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ABSTRACT 

Using very high S/N, high spectral resolution data obtained with the HIRES spectrograph on the Keck 10 
m telescope, we show that roughly half of Lyman-alpha forest clouds with A^Hl^3X1014 cm-2 have 
measurable CIV lines with AClv>1012 cm-2. We find the ratio of the median column density of CIV to the 
median to be 2X10-3, roughly corresponding to a metallicity of 10“2 solar. This is shown to be 
comparable to that of a sample of Lyman-limit system clouds with A^Hi~3X1017 cm-2 and to the mean 
value in lower column density samples. The kinematic structure of the CIV lines shows that the Lya clouds 
are blended complexes of cloudlets individually having T^35,000-70,000 K and velocity dispersions of 
— 18 km s-1; these complexes require a gravitational confinement mechanism. 

1. INTRODUCTION 

The rich spectrum of Lyman-alpha absorption lines in 
quasars (generally known as the Lyman forest) was first 
noted by Lynds (1971) and studied in detail by Sargent et al. 
(1980). Because of its ubiquity and spatial correlation prop- 
erties, it is usual to assume that the forest is a distributed 
intergalactic population rather than being associated with 
large galaxies. Given this, it becomes extremely interesting 
to determine whether the forest is chemically primordial or 
has some weak metallicity. 

Experimentally determining the metallicity of weak mem- 
bers of the Lyman-alpha forest has been a very difficult prob- 
lem until now because of the limited sensitivity of spectro- 
scopic observations. Some clouds have been found to have 
associated metal lines (Meyer & York 1987), but this has left 
open the question of whether the cloud population is bimo- 
dal, with a small population of weak metal line clouds con- 
taminating a much larger population of primordial forest 
clouds. Stacking of metal absorption line spectra correspond- 
ing to many Lya lines has been used to try to obtain a mean 
metallicity (Norris et al 1983), but with mixed results: Lu 
(1991) reported a definite detection of (77Civ/VHi)=6X10-4 

for cloud populations with AH ^5X1015 cm-2; at lower AH v 

Tytler & Fan (1994) found only an upper limit of 10-2. How- 
ever, even with a positive detection obtained by stacking, the 
problem of contamination by a trace population of relatively 
metal-rich objects remains. 

With much higher S/N, higher resolution (R =36,000) 
spectra available from the HIRES spectrograph on the Keck 
10 m telescope, it becomes possible to treat this problem in a 
much less ambiguous way by measuring the metal column 
densities of individual clouds. Here we use such data to show 
that roughly half of a population of Lya forest clouds with 
AHi^3X1014 cm-2 has associated metal features with 
Aciv^lO12 cm-2, and that, correspondingly the Lya forest, 
at least at these column densities, is not truly primordial, 

Visiting Astronomer, W. M. Keck Observatory, jointly operated by the Cali- 
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but has undergone some level of chemical enrichment. We 
also show that the metallicities are comparable to those in 
A^Hi—1017 cm-2 Lyman-limit system (LLS) clouds and to the 
mean value in a sample with (/VHi)=2X1014 cm-2. 

2. OBSERVATIONS 

As part of a program to measure (D/H) ratios in high-z 
absorption systems, a number of bright (V<18) z—3 quasars 
with partial Lyman-limit edges (optical depth r<3.5) have 
been observed with the HIRES spectrograph (Vogt et al 
1994) on the Keck 10 m telescope. A more complete descrip- 
tion is given in Songaila (1995). Each observation consists of 
a 3-6 h exposure covering the wavelength range 
3600—>6000 A at a resolution R of 36,000. The wavelength 
coverage is complete at shorter wavelengths (X^5000 Â), 
but has small interorder gaps at longer wavelengths. 

Three of these spectra (toward the quasars 0014+813, 
0302-003, and 0636+680) are well suited to a study of the 
metallicity in modest column-density (VHl—1014 cm-2) Lya 
forest lines: they have good S/N (^50 per resolution ele- 
ment) and they have considerable redshift intervals where 
both the Lya line and the corresponding C IV (XX1548, 1550 
A) doublet are observed. (A typical spectrum is shown in 
Fig. 1: we show the spectrum longward of the quasar Lya 
emission and compare this with the region of the spectrum 
where Lya would correspond to C IV, shifted so that the Lya 
line lies under the corresponding CIV 1548 line.) We have 
therefore used these quasars to analyze whether the Lya for- 
est lines have corresponding metal lines by searching a 
sample of forest lines satisfying AHl^3X1014 cm-2 to find 
what fraction of the individual objects have metal absorption. 

