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ABSTRACT

We use the Gaussian fit results of Paper I to investigate the properties of interstellar H 1 in the solar
neighborhood. The warm and cold neutral media (WNM and CNM) are physically distinct components. The
CNM spin temperature histogram peaks at about 40 K; its median, weighted by column density, is 70 K.
About 60% of all H 1 is WNM; there is no discernible change in this fraction at z = 0. At z = 0, we derive a
volume filling fraction of about 0.50 for the WNM; this value is very rough. The upper limit WNM
temperatures determined from line width range upward from ~500 K; a minimum of about 48% of the
WNM lies in the thermally unstable region 500-5000 K. The WNM is a prominent constituent of the inter-
stellar medium, and its properties depend on many factors, requiring global models that include all relevant
energy sources, of which there are many. We use principal components analysis, together with a form of
least-squares fitting that accounts for errors in both the independent and dependent parameters, to discuss
the relationships among the four CNM Gaussian parameters. The spin temperature 7 and column density
N(H 1) are, approximately, the two most important eigenvectors; as such, they are sufficient, convenient, and
physically meaningful primary parameters for describing CNM clouds. The Mach number of internal
macroscopic motions for CNM clouds is typically about 3 so that they are strongly supersonic, but there are
wide variations. We discuss the historical 7-7 relationship in some detail and show that it has little physical
meaning. We discuss CNM morphology using the CNM pressure known from UV stellar absorption lines.
Knowing the pressure allows us to show that CNM structures cannot be isotropic but instead are sheetlike,
with length-to-thickness aspect ratios ranging up to about 280. We present large-scale maps of two regions
where CNM lies in very large ““ blobby sheets.” We test the McKee/Ostriker model of the interstellar medium
by explicitly modeling our data with CNM cores contained in WNM envelopes. This modeling scheme works
quite well for many sources and also predicts the WNM filling factor reasonably well. However, it has several

deficiencies.

Subject headings: ISM: atoms — ISM: structure — radio lines: ISM

On-line material: machine-readable table

1. INTRODUCTION

This paper discusses the astronomically oriented results
of a new Arecibo! 21 cm absorption-line survey; it is the
comprehensive version of the preliminary report by Heiles
(2001a). Heiles & Troland (2003, hereafter Paper I) discuss
the observational and data reduction techniques.

We took great care in accounting for instrumental gain
fluctuations and angular structure of H 1 so that we could
derive accurate opacity and expected emission profiles,
including realistic uncertainties. (An expected profile is the
emission profile toward the source that would be observed if
the source flux were zero.) The opacity profiles come from
the cold neutral medium (CNM) and are characterized by
distinct peaks; we decomposed them into Gaussian compo-
nents. The expected profiles are produced by both the warm
neutral medium (WNM) and the CNM. We fitted them
using a simple but physically correct radiative transfer equa-

I The Arecibo Observatory is part of the National Astronomy and
Tonosphere Center, which is operated by Cornell University under a
cooperative agreement with the National Science Foundation.
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tion that includes both the emission and absorption of the
CNM and, in addition, one or a few independent Gaussians
for the WNM emission. We discussed the fitting process and
its uncertainties in detail and presented many examples of
the technique. We derived spin temperatures for the CNM
using the opacity and expected profiles. We derived upper
limit temperatures for the CNM using the line widths. We
presented all results in tabular, graphical, and electronic
form.

Table 1 summarizes the sources observed and the column
densities of CNM and WNM. Here by “ WNM " we mean
Gaussian components detected only in emission, and by
“CNM ” we mean Gaussians that were detected in absorp-
tion. Paper I presents the full table of Gaussian component
properties. We have a total of 79 sources, 202 CNM compo-
nents, and 172 WNM components. A total of 13 sources
have |b] < 10°, and we exclude these from some of our dis-
cussion below because their profiles are complicated or the
WNM line widths might be significantly broadened by
Galactic rotation.

Section 2.1 shows that the division between WNM and
CNM is not only observational, but also physical; § 2.3.2



TABLE 1
SOURCE LisT

R.A. Decl. / b Flux N(H I)WNM N(H I)CNM N(H I)m[
Source (B1950.0) (B1950.0) (deg) (deg) Jy) (%1020 cm~2) (%102 cm~2) (x102cm—2)

0038 14 0946 55 118.62 —52.73 5.02 +0.07 0.75 5.23 5.98

010612 130231 129.44 —49.34 8.70 £+ 0.00 0.86 1.95 2.80

010614 1303 36 129.45 —49.32 8.84+0.14 1.14 1.64 2.78

010617 130621 129.46 —49.28 3.75+0.00 1.02 1.90 2.92

021919 081318 157.77 —48.20 1.78 £0.00 342 291 6.34

025500 055149 170.22 —4491 2.83+0.00 5.92 2.05 7.97

025505 055043 170.26 —4491 3.93+0.04 5.40 2.48 7.88

025509 0549 14 170.30 —44.92 2.44 +0.00 6.09 2.14 8.22

030549 035513 174.86 —44.51 7.22+0.07 4.25 5.82 10.07

030711 16 54 35 164.15 —34.46 4.254+0.00 2.46 6.91 9.36

031609 161739 166.64 —33.60 8.22+0.00 6.43 3.13 9.56

P0320+4-05 .. 032041 052333 176.98 —40.84 2.67+0.00 6.15 5.04 11.19
NRAO 140. 033322 3208 36 159.00 —18.76 2.62+0.00 16.06 13.42 29.49
3C93. 1, 034535 334405 160.04 —15.91 2.10£0.00 8.83 3.50 12.33
P0347+05 ..ol 034707 054233 182.27 —35.73 3.06 +0.00 6.18 7.26 13.44
3C98-1 .. 035607 101522 179.86 —31.09 4.00+0.11 4.38 5.99 10.37
035611 101740 179.84 -31.05 6.18 £0.00 4.92 6.10 11.02

