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ABSTRACT
We present new observational results on the kinematics of the damped Lya systems. Our full sample

now comprises 31 low-ion proÐles and exhibits characteristics similar to those of the sample from
our previous paper.The primary exception is that the new distribution of velocity widths includes values
out to a maximum of nearly 300 km s~1, B100 km s~1 greater than the previous maximum. These high
velocity width systems will signiÐcantly leverage models introduced to explain the damped Lya systems.
Comparing the characteristics from low-redshift and high-redshift subsamples, we Ðnd no evidence for
signiÐcant evolution in the kinematic properties of protogalaxies from z\ 2.0 to z\ 3.3.

The new observations give greater statistical signiÐcance to the main conclusions of our Ðrst paper. In
particular, those models inconsistent with the damped Lya observations in the Ðrst paper are ruled out
at even higher levels of conÐdence. At the same time, the observations are consistent with a population
of rapidly rotating thick disks (the TRD model) at high redshift, as predicted by cosmologies with early
structure formation.

Buoyed by the success of the TRD model, we investigate it more closely by considering more realistic
disk properties. Our goal is to demonstrate the statistical power of the damped Lya observations by
investigating the robustness of the TRD model. In particular, we study the e†ects of warping, realistic
rotation curves, and photoionization on the kinematics of disks in the TRD model. The principal results
are the following : (1) Disk warping has only a minimal e†ect on the kinematic results, primarily inÑu-
encing the e†ective disk thickness. (2) The TRD model is robust to more realistic rotation curves ; we
point out, however, that the rotation curve derived from centrifugal equilibrium with H I gas alone does
not yield acceptable results but that rather Ñat rotation curves such as those generated by dark matter
halos are required. (3) The e†ects of photoionization require thicker disks to give consistent velocity
width distributions.
Subject headings : galaxies : kinematics and dynamics È galaxies : structure È quasars : absorption lines

1. INTRODUCTION

This paper marks the third in a series of papers on the
kinematics of the damped Lya protogalaxies. These H I gas
layers observed along sight lines to distant QSOs are widely
believed to be the gaseous progenitors of modern galaxies

Hence an examination of damped systems at(Wolfe 1995).
high redshift provides insight into the process of galaxy
formation. For instance, identifying the physical nature of
these systems may distinguish between the monolithic col-
lapse model Lynden-Bell, & Sandage and the(Eggen, 1962)
hierarchical scenario favored by standard cosmogony. In
our Ðrst paper & Wolfe hereafter PW), we(Prochaska 1997,
demonstrated that the kinematics of damped Lya systems
at high redshift are consistent with these systems being
thick, rapidly rotating disks ; it is a description not unlike
that predicted by monolithic collapse formation scenarios.
At the same time, we found that damped Lya systems
cannot be simple exponential disks in a cluster normalized
standard cold dark matter (CDM) cosmology (e.g.,

Subsequently, & ProchaskaKau†mann 1996). Jedamzik
tightened this conclusion by considering a range of(1998)

disk characteristics and CDM normalizations. They found
that only a Ðnely tuned disk model within the framework of
CDM could be made marginally consistent with the
damped Lya observations. Recently, Steinmetz,Haehnelt,
& Rauch have o†ered an alternative model for(1997)

1 Visiting Astronomer, W. M. Keck Telescope. The Keck Observatory
is a joint facility of the University of California and California Institute of
Technology.

damped systems as gaseous protogalactic clumps under-
going infall within dark matter halos which may be consis-
tent with the kinematic characteristics of the damped Lya
systems. Such a description lends itself naturally to the hier-
archical cosmologies where merging plays a vital role. A
future paper will address this model in greater detail. For
the present work, we will focus on the interpretation of
damped Lya systems as thick rotating disks at high redshift.

In PW we analyzed the low-ion proÐles from 17
damped Lya systems and compared their kinematic charac-
teristics with those of simulated proÐles derived from
several physical models. Of the models tested, we found the
thick rotating disk model to be the only model consistent
with the observations. The basic assumptions of the model
are a Ñat rotation curve and an exponential gas distribu-
tion, both chosen to roughly correspond with the obser-
vations of local spiral galaxies. In this paper we present
low-ion proÐles for 14 additional damped systems.
Therefore, our full kinematic sample consists of 31 low-ion
proÐles. We interpret the sample with disk models
containing more physically realistic characteristics, e.g.,
disk warping and photoionization. We have two primary
goals in mind : (1) to test the robustness of the interpre-
tation of damped Lya systems as disks and (2) to determine
the e†ects on our conclusions regarding the thickness
and rotation speed of these disks.

In we review the terminology and methodology intro-° 2
duced in PW. The new data are presented and tested
against the models of PW in We investigate the e†ects of° 3.
more realistic disk properties in and in we present a° 4, ° 5
summary.
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2. A REVIEW

Our strategy is to compare the kinematic characteristics
of low-ion proÐles in damped Lya systems with the
simulated proÐles derived from various physical models. In
this manner, then, we investigate the agreement between the
models and the damped systems. In this section we review
the methodology and the thick rotating disk (TRD) model
presented in PW.

To characterize the kinematics of the damped systems we
focus on low-ion proÐles such as Si II j1808. After
normalizing them to unit continuum strength, we create a
binned apparent optical depth array, whereq6 (v), q6 (v) \

I(v) is the intensity at velocity v, is theSln [I
c
/I(v)]T, I

ccontinuum intensity, and the average is taken over approx-
imately two resolution elements centered at v. We focus on

rather than I(v) to minimize the e†ects of saturation,q6 (v)
and we smooth in optical depth both to limit the e†ects of
Poisson noise and to focus on broad features as opposed to
individual components. Each proÐle is characterized by its
signal-to-noise ratio (SNR), instrumental resolution, and
peak optical depth ratio, with the position ofq6 (vpk)/p(q6 ), vpkthe maximum of in velocity space.q6 (v)

In PW, the only model considered that is consistent with
the damped Lya kinematic characteristics is the TRD
model. For this model, we assume the following :

1. An exponential gas distribution,

n(R, Z)\ n0 exp
A
[ R

R
d
[ oZ o

h
B

, (1)

where R and Z are cylindrical radius and vertical displace-
ment from the midplane, is the central gas density, isn0 R

dthe radial scale length, and h is the vertical scale height.
Note that is related to the perpendicular column densityn0at R\ 0 by N

M
(0)\ 2n0 h.