3. C iv/H i RATIOS 

In order to select a uniform VHi^3X1014 cm-2 sample 
and to avoid the blending problems intrinsic to an equivalent 
width selection, we have chosen our sample of higher col- 
umn density Lya lines based on the residual flux 
rj,= exp(—rj in the base of the line. The line list was chosen 
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1523 CO WIE ETAL. : LYMAN-ALPHA FOREST CLOUDS 1523 
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Fig. 1. A sample HIRES spectrum of Q0302-003 showing the spectrum longward of the quasar Lya emission in the top panel. The x axis is labeled with the 
observed wavelength scale corresponding to this spectrum. The bottom panel shows the corresponding Lya forest region shifted so that Lya features should 
lie below their corresponding C iv 1548 features. The vertical tick marks in the lower panel indicate Lya forest systems selected according to low residual flux 
at base of the line (>^<0.025) as described in Sec. 3 of the text. This roughly corresponds to systems with YHiS:3X10_14 cm-2. The C iv doublets of Tables 
la and lb are shown in the top panel with dashed vertical lines drawn to indicate the corresponding Lyo; features. It can be seen that roughly half of the Lya 
forest lines selected by the rv criterion have corresponding detections in C iv absorption, and we estimate that the corresponding sensitivity limit on the C iv 
detection is YClv^1012 cm-2. For a very small subset of the Lya forest lines identified with this selection criterion, the corresponding C iv doublet falls in the 
interorder gaps that are present at long wavelengths. The properties of the identified C iv systems for the quasars Q0014+813, Q0302-003, and Q0636+680 
are summarized in Tables 1(a) and 1(b), with column density, linewidth, and velocity information obtained from the Voigt profile fitting. 

from objects with rv<0.Q25 at wavelengths where the corre- 
sponding C iv lies within the observed spectrum longward of 
the quasar Lya emission. The wavelength of the line was 
taken to be the mean of the wavelengths where the rv crite- 
rion is satisfied. The sample is given in Table 1 and illus- 
trated for Q0302-003 in Fig. 1. (Note that the quoted red- 
shifts correspond to the observed wavelength, and have not 
been corrected to the local standard of rest.) The rv selection 
corresponds to 

WHi^3X10 14 
34 km s -i (i) 

where b = 3A kms-1 is the mean Lya forest line b value 
(Carswell et al. 1991). Since n{N)dN—N~l'ßdN with 
/3—0.7 (Carswell et al 1991), the median AH r of the clouds 
is 2^ times the minimum value or 5X1014 cm-2; for an 
adopted maximum column density of 1017 cm-2, the mean 
column density, which is more poorly defined, is around 
4X1015 cm"2. 

For each line we searched for the corresponding C iv dou- 
blet, and, if present, its profile was fitted with Voigt profiles 
to obtain column densities in C iv, velocities, and b values 
for distinguishable components. The C iv lines are unsatur- 
ated (see Figs. 1 and 2), and lie in the linear portion of the 
curve of growth, so column densities and b values should be 
accurate. Table 1 lists the column densities, v and b, and an 

atlas of the Lya lines with detected CIV doublets is shown in 
Fig. 2. Most lines are well fit by one or two C iv velocity 
components, but some systems with high C iv column den- 
sity are much more complex. Clouds that were not detected 
at the sensitivity limit of ~1012 cm“2 for CIV are indicated 
by null entries, and we have noted instances where the CIV 
1548 lies between orders or is contaminated by other lines. 
The latter systems are excluded from the subsequent discus- 
sion. We also exclude the Lyman-limit systems in the ob- 
served range, since the quasars were chosen for observation 
because of the presence of these systems. This leaves 31 
lines in Table 1, where C iv could have been detected, and in 
15 of these systems the CIV is in fact found; thus, roughly 
half of the Lya lines with VHi^3X1014 cm"2 are detectable 
in CIV with our current sensitivity. (If we exclude those 
systems where the C iv line is not detected in both members 
of the doublet, 12 of the 31 Lya lines are detected.) The 
median C iv column density is then very roughly 1012 cm"2, 
implying a median (C iv/H i) ratio of 2X10"3. The mean 
column density is 1.3X1013 cm"2, corresponding to a mean 
(Civ/Hi) of 3X10"3. (If the single system with 
VClv=1.7X1014 cm"2 is excluded, this drops to 1.5X10"3, 
and if the systems with NH ^5 X1013 cm"2 are excluded, to 
0.6X10"4.) Thus, the mean ratio is roughly consistent with 
the median ratio. 