035614 1018 59 179.83 -31.02 6.21 +£0.00 5.19 5.05 10.25

0404 44 033325 187.63 —-33.61 3.74 +0.32 3.26 11.42 14.68

0410 55 110435 181.83 —-27.78 3.46 +0.08 5.31 15.52 20.82

04 28 06 203111 176.81 —18.56 3.66 +0.00 17.00 6.90 23.90

043031 051458 190.37 —27.40 5.71 +£0.03 8.04 7.90 15.93

043355 293413 170.58 —11.66 53.55+£2.11 19.75 7.62 27.37

045010 312431 171.44 —7.80 2.99+0.13 17.27 11.28 28.55

045342 224441 178.86 —12.52 3.834+0.03 16.16 7.66 23.81

04 59 54 251211 177.73 —-9.91 5.93+0.04 19.15 9.35 28.50

051816 163525 187.41 —11.34 7.314+0.12 9.16 10.70 19.85

3C141.0.uiiiecceine.. 052327 324735 174.53 —1.31 2.01 +£0.04 29.05 23.64 52.69
T0526+24 .. 052605 24 58 30 181.36 —5.19 1.13+0.00 26.33 70.53 96.86
3C142. 1 e 052848 062816 197.62 —14.51 3.13+£0.00 13.85 8.11 21.96
POS31+19 .l 053147 192517 186.76 —7.11 6.90+0.12 14.30 9.54 23.84
TO5564+19 ....ooeeeeeennn. 055658 1908 45 190.09 —-2.17 0.97 +£0.00 53.63 0.00 53.63
4C 2212 e, 0600 50 2200 54 188.05 0.05 2.16 :0.05 31.58 53.65 85.23
061042 260527 185.59 4.00 5.394+0.02 26.72 8.84 35.57

062929 1024 16 201.53 0.51 2.60 £ 0.05 22.23 37.02 59.25

064236 053448 207.31 1.15 1.72+0.01 19.39 30.85 50.24

3C172.0..... 0659 04 251806 191.20 13.41 2.56 +£0.00 7.31 0.40 7.71
DW 0742+10... 074248 1018 33 209.80 16.59 3.47 +£0.00 2.43 0.00 2.43
3C190.0..... 075845 142302 207.62 21.84 2.41 +0.00 2.82 0.00 2.82
0802 35 24 18 34 197.91 26.41 4.414+0.02 3.50 0.47 3.97

08 20 28 223246 201.36 29.68 2.17+0.00 4.23 0.00 4.23

083801 132306 212.97 30.14 2.48 +£0.05 4.34 0.91 5.24
3C208.0.ueeeeeeeeeiiee. 08 50 23 1404 16 213.66 33.16 2.51+0.03 2.99 0.00 2.99
3C208.1 i, 085154 141716 213.60 33.58 2.24 +0.03 2.76 0.00 2.76
3C223.... 09 36 50 360741 188.40 48.66 1.47 +£0.00 0.98 0.00 0.98
3C225a.. 09 39 25 140536 219.87 44.02 1.34 +£0.01 1.89 1.51 3.40
3C225b.. 093932 135930 220.01 44.01 3.78 +0.03 2.42 0.86 3.28
3C228.0 i 094727 14 3400 220.40 45.99 3.48 +£0.07 2.24 0.37 2.61
09 58 56 290140 200.21 52.70 4.64 +0.00 1.61 0.00 1.61

1003 05 3508 49 190.06 53.98 2.66 +0.00 1.20 0.00 1.20

100522 0744 58 232.12 46.63 7.66 +0.07 0.65 1.55 2.20

1040 06 121915 233.12 56.30 3.12+0.08 1.55 0.48 2.04

105537 2008 02 222.51 63.13 2.64 +0.29 1.20 0.36 1.56

111751 143722 23945 65.26 2.39+0.00 1.57 0.00 1.57

3C263.1..... 114049 222337 227.20 73.77 3.14+0.00 1.69 0.00 1.69
3C264.0................. 114232 195356 235.70 73.05 4.22 +0.00 1.73 0.00 1.73
3C267.0uuiiiieceeiinne. 114722 130400 254.81 69.68 2.27+0.00 2.32 0.00 2.32
3C272.1. 122232 130940 278.21 74.48 5.57+£0.00 2.04 0.36 2.40
3C273.... 122632 021939 289.95 64.36 56.13+1.12 1.43 0.50 1.93
3C274.1. 123257 213706 269.87 83.16 2.19+0.02 2.06 0.30 2.35
4C07.32 e, 131346 071818 320.42 69.07 1.55+0.00 1.79 0.32 2.11
4C3244 ..., 132358 3209 53 67.24 81.04 4.47 £ 0.05 0.91 0.14 1.05
3C286.... 132849 304602 56.53 80.67 18.36 +0.00 2.05 0.00 2.05

3C293..... 135002 314143 54.61 76.06 4.50 £0.00 1.29 0.00 1.29
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TABLE 1—Continued

