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ABSTRA CT
The VLA Galactic Plane Survey (VGPS) of the �rst Galactic quadrant wassearched for H I emission

with velocities well above the maximum velocity allowed by Galactic rotation. A sampleof 17 small
fast-moving cloudswasidenti�ed. The distribution of the ensemble of cloudsin longitude and velocity
indicates that the clouds are part of the Galactic disk, despite their large forbidden velocity. The
median angular diameter of the clouds detected in the VGPS is 3:04. These clouds would not be
noticed in previous low resolution surveys becauseof strong beam dilution. Assuming each cloud is
located at the tangent point, a median cloud has a diameter of 10 pc, H I mass of 60 M � , and a
velocity more than 25 km s� 1 beyond the local terminal velocity derived from 12CO observations.
Three clouds in the samplehave a velocity between50 and 60 km s� 1 in excessof the local terminal
velocity. The longitude distribution of the samplepeaksnear l = 30� , while the latitude distribution
of the clouds is nearly 
at. The observed longitude and latitude distributions are compared with
simulated distributions taking into account the selectioncriteria of the cloud search. It is found that
the number of cloudsdeclineswith distancefrom the Galactic center, with an exponential scalelength
2:8 � 8 kpc at the 99% con�dence level. We �nd a lower limit to the scaleheight of the clouds of 180
pc (HWHM), but the true value is likely signi�can tly higher.
Subject headings: ISM: clouds | ISM: kinematics and dynamics | ISM: structure | Galaxy: disk

1. INTR ODUCTION

A large fraction of the neutral halo in the inner Galaxy
is in the form of clouds, observed in H I emission to at
least jzj = 1:5 kpc from the Galactic plane, and down-
ward to within jzj � 200 pc, where they becomeheavily
blended with disk H I (Lockman 2002). A median halo
cloud from a sample of 40 located at a median distance
from the plane of z = � 940pc hasan H I massof 50 M � ,
a diameter of a few tens of parsecs,a column density of
a few times 1019 cm� 2, and averageH I density of a few
tenths cm� 3. The clouds in the halo follow Galactic ro-
tation, but with a fairly large cloud-to-cloud velocity dis-
persion of several tens of km s� 1 (Lockman 2002,2003).

It is possible that the halo clouds are part of a
widespread population, which may include the `fast'
clouds seenin optical and H I absorption surveys (e.g.,
M•unch & Zirin 1961,Radhakrishnan & Srinivasan1980,
Mohan et al. 2004, Welsh, Sallmen & Lallement 2004,
Dwarakanath 2004) at high galactic latitude, and, when
unresolved, as broad components in H I emission lines
(Kulk arni & Fich 1985; Kalb erla et al. 1998), but see
Dwarakanath et al. (2004) for a di�eren t interpretation
of broad absorption features toward SGR A*. Kulkarni
& Fich (1985) constrained the the massof a population
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of fast-moving cloudswith a large scaleheight to at most
20%of the Galactic H I mass,but noted that it could con-
tain most of the kinetic energyin the interstellar medium.

The clouds, however, may not be con�ned to the halo:
Lockman & Stil (2003) reported the discovery of a small
H I cloud in the VLA Galactic Plane Survey (VGPS)
(Taylor et al. 2002) which lies only 22 pc from b = 0� ,
but which sharesmany characteristics of the halo clouds.
They speculated that it might be part of the halo pop-
ulation, visible at low latitude only becauseits random
velocity puts it more than 40 km s� 1 beyond the bulk of
Galactic H I . The VGPS is unrivaled for study of low lat-
itude Galactic H I in the �rst longitude quadrant. In this
paper we present the results of a systematic search for
clouds with velocities beyond that permitted by normal
Galactic rotation at the low Galactic latitudes covered
by this new survey.

2. DATA SET AND SEARCH PARAMETERS

The VLA Galactic Plane Survey (Taylor et al. 2002)
combines observations of the 21 cm H I line and contin-
uum emission over Galactic longitudes 18� � l � 67�

made with the D con�guration of the Very Large Ar-
ray (VLA) and the Green Bank Telescope (GBT) of the
NRAO7. The survey covers Galactic latitudes � 1:� 3 at
low longitudes to � 2:� 3 at the higher longitudes (Tay-
lor et al. 2002). The resolution of the VGPS is 10 �
10 � 1:56 km s� 1 (FWHM) in the 21cm line and spec-
tra extend over 240 km s� 1 at the full sensitivity of 2 K
(r.m.s.) per channel. This is su�cien t to reach veloci-
ties well beyond that of the H I emission at the higher
longitudes. Higher velocities were covered by only one
receiver channel in the VLA data. Thesedata were also

7 The National Radio Astronom y Observatory is operated by
Associated Univ ersities, Inc., under a cooperativ e agreement with
the National Science Foundation.
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TABLE 1
Obser ved quantities

ID VLSR Peak Tb � v Peak N HI angular diameter
R

Sdv
l ; b; VLSR (km s� 1 ) (K) (km s� 1) (1020 cm� 2 ) ( 0 � 0) (Jy km s� 1)

24:84 � 0:98 + 157 157.3 (0.7) 10.0 (0.9) 16.5 (1.9) 3.9 5 � 3 9.7 (2.9)
25:48 + 0:16 + 165 164.6 (0.6) 18.7 (1.5) 8.2 (1.4) 2.9 2.9 � 2.0 5.7 (0.7)
27:20 � 0:82 + 133 133.0 (0.1) 16.8 (1.0) 5.6 (0.5) 2.3 9.1 � 2.8 5.0 (0.3)
28:27 + 1:05 + 128 128.1 (0.1) 19.2 (1.0) 5.6 (0.5) 2.9 4.8 � 2.4 4.6 (0.3)
28:69 � 0:09 + 132 132.3 (0.1) 22.5 (1.0) 5.6 (0.2) 2.6 2.0 � 1.6 1.7 (0.3)
28:76 + 0:58 + 142 141.6 (0.2) 12.2 (1.0) 5.9 (0.5) 0.9 8.7 � 3.3 7.2 (1.1)
29:09 + 0:18 + 137 137.0 (0.3) 11.0 (1.0) 7.5 (0.7) 1.2 6.5 � 2.7 2.4 (0.4)
30:62 � 0:57 + 143 142.8 (0.4) 13.9 (2.1) 5.9 (0.9) 1.8 3.7 � 2.0 5.1 (2.4)
32:28 � 0:72 + 142 142.1 (0.4) 8.4 (1.3) 5.0 (0.9) 0.8 4.0 � 1.8 1.3 (0.3)
36:33 + 0:76 + 116 115.9 (0.4) 7.9 (1.0) 7.5 (1.2) 1.9 4.9 � 3.8 8.0 (3.0)
42:42 + 0:76 + 101 101.4 (0.2) 10.6 (1.0) 5.0 (0.5) 1.4 2.2 � 1.7 1.3 (0.2)
42:46 + 1:31 + 105 104.6 (0.5) 8.6 (1.0) 11.7 (1.6) 1.4 17 � 6 27 (5)
43:08 + 0:92 + 112 111.6 (0.3) 9.7 (1.2) 4.7 (0.7) 1.3 3.0 � 1.9 2.9 (0.5)
43:36 � 0:36 + 97 96.6 (0.2) 13.0 (1.4) 4.5 (0.5) 1.5 4.1 � 2.9 1.0 (0.2)
46:71 + 1:59 + 111 111.0 (0.2) 12.3 (1.1) 5.4 (0.5) 1.4 11.8 � 4.3 3.2 (0.6)
59:67 � 0:39 + 60 60 38 4.2 3.9 72 � 12 580 (200)
60:70 + 1:02 + 58 58 23 3.4 2.3 20 � 6 49 (10)