To determine the mean (C iv/H i) ratio at lower VH v we 
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1524 COWIE ETAL.: LYMAN-ALPHA FOREST CLOUDS 1524 

Table 1(a). C iv in ^-selected forest clouds. 

Quasar 
A^civ v b 

(cm-2) (kms-'Hkms-1) Quasar 
0014 + 813 2.4730 

2.4922 

2.5252 
2.5431 
2.6185 
2.6445 
2.6743 
2.7174 
2.7713 
2.7819 
2.7968b 

2.8213 
2.8376 
2.8438 
2.9083 
2.9222 

0302 - 003 2.3753 
2.4134 
2.4233 
2.4445 
2.4475 
2.4525 
2.5337b 

2.6150 

4(12) 31 20 
5(12) 67 10 
9(12) -9 8 

1.5(13) 13 9 
1(12) 121 9 

<contam.> 
2(12):® -25 7 

1(12) -11 13 
5(12) 31 11 

<contam.> 
5(12)® -33 17 
9(12) 9 8 

<contam.> 
1(12) 13 4 
4(12) -77 10 

4(12):® -31 10 
2(12): 29 10 

4(12) 7 13 
6(12) -72 31 
1(12) -31 7 

1.4(13) 36 16 
1.3(13) 61 k 16 

0302 - 003 2.7252 
2.7853 

2.8101 
2.8150 
2.8248 

0636 + 680 2.3100 
2.3888 
2.4307 
2.4734 

2.5496 
2.5915 
2.5955 
2.6792 
2.6808 

5(12) -1 16 
4(12) -56 11 
2(12) -27 6 

2.6(13) 2 30 
7(12) 10 7 
3(12) 39 8 

1.4(13) 75 23 
5(12) 111 12 
3(12) 145 9 
3(12) 178 11 

<ofF> 
1.0(13) 3 29 
2.0(13) -3 85 
4.8(13) 9 16 

1.4(13) -153 7 
5(12) -119 10 
2(12) -96 5 
3(12) -83 7 
9(12) -65 29 

1.8(13) 0 9 
1.0(13) 31 16 
9.5(13) 68 14 

7(12) 121 16 

2(12):® 5 7 
<ofF> 

‘based on single member of doublet, less certain entries marked with (:) bLyman-limit system 

A slightly different approach to the problem of determin- 
ing the mean (C iv/H l) ratio is to determine the distribution 
of CIV clouds as a function of column density and to com- 
pare this to the distribution of HI clouds. If the HI clouds 
are described by a power law dnH/dz=ANu~

1~f3dNUl 

and the CIV clouds are these same HI clouds convolved 
through a distribution of (C iv/H l) ratios which is invariant 
as a function of Nu v then the distribution of CIV should 
be dnc/dz=BNCw~1~ßdNCw, where the mean (Civ/Hi) 
=(B/Ay1/ß. 

We have searched spectra of the three quasars for further 
CIV lines which satisfy Nc IV>3X 1012 cm-2 but which were 
not in Table 1(a) (i.e., not identified with the systems selected 
according to residual flux in Lya). Four additional systems 
were found which are given in Table 1(b). Combining Tables 
1(a) and 1(b) we have a sample of 15 C iv clouds uniformly 
selected with AClv>3Xl012 cm“2, where for these purposes 
we have considered each velocity complex as one entity with 
NCw equal to the total column density. A Kolmogorov fit 
(Fig. 4) to the distribution of column densities shows that it 
is consistent with a power law with a 90% confidence range 
of /3=0.75 ±0.45, which is indeed consistent with the AHi 

power law (Tytler 1987; Sargent et al. 1989; Carswell et al. 
1991). The total dz searched is 1.45 so that we find 

Table 1(b). Additional C iv lines. 