R.A. Decl. / b Flux NMH1DwNMm NH1D)eNm NMH 1)
Source (B1950.0) (B1950.0) (deg) (deg) Jy) (x102cm~2) (x102cm~2) (x102 cm—2)
4C 1944 ... 135442 193344 8.99 73.04 2.52+0.11 2.66 0.00 2.66
4C20.33.... 142237 201401 19.54 67.46 1.89 +£0.01 2.15 0.53 2.68
3C310.... 150248 261236 38.50 60.21 5.124+0.04 2.60 1.11 3.71
3C315.... 151131 2618 37 39.36 58.30 4.494+0.03 2.54 2.22 4.76
3C318.... 151750 2026 54 29.64 55.42 2.90 +0.02 3.01 1.74 4.75
3C333 .. 16 1505 211451 37.30 42.97 1.89 +£0.01 3.99 1.10 5.09
3C348..iiieeeeinn. 1648 40 050428 23.05 28.95 46.11 +0.75 4.15 1.55 5.70
3C353 1717 54 —00 5555 21.20 19.64 48.76 +1.70 3.84 7.00 10.85
4C13.65........... 175613 132842 39.31 17.72 2.40 +0.06 7.72 1.46 9.18
4C13.67........... 183512 132803 43.50 9.15 1.69 +£0.01 12.76 3.96 16.72
3C4009.... 201218 232542 63.40 —6.12 17.08 £0.15 19.73 6.06 25.79
3C410.... 201803 293235 69.21 —3.77 10.06 £ 0.00 32.78 15.44 48.22
3C433.... 212130 245117 74.48 —17.69 13.224+0.15 5.06 2.83 7.89
3C454.0.... 224907 183244 87.35 —35.65 2.29+0.03 4.13 1.24 5.37
3C454.3 .. 225129 155256 86.11 —38.18 17.22 £0.38 4.80 1.72 6.53

Note.—Table 1 is also available in machine-readable form in the electronic edition of the Astrophysical Journal. Units of right ascension are
hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Flux includes the contribution from all extended
components. Some sources having |h| < 10° have very complicated H 1 profiles and unacceptable, unreliable fits. Their results should not be used.
These sources include T05264-24, T0556+19, 4C 22.12, T0629+10, and 3C 167.

summarizes the statistics on CNM/WNM column densities
for the Gaussians. Section 3 presents column density statis-
tics for the lines of sight for the CNM and WNM. Section 4
discusses the volume filling fraction of the WNM, both at
high and low z.

The next few sections discuss the basic statistical
properties of the Gaussian components. Section 5 presents
statistics on Vjgr. Section 6 presents correlations among
the four parameters that describe the CNM components.
The reader interested in these correlations should consult
the two subsequent sections: § 7 shows that inadequate
angular resolution might affect these correlations, and § 8
shows that CNM features are sheetlike and not isotropic
with the consequence that angular resolution effects are far
less important than found in § 7.

Section 9 re-reduces all the data of Paper I in terms of the
McKee & Ostriker (1977, hereafter MO) model, with each
CNM component surrounded by an independent WNM
component; it is gratifyingly successful for most sources,
but some MO predictions are not quantitatively fulfilled.
Section 10 presents two descriptive models; the second, the
clumpy sheet model for the CNM, applies to our data.

Section 11 is a summary, and § 12 is a commentary on the
importance of the WNM for understanding not only the
interstellar medium (ISM) but also its multiplicity of energy
sources and the universe at large.

2. THE CNM: AN OBSERVATIONALLY AND
PHYSICALLY DISTINCT TEMPERATURE
COMPONENT

2.1. Distribution of CNM and WN M Spin and
Kinetic Temperatures for |b| > 10°

At |b| > 10°, for the WNM we have 143 components
from 66 lines of sight, each of which is a radio source, con-
taining a total N(H 1)y\y20 = 292, and for the CNM we
have a total of 143 components from 48 sources containing
a total N(H 1)cnpa0 = 188; the subscript 20 on N(H 1)

means that the units are 102 cm~2. There are fewer CNM
sources because 18 sources had undetectable absorption.

For the CNM we have direct, fairly accurate measure-
ments of 7, derived from the fitting process described in
§ 4.3 of Paper 1. For the CNM the spin temperature is equal
to the kinetic temperature. For the WNM we have rough
lower limits on T from the absence of WNM absorption in
the opacity profiles. For both the CNM and WNM we have
upper limits on kinetic temperature 7y max from the line
width. For warm, low-density gas 7 is not necessarily equal
to the kinetic temperature, with 7y < Tj; for equilibrium
conditions, this inequality becomes serious only for
T 21000 K (Liszt 2001). Thus, our lower limit on 7 is also
a lower limit on T}, so T} is bracketed; and for 7T, <1000 K,
T, =~ Ty.

Figure 1 compares either 7, (CNM components) or lower
limits on 7y, (WNM components) with Ty max for every
Gaussian component at |b| > 10°. For the CNM compo-
nents we show error bars for 7'; for the WNM component
T, is a lower limit, so its error bars go in only one direction
and are arbitrarily set to be half the estimated value.
Because Ty < Ty and Ty max > Tk, the points should all fall
below the diagonal line. Nearly all of them do. There are five
serious exceptions for which the difference is significantly
larger than the error: a CNM component in each of 3C 123,
3C 237, and 4C 32.44, and a WNM component in each of
3C93.1 and NRAO 140. The profiles of all these sources are
complicated, increasing the chance that the choice of Gaus-
sians is not realistic. Thus, there is general agreement with
the requirement that all points fall below the line. In fact,
most points fall well below the line, particularly for the
CNM.