TABLE 2
Derived quantities

ID d z Vp ec diameter hnHI i M HI E k Tkin
(kp c) (pc) (km s� 1 ) (pc � pc) (cm � 3 ) (M � ) (1048 ergs) (103 K)

24:84 � 0:98 + 157 7.7 � 131 57 11 � 6 17 135 4.4 < 6:0
25:48 + 0:16 + 165 7.7 +22 55 6 � 4 20 80 2.4 < 1:5
27:20 � 0:82 + 133 7.6 � 109 29 20 � 6 7 68 0.6 < 0:7
28:27 + 1:05 + 128 7.5 +137 22 10 � 5 13 61 0.3 < 0:7
28:69 � 0:09 + 132 7.5 � 11 26 4 � 3 24 23 0.2 < 0:7
28:76 + 0:58 + 142 7.5 +76 36 19 � 7 3 95 0.2 < 0:8
29:09 + 0:18 + 137 7.4 +23 34 14 � 5 5 31 0.4 < 1:2
30:62 � 0:57 + 143 7.3 � 72 32 8 � 4 11 64 0.7 < 0:8
32:28 � 0:72 + 142 7.2 � 90 42 8 � 3 5 16 0.3 < 0:6
36:33 + 0:76 + 116 6.8 +90 32 9 � 7 7 87 0.9 < 1:2
42:42 + 0:76 + 101 6.3 +84 31 4 � 3 13 12 0.1 < 0:6
42:46 + 1:31 + 105 6.3 +144 35 31 � 11 4 250 3.1 < 3:0
43:08 + 0:92 + 112 6.2 +99 47 5 � 3 11 26 0.6 < 0:5
43:36 � 0:36 + 97 6.2 � 39 32 7 � 5 8 9 0.1 < 0:4
46:71 + 1:59 + 111 5.8 +160 50 20 � 7 4 25 0.6 < 0:6
59:67 � 0:39 + 60 4.3 � 29 30 90 � 15 3 2500 22 < 0:4
60:70 + 1:02 + 58 4.2 +75 26 24 � 7 6 200 1.3 < 0:3

imaged, extending the velocity range by � 30 km s� 1,
although at a sensitivity degradedby a factor

p
2.

In the inner Galaxy the maximum permitted rotational
velocity at any longitude can be establishedfrom obser-
vations of H I or molecular clouds(e.g. Burton & Gordon
1978, Clemens 1985) In general there is a well-de�ned
terminal velocity at any jl j < 90� : for a 
at rotation
curve Vtan = V� (1 � sin l ). Random motions can carry
individual clouds to `forbidden' velocities VLSR > Vtan .
For example,somehalo cloudshave random velocities in
excessof 40 km s� 1 (Lockman 2002,2003).

Clouds at positive forbidden velocities in the VGPS
were identi�ed by visual inspection of the data both at
the full angular resolution, and alsosmoothed to 20 reso-
lution to improve the sensitivity to resolvedcloudsof low
brightness. The data were also searched by applying a
spectral �lter. Beyond velocity V2K , de�ned asthe veloc-
it y where Tb = 2 K on the positive velocity wing of the
H I pro�les, a search was done for occurrencesof 5 con-
secutive channelswith brightnesstemperature exceeding

3 times the r.m.s. noise. The velocities searched corre-
spond to VLSR > V2K � Vtan + 25 km s� 1. The images
resulting from the spectral �ltering were inspected for
cloud candidatesmissedin the visual examination of the
data. The �nal sample of clouds is believed to be com-
plete for velocities exceedingV2K and peakH I brightness
temperatures& 10K. Lines-of-sight directly toward very
bright continuum sourceswerenot included in the search
becauseof the possibility of systematic e�ects in the H I
spectra.

Somecloud candidatesdetected in the VLA data were
con�rmed using the VGPS zero-spacingdataset from the
GreenBank Telescope (GBT) and alsoby analyzing sub-
sets of the VLA data taken over several di�eren t days.
Fifteen cloud candidates were subsequently re-observed
with the GBT in October 2004during which H I spectra
were taken at integration times up to one minute in the
direction of the clouds and at � 100 o�sets in l and b.
Thesedeeper GBT spectra have typical rms noise levels
of < 60 mK.
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Fig. 1.| Distribution of clouds in longitude and velocit y. A + symbol marks clouds listed in Table 1. The overall H I brigh tness
temp erature is shown by contours at 5, 10, 20, 40, and 80 K, and by a gray scale for Tb � 10 K. The smooth curve marks the velocit y of
the tangent point for a 
at rotation curve with V� = 220 km s� 1 . The dashed line marks the boundary of the search area in velocit y. The
horizontal band at VLSR � 120 km s� 1 is the result of low-level interference in the zero spacing data.

3. CLOUD PROPERTIES

Table 1 lists observed properties of the forbidden ve-
locity H I clouds which we have identi�ed. The ve-
locity, peak brightness temperature and line width � v
(FWHM) were measured by �tting a Gaussian to the
line pro�le through the brightest part of the cloud. The
errors listed for these quantities are 1� errors from the
Gaussian�ts. The peakH I column density, NHI , wasde-
rived assumingthat the lines are optically thin, a good
assumption unlesstheir excitation temperature is < 100
K (seebelow for limits on the temperature). Cloud di-
ameterswere determined by �tting an ellipse to the half
peak NHI contour. The location of the clouds in lon-
gitude and velocity is shown in Figure 1. The upper
boundary of the velocity range searched is indicated by
a dashedline. Detected clouds fall in a band in Figure 1
which has a width of � 60 km s� 1 and follows the varia-
tion of the terminal velocity with longitude. The upper
boundary of the velocity rangeof the ensemble of clouds
does not appear to be limited by the velocity coverage
of the survey. The fact that the velocities of the clouds
changesystematically with longitude following the main
H I emission indicates that these clouds, like H I clouds
in the lower halo, have kinematics dominated by normal

Galactic rotation despite their large random velocities
(Lockman 2002). These clouds should be consideredas
a disk population.