2. A Ñat rotation curve parameterized by the rotation
speed, vrot.3. A random Gaussian velocity Ðeld parameterized by a
one-dimensional velocity dispersion pcc.

For the model systems considered here, we derive simu-
lated proÐles with identical SNR, instrumental resolution,
and peak optical depth as the empirical data set. We
employ the same Monte Carlo techniques as those used in

of PW. However, we now consider 31 damped Lya° 3.2
systems, which includes the 17 systems used in PW. To
sample the model distributions sufficiently requires
B10,000 sight lines ; thus we perform 31 runs of 333 sight
lines for every simulation. The SNR, and instru-q6 (vpk)/p(q6 ),
mental resolution of the simulated proÐles for each set of
333 sight lines is varied accordingly.

We quantify the kinematic characteristics of the proÐles
with four test statistics :

1. Velocity interval test.ÈThe width of the proÐles in
velocity space, or *v. Formally, we calculate the total( f*v)optical depth, of the proÐle in velocity space and deÐneqtot,*v to be the velocity width encompassing by trim-0.9qtotming o† each edge of the proÐle.0.05qtot2. Mean-median test.ÈMeasures the asymmetry of the
proÐle :

fmm\ o vmean[ vmedian o

f*v/2
. (2)

3. Edge-leading test.ÈDesignates how edge-leading the
peak of the proÐle is

fedg\
o vpk[ vmean o

f*v/2
. (3)

4. Two-peak test.ÈDesignates how edge-leading the
second peak of the proÐle is

f2pk\ ^ o v2pk [ vmean o

f*v/2
. (4)

In the above equations, and indicate the positionvpk v2pkof the peak and second strongest peak of the proÐle, andq6 (v)
and are the mean and median of the proÐle.vmean vmedian q6 (v)

We perform the statistical tests on the damped Lya and
simulated proÐles in the same manner and compare the
resulting distributions with the two-sided Kolmogorov-
Smirnov (KS) test.

3. DAMPED PROFILESLya

3.1. Data Samples and Selection Criteria
The full kinematic data sample, designated sample B,

comprises 17 damped Lya systems from PW (sample A) and
14 new systems. contains the journal of the 14 newTable 1
observations. In we list the following properties ofTable 2
the 14 new proÐles : absorption redshift (col. [2]), log N(H I)
(col. [3]), Fe abundance, i.e., log (Fe/H)[ log (Fe/H) (col.

_[4]), Zn abundance (col. [5]), the low-ion transition
(col. [6]), and (col. [7]). From each new dampedq6 (vpk)/p(q6 )
Lya system we select a low-ion transition satisfying
strict selection criteria. However, in order to include the
highest redshift systems, we relax some of the selection cri-
teria established in PW. This is because (1) the data have
poorer SNR and (2) the high-z systems have lower metal-
licity. Thus, even strong transitions (e.g., Fe II j1608) are
difficult to measure ; for several of these damped systems no
proÐle satisÐes all the selection criteria of PW. Because we
wish to maximize at the edge of each proÐle, inq6 (v)/p(q6 )
particular to ensure an accurate measurement of the veloc-
ity width, we adopt several proÐles with peak normalized
Ñux which violates the previously establishedI(vpk)/Ic\ 0.1,
selection criterion (i.e., as in PW). In addition, we have
relaxed the criterion that on the groundsq6 (vpk)/p(q6 ) º 20
that numerical tests indicate this criterion was too conser-
vative. In we present the velocity proÐles as nor-Figure 1
malized intensity versus velocity, and in theFigure 2
corresponding binned optical depth arrays. Note that many
of the new proÐles (e.g., Q0019[15, Q1104[18) exhibit the
same edge-leading asymmetry characteristic observed for
the proÐles of sample A. Furthermore, the distribution of
proÐle widths resembles that of sample A, but the new dis-
tribution extends to 290 km s~1, which exceeds the 200 km
s~1 maximum width in sample A. In fact, three of the 14
proÐles have *v[ 200 km s~1. The incidence of *v[ 200
km s~1 in only one of 17 previous velocity proÐles is due to
small-number statistics.

Sample B includes two proÐles with includ-I(v)/I
c
\ 0.1,

ing one with where the Ñux falls below zero dueI(v)/I
c
\ 0.0

to the e†ects of sky subtraction and Poisson noise. As
emphasized in PW, the statistical tests used to characterize
the proÐles are sensitive to saturation ; for example, a false
determination of leads to incorrect values for all fourvpkstatistical tests. We have strong reason to believe, however,
that we are not contaminating the results by including these
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TABLE 1

QSO AND OBSERVATIONAL DATA

Exposure Time Resolution
QSO Date (s) zem (km s~1) SNR Date Set

Q0019[15 . . . . . . F96 35000 4.528 7.5 18 Wa
Q0347[38 . . . . . . F96 12600 3.23 7.5 33 W
Q0951[04 . . . . . . S97 30600 4.369 7.5 13 W
Q1005]36 . . . . . . S97 3600 3.17 7.5 12 Wb
Q1346[03 . . . . . . S97 31000 3.992 7.5 29 W
Q1759]75 . . . . . . F96 10400 3.05 6.6 33 W
Q2348[14 . . . . . . F96 9000 2.940 7.5 41 W

Q0930]28 . . . . . . S97 17000 3.436 6.6 26 SLc
Q1104[18 . . . . . . S97 19500 2.32 6.6 40 SL
Q1850]40 . . . . . . S97 11880 2.120 6.6 16 SL
Q2233]13 . . . . . . S97 15000 3.274 6.6 16 SL
Q2343]12 . . . . . . S97 40000 2.58 6.6 35 SL
Q2344]12 . . . . . . S97 15000 2.763 6.6 29 SL

a W: Data acquired by &Wolfe Prochaska.
b QSO coordinates kindly provided by R. H. Becker.
c SL: Data kindly provided by W. L. W. Sargent, L. Lu, and collaborators.