Nc iv v b 
Quasar z (cm-2) (kms-1) (kms-1) 

0302-003 2.3811 1.6(13) 6 12 
2.5890 5(13) -3 17 

4(12) 32 6 
0636 + 680 2.3238 6(12) 0 11 

3(12) 22 13 
2.5934 3(12) 4 15 
Notes to Table Ib. 

Systems not selected by r„, but with Nc iv > 3 x 1012 cm-2 

have followed the stacking procedure. We selected Ly« 
clouds in the specified Nu, range by Voigt profile fitting (at 
VHi<3X 1014 cm“2 the Ly« forest clouds are not saturated, 
and profile fitting provides an accurate Nu j) and averaged all 
the CIV 1548 lines with AClv<1013 cm“2 corresponding to 
these Ly« lines. The results are shown in Fig. 3, where we 
find (C IV/Hl)=4XlO“4 for VHl^3X1014 cm“2, when six 
systems with NCw^1013 cm“2 are excluded, and 
(C IV/H l)=1.8X10“3 for VHi=1014-^3X1014 cm“2, when 
the one system withiVClv>1013 cm“2 is excluded. For lower 
A^Hi we no longer have the sensitivity to detect Civ. 
(C IV/H I)<3X10“3 (2a) at <VHi>=7X1013 cm“2. Lu (1991) 
obtained a similar result with (C iv/H l)=6XlO“4 for clouds 
with VHi=5X1015 cm“2, when the systems with stronger 
metal lines were excluded, while Tytler & Fan (1994) found 
an upper limit of 10“2 at lower NHi. 

anc i ^ 
y = lbN-c^dNcll (2) 

at (z)=2.6, where Nq12 is the CIV column density in units of 
1012 cm“2. From Hunstead et al. (1988) the total number of 
HI clouds between 1013 cm“2 and 1017 cm“2 is 270 per unit 
z at z=2.6, which, with the same power law slope, gives 

^ = 1100ArH1
1275 dNm2, (3) 

where VH12 is the HI column density in units of 1012 cm“2. 
Combining Eqs. (2) and (3) we find a mean (C IV/H l) ratio 
of 3.5 X10“3 with a rough 1er uncertainty of 10“3. It is im- 
portant to note that, because of the slope in the power law fit, 
mean values of both CIV and HI are weakly dominated by 
the highest column density systems so that trimming of high 
column density CIV systems is inappropriate in determining 
the means. In the following discussion we shall adopt a 
(C IV/H l)=3XlO“3 over the column density range 
Ah^IO14—►SXIO15 cm“2 based on the internally homoge- 
neous sample of Table 1. 

4. CLOUD METALLICITY VERSUS COLUMN DENSITY 

To determine a higher column density sample for com- 
parison purposes, we have compiled a list (Table 2) of all 
Lyman-limit systems with measured r (i.e., r =^3.5) in qua- 
sars with V<18 in the lists of Sargent et al. (1989) and Lan- 
zetta (1991). We exclude the system in 1159+123 which lies 
near the quasar and has anomalously high ionization and 
pressure. The remaining sample is homogeneous with well- 
defined VHi=~3X1017 cm“2 and consists of the highest col- 
umn density clouds where opacity effects are still minimal. 
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Fig. 2. An atlas of the detected C iv lines of Tables 1(a) and 1(b). Each plot shows the line profiles of the weaker C iv 1550 doublet line, the stronger C iv 
1548 doublet line, and the Lya line, plotted in velocity and normalized to the local continuum. Zero points for the C iv continua have been offset by 0.50 and 
1.00 with respect to the Lyor continuum for clarity. For the stronger C iv features, it is possible to see quite a complex velocity structure in the doublet lines 
(see for instance the z=2.4734 system in Q0636+680), and it is evident that this complexity persists to lower column density systems, where sensitivity limits 
our ability to fit weak features. 
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Fig. 2. (continued) 

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



19
95

A
J 

 1
09

.1
52

2C
 

1527 CO WIE ETAL. : LYMAN-ALPHA FOREST CLOUDS 

-400 -200 0 200 400 
VELOCITY (KM/S) 

-400 -200 0 200 400 
VELOCITY (KM/S) 

-400 -200 0 200 400 
VELOCITY (KM/S) 

 . . . 1 . ,   I . , , i ... A 
-400 -200 0 200 400 

VELOCITY (KM/S) 

1527 

-400 -200 0 200 400 
VELOCITY (KM/S) 

Fig. 2. (continued) 

We have compiled the column densities of CIV, Si IV, CII, 
CII*, and N V, either from the present observations or from 
the literature. 