The peakbrightnesstemperaturesof cloudsin the sam-
ple lie in the range 10 to 22 K. This range is limited by
sensitivity on the low end, and possibly by resolution on
the high end, as someclouds in the samplehave angular
diameters comparable to the 10 resolution.

The sensitive GBT spectra provided independent con-
�rmation of the clouds in the sample. H I line pro�les
from the VGPS are shown in Figure 2 with the H I pro-
�les from the follow-up observations madewith the GBT.
Figure 3 shows enlargements of the pro�les of four clouds
which are di�cult to discern Figure 2, in conjunction
with the mean of the pro�les in the o�-cloud positions.
A signi�can t excessover the meano�-cloud pro�le at the
velocity of the VGPS cloud is seenin all pro�les except
for the cloud 42:46 + 1:31 + 105 which su�ers from in-
consistenciesbetweenthe pro�les at the o�set positions.
The shoulder in the GBT pro�le of this cloud provides a
tentativ e detection in the GBT data.

The median sizeof clouds in the present sampleis 3:04,
resulting in a signi�can tly lower peak brightness tem-
perature in the GBT spectra becauseof beam dilution.
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Fig. 2.| H I line pro�les through the center of the clouds listed in Table 1. Dark lines are from VGPS data (temp erature scale on the
left axis), ligh t lines from GBT data only (temp erature scale on the righ t axis).

The peak brightnesstemperature in the GBT pro�les is
less than 3 K, which is much smaller than the � 15 K
peakbrightnesstemperature at 10 resolution through the
brightest part of the clouds. The VGPS data suggest
that values of NHI for these clouds derived from GBT
data alone would be underestimated by a factor � 7 in
the median, and valuesof hnHI i by a factor � 20. A clear
example is 25:48+ 0:16+ 165. The peak brightnesstem-
perature in the GBT pro�le is a factor 10 smaller than in
the VGPS pro�le, consistent with beam dilution of the
30 diameter cloud.

The meanGBT spectra of the o� positionswerealsoin-
spected for evidenceof an extended(> 100), low-column
density component with the samevelocity as the clouds
identi�ed in the VGPS. The sensitivity of this experi-
ment is determined by the presenceof a faint wing of the
Galactic line pro�le which appears as a continuation of
the line pro�le of emissionat lower, permitted, velocities
as shown in Figure 2 and Figure 3. No evidencefor an
extendedcomponent with the samevelocity as the cloud

was found. In the median, the peak brightnesstempera-
ture of a cloud in the VGPS data is � 20 times brighter
than the wing of the Galactic H I pro�le at the velocity of
the cloud asdetermined from the averageGBT spectra in
the o� positions. This indicates a large contrast between
the clouds detected in the VGPS and any extended H I
component with the sameline-of-sight velocity. It should
be noted that cloudswith a large brightnesscontrast are
easierto detect, so this number doesnot necessarilyap-
ply to the generalpopulation of fast-moving H I clouds.

H I column density maps were derived by summing
over channels within � 1:25� v (three times the Gaus-
sian velocity dispersion) of the central velocity of the
cloud. Figure 4 showsa selectionof column density maps
representativ e for the sample. Many clouds are com-
pact, isolated H I features,such as25:48+ 0:16+ 165and
43:08+ 0:92+ 112. For the latter, there is somedetached
emission0:� 25 from the brightest part, which is not listed
as a separatecloud. The cloud 46:71+ 1:59+ 111 is well
resolved into a structure with multiple compact compo-
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Fig. 3.| Enlargement of the line pro�les of four clouds from
Figure 2. The thic k black histogram is the VGPS pro�le, the thic k
gray histogram is the GBT pro�le as in Figure 2. The thin black
histogram shows the mean GBT pro�le of the o�-cloud positions.
The labels on the axes are the same as in Figure 2.

nents. The most complicated structure is seennear lon-
gitude 29� (upper right panel in Figure 4). The emission
is distributed over � 1� . The emissionnear the center of
the imagewaslisted as28:76+ 0:58+ 142. The emissionin
the lower part of this panel is part of 29:09+ 0:18+ 137
and 28:69 � 0:09 + 132. The willing eye could divide
the structure seenin this part of the survey into more
clouds than those listed in Table 1. This was not done
becausewe aim to avoid counting substructure as indi-
vidual clouds. This issuewill be discussedin more detail
in Section 4.

Table 2 lists derived parameters of the clouds in the
sample. The distance adopted is d = R0 cosl with
R0 = 8:5 kpc, which assumesthat each cloud is at the
tangent point. This is a good assumption on average,
but the uncertainty in the distanceof an individual cloud
can be large. A discussionof the error in the distance
is deferred to Section 5. A lower limit to the random
component of the velocity of the clouds is given by the
parameter Vpec � VLSR � Vtan where the terminal veloc-
it y, Vtan , is derived from the observations of 12CO emis-
sion in the plane by Clemens(1985). This de�nition of
Vtan takes advantage of the small random velocities of
molecular clouds to infer Galactic rotation, while includ-
ing information on the regular variations observed in the
tangent-point rotation curve. The e�ect on this analysis
of possiblenon-circular motions wastested by examining
the dynamical simulations of Weiner & Sellwood (1999),
which include the e�ects of perturbations causedby a
Galactic bar. Over the longitudes consideredhere the
highest VLSR occurs typically within 5% of the distance

to the tangent point, and the largest displacement is only
20%. It appearsthat the identi�cation of the highest ve-
locity in a H I spectrum as arising from the geometric
tangent point is quite robust in the �rst galactic quad-
rant outside the galactic center. The derived values of
Vpec are lower limits in the casethat the cloud is at a
distance other than the tangent point.