two proÐles. First, in each case the proÐle has I(v)/I
c
\ 0.1

for only a few pixels. Therefore, the centroid of the peak is
accurately determined to within a few km s~1. Second, we
can compare the saturated proÐles with weaker, noisier,
proÐles from the same damped system. In we showFigure 3
this comparison. Note that the proÐles track one another
very closely, exhibiting nearly identical kinematic charac-
teristics. Therefore, the kinematic results are not compro-
mised by the minimal saturation evidenced in these two
proÐles. To calculate over the interval whereq6 (v) I(v)/I

c
\

0.0 we arbitrarily set and calculateI(v)/I
c
\p(I)/2 q6 (v)

accordingly. Having performed numerical experiments that
demonstrate that the original criteria were too strict, we
establish a new set of saturation criteria : (1) the line proÐle
must be free of blending with other absorption-line proÐles,
(2) the proÐle must not saturate for an excess of 1 resolution
element, (3) the saturated region must not exceed one-fourth
of the proÐle velocity width, and (4) insteadq6 (vpk)/p(q6 ) º 10
of the previous value of 20. Together these criteria prevent
an inaccurate determination of and any resulting errorvpkin the test statistics.

To facilitate any parallel analysis performed with the
damped Lya surveys, where an accurate N(H I) is always

measured (e.g., et al. and to allow for the mostWolfe 1995),
accurate comparison with the Monte Carlo simulations, we
construct a subset of sample B by imposing a stricter N(H I)
criterion than that of PW. We refer to this subset of sample
B as sample C. The criterion requires an N(H I) measure-
ment for every damped system which must exceed Nthresh\
2 ] 1020 cm~2. This eliminates two systems from sample A
(Q1946]60A and Q0449[13) inferred to be damped Lya
systems on account of their large ionic column densities,
and one system (Q2212[16) with a measured N(H I) \

In addition, the criterion eliminates Q2233]13Nthresh.from the new systems. Therefore, sample C contains proÐles
from 27 damped systems. To investigate the evolution of the
kinematic characteristics of the damped Lya systems with
redshift, we divide sample C at its median redshift and con-
sider two subsets : (i) a low-redshift set of proÐles with z6 \
2.06 and referred to as sample D and (ii) azmedian\ 1.96
high-redshift set of proÐles with andz6 \ 3.24 zmedian\ 3.35
referred to as sample E. summarizes the Ðve dataTable 3
samples.

shows the statistical test distributions forFigure 4
samples AÈE. The results for samples A and B are in good
agreement, indicating that the addition of the new systems

TABLE 2

ADDITIONAL SAMPLE OF DAMPED SYSTEMSLya

QSO zabs log N(H I) [Fe/H] [Zn/H] Transition q6 (vpk/p½)

Q0019[15 . . . . . . . . 3.439 20.9 [ [1.7a N/A Fe II j1608 b
Q0347[38 . . . . . . . . 3.025 20.8 [1.8 N/A Fe II j1608 33
Q0951[04A . . . . . . 3.859 20.6 [2.04 N/A Si II j1526 b
Q0951[04B . . . . . . 4.203 20.4 [2.94 N/A Si II j1190 10
Q1005]36 . . . . . . . . 2.799 20.6 [2.0 N/A Fe II j1608 13
Q1346[03 . . . . . . . . 3.736 20.7 \ [1.7 N/A Si II j1304 29
Q1759]75 . . . . . . . . 2.625 20.8 [1.27 N/A Si II j1808 41
Q2348[14 . . . . . . . . 2.279 20.6 [2.35 \ [1.19 Fe II j1608 40
Q0930]28 . . . . . . . . 3.235 20.3 [2.03 N/A Fe II j1608 31
Q1104[18 . . . . . . . . 1.661 20.8 [1.40 [0.865 Si II j1808 44
Q1850]40 . . . . . . . . 1.990 21.4 [1.33 [0.70 Zn II j2026 16
Q2233]13 . . . . . . . . 3.149 20.0 [1.5 N/A Fe II j1608 19
Q2343]12 . . . . . . . . 2.430 20.3 [1.20 N/A Si II j1808 25
Q2344]12 . . . . . . . . 2.538 20.4 [2.0 N/A Al II j1670 36

a All limits are 3 p limits.
b ProÐle is saturated at the peak.
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FIG. 1.ÈVelocity proÐles of low-ion transitions for the 14 new damped Lya systems. For each proÐle, v\ 0 km s~1 corresponds to the redshift labeled in
the plot.

will serve to strengthen the conclusions of PW. The only
signiÐcant di†erence between the two samples is the tail
observed out to nearly 300 km s~1 in the distribution off*vsample B. One also notes that samples B and C exhibit
nearly identical distributions, therefore the stricter N(H I)
criterion has little e†ect on our results. Similarly, the only
disagreement observed by eye between samples D and E is
in the mean-median test, but statistically the two distribu-

TABLE 3

DATA SAMPLES

Sample Nsys Comment

A . . . . . . 17 Original selection criteria
B . . . . . . 31 New selection criteria
C . . . . . . 27 N(H I) measurement required
D . . . . . . 14 Low-redshift cut of sample C
E . . . . . . 13 High-redshift cut of sample C

tions are consistent We argue, therefore, that(PKS \ 0.6).
there is little evidence for an evolution of the kinematic
characteristics with redshift. This will have signiÐcant
impact on interpreting the damped Lya systems in terms of
the competing galaxy formation scenarios and will be
further addressed in a future paper.

