
(roughly the sound speed). Although the temperature 
resolution around clouds is lost when the gas forms 
clouds (at all grid sizes and zone spacings), the spatial 
distribution for cloud formation remains the same. 

Not all clouds form at the same height; there is a 
spread in Z about S. The mass-weighted mean position 
for cloud formation in the coronal gas is at one density 
scale height S (to within 20%, ; numerical models A-C). 
Very few clouds form below 0.70 S but some low-mass 
clouds form up to 2S as seen in Figure 4. There is 
good reason to believe that clouds should form at the 
top of the corona and that these results are not arti- 
facts of the numerical scheme. If rising gas moves at 
the sound speed, when icool « /eq we find that the gas 
cools more rapidly than it can decelerate due to loss of 
buoyancy so it forms at Z ^ 5. In this regime, clouds 
form with positive upward velocity. For tcool » teci, the 
cooling time in an adiabatic gas is tcooi oc T1 + fn~1 oc 
w[2(/ + i)-3]/35 and since 06 </< i.o for 105-3 K < 
T< 107 K (McKee and Cowie 1977; Cox 1972; 
Raymond, Cox, and Smith 1976) we see that 

so that tcool decreases for increasing Z. The highest 
material therefore cools most rapidly, loses its 
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Fig. 4.—The percentage of clouds by mass is displayed in 
this histogram as a function of their dimensionless formation 
height (the cloud height divided by the density scale height of 
the corona). While the data for this histogram are drawn from 
models A-C, the functional dependence of -^cioud versus Z/S 
is also found in models D, E, and F. 

buoyancy, and begins to fall into a higher-pressure 
region. Heating and cooling in the cloud are now con- 
trolled by radiative losses so as it is further compressed 
in higher pressure regions it radiates prodigiously and 
becomes a neutral cloud. Because of the low density 
at two scale heights only low-mass clouds can form (as 
numerical simulations confirm) while the constant 
upward mass flux and the longer cooling time pre- 
vents clouds from forming at the base of the corona. 
Clouds formed in this /eq « tC0Qi regime have negative 
velocities which must be less than the sound speed in 
the surrounding gas. 

Values for the local temperature and density of the 
corona can now be obtained. The height of formation 
of the clouds, with the provision ieq < ¿cooi (Z ^ 
5-10 kpc, § lie) provides one functional constraint on 
T and n (eq. [4.9b] is used). Together with the condi- 
tion Pcorona ^ Asm and that radiative cooling is 
greater than supernova heating, we calculate that at 
the base of the corona, 

1.5 x 10_3cm~3 > «o > 5 x 10“4cm_3, 
1.6 x 106K < r0 < 7 x 105K. 

ii) The Radial Pressure Gradient 

For each choice of n0(ü), T0(û)), a radial pressure 
gradient is specified at the base of the corona. Even 
if hot gas has no pressure gradient at Z ^ 0, it must 
move outward as it rises above the disk. When the 
pressure gradient is zero at the base of the corona, no 

radial-pressure force exists, and since gravitational 
and centrifugal forces balance the gas feels no accelera- 
tion. However, as the gas rises upward to its natural 
scale height, the radial gravitational force diminishes 
while the centrifugal acceleration remains constant, 
giving rise to a net positive acceleration; gas moves 
outward until it reaches equilibrium. 

In general, the pressure gradient at Z æ 0 is non- 
zero, and if it is negative (P decreases outward), 
coronal gas experiences outward acceleration. The 
hot interstellar medium is probably related to the 
density of atomic and molecular gas in the disk, and 
since both decrease radially outward, one might 
expect a negative pressure gradient in the Galaxy. To 
summarize, there are two effects causing coronal gas 
to flow outward: the radial-pressure gradient and the 
decreasing radial gravitational force with height. Since 
the latter effect is governed by the mass model of the 
Galaxy, our only freedom is in the choice of the 
pressure gradient [given by «oC^) and PoC^)]» which 
must be chosen such that some coronal gas travels 
2-3 times its original position (§ lie). 

From the theory of the hot interstellar medium one 
cannot actually predict n0{ti) and P0(^)» so we assume 
that n0 oc Hhi+h2 

and T0 is constant (a simple and 
possibly natural choice). Since «Hi+Ha has a maximum 
at ô> = 5.5 kpc and rapidly decreases outside ô> = 
6 kpc (Gordon and Burton 1976), a very steep pressure 
gradient is created outside 6 kpc. From the numerical 
models D, E, and F we find that gas will not travel 
2-3 times its radial position unless Pq > 5 x 105 K; 
in model E some gas traveled from 6 kpc to 13.5 kpc 
while in model F, some gas from 6 kpc traveled to 
17 kpc. Of the models where P0 = 1 x 106 K (model E), 
the most successful ones were El and E2. Model E3 
must be eliminated because radiative cooling is much 
less than supernova heating. In model El, some clouds 
(~ 10%) form with significant outward radial velocity 
(>100kms_;L); this does not occur in model E2 
because the cooling time is longer. We note that near 
the solar circle (model El), the density and temperature 
are nearly constant in the vertical direction for about 
a scale height, even though most of the gas above us 
originated interior to the solar circle. The mass of the 
hot corona in model El is 7 x 107 M0, a few percent 
of the total amount of hydrogen in the disk. One must 
remember that other forms of n0{w) and P0(âO could 
produce similar results. Nevertheless, these numerical 
models can be compared to two observational fea- 
tures: the soft X-ray background, and the mass flux 
of clouds falling onto the plane. 