Cloud dimensions were calculated from the angular
sizes in Table 1 deconvolved with the 10 VGPS beam
assuming a Gaussian shape. The deconvolved angular
sizewas larger than 10 for all clouds. Formally all clouds
in the sample are resolved by the 10 beam, but some
clouds are only marginally resolved. The H I number
density hnHI i (Table 2) is de�ned as the peak column
density divided by the harmonic mean of the major and
minor dimensions of the cloud. The line width of the
cloud provides an upper limit to the temperature of a
cloud becausethe thermal width cannot exceedthe ob-
served width of the line pro�le. This leads to the upper
limit Tkin � 22� v2, with Tkin in K and � v the FWHM
width of the line pro�le in km s� 1. The density and lim-
its to the temperature in Table 2 refer to a line-of-sight
through the brightest part of the cloud. For the larger
clouds 59:67� 0:39+ 60, and 60:70+ 1:02+ 58, average
valuesfor several positions acrossthe clouds were used.

4. SELECTION EFFECTS

4.1. Velocity range

Clouds may occur anywhere along the line-of-sight,
but only those clouds with large forbidden velocities are
counted. If a cloud is located in distance far from the
tangent point, it must have a large random velocity com-
ponent along the line-of-sight to be observed at a forbid-
den velocity. A cloud near the tangent point may have
a smaller random velocity component along the line-of-
sight in order to be observed at the sameforbidden ve-
locity, as illustrated in Figure 5. Consider a velocity Vp
with Vp < Vtan . In the �rst Galactic quadrant the ve-
locity Vp will arise from more than one location along
the line-of-sight. Clouds at those locations have a line-
of-sight velocity distribution which is represented by a
Gaussian in Figure 5. Some of these clouds appear at
velocities larger than the tangent point velocity Vtan as
indicated by the shadedarea in Figure 5. If Vp is much
smaller than Vtan , only a small fraction of the clouds at
the locations corresponding to Vp appear at forbidden
velocities. This createsa bias for clouds observed at for-
bidden velocities to be located around the tangent point.
The strength of this bias dependson the kinematic prop-
erties of the cloud population and on the direction of the
line-of-sight. The total number of clouds at forbidden
velocities is found by integration over all Vp .

The velocity range of the search area is limited on the
high-velocity sideby the edgeof the spectral band of the
data, and on the low-velocity side by Galactic H I emis-
sion at permitted velocities. The high end of the velocity
rangeextendsfar beyond the terminal velocity of Galac-
tic H I . The velocity range of the search was extended
to include the areasampledonly by the high-velocity re-
ceiver channel of the VGPS VLA data. The absenceof
clouds detected near the upper velocity boundary of the
survey (Figure 1) indicates that the velocity coverageof
the survey does not intro duce a signi�can t selection ef-
fect in the number of clouds detected. It is found that
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Fig. 4.| H I column density maps of clouds listed in Table 1. Contours are drawn at � 3� (dashed), 3� , 4� , . . . with � the r.m.s. noise
in the map (25:48 + 0:16 + 165: � = 3:0 � 1019 cm� 2 ; 28:76 + 0:58 + 142: � = 1:5 � 1019 cm� 2 ; 43:08 + 0:92 + 112: � = 1:8 � 1019 cm� 2 ;
46:71 + 1:59 + 111: � = 1:8 � 1019 cm� 2). The gray scalesare linear from 2:5 � 1019 cm� 2 to 3:0 � 1020 cm� 2 in all panels.

the number of clouds decreasesrapidly as the velocity
increasesbeyond the tangent point velocity.

On the low-velocity side,a limit must be set to identify
clouds with a large velocity beyond the terminal veloc-
it y. The actual maximum permitted velocity depends
in a complicated way on Galactic longitude becauseof
non-circular orbits of the gasand streaming motions as-
sociated with spiral arms. The e�ect of a spiral arm on
the maximum permitted velocity becomesimportant if
the spiral arm is closeto the tangent point. A relatively
large number of H I I regionsand supernova remnants as-
sociated with the spiral arm may be located closeto the
terminal velocity at the longitude of a spiral arm tangent.
Disturbancesof the interstellar medium by theseobjects
are more likely to produce emissionat forbidden veloci-

ties at theselongitudes. Various tracers of the spiral arm
tangents compiled by Englmaier & Ort win (1999) show
that within the VGPS area, the line-of-sight becomesa
tangent to the Sagittarius arm at l � 51� and to the
Scutum arm at l = 24� to l = 30� . We note that half of
the sampleof clouds in Figure 1 appearsin the longitude
rangeof the Scutum arm tangent. However, the remain-
ing half of the sampledoesnot appear near a spiral arm
tangent.

The lower velocity limit of the cloud search (V > V2K )
is de�ned by the data, not by a model for Galactic ro-
tation. This de�nition of the lower velocity limit of the
search area takes into account the variations of the ter-
minal velocity associated with spiral arms, and thus en-
sures homogeneousselection criteria for all longitudes.
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Fig. 5.| The line-of-sigh t velocit y distribution of clouds at
locations along the line-of-sigh t which correspond to a velocit y Vp
according to Galactic rotation. The shaded area indicates the frac-
tion of clouds oberserved at velocities V > Vtan . This diagram
illustrates the case for l = 27� , � c� c = 30 km s� 1 , and for clouds
at distances 5.1 and 10.1 kpc from the Sun.

The lower velocity limit of the search area can be ex-
pressedin approximation in terms of Vtan by noting that
for longitudes larger than � 30� , V2K � Vtan + 25km s� 1.
The peculiar velocity alongthe line-of-sight, Vpec, wasde-
termined relative to the maximum velocity of molecular
clouds at the samelongitude, which is determined more
accurately than the H I terminal velocity.

4.2. Survey area and geometric selection e�ects

The VGPS survey area covers the �rst Galactic quad-
rant from l = 18� to l = 67� . The latitude coverageof
the VGPS is at least � 1:� 3, but increasesto � 1:� 9 from
longitude 46� to 59� , and to � 2:� 3 from longitude 59� to
67� . An outline of the survey area was given by Taylor
et al. (2002) and Lockman & Stil (2003). The varying
latitude coverageof the survey must be taken into ac-
count in the analysis of the Galactic distribution of the
clouds. The importanceof the selectione�ect of the vary-
ing latitude coveragedependsin part on the distribution
of the clouds in the Galaxy. Clouds in the sample tend
to be located near the tangent point (Section 4.1). The
meandistanceand Galactocentric radius of clouds in the
samplevary accordingly with longitude. The larger dis-
tance of the tangent point at low longitudes compensates
for the smaller latitude coverageof the survey, as illus-
trated by the following example. For a constant cloud
scaleheight, at l = 25� , the maximum vertical distance
at the tangent point probed by the search for clouds is
� 182 pc, while at l = 60� it is � 156 pc. If the scale
height of the cloud population is much lessthan 100 pc,
most of the cloudswill be located within the survey area
at all longitudes. The e�ect of the varying latitude cov-
erageof the survey would be small in this case.However,
if the scaleheight of the cloud population is much more
than 200 pc, the fraction of the scaleheight probed by
the VGPS is larger at low longitudes than at high lon-
gitudes. Thus, for a large cloud scaleheight, a constant

GC

Fig. 6.| Illustration of the asymmetry of the volume prob ed
at the near side and the far side of the tangent point, a�ecting
the number of clouds observed at forbidden velocities. The circle
indicates the orbit of the sun around the Galactic center (GC).
The �lled circle is the tangent point for the line-of-sigh t indicated
by the dashed line. The near and far side volume elements shown
here approximately represent locations with a velocit y 30 km s� 1

below the tangent point velocit y.

number of clouds per unit volume would produce fewer
clouds in the VGPS at high longitude, despite the larger
latitude coveragethere.