3.2. Original Models Revisited
presents the statistical test distributions forFigure 5

sample C as well as the distributions for seven of the Monte
Carlo models presented in PW. The values are the KSPKStest probabilities that the model distribution and the corre-
sponding distribution from sample C could have been
drawn from the same parent population. The TRD1 model
is the ““ best Ðt ÏÏ to sample A. For this model, h/R

d
\

0.3, cm~2, and km s~1, where h isN
M
(0)\ 1021.2 vrot \ 225

the vertical scale length, is the radial scale length,R
d

N
M
(0)

is the central column density normal to the disk, and isvrot
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FIG. 2.ÈAverage optical depth proÐles (binned over 9 pixels) for the 31 transitions comprising our new total empirical data set. The solid vertical lines
designate the velocity interval, *v, while the dash-dotted lines indicate peaks and the dotted line is the array. The proÐles have been shifted in velocity2p(q6 )
space such that the left edge of the velocity interval coincides with v\ 0, and reÑected in about half the cases so that the strongest peak always lies on the left
edge of the interval.

the Ñat rotation speed. The TRD2 model is identical to the
TRD1 model except that km s~1. The remainingvrot \ 300
models are identical to those from ° 6 of PW.

The addition of the new proÐles has tightened the
primary results of PW in every case. In particular, we point
out the continued failure of every model except the TRD
model to reproduce the damped Lya observations. The
TRD1 model is generally consistent with sample C, but
because the model adopts the same rotation speed (vrot \225 km s~1) for all of the disks, it predicts no damped Lya
systems with velocity width *v[ 250 km s~1. Hence, this
simple model cannot reproduce the high-*v tail of the new
empirical distribution. By contrast, the distribution fromf*vthe TRD2 model extends to *vB 300 km s~1 and therefore
provides a better match to the high-*v tail. Figure 6
plots the relative likelihood ratio test results for sample C
against the TRD model with the central H I column density

(a) N(H I) \ 1020.8 cm~2, (b) N(H I) \ 1021.2 cm~2, and (c)
N(H I) \ 1021.6 cm~2. The Ðgure indicates a lower limit of

km s~1 and that the optimal rotation speed isvrot[ 250
km s~1. However, if damped systems evolve tovrotB 300

present galaxies, then a single population of disks with
km s~1 is unacceptable, since such large rotationvrot\ 300

speeds are rarely observed. One concludes the single popu-
lation disk model is too simple and must be revised. Models
including distributions of rotation speeds and sight-line
encounters with multiple disks will be considered in future
papers. In this paper we retain the assumption of a single
population of disks and study how more realistic disk
properties a†ect the test statistic distributions.

4. IMPROVED DISK MODELS

In this section we improve on the TRD model by intro-
ducing more realistic disk characteristics. We test the TRD
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FIG. 3.ÈComparison of a mildly saturated low-ion proÐle with a weak proÐle for the damped Lya systems toward (a) Q0019[15 at z\ 3.439 (left) and
Q0951[04 at z\ 3.859 (right). Note that the proÐles track each other very closely and therefore exhibit nearly the same kinematic characteristics,
irrespective of the saturation.

model against the damped Lya observations in the light of
these properties and thereby gauge the robustness of the
model. The discussion focuses primarily on the velocity
width test statistic because the other test statistics are less
sensitive to changes in disk properties.

4.1. T he Warped-Disk Model
H I 21 cm observations of local spiral galaxies (e.g., Briggs

suggest that a signiÐcant fraction of disks are warped.1990)
Therefore, if the damped Lya systems evolve into disk gal-
axies, as we have argued, the e†ects of warps must be con-
sidered. Warps produce two opposite kinematic e†ects : (i)
some warped disks will have a large cross section to sight
lines that satisfy N(H I) º 2 ] 1020 cm~2 with large impact
parameter and therefore small *v. For instance, a tangent
to the outer edge of a warped disk may have very large
impact parameter (small *v) yet still satisfy the N(H I) cri-
terion (see below), and (ii) those sight lines whichFig. 9a
doubly penetrate the disk (at a warped edge in addition to
the unwarped inner disk ; see will tend to yieldFig. 9b)
larger *v than if they penetrated an unwarped disk. If the
latter e†ect dominates, one expects a warped disk to yield a

distribution with a greater number of large *v values,f*vwhich imitates a thicker and/or more rapidly rotating
unwarped disk. In some cases, however, we Ðnd that the
former e†ect dominates the results, thereby lowering the
median of the distribution.f*v

Unlike the TRD model, the warped-disk model cannot be
treated analytically. Standard modeling techniques involve
decomposing the disk into a number of concentric rings,
each with a unique orientation, with the conÐguration
described by a ““ line of nodes.ÏÏ is a polar plot of aFigure 7a
line of nodes where each successive point identiÐes rings
with larger radii. We have used di†erent symbols to help
distinguish the points. The radial distance (a) to each
symbol indicates the tilt angle, and the azimuthal position
(b) designates the position angle of the tilt axis. We deÐne
the reference plane by the orientation of the rings with smal-
lest radius, i.e., the inner disk. Figures show three7bÈ7d
views of the warped disk corresponding to this line of nodes.
In the following, we consider four lines of nodes character-
ized by an e†ective Holmberg radius, which sets theRH,
radial separation of the rings. plots the lines ofFigure 8
nodes with respect to Included is a NULL line of nodesRH.

describing an unwarped disk, the lines of nodes for(Fig. 8a)
M83 and M33 (Figs. and respectively ;8b 8c, Briggs 1990)
and an artiÐcially constructed line of nodes (CLON).
Because we treat the warp model numerically, we will
compare against the results of the null models and not the
analytic TRD model in order to measure properly the con-
sequences of warping without being biased by any numeri-
cal e†ects. illustrates the two kinematic e†ectsFigure 9
mentioned above. In a sight line penetrates a diskFigure 9a
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FIG. 4.ÈStatistical test distributions ([a] velocity-interval, [b] mean-median, [c] edge-leading, and [d] two-peak) for data sample A (the 17 damped Lya
proÐles from PW), sample B (the 31 proÐles comprising the current data sample), sample C [27 of the current proÐles that satisfy stricter N(H I) criteria],
sample D (a low-redshift subsample), and sample E (a high-redshift subsample).