The steady-state mass flux of clouds onto one side 
of the plane is about 1.2 M0 yr-1 for model E2 and 
about 2.4 M0 yr-1 for model El, or about the value 
we estimate from the observations of Oort (1970). 
To perform the X-ray test, full-sky X-ray maps in 
three intermediate-energy X-ray bands are computed 
for each numerical model. 

iii) X-Ray Observations 

The contribution of X-ray emission from the corona 
can contribute significantly to the overall brightness 
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of the X-ray sky for energies greater than 0.2 keV. 
Unfortunately, emission below 0.5 keV is partly ab- 
sorbed by disk gas, so interpretation of the data is 
somewhat model dependent (above 0.5 keV, absorp- 
tion effects are unimportant). Nevertheless, the 
corona should emit prodigiously below 0.5 keV (for 
further discussion, see Bregman 1979), so a signature 
of the corona would be brightening toward the galactic 
pole where absorption effects are smallest. In fact, 
brightening is clearly observed in the energy band 
0.15 keV < E < 0.28 keV in the northern sky for 
b > 45° (Sanders 1979), but a distance determination 
for the gas that is model independent is not yet avail- 
able. Recently, Nousek(1978) attempted to disentangle 
the coronal emission from the total X-ray emission 
(disk plus halo plus background) in the 0.5-2 keV 
range. He removes the contribution expected from an 
extrapolation of the hard X-ray background, which is 
assumed to be extragalactie in origin. Then, using the 
equilibrium models of Raymond, Cox, and Smith 
(1977), Nousek attributes the emission to gas at two 
temperatures, arguing that the hotter component 
(3 x 106 K) has an emission measure of 3.5 x 
10“3 cm'6 pc and lies above the neutral hydrogen of 
the disk. Nousek points out several uncertainties in 
this interpretation, such as the use of equilibrium 
rather than nonequilibrium plasmas. Since Anoneq(r) > 
Aeq(7T) if ^electron > T’ion, the temperature and emission 
measures Nousek calculated may be overestimates. 
We find that as long as T0 < 2.5 x 106 K, coronal 
X-ray emission (using equilibrium calculations of 
Raymond, Cox, and Smith 1976) does not violate the 
observational constraints. For model El, the pre- 
dicted flux is about 102 below the total observed flux 
(see Bregman 1979 for further details). 

With the hope that one will someday be able to 
evaluate accurately the emission from the corona, we 
discuss the expected X-ray picture within the context 
of the hydrodynamic models. For three energy bands 
above 0.5 keV, the band cooling functions of Raymond, 
Cox, and Smith (1976) are approximated by a series 
of power laws which are given in Table 3. These 

TABLE 3 
Approximations to the Band Cooling Function Aa 

X-Ray Band 
Range of 

log T 

14.2-23.3 Â 
(0.53-0.87 keV). 

7.95-14.2 Â 
(0.87-1.56 keV). 

1.5-7.95 Â 
(1.56-8.27 keV). 

2.70-6.23 
6.23-6.80 
6.80-7.09 
7.09- 8.00 

2.30-6.55 
6.55-7.10 
7.10- 7.42 
7.42-8.00 

2.00-6.99 
6.99-8.00 

+ 4.90 
+ 0.64 
-3.36 
-0.11 

+ 3.87 
+ 1.22 
-2.08 
-0.28 

+ 2.847 
+ 0.645 

2.63 x IO"54 

8.91 x IO"28 

1.48 
1.23 x 10"23 

1.77 x IO"49 

3.85 x IO"32 

1.10 x 10"8 

4.79 x IO"22 

4.79 x IO”44 

1.18 x IO"28 

a The cooling function is of the form A = ATa. 

approximations are used along with the hydrodynamic 
model to integrate the quantity 

= Ane
2dl 

along a ray in a given direction. The hot coronal gas 
is optically thin to soft X-rays and any absorption by 
neutral hydrogen is neglected. Because is extremely 
sensitive to a small reduction in T and « for 7" < 
2 x 106 K, only the lowest layers of corona contri- 
butes significantly to Therefore, since most of the 
mass of the corona may not contribute to it is 
difficult to use X-ray observations as a probe of the 
entire corona. At coronal temperatures greater than 
2 x 106 K, most of the corona (by mass) contributes 
to J*; and X-ray observations are a sensitive probe to 
the structure of the entire corona. Since we argued 
above (§ IV6[i]) that r0 < 2 x 106 K is more prob- 
able than To > 2 x 106 K, only limited information 
about the corona can be deduced from observation. 