This argument assumesthat all clouds are located at
the tangent point. In fact, clouds detected at forbidden
velocities occur along a rangeof distancesalong the line-
of-sight, depending on the cloud-cloud velocity disper-
sion. Each positive velocity can arise from two locations
(Figure 6). If the cloud-cloud velocity dispersionis large,
the di�erence in distance betweenthe near and far loca-
tions can be signi�can t, and the volume probed at the
far side is correspondingly larger. At higher longitudes
(l & 50� ), cloudsin the outer Galaxy may becomevisible
at positive forbidden velocities. Theseclouds are always
located behind the tangent point. In this case,the as-
sumption that the distance of a cloud is on averagethe
distance to the tangent point, breaks down. However
the error intro duced by assuming a tangent point dis-
tance remains negligible compared with the uncertainty
in the distanceof an individual cloud associated with the
large random component of the line-of-sight velocity.

Interpretation of the relative numbers of clouds seen
at high and low longitude requires careful modeling of
the geometric selectione�ects related to the survey area
and the distribution and kinematics of the ensemble of
fast-moving clouds. Such models will be presented in
Section 5.

4.3. Identi�c ation of clouds

Reliably identifying compact, faint emissionin a large
dataset such as the VGPS requires limits to avoid spu-
rious detections from random 
uctuations of the noise.
Candidate detections were required to have a peak
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brightness temperature more than 10 K, and 5 consec-
utiv e channels above 6 K (3 times the r.m.s. noise per
channel). Cloud candidates were con�rmed by follow-
up observations with the GBT, except for the two larger
clouds near longitude 60� . The samplepresented here is
believed to be completewithin the speci�ed limits of the
search.

Several clouds in the sample appear as compact, iso-
lated objects in the VGPS images. Other clouds are
resolved, and may appear as more than one compo-
nent. In the present search, multiple featureswith nearly
the samevelocity (compared with the line width of the
brightest component) are consideredto be a part of the
same cloud. This approach aims to avoid a subjective
subdivision of related emissioninto \sub-clouds", which
could bias the analysis of the Galactic distribution of
theseclouds addressedin this paper.

Occasionally, H I emissionis found which appearsas a
localizedbroad wing of the Galactic H I pro�le. Two ap-
proximately circular areasof � 1� in diameter wereiden-
ti�ed in the VGPS data, and are shown in Figure 7a,b.
The structure at longitude l = 25� is also visible in data
from the Leiden-Dwingeloo survey (Hartmann & Burton
1997) shown by Koo & Kang (2004). These structures
are resolved into a number of smaller components in the
arcminute-resolution VGPS images. Although some of
the substructure would qualify as a \fast-moving cloud"
according to our selectioncriteria, thesestructures were
not included in the analysis of this paper. This is be-
cause these larger structures appear as wings on the
Galactic line pro�le, not as objects with a distinct, well-
de�ned forbidden velocity. The feature at l � 25� has
a massM HI = 5 � 2 � 104 M � , assuminga tangent
point distance. The mass of the feature at l � 31� is
M HI = 4 � 1 � 104 M � assuminga tangent point dis-
tance. The main uncertainty in the massdetermination
is confusionwith emissionat permitted velocities. Broad
wings of the Galactic H I line may be associated with su-
pernova remnants or stellar wind bubbles with a large
expansionvelocity (Ko o et al. 1990;Koo & Heiles1991).
The structures in Figure 7a,b do not have a counterpart
in the VGPS continuum images, but this does not ex-
clude the possibility that thesewings originate from old
supernova remnants which are no longer visible in the
continuum (Ko o & Kang 2004).

In this paper we concentrate on the small isolated
clouds seenat forbidden velocities, which may or may
not be related to the broad H I wings associated with
old supernova remnants. We note that the cloud 25:48�
0:16+ 165appearsin the direction of the larger structure
at l � 25� . It is listed as an isolated cloud becauseof its
much larger velocity, but it is possiblethat this cloud is
associated with the larger structure.

5. GALA CTIC DISTRIBUTION OF THE CLOUDS

The distribution of the cloudsin longitude and latitude
is shown in Figure 8. The longitude distribution is most
sensitive to a variation of the number of clouds with dis-
tance from the Galactic center. The latitude distribution
is most sensitive to the scaleheight of the ensemble of
clouds. The observed distributions are also a�ected by
observational selectione�ects discussedin Section 4.

The longitude distribution in Figure 8 peaksnear lon-
gitude � 30� . The latitude distribution of the clouds is

nearly 
at. To use these data to constrain the Galac-
tic distribution of the ensemble of clouds, the observed
distributions were compared with simple models of the
spacedistribution of the cloudsintegrated along the line-
of-sight, including observational selectione�ects.

The Galactic distribution of the clouds is modeled as
a layer with a surfacedensity (number of clouds kpc� 2)
which may vary with Galactocentric radius, and a scale
height and cloud-cloud velocity dispersion which do not
vary with position. The scale height and velocity dis-
persion are treated as independent parameters because
we do not wish to imposean assumption of hydrostatic
equilibrium on the models by coupling the cloud-cloud
velocity dispersion to a scaleheight.