described by the WRP4 model (see and has a largeTable 4)
impact parameter. The column density derived for this sight
line is N(H I) \ 1.6] 1021 cm~2, and the resulting proÐle is
plotted in the lower right panel. Note that this system
would have N(H I)\ 2 ] 1020 cm~2 for all of the other
lines of nodes considered here and would therefore not con-
tribute to the test statistic distributions. The more common

TABLE 4

WARP PARAMETERS

Label h/R
d

Line of Nodes RH/R
d

WRP1 . . . . . . 0.2 NULL . . .
WRP2 . . . . . . 0.2 M33 2.0
WRP3 . . . . . . 0.2 CLON 2.0
WRP4 . . . . . . 0.2 M83 2.0
WRP5 . . . . . . 0.2 CLON 3.0
WRP6 . . . . . . 0.3 NULL . . .
WRP7 . . . . . . 0.3 M83 2.0
WRP8 . . . . . . 0.3 CLON 2.0

kinematic e†ect is illustrated in where we plot aFigure 9b,
sight line doubly penetrating a disk from the WRP2 model.
The resulting proÐle is signiÐcantly wider than if the disk
were not warped.

We performed a series of Monte Carlo simulations for
warped disks with a variety of thicknesses, values,RH/R

dand lines of nodes. plots the distribution forFigure 10 f*veight representative warp models corresponding to the
parameters listed in All of the models assume aTable 4.
rotation speed of km s~1 and a central columnvrot \ 250
density, cm~2. In general, warping yields aN

M
(0)\ 1021.2

greater number of moderate *v values and a(*vB 12vrot)few more large *v values. This is the case for the M33 and
CLON lines of nodes (e.g., compare the null model, WRP1,
with WRP2 and WRP3) where the results resemble those
for a thicker disk. This is not true for all lines of nodes. Note
the di†erence between the results for models WRP3 and
WRP4, which correspond to the CLON and M83 lines of
nodes, respectively. While both warps attain a tilt angle of
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FIG. 5.ÈStatistical test distributions ([a] velocity-interval, [b] mean-median, [c] edge-leading, and [d] two-peak) for the models introduced in PW
compared with sample C. Note that all the models that were ruled out in PW are ruled out at even higher conÐdence levels now.(PKS\ 5%)

B40¡ at the M83 warp has a much larger crossRH \ 2R
d
,

section to sight lines satisfying the N(H I) criterion. As
demonstrated in PW, those sight lines with large impact
parameters tend to have smaller *v, therefore the WRP4
model actually does more poorly than the unwarped disk,
even though there are a number of sight lines that doubly
penetrate the disk. The results are also sensitive to the
adopted value of Comparing models WRP3 andRH/R

d
.

WRP5, one notes the reduced e†ects of warping for larger
As typical values of in local disks generallyRH/R

d
. RH/R

dexceed 3, we expect warping to have even less of an e†ect on
the distribution than that presented here. Curvesf*vWRP6ÈWRP8 demonstrate the results for warping for
thicker disks. Qualitatively, the changes in the distribu-f*vtion are the same as those for the thinner disks.

To summarize, warping has only a moderate e†ect on the
proÐle kinematics. For those lines of nodes where the domi-
nant e†ect is of sight lines that penetrate the disk twice,
warping mimics thicker disks, i.e., one observes a larger

number of moderate *v values in the distribution. Fur-f*vthermore, warping can also lead to signiÐcantly fewer mod-
erate *v values when the cross section to the damped Lya
system extends to a higher impact parameter. This is the
case for systems where the outer rings of the warp have
b B 180¡. Having performed simulations for a large range
of h, and lines of nodes, we quantify the results asRH/R

d
,

follows : (1) in extreme cases, warping mimics disks with up
to 50% larger or smaller e†ective thickness value), (2)(h/R

dwarping leads to few additional large *v values in the f*vdistribution and therefore has little e†ect on the acceptable
values for and (3) we Ðnd that very thinvrot, (h/R

d
\ 0.1)

warped disks are inconsistent with the damped Lya obser-
vations.

4.2. Rotation Curves
In PW, the velocity Ðeld of the exponential disk model

was given by i.e., we assumed a ÑatvÕ\ vrot, v
R

\ v
Z
\ 0,

rotation curve independent of radius and height above the
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FIG. 6.ÈIsoprobability contours derived from the likelihood ratio test
for the TRD model against the distribution from sample C withf*v N

M
\

(a) 1020.8 cm2, (b) 1021.2 cm2, and (c) 1021.6 cm2. Contour levels are drawn
at P\ 0.01, 0.05, and 0.32. Note that the distribution would implyf*vrotation speeds v[ 250 km s~1 given the assumption of a single popu-
lation of disks.

midplane of the disk. This is a good zeroth-order represen-
tation for the rotation curve of spiral disks at large radii.
But it breaks down at small radii because of the singularity
implied for the mass density at R\ 0. In more realistic
models the density approaches a Ðnite central value at R
less than some core radius, resulting in at R\ 0. ThevÕ \ 0
independence of with Z may also be unrealistic. In theirvÕanalysis of the kinematics of the ionized gas associated with
C IV absorption lines, Sembach, & Lu ÐndSavage, (1997)
evidence that up to oZ oB 5 kpc above midplane.vÕ\ vrotOn the other hand, (R. Sancisi 1998, private
communication) Ðnds evidence for a decrease in withvÕincreasing oZ o in his H I studies of edge-on spirals. In fact,
unless there is strong coupling between layers of adjacent Z,
this is what one expects. Therefore, a more physical rotation
curve will (1) approach km s~1 at R\ 0 where thevrot \ 0
enclosed mass density presumably approaches a Ðnite value
and (2) likely decrease in speed with increasing height above
the midplane. In this section, we consider a range of rota-
tion curves appropriate for a system comprising a thick
disk, bulge, and dark matter halo.