To illustrate what we expect to observe, the X-ray 
band emission for model El is given in Table 4 as a 
function of galactic latitude and longitude. Note that 
the flux deviates from a simple esc 6 latitude de- 
pendence and that for fixed latitude, the flux is greater 
toward the galactic center than toward the anticenter. 
This longitude effect arises because the average 
electron density is about 30% higher along the ray 
toward^ = 30°, / = 0° than toward 6 = 30°, / = 180°. 
The degree of longitude variation of ^ is a reflection 
of the density and temperature gradient in the corona. 
Also owing to the radial gradients, ^ deviates from 
the simple esc b latitude dependence as seen in Table 4. 
The relative intensities of any two X-ray bands 
determines the gas temperature, and then using the 
band flux and derived temperature, the density and an 
idealized height of the gas are calculated. From the 
emission given in Table 4, one would infer T0 ^ 
l x 106 K and a density scale height of about 5 kpc 
[where n{Z = 5 kpc)/«0 = e~1). However, because 
is very sensitive to the diminution of n and T, the X-ray 
scale height [hx, where = h^/^iZ ^ 0) = e^1] 
is between 1/3-1/5 of the density scale height. For the 
14.2-23.3 Â band, hx = 1.2 kpc, for the intermediate- 
energy band, hx = 1.4 kpc, and for the highest-energy 
band, hx =1.6 kpc. Since the emission above 2 kpc 

TABLE 4 
X-Ray Brightness above the Sun 

Jra (ergs cm ~ 2 s “1) 
b l      

(deg) (deg) 14.2-23.3Â 7.95-14.2Â 1.5-7.95Â 

30... 0 
30.. . 180 
60.. . 0 
60... 180 
90  

2.6 x IO”9 

1.4 x 10"9 

1.4 x 10"9 

1.0 x lO"9 

9.4 x lO"10 

1.3 x lO"10 

6.8 x lO'11 

7.1 x lO"11 

5.3 x lO"11 

4.8 x 10"11 

2.9 x lO”11 

1.4 x lO“11 

1.6 x lO'11 

1.2 x lO"11 

1.1 x lO"11 

a ^ — JcT we2A esc b dz. 
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is entirely masked by emission below 2 kpc, we have 
no direct information about the upper corona where 
the clouds form. 

iv) Spiral Arms 

A real model of the Galaxy should have spiral arms 
in which the nature of the hot interstellar medium that 
enters the corona may differ greatly from the adjacent 
interarm region. Although we do not know observa- 
tionally how nQ and To change through the spiral arm, 
we suspect that the increased supernova rate raises 
«o, T0, or both. This effect is tested by placing per- 
fectly circular spiral arms in model B2; the arms are 
one zone wide (~0.5 kpc) and are spaced 3 kpc apart 
with the first one at 5 kpc. Model B2 was altered in 
the following three ways: (1) 2 x n0, T0 unchanged 
in the spiral arms; (2) 2 x T0, n0 unchanged in the 
arms; (3) 2 x n0, 2 x T0 in the arms. In each case, 
the enhancements of no and T0 at the arms locally 
raise the influx of gas into the corona. Because the 
pressure is higher immediately above an arm, that 
gas rapidly expands into the surrounding corona, and 
above Z ^ 1-2 kpc (the mixing height), the integrity 
of the enhancement is lost. The mixing height of 1 kpc 
would be significantly reduced if the spiral arms were 
made narrower. The mixing height was 1.9 kpc in 
case 3, 1.7 kpc in case 2, and 1.1 kpc in case 1. The 
enhancement in n0 and T0 increases the mean values 
of coronal density and temperature. Also, the total 
mass of the corona is higher by ~ 15-20% in cases (1) 
and (2), and about 40% in case (3) (probably an over- 
estimate due to the unrealistic thickness of the arms). 
However, the presence of spiral arms does not change 
the radial or vertical distribution of cloud formation 
(i.e., the formation of clouds is not enhanced or 
reduced above spiral arms). Adding spiral arms to the 
model does not change any of the conclusions from 
the previous sections. 