Only a fraction of a population of fast moving clouds
along the line-of-sight will appear at forbidden veloci-
ties. This fraction depends on the kinematic properties
of the ensemble of clouds, and on the direction of the
line-of-sight. The random line-of-sight velocity compo-
nents of the clouds are expressedin the form of a prob-
abilit y distribution f (v) with a single cloud-cloud veloc-
it y dispersion. Assuming an axially symmetric distribu-
tion of clouds nc(R) and a 
at Galactic rotation curve
(R0 = 8:5 kpc,V0 = 220 km s� 1) with circular orbits,
the number density of clouds at velocity Vp can be ex-
pressedas a function of velocity nc(Vp ). Let �( Vp ) be
the volume of spacewhich correspondswith the velocity
interval hVp ; Vp + dVp i . �( Vp ) is a complicated function
which contains details of the latitude coverageand geo-
metrical selection e�ects. With these assumptions, the
number of clouds with a line-of-sight velocity exceeding
a limiting velocity Vlim at a particular longitude l , is

Nc(l ) =
Z Vtan

�1
nc(Vp ) �( Vp )

( Z 1

V lim

f (v � Vp )dv

)

dVp (1)

The velocity distribution of the population of clouds
thus acts as a weighting function in the integral of the
number of clouds along the line-of-sight. The lower limit
of the outer integral should take into account that at
higher longitudes in the VGPS surveyareacloudslocated
outside the solar circle (R > R0) may in principle be seen
at positive forbidden velocities. Little is known about the
shape of the velocity distribution f (v); we assumeit is
a Gaussian. The e�ect of replacing f (v) with a function
with non-gaussianwings (Siluk & Silk 1974) is negligible
for the current data.

The sample was selectedwith Vlim = V2K � Vtan +
25 km s� 1. Inserting Vlim = Vtan changesthe normal-
ization of the distribution Nc(l ) signi�can tly , and hence
the total number of clouds,but the shape of the distribu-
tion remains virtually the samefor the longitude range
covered by the VGPS.

The value of the cloud-cloud velocity dispersion is not
well constrained by the data. The number of clouds
at the tangent point velocity cannot be determined be-
causeof confusionwith emissionat permitted velocities.
However, the distribution of the clouds in longitude and
velocity can provide a plausible range for the value of
the velocity dispersion. Velocity crowding at the tangent
point velocity projects a large faction of the line-of-sight
into a small velocity range. As a �rst approximation,
each cloud can be assumedto originate from a location
with (nearly) the tangent point velocity. If the cloud-
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Fig. 7.| Wide-�eld H I column density maps of the Galactic plane with H I emission at forbidden velocities. Panels A and B show two
approximately circular areas where the wing of Galactic H I is particularly broad. These regions were not included in the search for clouds.
Panel C shows the clouds 59:67 � 0:39 + 60 and 60:70 + 1:02 + 58. Contrary to the structures in panels A and B, these clouds do not
appear as wings blended with the Galactic pro�le, but as separate objects. Gray scalesindicate H I column density from 3 � 1019 cm� 2 to
3 � 1020 cm� 2 , integrated over the velocit y range of the feature. Panel A: Velocit y range 128 to 156 km s� 1 . Panel B: Velocit y range 122
to 149 km s� 1 . Panel C: Velocit y range 55 to 65 km s� 1 .

cloud velocity dispersion were signi�can tly larger than
50 km s� 1, more clouds with peculiar motions in excess
of 50km s� 1 would havebeenfound. Also, the broad dis-
tribution of cloudsin velocity comparedwith the wing of
emissionat permitted velocities suggeststhat the cloud-
cloud velocity dispersionis larger than � 10km s� 1. The
range of the cloud-cloud velocity dispersion adopted in
the sequenceof models is 20 km s� 1 to 50 km s� 1 in
steps of 10 km s� 1. This range covers the velocities of
clouds in the solar neighbourhood seenin optical and H I
absorption experiments.

The primary e�ect of a larger cloud-cloud velocity dis-
persion is to make a larger fraction of the ensemble
of clouds visible at forbidden velocities. If the model

distributions are normalized to the observed distribu-
tion, the number density of clouds kpc� 3, nc, and the
cloud-cloud velocity dispersion, � c� c, are correlated to
make the product nc� 0:5

c� c approximately constant (see
Appendix A). This is the quantit y which is constrained
by the data. Models in Figure 8 assumea cloud-cloud
velocity dispersion � c� c = 30 km s� 1. Modelswith a dif-
ferent value for � c� c would give nearly identical scaled
distributions, but imply a di�eren t number density nc.

Two prescriptions for the variation of the surfaceden-
sity of cloudsin the disk wereconsidered.Class1 models
usean exponential function of Galactocentric radius with
the radial exponential scale length as a free parameter.
Class2 models assumethat the surfacedensity of clouds
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Fig. 8.| Distribution in longitude and latitude of the clouds
compared with models for the spatial distribution of the clouds.
Dotted curvesshow the model predictions outside the VGPS survey
area. These parts were not included in the Kolmogoro v-Smirno v
tests. The models were scaled so that area under the model curves
within the VGPS survey limits is the same as the area under the
histograms. A: Mo del of class 1 in longitude with radial scale
length 4.5 kpc, vertical scale height 180 pc, and � c� c = 30 km s� 1 .
B: Latitude distribution of clouds compared with models of class 1
with vertical scaleheight 180 pc (solid line) and 540 pc (dot-dashed
line). C: Mo del of class 2 in longitude, with scale height and � c� c
as in A. D: Latitude distribution of clouds compared with models
of class 1 with vertical scale height 180 pc (solid line) and 540 pc
(dot-dashed line).

follows the surfacedensity of molecular gasin the Galac-
tic disk according to Dame (1993). A class1 model has
three input parameters (scale length, scale height and
cloud-cloudvelocity dispersion). A class2 model hastwo
input parameters (scale height and cloud-cloud velocity
dispersion). The total number of clouds is alsoa free pa-
rameter becauseof the scaling of the models to the ob-
served distributions. The vertical distribution of clouds
is represented by a Gaussian. The vertical scaleheight
is de�ned as the location where the number of clouds
drops to half the number in the mid plane. The models
were integrated along the line-of-sight within the VGPS
survey area, and integrated in latitude and longitude to
obtain model longitude and latitude distributions.

A Kolmogorov-Smirnov (KS) test was usedto test the
signi�cance of di�erences betweenthe observed distribu-
tions and the models. A large number of modelswascre-
ated, representing wide rangesin the radial scalelength,
vertical scaleheight, and cloud-cloud velocity dispersion.
Models were tested against the observed cloud distribu-
tions and rejected at the 99% con�dence level. The KS
tests were done separately for the longitude and the lat-
itude distributions. Class 1 models failed the KS test
outside the range of radial scale-lengths2.8 kpc to � 8
kpc. The high end of this range is more sensitive to the
assumedscaleheight and cloud-cloudvelocity dispersion,
becausea large scaleheight and a large cloud-cloud ve-
locity dispersionhavea more noticeablee�ect at the high
longitude end of the VGPS. Among class1 models, those
with a radial scalelength of � 4:5 kpc �t the data best.