The run of (C IV/H l) with Nn, for both the weaker forest 
clouds of the previous section and the individual partial 
Lyman-limit system clouds is shown in Fig. 5. The Lyman- 
limit systems have a substantial scatter in (C iv/H l) with a 
median value of 1.3 X10-4 which is lower than that in the 
lower-AH j clouds. The lower (C iv/H i) is partially a result of 
the optical depth in the LLS clouds. In Fig. 5, we have over- 
plotted two standard photoionization models from Bergeron 
& Stasinska (1986) computed for ionization parameters, 

F=2X10"2 and 2X1CT3 and metallicities of 1CT2 solar. If 
simple photoionization models are applicable (but see the 
final section and Giroux et al 1994), we would conclude that 
the lower density clouds have about eight times higher me- 
tallicity than the LLS clouds or (more probably) that F is 
higher in the low column density systems—again by about 
slightly less than an order of magnitude. The ionization bal- 
ance in the Lyman-limit systems (Table 2) is consistent with 
F parameters lying between 1(T3 and ICT2,5 with NCn gen- 
erally comparable to Nc IV, and is consistent with their having 
metallicity ~10-2 solar (cf. Steidel 1990). The lower column 
density systems do appear to be more highly ionized. A 
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VELOCITY (KM/S) 

Fig. 3. Stacked C iv 1548 spectra corresponding to Lya forest features in 
the density ranges iVH ^SXlO13—HO14 cm-2, ./Vn^lO14—>3X1014 cm-2, 
and jVHl>3X1014 cm-2, where the Lya lines have been selected by Voigt 
profile fitting of the Lya forest. C iv systems with VClv^1013 cm-2 have 
been excluded from the stacking. The bottom two plots yield a (C iv/H i) 
ratio of 4X10-4 for VH|^3X1014 cm-2, with six systems excluded by the 
cutoff, whereas for VHi=1014^3X1014 cm-2 we find 1.8X10-3 with one 
system excluded. For systems with 5X1013 cm_2<VHl<1014 cm-2 (top 
panel), the sensitivity is insufficient to estimate AClv, even with stacking, 
with (C iv/H i)^3X10-3 (2cr), assuming ¿>=26 km s_1. No systems were 
excluded by the upper limit cutoff in this case. 

search for C II in the higher column density C iv systems 
gives ClKO.l Civ (Table 3), while a search for Cn in 
higher-z forest clouds gives (TVc^h^OXIO-4, consistent 
with the limit. The limits on CII and N v give 
r=10_2-10-1,5 in the low column density clouds, which 

Fig. 4. Results of a Kolmogorov fit to a power-law distribution of cloud 
column densities in C iv. The solid line shows the best fit for a power-law 
index ß=0.75 to the observed cumulative distribution of C iv column den- 
sities, using the sample from Tables 1(a) and 1(b) (VClv^3X1012 cm-2). 
The 90% confidence limits to this fit (yß=0.3 and ß=1.2) are shown with 
bracketing dashed lines. 

1528 

Table 2. Partial Lyman-limit systems. 

A(Civ) A(Siiv) Ar(Cii) AT(Cii*) JV(Nv) 
Quasar zLLS tlls (cm“2) (cm"2) (cm-2) (cm-2) (cm-2) 

0014 + 813 3.384 2.800 1.7 3(14):“ 4.7(13) 1.9(14) contain. <1(13) 
3.321 0.8 < 6(12)b 4(12) 8(12): <2(12) <1(13) 

0256 - 000 3.374 3.090 2.1 4.0(13)c l(13)c < 4(13)c — < 1.5(14)c 
0302 - 003 3.286 2.536 1.5 3.1(13) 4(12) contain. — contain. 
0636 + 680 3.174 2.903 3.5 1.7(14)c 1.4(14) 6.6(14) < l(12)d contain. 
0956 + 122 3.301 3.221 3.0 7.1(13)c 1.5(13) 2.5(12) — <2(13) 
1159 + 123 3.502 3.525 0.7 off off 4.5(13) 1.8(13) 1.4(14) 
2126 - 158 3.261 2.973 2.3 2.5(13)c < 6(12)c 2.5(13)' — < l(14)c 