4.2.1. T hick Disk

As demonstrated in PW (reaffirmed in the kine-° 3.2),
matics of the damped Lya systems are consistent with thick
rotating disks. Furthermore, we showed that the vertical
scale height, h, must be greater than one-tenth of the radial
scale length, Therefore, the thinÈdisk approximation isR

d
.

not applicable for deriving the rotation curve of these disks.
In this section, we detail a numerical solution for the rota-
tion curve of a thick disk by explicitly solving PoissonÏs

equation and combining the solution with the condition for
centrifugal equilibrium.

4.2.1.1. The Fourier-Bessel Transformation Method

Our approach is an extension of the technique developed
by for the thin-disk solution and moreToomre (1963)
recently applied by to the rotation curveCasertano (1983)
for a thick disk at midplane. We calculate the disk potential
by Fourier-BesselÈtransforming PoissonÏs equation,

+2'\ 4nGo . (5)

We adopt an exponential mass density of the form

o(R, Z) \ o0 exp ([R/R
d
) exp ([oZ o/h) , (6)

where the central mass density, is related to the centralo0,surface density, and central H I column density,&0, N
M
(0),

by

o0\ &0
2h

\ km
p

N
M
(0)

2h
, (7)

with k the molecular weight relative to hydrogen. This rela-
tion implicitly assumes that the mass of the disk is domi-
nated by H I gas, i.e., we ignore any contribution from stars
or molecular hydrogen.

Taking the Fourier-Bessel transformation of PoissonÏs
equation, we Ðnd

'3 (k, Z)\[2nG
k

P
~=

`=
exp ([k oZ[ f o )o8 (k, f)df , (8)

where

o8 (k, f)\ o0 exp
A[o f o

h
B P

0

=
J0(kR) exp

A
[ R

R
d

B
RdR .

(9)

This integral is analytic & Ryzhik 6.623,(Gradshteyn 1980,
eq. [2]) :

o8 (k, f) \ 2R
d
~1!(3/2)o0

Jn(R
d
~2] k2)3@2

exp
A[o f o

h
B

. (10)

Evaluating we Ðnd'3 (k, Z),

'3 (k, Z)\ A
k(R

d
~2] k2)3@2

G 1
hk ] 1

C
exp

A
[ Z

h
B

] exp ([kZ)
D

] 1
hk [ 1

C
exp

A
[ Z

h
B

[ exp ([kZ)
DH

.

(11)

where the constant A is

A\Gn&0
R

d
. (12)

Finally, we take the inverse transform of '3 ,

'(R, Z)\
P
0

=
J0(kR)'3 (k, Z)k dk . (13)

The thick-disk rotation curve is therefore given by

vÕ2 odisk(R, Z) \ [R
L

LR
'(R, Z) \ R

P
0

=
J1(kR)'3 (k, Z)k2 dk ,

(14)

which can be evaluated very accurately with standard
numerical techniques. As the value for derived from the&0
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FIG. 7.ÈThe polar plot depicts the line of nodes for a warped disk. Each successive point on the solid line indicates rings of monotonically increasing
radii. The azimuthal angle (b) indicates the rotation angle of the ring, and the ““ radial ÏÏ angle (a) designates the tilt angle of the ring. The remaining plots show
the warped disk as a series of rings viewed three perspectives.

damped Lya observations (i.e., is signiÐcantly lowerN
M
(0))

than that observed in present galaxies, the disk rotation
curve will peak at km s~1 unless thevmax> 200 (vÕ2P &0R

d
)

H I gas contributes only a small fraction (\30%) of the disk
mass. While it is possible that stars may double the surface
density in the inner part of the disk (see & ProchaskaWolfe

we proceed under the assumption that the H I gas1998),
dominates.

4.2.1.2. Thick-Disk Curves

shows the rotation curve at midplane,Figure 11 vÕ(R, 0),
derived from for Ðve disks with varying thick-equation (14)
ness. Also plotted is the rotation curve derived with the
thin-disk approximation, normalized to have the same
maximum rotation speed as the curve with h/R

d
\ 1

] 10~5. These two curves are in such close agreement that
they are indistinguishable in verifying the accu-Figure 11,
racy of the numerical solution. Note that all of the other
curves are normalized to have the same central column
density, Physically this normalization implies veryN

M
(0).

di†erent central mass densities for the di†erent thickness
disks There is a decrease in with[o0PN

M
(0)h~1]. vÕincreasing as expected, because is smaller andh/R

d
, o0therefore the centrifugal force is smaller at a given radius R.

Even for however, the resulting rotation curveh/R
d
\ 0.3 ;

nearly traces that for the thin disk.

The rotation curve at various heights in a disk with
is plotted in Note that the curves ath/R

d
\ 0.3 Figure 12.

Z\ 1.67h and at midplane di†er by less than 10%, and
even at Z\ 6.67h there is generally less than a 50% e†ect.
We Ðnd similar results for disks of all thicknesses. Since
nearly all of the gas arises within B2 h of the midplane, in
general we expect the decrease in with increasing Z tovÕhave little e†ect on the kinematic results. In fact, it is pos-
sible that the decrease in will actually increase the di†er-vÕential rotation along a given sight line.

4.2.2. Bulge and Halo

For the bulge rotation curve we assume the Hernquist
bulge model parameterized by the peak(Hernquist 1990)
velocity, and core radius,v

b
, R

b
:

vcirc2 obulge(r) \ 4v
b
2 rR

b
(r ] R

b
)2 , (15)

where we can relate and to the bulge mass, by thev
b

R
b

M
b
,

following expression :

M
b
\ 2.7] 109 M

_

A v
b

200 km s~1
B2A R

b
100 pc

B
. (16)

Meanwhile, for the halo we require a density proÐle
which yields a Ñat rotation curve at large radii. We adopt
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FIG. 8.ÈLines of nodes for the four canonical warped disks : (a) an unwarped disk, (b) M33, (c) M83, and (d) an artiÐcial warp. The polar plot has the same
meaning as in The x-y plot reveals the radial dependence of the tilt angle as a function of the e†ective Holmberg radius,Fig. 7. RH.