None of the models of class 2 was rejected by the KS
tests. The small sizeof the sampledoesnot allow us to
discriminate betweenclass1 models and class2 models.
The correspondencebetweenclass2 modelsand the data
is interesting, but not necessarilyunique.

KS tests against the latitude distribution of the clouds
lead to a lower limit for the scaleheight of the clouds.
Class1 and class2 modelswith the samescaleheight are
nearly indistinguishable in the predicted latitude distri-
bution (Figure 8). Models assuming a Gaussian layer
with scale height smaller than 180 to 200 pc were re-
jected. The precisevalue depends somewhat on the as-
sumed radial scale length and the cloud-cloud velocity
dispersion. PanelsB and D in Figure 8 show the latitude
distribution for modelswith the smallestscaleheight not
rejectedby the data (180 pc), and for a scaleheight three
times this lower limit. Models with a large scaleheight
�t the observed latitude distribution better.

The best-�tting model distributions can in principle be
usedto estimate the number of fast-moving clouds in the
Galaxy. The result of such an estimate is very uncertain
becauseof the number of assumptions which has to be
made. The largest uncertainties result from the correc-
tion factor f b for the number of cloudsoutside the VGPS
latitude range (related to the unknown scale height of
the ensemble of clouds), and the factor f v which corrects
for the e�ect of the lower velocity cut-o� v > V2K on
the total number of clouds (a strong function of the un-
known � c� c). The uncertainty in these factors is much
larger than the di�erences between class 1 and class 2
models. We adopt a scale height of 540 pc (HWHM),
which is 3 times the lower limit to the scale height of
the clouds. In this casewe have f b = 2:7, which varies
by a factor � 3 up or down in the range of scaleheights
from 180 pc to 2 kpc. Assuming � c� c = 30 km s� 1,
we �nd f v = 3:1, which varies by a factor � 3 in the
range 20 km s� 1 < � c� c < 50 km s� 1. The class 1
model with radial scalelength 4:5 kpc results in a surface
density of fast moving clouds in the solar neighborhood
(R = 8:5 kpc) of � 7 clouds kpc� 2. The uncertainty in
this number is at least an order of magnitude becauseof
the uncertainties in f b and f v . Other factors, such as the
radial scale length of the distribution and the question
of whether an exponential pro�le accurately represents
the Galactic distribution of the clouds, increasethe un-
certainty further. This surfacedensity of clouds implies
a masssurfacedensity of 4 � 10� 4M � pc� 2 in the form
of fast moving clouds in the solar neighborhood. This is
only a small fraction of the 5 M � pc� 2 surfacedensity of
H I in the Galactic disk (Dickey & Lockman 1990). When
comparing thesenumbers, it should be kept in mind that
the search for fast-moving clouds in the VGPS data is
limited to cloudswith fairly high column densities. Fast-
moving clouds with column densitiesbelow the sensitiv-
it y limit of the VGPS have beenobserved in absorption
and in emission. It is not clearat this time which fraction
of the total population of fast-moving clouds is detected
in the VGPS.

We also compared the best �tting model cloud distri-
bution with the distribution of known H I I regions(Lock-
man 1989;Lockman et al. 1996)and supernova remnants
(Green 2004) within the VGPS survey area. H I I re-
gions and supernova remnants represent the most com-
mon placeswhere matter is deposited into the interstel-
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Fig. 9.| Distribution in longitude and latitude of Galactic H I I
regions and supernova remnants (histograms) and the model of
class 1 shown in Figure 8A,B. The models were integrated over the
line-of-sigh t without velocit y weighting.

lar medium with large velocities. The class1 model �ts
shown in Figure 8A,B were integrated along the line-of-
sight and over all velocities to create the total model
longitude and latitude distributions in Figure 9. The
distribution of H I I regionsdeclinesfaster with longitude
than the model. The comparison with the supernova
remnants is lessclear. The model with the smallestscale
height of the clouds coincideswith the observed latitude
distribution of known supernova remnants. However, it
should be noted that the lower limit to the scaleheight of
the clouds determined here appearsto be limited mostly
by the latitude coverageof the VGPS { the true value is
likely much higher.

6. DISCUSSION AND CONCLUSIONS

We present a sampleof small neutral hydrogen clouds
discoveredin the VGPSwith velocities up to � 60km s� 1

beyond the local terminal velocity. The distribution in
longitude and velocity of the clouds (Figure 1) suggests
that they follow Galactic rotation despite their large pe-
culiar velocities. This connectionwith the disk indicates
that these clouds are not compact high-velocity clouds,
which do not follow Galactic rotation (e.g. De Heij et al.
2002). On average,the distanceto the tangent point is a
good estimate of the distance for each cloud. The uncer-
tainty in the distance of each individual cloud is large (2
to 3 kpc for � c� c = 30 km s� 1), but we can characterize
the median properties of clouds in the sample. The me-
dian H I massis 60 M � , and the median diameter is 8 pc.
The median central density of a cloud is 7 cm� 3. Many
clouds are not well resolved in the present data, so the
actual density may be higher than listed in Table 2. The
clouds in the sample show a signi�can t spread around
thesemedian parameters.

Peculiar velocities of the clouds were determined with
respect to the terminal velocity of molecular gas. As
such, the peculiar velocities derived hereare lower limits
to the random components of the line-of-sight velocity

of each cloud. If a cloud is not located at the tangent
point, the actual random component of the line-of-sight
velocity is larger. The velocity of a cloud with respect to
the ambient medium will alsohave a component perpen-
dicular to the line-of-sight which is not constrained by
the data. The largest peculiar velocities in the sample
are in the range 50 to 60 km s� 1 (three clouds). For all
clouds in the sample Vpec is a velocity component par-
allel to the Galactic plane. Any mechanism which aims
to explain the origin of theseclouds should produce this
large velocity component in the Galactic plane, even at
very small distancesfrom the mid plane.

We note that the presenceof small clouds with high
forbidden velocities implies that some small H I clouds
seenat permitted velocities may be displaced in veloc-
it y by as much as 60 km s� 1. Such clouds would not
be noticed as peculiar, unless they appear at velocities
with little confusingemission,such as inter arm regions.
Clouds with forbidden positive velocities in the second
Galactic quadrant (Higgs et al. 2001;Kerton et al. 2002)
may be members of the samepopulation of fast moving
clouds. The modelsdiscussedin Section5 show that dis-
tances to theseclouds in the secondand third quadrant
are very poorly constrained.