Figure 2 displays the temperature distributions of the
WNM and the CNM. The top two panels are for the WNM
where we plot both the number of Gaussian components,
Ngwnm, and the column density of these Gaussians,
N(H 1)ynwm20» Versus Tk max. The bottom two panels show
the analogous temperature distributions for the CNM,
plotted versus 7. In all cases, solid and dotted lines are
for |h| > 10° and || < 10°, respectively. We separate the
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for all Gaussian components, both CNM and WNM, for sources having
|b] > 10°. WNM error bars only go up because they are lower limits.

Galactic plane sources having |b| < 10° for three reasons:
(1) their profiles have high column densities and dominate
the N(H 1),, histograms; (2) their profiles are broadened by
Galactic rotation, unphysically increasing T max; and (3)
their spin and upper limit kinetic temperatures can be dis-
torted by uncertainties in the fits because the profiles are
sometimes so complicated.

For the WNM in the top two panels, a significant fraction
of the WNM gas has 500 K < T max < 5000 K, which puts
it in the thermally unstable range. Ngwnm = 14 WNM
components and N(H 1)ynyo0 = 11.8 have Ty max < 500
K, so they can be classed as too cold to be thermally unsta-
ble; these correspond to [Ng wnm, N (H 1)ynm 0] fractions
(10%, 4%), respectively. The unstable range has fractions
(39%, 48%). Even though the lower limits on 7T for some of
this gas lie below 500 K, we regard as very remote the possi-
bility that 7 is actually so low because it would require
highly supersonic motions. Under this assumption, this is
the fraction of WNM gas that truly lies in the unstable
range. Most of the rest (28%, 26%) lies between 5000 and
20,000 K, and (23%, 22%) have Tj max > 20,000 K and lie
off the histograms shown. Any gas having 7} = 10,000 K
would be ionized, so components having Ty max > 10,000 K
must either consist of multiple blended narrower compo-
nents or have highly supersonic motions.

For the CNM in the bottom two panels, the histograms
exhibit well-defined broad peaks near 40 K. Most of the gas

Vol. 586

(77%, 67%) has T, < 100 K. Some of the gas (17%, 4%) is
very cold, with 7T < 25 K; this cannot occur unless photo-
electric heating by dust is inoperative (Wolfire et al. 1995,
hereafter WHMTB). In these histograms, the fractions
having 75 > 200 K and lying off of the histogram are (8%,
11%), with the maximum 7y = 656 K.

2.2. CNM and WNM Combined.: Distinct Populations

Here we address the question of whether the CNM com-
prises a distinct temperature population. Of course, the
CNM is observationally distinguished by its detection in
opacity profiles; however, this depends on sensitivity and
does not necessarily mean that it belongs to a distinct physi-
cal population in the ISM. We restrict our attention to sour-
ces having || > 10° to minimize the artificial increase of
T max caused by Galactic rotation and to reduce uncertain-
ties from incorrectly modeled blended components.

Figure 3 lumps all temperatures, both CNM and WNM,
into a single distribution and provides histograms for both
the number of Gaussian components Ng and column den-
sity N(H 1),y. First consider the first (top) and third panels,
which are the histograms of T max and T for Ng. Both pan-
els exhibit a strong peak toward the left and a long, flat dis-
tribution toward the right. These shapes are not suggestive
of a continuous distribution, but rather two distributions:
one peaked at low temperatures and one spread roughly
uniformly over a very broad temperature range running well
above 5000 K. The low-temperature peak in 7 for T, <200
K is nearly all CNM components; the highest CNM temper-
ature is 656 K. Similar comments apply to the second and
fourth panels, which are the histograms for N(H 1),,, but
these histograms are noisier.

We conclude that the CNM is indeed a separate, distinct
temperature distribution in the ISM. The median tempera-
ture for its Gaussian components is 48 K and for column
density is 70 K (Table 2), but the histogram in Figure 2
shows large variations. The physical division between the
two ISM temperature components is operationally the same
as the division between CNM and WNM. However, CNM
components lying at high temperatures could also be con-
sidered as very cool WNM; the boundary is a bit blurred.

2.3. Column Density Statistics for WNM and CNM
Gaussian Components

2.3.1. Histograms

Figure 4 exhibits separate histograms of N(H 1), for the
CNM and WNM Gaussian components. The top two

TABLE 2
MEDIANS AND MEANS OF CNM T

Median T Mean T
b Range (K) (K)
CNM, [b] > 10°,bY NG wevevevvvvernnnn 48 88
CNM, |b| > 10°, by N(HT1) ... 70 108
CNM, 5] < 10°,bY NG eevevevvevennnnn 47 71
CNM, |h| < 10°,by N(H1)...coc. 63 99

Note.—*“ By NG’ means that the median and mean are taken
over Gaussian components with no weighting by N(H 1). ““ By
N(H 1)”” means that half the column density lies above, and half
below, the median, and the mean is weighted by N(H 1). Fig. 2
presents the histograms, which have long tails at high 7 so that
neither the median nor the mean represents the typical values.
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panels show |b| > 10° with different scales on both axes to
facilitate interpretation; the bottom two panels are for
|b] < 10°. Table 3 gives the medians and means. The ranges
of column density are enormous, covering more than a fac-
tor of 100. At low latitudes we see many fewer Gaussian
components having N(H 1)cny00 $0.5, possibly because
they are indistinguishable in the presence of blended compo-
nents at low latitudes.

TABLE 3
MEDIANS AND MEANS OF N(H 1)

Median N(H 1), Mean N(H 1),

bRange (%102 cm~2) (x102cm—2)
CNM, || > 10° oo 0.52 127
CNM, 5] < 10° 1.97 5.00
WNM, |p| > 10° 1.30 2.04
WNM, |b| < 10° ............. 8.13 12.03

Note.—Fig. 4 presents the histograms.