the following density proÐle,

o ohalo(r) \
o
h

1 ] (r/R
h
)2 , (17)

where is the central density of the halo and is the coreo
h

R
hradius. This gives the following rotation curve,

vcirc2 ohalo(r)\ v
h
2
C
1 [ R

h
r

tan~1
A r
R

h

BD
, (18)

where is the halo rotation speed at large radii.v
hAs both the bulge and halo are spherically symmetric, the

rotation curves in cylindrical coordinates are

vÕ2 obulge(R, Z) \ R2
JR2] Z2

4v
b
2 R

b
(JR2] Z2] R

b
)2

(19)

and

vÕ2 ohalo(R, Z)\ v
h
2 R2

R2] Z2

]
C
1 [ R

h
JR2] Z2

tan~1
AJR2 ]Z2

R
h

BD
. (20)

4.2.3. Results

The disk rotation curve is uniquely parameterized by h
and where h and all other distance scales are in units of&0,the radial scale length, and is the disk surface densityR

d
, &0at R\ 0. The bulge and halo models are each param-

eterized by two variables that describe the slope of the curve

and the maximum rotation speed at Z\ 0.(R
b
, R

h
) (v

b
, v

h
)

The total rotation speed, then, is given by

vÕ2 otot(R, Z) \ vÕ2 ohalo(R, Z) ] vÕ2 obulge(R, Z) ] vÕ2 odisk(R, Z) .

(21)

We have performed simulations for a wide range of the
six parameters. The main results of the analysis are present-
ed in and the rotational parameters are given inFigure 13,

Also listed is the peak rotation speed of each rota-Table 5.
tion curve, For all of the models presented here wevmax.assume cm~2 and thatN

M
(0)\ 1021.2 h/R

d
\ 0.3.

To facilitate a direct comparison with the TRD model, we
plot the results for a Ñat rotation curve with kmvmax \ 250
s~1. For a given value of the Ñat rotation curve yields avmax,greater fraction of large velocity widths than any other rota-
tion curve. Therefore, it gives the best agreement with the
empirical distribution provided km s~1, abovevmax[ 350
which the distribution has too many large *v values. For
model CRV2 (see we assume a thick disk withTable 5),

pc~2 and kpc, which&0\ km
p
N

M
(0)\ 18 M

_
R

d
\ 10

implies km s~1. This model corresponds tovmax\ 41
cm~2 as inferred from the damped Lya obser-N

M
(0)\ 1021

vations. The value of was chosen to correspond roughlyR
dto the cross section derived for damped Lya systems

assuming a number density approximately equal to that for
spiral galaxies in the present epoch et al. As(Wolfe 1995).
noted above and shown in the mass associatedFigure 13,
with the H I disk implies a rotation curve that is inconsis-



FIG. 9a

FIG. 9b

FIG. 9.ÈIllustration of the two principal kinematic e†ects associated with warped disks : (a) a sight line with large impact parameter yielding a small *v
which would not be included in a treatment of an unwarped disk, as N(H I) would be less than (b) a sight line doubly penetrating the disk, resulting inNthresh ;
a signiÐcantly larger *v than if the disk were not warped. The plus signs indicate the position of clouds along the sight line.
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FIG. 10.ÈThe distribution for eight warp models compared withf*vthat for sample C. The results demonstrate that warping has only a minor
e†ect on the TRD model.

tent with the damped Lya observations. The results for the
CRV3 model demonstrate that a disk with &0\ 1440 M

_pc~2 and kpc is consistent, yet this implies that lessR
d
\ 5

than 95% of the disk mass is in a component other than H I

gas. It is unlikely that approaches even 500 pc~2&0 M
_given current estimates of the stellar & Prochaska(Wolfe

and molecular & Bechtold baryonic frac-1998) (Ge 1997)
tion. Furthermore, if pc~2 in every damped&0 B 1500 M

_system, this would imply a comoving density approximately
100 times that of visible matter in the present universe. On
the other hand, if we include a massive dark halo (v

h
\ 250

km s~1), the resulting distribution (CRV4) is consistentf*vwith the empirical distribution provided that R
h
/R

d
[ 1.

For larger values of the rotation curve (CRV5) risesR
h
/R

d
,

too slowly to yield large *v. Finally, we investigate the e†ect
of including a massive bulge in models CRV6 and CRV7,
where we adopt the same disk and halo curves from models
CRV4 and CRV5. We Ðnd that the presence of a massive
bulge km s~1) with has little impact on(v

b
\ 180 R

b
> R

dthe distribution, as the bulge a†ects only the inner rota-f*vtion curve. To conclude, the TRD model requires a rotation
curve which is nearly Ñat for While this can beR

d
[ 1.

achieved with a massive disk resembling that of the Milky
Way, it would requires a nongaseous baryonic component
with comoving density 2 orders of magnitude greater than
the density of visible matter in current galaxies, which is
implausible. Assuming that the mass of the disk is domi-
nated by the H I gas with cm~2 requires theN

M
(0)B 1021

presence of a massive dark halo with R
h
[ R

d
.

FIG. 11.ÈRotation curve at midplane, for Ðve disks withvcirc(R, 0),
varying thickness, All of the curves are normalized to have the sameh/R

d
.

central column density There is only small dependence on thicknessN
M
(0).

for the rotation curves.

4.3. Photoionization
Over the redshift range spanning our damped Lya obser-

vations the intergalactic medium (IGM) is primarily
ionized, presumably by the ambient UV radiation Ðeld from
background quasars. At redshift zD 2.5 the UV intensity is
often described as a modiÐed power law & Madau(Haardt
1996) :

J(l) B J912
A l
l912

Ba
(22)

with exponent a B[1 and ergs s~1 cm~2J912B 10~21.5
sr~1 Hz~1. This background Ñux creates ionization fronts
in the H I disks comprising the TRD model, analogous to
those observed in present spiral galaxies (Maloney 1993).
Because a complete treatment involving a solution of the
radiative transfer equation is beyond the scope of this
paper, we address the problem with two di†erent approx-
imations. In one case, we assume a sharp H I edge to the
disks of the TRD model. In the other, we assume the gas is
photoionized if its volume density is below some critical
value. The photoionization of the disk will eliminate from
the derived statistical sample those sight lines with

FIG. 12.ÈRotation curves for a disk with at various heightsh/R
d
\ 0.3

within the disk.
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FIG. 13.ÈL eft : Rotation curve at midplane for disks with varying bulge, halo, and disk components. Right : distributions for the eight curves comparedf*vagainst sample C.