The models presented in Section 5 allow an evalua-
tion of the Galactic distribution of the clouds without
assumptionsabout the distance to any individual cloud.
A sequenceof models was generatedto predict the sky
distribution of clouds in longitude and latitude, taking
into account the selection criteria. The hypothesis that
the observed cloud distribution could have been drawn
from a particular model distribution was tested with a
KS test. The KS test usesthe cumulativ e distribution of
observed positions, and doesnot depend on the binning
of the data.

The models not rejected by the KS test suggestthat
the number of clouds decreaseswith distance from the
Galactic center, and that the scale height of the cloud
population is large. Models with a scaleheight lessthan
180pc (HWHM) are rejectedat the 99%con�dence level.
Much larger scale heights (> 1 kpc) �t the data bet-
ter. Models which assumethat the surface density of
the clouds follows the distribution of molecular gas in
the Galactic disk, or an exponential pro�le with a scale
length of � 4:5 kpc �t the observed longitude distribu-
tion best. The di�erence between these models is not
statistically signi�can t. The radial models would easily
be distinguished by observations with the VGPS sensi-
tivit y and resolution at longitudes less than 20� . Simi-
lar observations with a larger latitude coveragethan the
VGPS would be valuable to determine the scaleheight
of theseclouds.

The number of clouds in the disk declines with dis-
tance from the Galactic center in a similar way astracers
of massive star formation. However, the clouds have a
much larger scaleheight than tracers of star formation
such asknown H I I regionsin the VGPS surveyarea(Fig-
ure 9). The connection of the clouds with a large scale
height and massive star formation in the disk may be
established through the galactic fountain model (Breg-
man 1980). However, this remains speculative, as the
only connection between the clouds described here and
star formation in the disk is that both seemto have ap-
proximately the sameradial distribution. A signi�can tly
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larger sampleof fast moving cloudsin the disk is required
to con�rm this result.

The cloudsdescribed hereshow a resemblancein prop-
erties to the H I clouds several hundred parsecfrom the
mid plane described by Lockman (2002,2003);Lockman
& Pidopryhora (2005). The masses,velocities, and line
widths aresimilar betweenthe samples.The latitude dis-
tribution of the clouds described here is consistent with
a scale height of the order of 1 kpc. The higher col-
umn densitiesand smaller diametersfor the cloudsin the
present samplemay be a selectione�ect becauseof di�er-
encesin resolution and sensitivity betweenthe VLA and
the GBT. The VGPS data may reveal only the compact,
high-column density members of a larger population of

fast-moving clouds, becauseof the limited sensitivity to
low-column density H I . On the other hand, the lower
resolution of the survey by Lockman (2002) may have
diluted the compact high-column density clouds which
are detectable in the VGPS. We speculate that all fast-
moving cloudscould be part of a singlepopulation which
occurs throughout the disk and up into the halo. An
interesting test for this hypothesis is whether the halo
cloudsdisplay a similar distribution in longitude. Also, it
is desirableto increasethe sizeof the sampleof detected
fast-moving clouds in the disk. This requiresa combina-
tion of high resolution and high sensitivity which can be
achieved with the new ALPHA receiver at the Arecibo
radio telescope.

APPENDIX

CORRELA TION OF NUMBER OF CLOUDS WITH VELOCITY DISPERSION

The line-of-sight velocity of H I at longitude l in the Galactic plane, following a 
at rotation curve with amplitude
V0 is

Vlos

V0 sin l
=

1
p

x2 � 2x cosl + 1
� 1 = F (x)

with x = d=R0 and d is the distance from the Sun. Write Vlos as a Taylor seriesnear the tangent point (distance
x0 = cosl and F 0(x0) = 0):

Vlos

V0 sin l
� F (x0) +

1
2

F 00(x0)(x � x0)2 + : : :

Substituting the tangent point velocity

Vtan = V0(1 � j sin l j)
sin l

j sin l j

which is valid in both the �rst and fourth Galactic quadrant, we �nd

Vlos � Vtan +
1
2

V0 sin l F 00(x0)(x � x0)2 (A1)

The secondderivative of F (x) evaluated at the tangent point is

F 00(x0) = �
1

sin3 l

It can be shown that the third derivative F 000(x) = 0 if F 0(x) = 0, so the next term in the Taylor seriesis of fourth
order near the tangent point. Figure A1 shows a graph of Vlos and the Taylor expansionfollowing Equation (A1) for
longitude l = 45� .

The number of cloudson the sky Nc(l ) is proportional to the number density of cloudsnear the tangent point nc(x0)
and the path length � d along the line-of-sight over which clouds from a population with velocity dispersion � c� c are
visible at forbidden velocities. An implicit integration in the z-direction is assumed.We de�ne � d as the line-of-sight
distance corresponding with a velocity Vlos = Vtan � � c� c. In this casejx � x0 jR0 = � d=2. Inserting in Equation (A1)
yields

� d =
p

8R0j sin l j
�

� c� c

V0

� 1
2

and from this follows for Nc(l )
Nc(l ) � nc(x0)j sin l j

p
� c� c (A2)

Note that nc(x0) is a function of longitude l , but only through the distribution of cloudswith Galactocentric radius.
When the radial distribution of cloudsin the Galaxy is speci�ed in the model, nc(x0) is a �xed function of longitude. In
practice, clouds with line-of-sight velocities just beyond the terminal velocity cannot be counted becauseof confusion
with the wing of the line pro�le of H I at permitted velocities. This confusioncreatesan ambiguit y in the determination
of � c� c, and an underestimation of Nc(l ). The predicted Nc(l ) from the models was rescaledto match the number of
clouds in the sample. The e�ect of this scaling is that Nc(l ) is approximately the samefor modelswith di�eren t values
of � c� c. At any given longitude, a degeneracyexists between the normalization of nc(x0) and � c� c. Neither of these
quantities can be estimated from the data separatelybecauseof confusionwith unrelated emissionat the tangent point
velocity. The factor j sin l j in equation (A2) has the e�ect that the number of clouds increasesmore strongly with � c� c
at higher longitude. This partially lifts the degeneracyif the longitude distribution of clouds is considered.However,
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Fig. A1.| Relation between line-of-sigh t velocit y and distance along the line-of-sigh t for longitude l = 45� . (solid curve). The Taylor
expansion from Equation 1 at l = 45� is shown as a dashed curve.

the sample of clouds presented in this paper is far too small to constrain the number of clouds at high longitude to
the level required.

Oncethe longitude distribution is calculated for onevalueof the cloud-cloudvelocity dispersion� c� c, the distribution
for another � c� c is found to a good approximation through the scaling relationship in Equation (A2). This scaling is
valid only in the �rst and fourth quadrants, and for reasonablysmall � c� c. The models show that this result is valid
for the range of � c� c considered.
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