There appears to be an excess or independent population
of low column density CNM components having
N(H 1)cnpo0 < 0.5; otherwise, CNM and WNM compo-
nents have similar column density distributions at both high
and low latitudes. The similarity of the WNM and CNM
distributions for N(H 1)cnyy0 > 0.5 suggests that the two
phases could be part of the same population and that
members can adopt either temperature range according to
circumstances.

2.3.2. Overall Summary Statistics

For sources at |b| > 10°, the global ratio of WNM to total
H 1 column density is (R(H 1)yyy) = 0.61. Mass is equiva-
lent to column density if the distances are the same. The
WNM is systematically more distant than the CNM because
it has a larger scale height (Kulkarni & Heiles 1987), so this
is a lower limit for the mass fraction.

The N(H 1) fraction of WNM having Tj max in the
unstable region 500-5000 K is 0.48; the true fraction of gas
in this unstable regime might be higher because T} max 1S an
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upper limit on temperature derived from the line width. It is
conceivable, but unlikely in our opinion, that much of this
gas has temperature 7} < 500 K. The N(H 1) fraction of
CNM having T in the range 25-70 K (the main peak in the
histogram) is 0.46.

At low latitudes, |h| <10°, the line of sight does not leave
the H 1layer for nearby gas. We can use low-latitude sources
as a test to determine whether the fraction of WNM gas
R(H 1)wnwm decreases at lower |z| where the pressure is
higher, as is theoretically predicted. We have eight sources
with reasonably accurate Gaussian fits (and five with un-
usable fits; Table 1). These eight sources have
(R(H 1)yny) = 0.67 £ 0.08. This is indistinguishable from
the |5| > 10° mean value (R(H 1)yyy) = 0.61. Thus, there
is no evidence for the predicted decrease in R(H 1)wnm.-
However, we stress that our low-latitude results are gener-
ally less accurate than the others because it is more difficult
to obtain accurate expected profiles and to perform Gaus-
sian fits. Accurate results for low latitudes probably require
high-sensitivity interferometric observations.

2.4. Comparison of CNM Temperatures with Other Results
2.4.1. Previous CNM Temperatures from the 21 cm Line

Our spin temperatures are colder than previously
obtained ones. Histograms of CNM temperatures have
been given by Dickey, Salpeter, & Terzian (1978), Payne,
Salpeter, & Terzian (1983, hereafter PST), and Mebold et
al. (1982), among others. They find broader histograms than
ours with temperatures extending to much higher values
and median values in the neighborhood of 80 K; for
example, Mebold et al. (1982) find a median (by compo-
nents) of 86 K. Our histogram is narrower and peaked near
40 K (Fig. 2), and our median (by components) is 48 K. In
contrast, our median (weighted by column density) is 70 K.
When quoting medians, it is important to distinguish
between the component median and the column density
median.

Our lower temperatures do not arise because the older
data were incorrect (although some were); it is because the
analyses were incorrect. In contrast to the previous
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treatments, our Gaussian technique (which is thoroughly
discussed in Paper I, §§ 4 and 5) properly accounts for the
two-phase medium and the associated radiative transfer.
Recent measurements of temperatures in the Magellanic
Clouds (Mebold et al. 1997, Marx-Zimmer et al. 2000;
Dickey et al. 2000) use the slope technique, which also prop-
erly treats radiative transfer for simple profiles (Paper I, §5 4
and 6); they find smaller temperatures, consistent with ours,
and show that the older incorrect technique yields incorrect
higher temperatures.

2.4.2. Temperatures from Hy

Temperatures are also derived from the ratio of popula-
tions in the two lowest rotational states of H,. Unfortu-
nately, these are not directly comparable to our CNM
temperatures, for two reasons. First, the H, lines of sight
are chosen to maximize column density; in contrast, ours
are random with respect to column density. Second, the H,
lines are saturated, which means that the derived tempera-
tures are a weighted average over all velocity components
and all the gas, both CNM and WNM; one cannot know
which phase dominates the results because the fractional H,
abundances in the two phases are unknown. Because the H,
measurements refer to all gas, a median derived therefrom is
more akin to a column density median than a component
median.

Recent Far Ultraviolet Spectroscopic Explorer (FUSE)
measurements (Shull et al. 2000) confirm the large survey of
Savage et al. (1977), who found the range of temperatures to
be Tw, = 77 £ 17 K (rms). This is comparable to our com-
ponent median for the CNM. However, because the H,
sample is biased to large column density lines of sight, the
results are not directly comparable. We further explore the
comparison by considering four of our sources that are
fairly close to stars in three regions studied by Savage et al.
(1977). This by no means guarantees that the physical
regions sampled are identical, but one hopes that the lines of
sight are physically similar. Table 4 shows radio sources and
stars in these three areas; in each area the radio and optical
positions are close, within a few degrees. The first two
regions have high N(H 1) and are cold, with CNM tempera-

TABLE 4
SPIN VERSUS H, TEMPERATURES FOR PROXIMATE POSITIONS

(1,b) N(H1)
Source (deg) (x10% cm=2) T

Near (/,b) = (160°, —17°):

NRAO 140.....cceiiennne (159.0, —18.8) 134 27+13

3C93.T oo (160.0, —15.9) 1.8 29+ 11

HD 21856 (156, —17) 11.0 84

HD 22951 (159, —17) 11.0 63

HD 23180 (160, —18) 7.9 48
Near (/,b) = (196°, —13°):

HD 24398.....cocicin. (162, —17) 6.5 57

3C142.1........... (197.6, —14.5) 7.0 49+ 16

HD 36822....ccccevvnvieiinee (195, -13) 6.5 63
Near (/,b) = (234°, 55°):

HD 36861 (195, -12) 6.0 45

3C245.. (233.1,56.3) 0.5 510 £8

HD 91316 (235,53) 1.8 377

Note.—For radio source results, only the CNM component with the
largest N(H 1) is listed. Stars are from Savage et al. 1977.
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tures lying near the peak of our histogram; the H, tempera-
tures are higher than the H 1 temperatures. We detected the
21 cm line in absorption in the third region but we would
not classify the 510 K gas as CNM; the H, temperature of
377 K is smaller than the H 1 temperature, although realistic
uncertainties may mean that the results are consistent.