“Sargent et al. 1989 bChafee et al. 1985 
'Steidel 1990 dne < 0.04 cm-2 

Notes to Table 2. 
Column density measurements or upper limits of principal atomic features and optical depths for 
partial Lyman-limit systems taken from the literature or measured in this paper. The published 
sources used are noted. Uncertain values are indicated with a colon (:). 

again would imply a typical metallicity around 1CT2 solar. 
We conclude that, in the photoionization model, the 

clouds are quite consistent with having a relatively invariant 
average metallicity of about 1CT2 solar, but that the ioniza- 
tion parameter is higher by about a factor of 10 in the lower 
column density systems, implying that their internal space 
densities n are lower by this factor—presumably reflecting a 
lower-pressure environment. At least in some models, this 
may be reasonable for lower-mass objects. Interestingly this 
reduces the mass range of the clouds: since x=(Nni/Nu) 
scales as F-1 or n, the mass of a cloud is M—N^^Kx3 

n2)~NUl
3/ n5 for spherical geometry, and we find that the 

clouds with AHi=1017 cm-2 are only roughly 104 times the 
mass of those with AHi=1014 cm-2. 

5. CLOUD STRUCTURE AND KINEMATICS 

It is clear from Fig. 2 that the individual forest clouds are 
not isolated objects but rather are colonies of smaller cloud- 
lets blended in the Lycr line but often resolved in CIV. The 
partial Lyman-limit systems generally show many compo- 

Fig. 5. Ratio of C iv/H i as a function of cloud column density, VHl, for the 
combined distribution of Lyor forest clouds and Lyman-limit systems. The 
thick solid line shows our presently measured mean values for the forest 
clouds whereas the boxes show the individual values of the Lyman limit 
systems of Table 2. Also shown (solid lines) are two photoionization models 
from Bergeron & Stasiñska (1986) computed for F=2X10-2 (upper curve) 
and r=2X10 -3 (lower curve). 
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1529 COWIE ETAL.: LYMAN-ALPHA FOREST CLOUDS 

Table 3. Ionization balance in strong Lya forest C iv lines. 

Civ Sin Cii Nv 
Quasar z (cm-2) (cm-2) (cm-2) (cm-2) 

0014 +813 2.4922 2.5(13) <1.0(12) <6(12) <1(12) 
0302 - 003 2.3811 1.5(13) <1.0(12) <3(12) <4(12) 2.5890 5.7(13) <2.0(12) <3(12) <5(12) 

2.7852 6.0(13) < 2.0(12) — — 
0636 +680 2.3100 6.1(13) — — <7(12) 

2.3238 1.0(13) — — <7(12) 

nents while the A^Hi^3X1014 cm-2 forest systems show 
from 1 to 3 components, but this may be in the main a 
selection effect, and might suggest that we will see an in- 
creasing number of cloudlets as we lower the column density 
selection. 

The median b value of the cloudlets in the CIV clouds is 
10 km s_1 and the smallest well-defined b is around 7-8 
km s-1. If the clouds are purely thermally broadened then 
J=35,000 (fr/7 km s-1)2 K, which is at the high end of the 
temperatures expected from photoionization. The cloudlets 
may of course be partially broadened by internal turbulence. 
The spread of the cloudlet velocity centroids relative to the 
(rather poorly determined) Lya line centers can be measured 
from the stacked spectra of Fig. 3, giving ¿?kin=26 km s_1. 
(Given the uncertainty in the placement of the Lya centers, 
this value may be high but the velocity spread of C iv com- 
ponents within individual complexes suggests similar val- 
ues.) If we again assume a mean b of 34 km s_1 for the Lya 
lines, then this kinetic broadening and the thermal broaden- 
ing are roughly equal and the hydrogen thermal b of 24 
km s-1 corresponds to a temperature T of 32,000 K. There 
appears, therefore, to be at least a plausible description in 
which the individual cloudlets have a consistent temperature 
of just above 30,000 K, which can be produced by photoion- 
ization heating (e.g., Black 1981), and the Ar

Hl~3X1014 

cm-2 cloudlet complexes as a whole have line-of-sight ve- 
locity dispersions with ((7r)=18 km s-1. 