c) Further Kinematics 
i) Motion within the Corona 

From models D, E, and F we find that the corona 
does not corotate with the disk and that the angular 
velocity of the corona changes with both height and 
radius. To understand this, consider a model E corona 
without radiative cooling so that, eventually, the 
corona becomes static. On a plane at fixed Z, the 
rotation curve is nearly flat as a function of ¿> (as in 
the plane of the disk), so the angular velocity (in 
radians per second) decreases outward. However, each 
sheet has a lower rotation velocity than the one below 
it because cXP/dcü decreases upward while the above 
results are for a model without cooling. This differen- 
tial motion in Z is characteristic of every numerical 
model. For model El with cooling, the rotational 
velocity decreases upward at the rate 13.5 km s_1 kpc-1 

at a) = 15 kpc, 10.4 km s-1 kpc-1 at œ = 12.4 kpc, 
and ^8 km s“1 kpc-1 at co < 9 kpc. In the frame 
rotating with an element of coronal gas, the radial 
differential velocity gradient (dw0/dô>) is 15-40 km s'1 

kpc-1, where higher values occur at low elevation and 

large ¿D and low values occur near the top of the corona 
or for small cu. The formation of clouds occurs in a 
corona that has shearing motion in both Z and ¿5. 

ii) Cloud Trajectories 

Clouds return to the disk within 3-60 x 107 yr after 
formation. As viewed in a reference frame far above 
the disk, rotating at the angular speed of the local 
standard of rest, clouds appear to spiral around the 
disk as they fall onto it. Many clouds fail to return 
to their point of origin; in model El, 30% of the 
clouds return to + 3 kpc > ai > ¿D0 + 1 kpc. This 
effect tends to make the metallicity gradient shallower 
than in a “closed” model (no mixing of gas between 
regions), and the shallower gradient is required to 
satisfy the observations (see Tinsley and Larsen 1978, 
and references therein). Because clouds do not return 
to their initial position, a mild circulation current is 
established in the disk. We also note that clouds do 
not penetrate the disk, because their column density 
(1019-3 x 1020 cm-2) is generally less than that of the 
disk (>4 x 1020 cm~2 for ¿5 < 10 kpc). Beyond the 
solar circle (<£ > 12 kpc) the column density of disk 
gas is low, so clouds may penetrate the disk, though 
this depends on the column density of the particular 
cloud. Cloud collisions with the disk gas are a source 
ofturbulentenergy(inmodelEl,itis~3 x 1040ergss“1 

of mechanical energy, about 5% of the energy supplied 
by supernovae). 

iii) Predicted Map of Clouds on the Sky 

In addition to the general prediction that the veloc- 
ities of the IYC/HVC are reproduced as clouds that 
fall from their initial position (§ IVa), we can statisti- 
cally predict their velocity distribution on the sky. To 
do this, we neglect ram pressure and assume that 
clouds form randomly throughout the corona. For 
model El, an all-sky distribution is presented in 
Figure 5. As the density is decreased (e.g., from 
model El to E3), the number of positive IVC/HVC 
decreases between 60° and 300° because fewer clouds 
form with positive radial velocity (i.e., the corona 
becomes more nearly static in û as n0 decreases, so 
that icoo] becomes much longer than ieq and the flow 
velocity at which clouds form is very small). The per- 
centage of negative IVC/HVC between 60° and 300° 
increases as the temperature is increased, as does the 
percentage of positive clouds between —60° and 60°. 
Clearly, gross velocity features of the IVC/HVC are 
reproduced in Figure 5. However, one should not 
hope that Figure 5 will reproduce the detailed cloud 
distribution because the formation of individual 
clouds is not random (as assumed)—they form in 
coherent patterns (see § IVa). 

iv) Cloud Drag and Pressure Confinement 

In addition to the previously discussed physical and 
observational conditions which our model satisfies, 
we also show that the clouds indeed fall ballistically, 
and that they are approximately in pressure equi- 
librium with the corona after formation. The cloud 
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• V > 130 km s*1 ■ <V> > 20 km s"1 

▲ 130km s“1 > V > 80km s-1 a 20km s_1 > <V> > -20km s"1 

a 80km s-1 > V > -80km s*1 □ -20kms_1><V> 
A -80 km s“1 > V > -130 km s"1 

o -130 km s-1 > V 
Fig. 5.—Distribution of IVC/HVC on the sky is theoretically predicted. Within each region delineated by dotted lines, the 

relative percentages of clouds is listed next to their velocity range (for a total of 1007o in each region). Each zone centered at b = 20° 
is 50° wide; zones with 30° < b < 60° are 40° wide, and the zone that reaches to 6 = 90° is 120° wide. Note that many clouds have 
low velocities and will be confused with normal disk gas. 