The upshot is that the H, temperatures do not agree with
the H 1 CNM temperatures. This conclusion needs confir-
mation via observations of H 1 and H, absorption along
identical lines of sight. Such observations require a back-
ground source such as 3C 273 with significant radio and UV
emission.

3. STATISTICS ON INTEGRATED LINE-OF-SIGHT
H 1 COLUMN DENSITY

3.1. Raw versus True H1 Column Density

One is often interested in the total H 1 column density.
One calculates this from 21 c¢cm line data by assuming that
7(v) < 1; then N(H 1) o profile area. An accurate calcula-
tion for the general case requires knowledge of the opacity
and the arrangement of the absorbing clouds along the line
of sight, which our analysis technique provides. We use our
results to compare these two methods.

We define the “raw ”” H 1 column density N(H 1),,,, as that
obtained from the profile area. The true H 1 column density
for a line of sight is equal to N(H 1),,, = > N(H 1)y +
> N(H 1)yny» Where >~ means summed over all Gaussian
components for a line of sight. The ratio
N(H 1)

raw (l)

R =
raw N(H I)

tot

is plotted versus N(H 1),,,, in Figure 5. Numbers indicate the
Galactic latitude || in units of 10°. Significant corrections
exist, in some cases even at high latitudes and low measured
column densities.

The top panel of Figure 6 shows a map of R,,, in which
the numbers are int[20( Ry — 0.5)]; for example, 7 means
Ry = 0.85-0.9. Arcas of sky are characterized by R,,y.
For example, the Taurus/Perseus region (/ = 155°-180°,
b = —25° to —10°) has uniformly small values, which is not
surprising because of the many molecular clouds and overall
high column densities.

3.2. Statistics on Line-of-Sight H1 Column Densities
for |b] > 10°

The effect of local structures on total column density is
much stronger than the expected latitude dependence. This
prevents us from analyzing column density statistics in the
usual way of accounting for the expected latitude depend-
ence. In our plane-parallel Galaxy, one classically expects
the total column density to be N(H1),, =3.7/sin|b|
(Kulkarni & Heiles 1987). Define the ratio of the true
measured column density to this expected value:

N(H I)mt,zo

P73 sinjb| @)

The bottom panel of Figure 6 is a map of int(4.5R;); for
example, a number 4 means R, = 0.89-1.11, so all of the
numbers on this map should be equal to 4. Clearly, some
areas of sky are deficient and some overabundant.
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The top two panels of Figure 7 exhibit the histograms of
> N(H 1) v and > N (H 1)y 20 individually; within
the statistics the shapes are not too dissimilar, but the
WNM column densities are about twice the CNM ones.
The third panel exhibits the histogram for N(H 1), 5; the
>low-N(H 1)1 peak is from the CNM and the tail from
the WNM. The fourth panel exhibits the histogram of the
CNM column density fraction

RIH oy = =4 ®)

for each line of sight.

The fourth panel, together with the top panel, shows a
huge peak with zero ) N(H 1)y - In each case, the peak is
distinct from the rest of the histogram. Therefore, lines of
sight having zero > N(H 1)y form a distinct class. Lines
of sight to the majority of sources have R(H 1)qyy < 0.3;
however, a few lines of sight are dominated by CNM.

Figure 8 plots R(H 1)cnm versus N(H 1), 50, With dia-
monds for |b| > 30° and plus signs for |5| < 30°. The sepa-
rate class of points with Y N(H 1)\ = 0 is again distinct
and mostly has small N(H 1),,. Apart from this, a fairly
apparent trend is the increase of R(H 1)y With N(H 1)
up to a limiting N(H 1),y 59 ~ 12. Surprisingly, this trend
levels off, and even seems to reverse, at larger N(H 1)o.. The
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points following this reversed trend all lie in the Taurus/
Perseus region, where large dust/molecular clouds exist
(Fig. 9, top panel).

The top panel of Figure 9 shows a map of R(H 1)cnm In
Galactic coordinates. Points with large and small values of
R(H 1)cnMm tend to cluster. In particular, all but three of the
R(H 1)cym = 0 points fall in Galactic quadrants 3 and 4
(I > 180°, b > 10°); this entire region has small values
except for the single isolated, unusual point at
(I,b) = (232°, 47°). This source, which is 3C 237, has one
component with 7 = 0.005 (which is very small) and
Ty, = 656 K (which is the highest in the sample); it just
missed being classed as WNM. If it had been classed as
WNM, then 3C 237 would have had R(H 1)y = 0.30 and
the anomaly would be much less severe. The other three
RH1)eyy =0 points cluster with two others with
R(H 1)y = 1 in the upper right of the map.