For a standard IGM radiation field the inferred density in 
the cloudlets is ~10-2'5 cm-3 for the LLS clouds (just con- 
sistent with the fine structure limits in Table 2) and 10_3‘5 

cm-3 for the A^Hi>3X1014 cm-2 clouds, giving dimension- 
less pressures {2nT) of 200 and 20 K cm-3, respectively. To 
preserve the physical integrity of the cloudlets the cloud 
complexes must contain a confining material with 
«~10-5—>10_4X(rhot/106 K)_1 cm-3, where rhot is the tem- 
perature of the confining material, or else have an equivalent 
ram pressure. A 1017 cm-2 cloud complex with a total hy- 
drogen column density of 1019 cm-2 will have a line-of-sight 
size, L, of 10215 cm, while one with 1014 cm-2, and a hy- 
drogen column density of 1017 cm-2 will have a line-of-sight 
size of 1020'5 cm. (The transverse dimensions may of course 
be larger.) The breakup time for the smaller cloud complexes 
is then only (L/(jr)~107 yr. This suggests in turn that the 
clouds must either be transient or else be gravitationally con- 
fined. In the latter case, the line-of-sight mass column den- 
sity must be of order (ay/GL)~1000 ^Æq pc-2 or an 
equivalent proton column density of 1023 cm-2. This is very 
suggestive of the disk of our own galaxy, and could even 
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imply that the Lyman clouds are in fact the outer relatively 
primordial regions of disk-like galaxies (Bahcall & Spitzer 
1969). Alternatively, the confining material could be the 
CDM minihalos suggested by Rees (1986) or dwarf galaxies, 
as suggested by Fransson & Epstein (1982), or the clouds 
could be pancakes formed in the intergalactic medium (Cen 
et al. 1994). 

6. DISCUSSION 

We can summarize the conclusions very briefly. Over the 
column density range A^H ^ 1014—>5X 1017 cm-2, Lya clouds 
have a rather uniform metallicity of ~10~2 solar; however, 
lower column density clouds have a lower internal space 
density and a higher ionization balance. The clouds have an 
internal phase structure and are complexes of cloudlets, 
which, for A^Hi~1015 cm-2, have internal temperatures of 
around 30,000 K and line-of-sight velocity dispersions of 
very approximately 18 km s_1. Confining the cloud com- 
plexes requires a substantial gravitational potential, implying 
that the cloud complexes are embedded either in galaxies or 
minidark halos. Alternatively, the cloud complexes could 
correspond to pancake formation in the intergalactic me- 
dium. 

The most remarkable point is the invariance of the metal- 
licity, since it would seem natural to suppose that the rate of 
star formation would be a function of the size of the com- 
plex, or at least of its internal density. It is possible (and 
perhaps probable) that the metallicity is a relict of an earlier 
star formation period in the history of the IGM as a whole. 
However, if the star formation is contemporaneous, it 
strongly suggests the presence of a governing mechanism: 
one very plausible mechanism is self-heating owing to star 
formation (Giroux et al. 1994 discuss this for Lyman-limit 
system clouds.) If each gram of metal production introduces 
a thermal energy of —fewXlO17 erg into the cloudlet, then 
we have a heating rate 

//—fewX 10_27¿9 1Z_2ft ergs-1, (4) 

where t9 is the time scale over which the star formation 
occurs in units of 109 yr and Z_2 is the cloudlet metallicity 
in units of 10“2 solar. By contrast the peak cooling rate in a 
hydrogen-helium plasma is 10-22«2 erg cm3 s-1. Energy 
balance requires Z_2< 10i9(n/10_3 5cm-3) and, particu- 
larly if the star formation is episodic, this can constrain the 
metallicity to the observed values, since clouds with higher 
metallicities would overheat and would no longer be observ- 
able. The presence of such heating may also account natu- 
rally for the internal phase structure in the clouds and could 
in turn produce a diffuse, T-IO5—HO6 K, slightly metal- 
enriched intergalactic medium. 

The work described here was prompted in part by a con- 
versation with Wal Sargent, and it has benefited from discus- 
sions with Michael Rauch. It would not have been techni- 
cally possible without Steve Vogt’s HIRES spectrograph. 
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