trajectories calculated above are valid only if the 
gravitational force is much greater than drag force 
experienced by the cloud passing through the corona. 
Stated another way, the terminal velocity at which 
gravitational and drag forces balance must be some- 
what greater than their observed velocities if drag is 
to be neglected. When we use the Newtonian approxi- 
mation to calculate the drag on a spherical cloud, the 
terminal velocity is 

where nclLcl is the column density of a cloud. Most 
clouds on the list of Hulsbosch (1975) have a column 
density greater than 5 x 1019cm_2(Kt > 260 km s-1) 
and since the drag force is proportional to velocity 
squared, drag is generally a small effect. However, a 
few of the lowest column density clouds listed by 
Hulsbosch (1975) appear to be traveling near their 
terminal velocity (cloud 119.5 + 10.5 has V = 
— 160 km s-1, nL = 2 x 1019 cm-2, and \Vt\ ^ 
165kms_1; 90 + 35 has V = —165 km s-1, nL = 
2 x 1019 cm-2, and \ Vt\ = 165 km s_1; 161 +146 has 
v = —167 km s“1, nL = 3 x 1019cm“2, and \Vt\ = 
202kms_1). Drag will preferentially compress one 
face of a cloud. 

The pressure in the corona (2000 K cm-3 > P/k > 
400 K cm-3) is balanced by the thermal and magnetic 
pressure in the clouds (the clouds are not gravita- 
tionally bound). If the cloud temperature is several 
hundred degrees (Payne et al. 1978), then n ^ 
1-10 cm-3 if magnetic pressure is negligible. From the 
work of Hulsbosch (1975), who models the observed 
clouds with a spherical, Gaussian density distribution, 
we infer that the average density is « ^ 0.7 cm-3. In 
these cold clouds, magnetic pressure may be important, 

and a modest field of several microgauss will balance 
the thermal pressure of the corona. Therefore, either 
the coronal pressure lies toward the low end of the 
permissible regime and is balanced by thermal cloud 
pressure, or magnetic pressure is important in the 
cloud. 

V. ROLE OF MAGNETIC FIELDS 

The strength and alignment of magnetic fields 
control the rate of thermal conduction and the magni- 
tude of the magnetic pressure, which can be important 
terms in the energy equation and momentum equation, 
respectively. Only if no magnetic field exists, or if the 
field lines are not tangled and not perpendicular to 
the temperature gradient, can electron conduction be 
significant; in a hydrostatic atmosphere, conduction 
is of major importance in the overall structure of the 
corona when 

V»q > n2A , (5.1) 

where q is the heat flux vector. We approximate 
as kTJL2, where the coefficient of conductivity is 

(Spitzer 1962) k = 1.84 x 10“5(r5/2/ln A') and L is 
the temperature length scale in the corona. With the 
cooling function A = 6.2 x 10"19r"°-6 ergs cm2 s_1 

(McKee and Cowie 1977), and the substitution of 
L = S (from eq. [4.9b]) we find that conduction is 
important when 

(lO-8 cm s-2) (lO-3 cm-3) (tÖ^k) ~ 10 ' ^ 

So, unless the corona is of low density («-3 < 0.1), the 
overall structure of the corona is virtually unchanged. 
This argument is substantiated by numerical models 
with conduction (see Bregman 1978 for a description 
of the numerical procedure). 

While the large-scale structure is unchanged, con- 
duction can suppress the formation of small clouds. 
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The minimum wavelength below which condensations 
do not occur is (Field 1965; Mathews and Bregman 
1978; Chevalier and Oegerle 1979; perfect conductive 
efficiency) 

A ~ 2(i0^k) (l x 10-3 cm-3) kpc' <'5'3-) 

This implies that only large regions initially more 
massive than 

M ~ 1 X 105(iö6k) (l X 10"3) M° 

can begin to form a cloud. As large, thermally un- 
stable regions cool, T and À decrease so that smaller 
condensations may develop within it. This process 
continues until the temperature falls below the 
thermally unstable region (below 2 x 105 K), after 
which no more subcondensations form. So when the 
temperature falls into the range 2 x 105 K < T < 
4 x 105 K, the growth of condensations ceases. Since 
the mass of condensation in pressure equilibrium with 
its surroundings is proportional to TQ (from eq. [5.3]), 
we estimate that the smallest condensation will be 
of lOMO"0-5 Mq (for 2 x 105 K < T < 4 x 105 K; 
growth of the 10'°-5 M0 clouds, which begin to form 
when T x 2 x 105 M0, will probably be damped 
when Tfalls below 105 K). Hulsbosch (1975) estimates 
masses for the HVC as low as 102 M0 which is con- 
sistent with, but not proof of, the above argument. 
Alternatively, if subcondensations never occur, then 
in order to explain the formation of small HVC, elec- 
tron conduction must be at least 10-102 less efficient 
than the optimum conditions. This occurs if magnetic 
fields are tangled on a scale length smaller than the 
clouds. 

Tangled magnetic fields resist compression by 
exerting a pressure of B2/%7t. Magnetic pressure stops 
cloud condensation if it is greater than the gas pressure. 
To estimate the relative pressure, we assume that 
B oc n213, and that B = 4 x 10“6 gauss, n = 0.1 cm“3 

in the intercloud medium of the disk (Heiles 1976); in 
the corona we find that 

PeJPB = 200 x ^ x 10-3) (tö°k) > 1 ‘ 

Therefore, unless B can be generated within the corona, 
magnetic pressure is not globally important. 