We conclude that quadrants 3 and 4, and also the upper
right of the map of the top panel of Figure 9, are definitely
unusual in having very low fractions of CNM. Both of these
regions are disturbed by supershells. Heiles (1998) considers
the H 1, IR, nonthermal radio continuum, and soft X-ray
data and concludes that this general region has been cleared
out by a huge superbubble designated GSH 238-+00+-09,
powerful enough to have induced the first stages of star for-
mation in the Vela and Orion regions. Haffner, Reynolds, &
Tufte (1998) have discovered a huge Ha-emitting filament
that lies in this general region, which may be part of the
same superbubble and also related to the unusual values for
R(H 1)cnm- The upper right of the map lies within the North
Polar Spur, a supershell produced by multiple supernovae
in the Sco/Oph star association (Egger 1998).

4. THE VOLUME FILLING FRACTION OF THE WNM

The WNM constitutes about 61% of the total H 1 column
density for [b| > 10° ((R(H 1)yyy) = 0.61; § 2.3.2). From
large-scale sky surveys the total H 1 column density, WNM
and CNM combined, follows

3.7
N(H 1), ~ wld] (4)

(Kulkarni & Heiles 1987). Blindly applying our 61% WNM
fraction, we obtain for the typical WNM column density

2.1
N(H I)WNM,ZO ~ sm—|b| . (5)

To progress further, we need to adopt a typical temperature
for the WNM. From Figure 2, we use 4000 K; this is simply
an eyeball estimate of a reasonable value for the purpose of
the immediate discussion and is not a median or mean. If
the WNM is in pressure equilibrium with the CNM, with
P/k = 2250 cm—3 K (Jenkins & Tripp 2001), then its typical
volume density is n(H)yny ~ 0.56 cm~3. Similarly, with
the typical CNM temperature of 40 K, the typical CNM
volume density is n(HI)cy ~56 cm™3.  With
(R(H 1)yny) = 0.61, the WNM has about 1.5 times more
mass than the CNM and the WNM occupies 150 times
more volume than the CNM. These ratios are based on the
total column density at || > 10° and cover all z heights.

We cannot specify a volume filling fraction for the WNM
because our observations are concentrated at |b| > 10°
where our lines of sight extend through the top of the gas
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layer. The total interstellar pressure drops by 30%-40%
from z = 0 to 200 pc (Boulares & Cox 1990), so one expects
on theoretical grounds that the WNM fraction should
increase with z.

We can estimate the volume filling fraction for z = 0.
However, doing so requires knowing (n(H,)), the mean H,
volume density at z=0. This is uncertain because it
depends on converting CO profile areas to H, column den-
sities, which relies on the so-called X factor. Dame et al.
(1987) used X =2.7x 102 ¢cm=2 K km s~ ! to obtain
(n(Hy)) = 0.14 cm~3; correcting this for the more recent
X =1.8 x 1020 cm~2 K km s~! found by Dame, Hartmann,
& Thaddeus (2001) gives (n(H)) = 0.09 cm~2. P. Solomon
(2002, private communication) estimates (n(H,)) ~ 0.47
cm~3, and L. Blitz (2002, private communication) estimates
(n(H,)) ~ 0.25 cm—3. We will use the mean of these three
numbers, which is 0.27 cm =3, but this is clearly very uncer-
tain. This corresponds to a total H nuclei column density of
16.7 x 102 cm~2kpc~!.

We can now estimate the volume filling fraction for z = 0.
At z = 0 the reddening is ~0.53 mag kpc~!, which corre-

sponds to [N(H 1)+ 2N(H,)],=31 kpc~! (Binney &
Merrifield 1998, p. 137). Of this, the H, contributes
16.7 x 1020 kpc~!, leaving 14.3 x 102 cm~2 kpc~! for H 1.
From § 2.3.2, we will adopt the tentative |b| < 1?3 value
(R(H 1)yyy) = 0.61; thus, N(H 1)wnyoo ~ 8.7 kpe™l,
which corresponds to (n(H 1)yyy) = 0.28 cm™3. With a
true volume density of 0.56 cm~~, the WNM volume filling
fraction is ~0.50.

Our WNM filling factor, ~0.50, includes the H 1 in parti-
ally ionized warm ionized medium (WIM) and is therefore
larger than the filling factor of the WNM alone. This makes
it quite close to the filling factor derived by MO, whose
corresponding value is ~0.40 at z = 0.

This WNM volume filling fraction at z = 0, 0.50, is very
rough because of uncertainties in the following: the accuracy
of our low-latitude data; the typical WNM temperature
(which we took as 4000 K); the Jenkins & Tripp (2001)
CNM pressure (Wolfire et al. 2003), which we used also for
the WNM pressure; the WNM volume density, which is
derived from the aforementioned WNM density and tem-
perature; the reddening per kiloparsec; the X factor; and the
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mean CO profile area in the solar vicinity. Moreover, it may
not apply elsewhere if the solar vicinity is unusual. In the
nearby solar vicinity most of the remaining volume is prob-
ably occupied by the superbubble hot ionized medium
(HIM) as cataloged and crudely sketched by Heiles (1998).
The nearby solar vicinity may have an unusually large frac-
tional volume filled by superbubbles because the average
over the disk should be about 0.1 (McKee 1993).

5. STATISTICS ON Visg

With a good sampling of the sky one could use our
Gaussian Vg values and Galactic rotation to determine
the mean scale heights of the WNM and CNM. However,
Arecibo’s restricted declination coverage makes our sky
coverage too poor for this purpose. Figure 10 shows V| gr
versus / for the CNM (top panel) and WNM (bottom panel)
Gaussians, together with a 10 km s~! sinusoid to illustrate
the expected algebraic sign versus / (the expected amplitude
is much smaller). The points exhibit a huge scatter and no
tendency to change sign in the expected way. Galactic
rotation contributes no recognizable signature to the
component velocities.