Nonuniform rotation and internal turbulence 
(cyclonic convection) in the corona will generate 
magnetic fields (the galactic dynamo ; Parker 1971a, b, 
Stix 1975) if the growth time for dynamo modes is 
shorter than the lifetime of gas in the corona (< 108 yr, 
models E). We estimate the growth time in the most 
easily excited mode, the quadrupolar mode, by letting 
the turbulent velocity be the sound speed and letting 
the eddy size be the scale height. This crude calcula- 
tion indicates a growth time of ~ 108 yr (about the 
same value that Parker 1971a estimates for the disk 
gas), so it may be possible for the corona to act as a 
dynamo. 

VI. DISCUSSION 

a) Chains of High-Velocity Clouds 

There are several distinct groupings or “streams” 
of HVC in the sky—clouds are not always randomly 
placed. In the context of our model, this indicates that 
the perturbations which trigger thermal instabilities 
are coherent on a scale of about a kiloparsec; we 
mention three ways this occurs. (1) The Magellanic 
Clouds exerted a strong influence on the corona as it 
passed, and it still tidally influences the corona, al- 
though weakly. Consequently, these tidal effects 
produce a coherent perturbation in the corona. (2) As 
hot gas rises from the disk, it drags magnetic field lines 
with it; since the magnetic field lines are still connected 
to the disk, a neutral sheet develops behind the rising 
gas. Although the magnetic pressure is small compared 
to the total pressure, the neutral sheet (zero magnetic 
field) causes a perturbation in the gas pressure which 
is coherent over a long scale length. As Field (1965) 
pointed out, a perturbation in the magnetic field can 
trigger a thermal instability. (3) If conduction is fairly 
efficient, then only large perturbations are thermally 
unstable (§ V), and as discussed in § V, smaller clouds 
develop in the large perturbation and an association 
of clouds naturally results. 

Differential rotation in the corona acts to deform 
the initial shape of these large groupings of clouds. 
Shear, primarily from d(œue)/dôj, but also from due[dZ, 
stretches out the groups of clouds in 9 so that it 
covers a wide angular extent in the sky while remaining 
narrow in the other two dimensions. The shearing 
begins when a density perturbation forms into a cloud, 
during which time a spherical perturbation develops 
an axial ratio of 2:1 in model El and 4:1 in model E3 
(the higher axial ratio is due to the longer formation 
time). The shearing continues until the clouds intercept 
the plane, when the axial ratio grows to 3:1-15:1, 
depending upon where the clouds form. As seen in 
Figure 4, initial perturbations are probably narrow in 
Z compared to their extent in ¿D and 6; they are not 
spherical as assumed in the above discussion. This 
flatness of perturbations will amplify the apparent 
axial ratio of cloud groups that intercept the plane 
beyond the Sun. Another earmark of cloud formation 
via thermal instabilities is that clouds have dense 
irregularities as large as or larger than a parsec, the 
size of the smallest subcondensation that can form. 

So within the context of the models described in 
§ IV, streams of HVC arise because coherent perturba- 
tions stimulate the formation of groups of clouds, and 
differential rotation stretches them out in 0. 

b) Stripping Globular Cluster Gas 

The coronal gas can play an important role in 
stripping gas from globular clusters. For the maximum 
possible coronal density, we apply the calculations of 
Frank and Gisler (1976) and find that about half the 
globular clusters are initially stripped of gas. In the 
most tightly bound clusters, other gas removal 
mechanisms, such as winds, are necessary to initially 
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remove the gas (Scott and Rose 1975; VandenBerg 
and Faulkner 1977; VandenBerg 1978). Once clusters 
are gas-free, they remain so either by continuous 
stripping (which differs from initial stripping: Bregman 
1978) or by winds. 

c) Other Relevant Observations 

Savage and de Boer (1979) have recently obtained 
high resolution UV spectra of two hot stars in the 
Large Magellanic Clouds (/ ~ 280°, b ~ 32°). They 
report the presence of very strong and asymmetrical 
lines of C iv and Si tv (wings extend to +120 km s-1) 
and strong absorption lines of C n, O i, N i, Si n, and 
Al ii with asymmetric wings extending to FLSR ^ 
+ 140kms_1. The blueshift is attributed to normal 
differential galactic rotation of a corotating corona, 
and by using the Schmidt (1965) model they place the 
gas at cD ~ 15 kpc, Z ~ 8 kpc. When more recent 
models of galactic rotation are used (Innanen 1973, 
or flat rotation curve), the distance of the absorbing 
gas becomes ¿D ~ 18-30 kpc. However, if the absorb- 
ing gas is part of the galactic fountain, differential 
rotation is amplified (§ lib, model a), and even with 
current models of galactic rotation, the absorbing 
gas is at ¿D ^ 15 kpc. The coronal temperature and 
density at ^ 15 kpc, Z ^ 5 kpc (model El) are 
about 6 x 105 K and 2 x 10-4cm'3; this position is 
slightly below the cloud-forming region. Savage and 
de Boer (1979) estimate the density and temperature 

to be 3 x 10_4cm_3 and 105 K, respectively. We 
suggest that the absorbing material is coronal gas that 
has begun to cool into what will eventually be recog- 
nized as cold neutral clouds. 

d) Future Work 

Galactic coronae may be common in gas-rich spiral 
galaxies. This suggestion can be observationally tested 
by observing edge-on spiral galaxies in the 0.5-4 keV 
regime. An emitting region up to several kiloparsecs 
thick should be visible. 

Throughout this work, the local explanation for 
the IVC/HVC (Siluk and Silk 1974; Weaver 1978) has 
been ignored because the existing distance estimates 
imply that the clouds are above the disk (§ II«). The 
distance determinations for the clouds desperately 
need to be improved before one can decisively choose 
between the local and the external model. 

I am grateful to the Goddard Institute for Space 
Studies for use of their computer facilities. For 
comments, advice, and information, I thank E. 
Scharlemann, E. Spiegel, F. Shu, C. McKee, J.H. 
Oort, R. Giovanelli, and a number of others. Also, 
S. Baker and S. Mescher were especially helpful in 
preparing the manuscript. The interpretative repre- 
sentation of the galactic corona (Fig. 1) was rendered 
by Donna Diamond. This work was supported by 
NSF grants AST 77-07841 and AST 76-08917. 

REFERENCES 
Blitz, L. 1979, private communication. 
Bregman, J. N. 1978, Ap. 224, 768. 
 . 1979, Ap. J., 229, 514. 
Chevalier, R. A., and Gardner, J. 1974, Ap. J., 192, 457. 
Chevalier, R. A., and Oegerle, W. R. 1979, Ap. J., 227, 398. 
Cox, D. P. 1972, Ap. /., 178, 159. 
Davies, R. D. \912a, Nature, 273, 88. 
 . \912b, M.N.R.A.S., 160, 381. 
 .1975, in IAU Symposium No. 40, Galactic Radio 

Astronomy, ed. F. J. Kerr and S. C. Simonson III (Dor- 
drecht: Reidel), p. 599. 

de Vaucouleurs, G. 1978, in IAU Symposium No. 84, The 
Large-Scale Characteristics of the Galaxy, ed. W. B. 
Burton (Dordrecht: Reidel), in press. 

Field, G. B. 1965, Ap. J., 142, 531. 
 . 1975a, Ap. Space Sei., 38, 167. 
 . 19756, in Atomic and Molecular Physics of the Inter- 

stellar Medium, ed. R. Balian, P. Encrenaz, and J. Lequeux 
(Amsterdam: North-Holland), p. 467. 

Field, G. B., and Perrenod, S. C. 1977, Ap. J., 215, 717. 
Frank, J., and Gisler, G. 1976, M.N.R.A.S., 176, 533. 
Giovanelli, R. 1978, in IAU Symposium No. 84, The Large- 

Scale Characteristics of the Galaxy, ed. W. B. Burton 
(Dordrecht: Reidel), in press. 

Giovanelli, R., and Haynes, M. P. 1976, M.N.R.A.S., 177, 
525. 

Gordon, M. A., and Burton, W. B. 1976, Ap. J., 208, 346. 
Habing, H. J. 1966, Bull. Astr. Inst. Netherlands, 18, 323. 
Heiles, C. 1976, Ann. Rev. Astr. Ap., 14, 1. 
Hulsbosch, A. N. M. 1968, Bull. Astr. Inst. Netherlands, 20, 

33. 
——1975, Astr. Ap., 40, 1. 
 . 1978, Astr. Ap., 66, L5. 
Hulsbosch, A. N. M., and Oort, J. H. 1973, Astr. Ap., 22, 153. 
Hulsbosch, A. N. M., and Raimond, E. 1966, Bull. Astr. Inst. 

Netherlands, 18, 413. 
Innanen, K. A. 1973, Ap. Space Sei., 22, 393. 

Jackson, P. D., Fitzgerald, M. P., and Moffat, A. F. J. 1978, 
in IAU Symposium No. 84, The Large-Scale Characteristics 
of the Galaxy, ed. W. B. Burton (Dordrecht: Reidel), in 
press. 