The standard deviations of the Gaussian component
center velocities (i.e., on a component-by-component basis)
for the (CNM, WNM) are oy, = (14.0, 16.1) km s~ 1.
Weighted by column density, these become oy, =
(7.1, 11.4) km s~'; the smaller values reflect the fact that
higher column density components have smaller oy, as
shown in Figure 11. These column density—weighted values
correspond to FWHM AVewnwm = (16.6, 26.9) km s~! and
T max = (6000, 15,900) K. The CNM oy, is somewhat
larger than the typical WNM sound velocity, indicating that
if the CNM consists of clumps moving within a substrate of
WNM, then that motion is mildly supersonic unless,
perhaps, the WNM is permeated by a magnetic field.

6. RELATIONSHIPS AMONG LOGARITHMS OF T, 7,
N(H 1), AND Tymsw FOR THE CNM COMPONENTS

In this section we discuss correlations among the loga-
rithms of the four CNM parameters [T, 70, N (H 1), T max]-
Significant correlations exist among all pairs of parameters.
This is most easily shown in the correlation matrix

1.00  0.69 031 -0.53 log T

0.69 1.00 038 —0.40 log T max (6)
0.31 0.38 1.00 0.59 log N(H 1)
—0.53 —-0.40 0.59 1.00 log 7y

6.1. The Historical To-T, Relationship

Most previous studies of H 1 opacity (see review by
Kulkarni & Heiles 1987) have searched for and found a stat-
istical relationship between the spin temperature and peak
optical depth of the form

log Ty = log Ty + Blog(1 —e™™) (7)

where temperatures are in kelvin and we write the equation
to explicitly emphasize that the least-squares fits are done to
the logarithms of the data, not the data. Typically these
studies find (70, B) ~ (60 K, —0.35). The (improper; see
below) fit for our data is not dissimilar, yielding
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(Tyw,B) = (33 £4 K, —0.29 £ 0.05) [we fit log T to log
instead of to log(l —e~™); the difference is unimportant
because most 7( are small]. Mebold et al. (1982) find no
significant relationship. The form of equation (7) has no
physical rationale; it is simply a convenient representation
of the data. Moreover, 7y has no physical influence in the
CNM environment so in no case can we regard equation (7)
as being causal. On the other hand, PST and Liszt (1983)
discuss physical models, involving a cold cloud surrounded
by a warm envelope, that lead to reasonable matches with
equation (7).

There are two problems with these historical observatio-
nal results for equation (7). One is that the least-squares fits
are performed in the conventional way, specifically that the
observational errors in the independent variable (1 —e~™)
are ignored and implicitly set to zero; this always produces
too flat an estimate of the slope (Stetson 2002%; Heiles
2002%). Thus, the typical true slope is more negative than

2 See http://nedwww.ipac.caltech.edu/level5/Stetson /Stetsond.html.
3 See http://astron.berkeley.edu/~heiles /ay250/Isfit_2002.ps.

—0.35. Much more serious is the presence of the other two
parameters N(H 1) and T} max. Our four parameters exhibit
the mutual correlations shown in equation (6). These
mutual correlations render meaningless the results of least-
squares fits done on only selected pairs of variables. In
particular, equation (6) shows that there is no special signifi-
cance to the (7, 7T,) pair because other parameter pairs
exhibit similar levels of correlation; the (7, 7) pair was
emphasized in earlier studies because they did not use
Gaussian components, so they had no measure of the line
width T max or N(H1).

Even if there were no mutual correlations, a 7(-7
relationship would occur naturally. Our four parameters
are physically related through the usual equation

(8)

where N(H 1)y is in units of 1020 cm~2 and AVpwgm is the
FWHM in km s~1. If all clouds have the same or randomly
distributed N(H 1) and Ty max, then we would expect an
inverse correlation between 7 and T with logarithmic slope
—1. When we properly fit this pair of parameters with our

max ’

N(H 1), = 0.0195% T, A Viwin = 000427, T,T,/2
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data, accounting for uncertainties in both parameters, we
obtain (7, B) = (18 £2 K, —0.70 £ 0.04); the slope is
fairly close to —1.# Clearly, the 7(-T, relationship needs to
be considered in the light of a comprehensive multivariate
analysis. We revisit the relationship in this light below in
§6.3.

6.2. Principal Components Analysis

This is a multivariate data set, and an appropriate tool
for its investigation is principal components analysis (PCA).
For an N-parameter data set, PCA is a general technique to
determine the N different linear combinations of the param-
eters that express the characteristics of the data more natu-
rally than do the N parameters individually. PCA works
using the data points themselves, without preconceived
notions of what might be significant. Dunteman (1984,
pp. 156-180) provides a good introduction including a
graphical illustration for a two-parameter example, while
Murtagh & Heck (1987; based on Lebart, Morineau, &
Warwick 1984, pp. 1-29) provide a more thorough discus-
sion, including software.

4 This slope, —0.70, is significantly steeper than the —0.29 derived by
ignoring the errors in 7y, an illustration of the danger inherent in using
inappropriate fitting techniques.
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6.2.1. Quick Description of PCA: The Two-Parameter Example

We present a quick description of the idea for the uniniti-
ated reader. In our case of four correlated parameters, the
data points fall in a four-dimensional hyperellipsoid, which
is somewhat difficult to envision, so we describe an example
with only two variables (x, ). The data points fall in an
ellipse on the (x, y)-plane; the principal axes of the 