Jenkins, E. B. 1978, Ap. J., 220, 107. 
Krumm, N., and Salpeter, E. E. 1976, Ap. J. (Letters), 208, 

L7. 
Mathews, W. G., and Bregman, J. N. 1978, Ap. J., 224, 

308. 
McKee, C. F., and Cowie, L. L. 1977, Ap. J., 215, 213. 
McKee, C. F., and Ostriker, J. P. 1977, Ap. J., 211, 148. 
Muller, C. A., Raimond, E., Schwarz, U. J., and Tolbert, 

C. R. 1966, Bull. Astr. Inst. Netherlands Suppl., 1, 213. 
Nousek, J. 1978, Ph.D. thesis, University of Wisconsin at 

Madison. 
Oort, J. H. 1966, Bull. Astr. Inst. Netherlands, 18, 421. 
 . 1967, in IAU Symposium No. 31, Radio Astronomy 

and the Galactic System, ed. H. van Woerden (New York: 
Academic Press), p. 279. 
 . 1969, Nature, 224, 1158. 
 . 1970, Astr. Ap., 1, 381. 
 —. 1978, preprint. 
— . 1979, private communication. 
Oort, J. H., and Hulsbosch, A. N. M. 1978, in Astronomical 

Papers Dedicated to Bent Strömgren, ed. A. Reiz (Copen- 
hagen: Copenhagen University Observatory), p. 409. 

Oort, J. H., and Plaut, L. 1975, Astr. Ap., 41, 71. 
Ostriker, J. P. 1978, in IAU Symposium No. 84, The Large- 

Scale Characteristics of the Galaxy, ed. W. B. Burton 
(Dordrecht: Reidel), in press. 

Parker, E. N. 1971a, Ap. J., 163, 255. 
 . 19716, Ap. J., 164, 491. 
Payne, H. E., Dickey, J. M., Salpeter, E. E., and Terzian, Y. 

1978, Ap.J. (Letters), 221, L95. 
Raymond, J. C., Cox, D. P., and Smith, B. W. 1976, Ap. J., 

204, 290. 
Rickard, J. J. 1971, Astr. Ap., 11, 270. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8O

A
pJ

. 
. .

23
6.

 .
57

7B
 

No. 2, 1980 HIGH-VELOCITY CLOUDS 591 

Rubin, V. C. 1978, in I AU Symposium No. 84, The Large-Scale 
Characteristics of the Galaxy, ed. W. B. Burton (Dordrecht: 
Reidel), in press. 

Sanders, W. T. 1979, private communication. 
Sanders, W. T., Kraushaar, W. L., Nousek, J. A., and Fried, 

P. M. 1977, Ap. J. {Letters), 217, L87. 
Savage, B. D., and de Boer, K. S. 1979, Ap. J. {Letters), 230, 

L77. 
Schmidt, M. 1956, Bull. Astr. Inst. Netherlands, 13, 15. 
 . 1965, Stars and Stellar Systems, Vol. 5, ed. A. Blaauw 

and M. Schmidt (Chicago: University of Chicago Press), 
p.513. 

Scott, E. H., and Rose, W. K. 1975,34/?. J., 197, 147. 
Shapiro, P. R., and Field, G. B. 1976, Ap. J., 205, 762. 
Shapiro, P. R., and Moore, R. T. 1976, Ap. J., 207, 406. 
Silk, J. 1974, Comments Ap. Space Sei., 6, 1. 
Siluk, R. S., and Silk, J. 1974, Ap. J., 192, 51. 
Spitzer, L. 1956, Ap. J., 124, 20. 
 . 1962, Physics of Fully Ionized Gasses (New York: 

Interscience). 

Stix, M. 1975, Astr. Ap., 42, 85. 
Tammann, G. A. 1977, European Southern Obs. Sei. preprint. 

No. 4. 
Tinsley, B. M., and Larson, R. B. 1978, Ap. J., 221, 554. 
VandenBerg, D. A. 1978, Ap. J., 224, 394. 
VandenBerg, D. A., and Faulkner, D. J. 1977, Ap. J., 218, 415. 
Verschuur, G. L. 1973, Astr. Ap., 22, 139. 
  . 1975, Ann. Rev. Astr. Ap., 13, 257. 
Wannier, P., Wrixon, G. T., and Wilson, R. W. 1972, Astr. 

Ap., 18, 224. 
Waxman, A. M. 1978, Ap. J., 222, 61. 
Weaver, H. 1978, in IAU Symposium No. 84, The Large-Scale 

Characteristics of the Galaxy, ed. W. B. Burton (Dordrecht: 
Reidel), in press. 

Weisheit, J. C., and Collins, L. A. 1976, Ap. J., 210, 299. 
Williamson, F. O., Sanders, W. T., Kraushaar, W. L., 

McCammon, D., Borken, R., and Bunner, A. N. 1974, 
Ap. J. {Letters), 193, LI33. 

Joel N. Bregman: Columbia University, Department of Astronomy, New York, NY 10027 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 


	Record in ADS