N(H Since these sight lines tend to penetrate theI) B Nthresh.disk at large impact parameters that yield small *v, we
predict a general shift in the distribution to larger veloc-f*vity widths. By analogy to the results from warped disk
models, we expect the photoionized disk to mimic thicker
disks.

First, we consider the H I edge model, which incorporates
a sharp ““H I edge ÏÏ for the exponential disk at a column
density, Using a two-dimensional analogy to theNph.Stro� mgren sphere argument, we Ðnd that the column
density of ionized gas above the H I gas is given by

Nph\ 2/
arecSnT

, (23)

where / is the Ñux of ionizing photons (i.e., /\

SnT is the average hydrogen volume density,/lH= dl 2nJl/hl),
and is the case B recombination coefficient. Given thearecabove value for with SnT \ 1 cm~3 we ÐndJ912, NphB

cm~2. To simulate photoionization of the H I disks in1018
the TRD model, we systematically remove of columnNphnormal to the disk everywhere. This leads to a sharp H I

edge at and e†ectively removesRph\ ln [N
M
(0)/2Nph] 2Nphfrom each sight line that penetrates within As isRph. J912poorly constrained observationally, we consider valuesJ912ranging from 10~21.0 to 10~22.5 ergs~1 cm~2 sr~1 Hz~1,

where the favored value is 10~21.5 & Madau(Haardt 1996).
To consider meaningful values, we relate toNph Nph N

M
(0),

h, and with the following equation :J912

Nph\ 1019 cm~2
Ah/R

d
0.2
BA J912

10~21.5
BC1021.2

N
M
(0)
D

. (24)

TABLE 5

ROTATION CURVES

vdiskmax & v
b

R
b

v
h

R
hCRV (km s~1) (M

_
pc~2) (km s~1) (R

d
) (km s~1) (R

d
) Comment

1 . . . . . . 250 . . . . . . . . . . . . . . . FLT
2 . . . . . . 41 18 . . . . . . . . . . . . Damped Lya disk
3 . . . . . . 250 1450 . . . . . . . . . . . . Massive disk
4 . . . . . . 250 18 . . . . . . 250 0.5 DSK]HLO 1
5 . . . . . . 250 18 . . . . . . 250 5.0 DSK]HLO 2
6 . . . . . . 250 18 180 0.1 250 0.5 DSK]HLO]BLG 1
7 . . . . . . 250 18 180 0.1 250 5.0 DSK]HLO]BLG 2
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The other approximation we make to describe the photo-
ionization of the disk is to assume the gas is predominantly
ionized below a critical volume density, For the TRDnph.model, the critical density can be deÐned as

nph \ n(R\ Rph, Z\ 0) \ Nph
h

(25)

with and deÐned as above. WithRph Nph h \ 0.3R
d
, R

d
\ 5

kpc, and cm~2, this implies density cuto†sNph \ 1018È1020
of to 10~2 cm~3. We refer to this photoioniza-nphB 10~4
tion model as the ““ critical density ÏÏ model.

It is revealing to examine the kinematic characteristics of
those sight lines removed from the TRD statistical sample
on account of photoionization. plots the test sta-Figure 14
tistics for the eliminated sight lines from four representative
runs of each photoionization model, the parameters of
which are given in Included in each panel of theTable 6. f*vdistribution is the percentage of sight lines eliminated. Note

TABLE 6

PHOTOIONIZATION MODELS

Label Modela h/R
d

log N(H I) [log J912 log Nph
PHT1 . . . . . . H Ib 0.3 21.2 22.0 18.7
PHT2 . . . . . . H I 0.3 21.2 20.5 20.2
PHT3 . . . . . . H I 0.3 20.8 21.5 19.6
PHT4 . . . . . . H I 0.1 21.2 21.0 19.2
PHT5 . . . . . . CDc 0.3 21.2 22.0 18.7
PHT6 . . . . . . CD 0.3 21.2 20.5 20.2
PHT7 . . . . . . CD 0.3 20.8 21.5 19.6
PHT8 . . . . . . CD 0.1 21.2 21.0 19.2

a All models assume km s~1.vrot\ 225
b H I edge model.
c Critical density model.

that very few sight lines are removed in a 10,000 sight-line
run for cm~2, hence the e†ects of photoioniza-NphB 1018
tion are minimal for small larger or smallJ912, N

M
(0), h/R

d
.

By contrast, simulations with cm~2 have veryNph \ 1020

FIG. 14.ÈTest statistic distributions ([a] velocity-interval, [b] mean-median, [c] edge-leading, and [d] two-peak) for the removed sight lines from four
representative runs of the two photoionization models considered in the text.
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FIG. 15.ÈIsoprobability contours for disks with (i) cm~2,N
M

\ 1020.8
(ii) cm~2, and (iii) cm~2, for a range of andN

M
\ 1021.2 N

M
\ 1021.6 h/R

dvalues in the H I edge model (left) and the critical density modelJ912(right).

many sight lines removed so that there is a large impact on
the simulations. As expected, the vast majority of sight lines
eliminated have small *v values and correspondingly small

and values. Also, the results for thin disks are essen-fmm f2pktially una†ected by photoionization, as most sight lines
yield small *v irrespective of photoionization. The results
are very similar for the two photoionization models,
although the critical density model does remove a few more
large *v values.

The results presented in suggest that photoion-Figure 14
ization will improve the agreement between models with
small thickness or low rotation speed (i.e., models with an

distribution dominated by small *v) and the empiricalf*vdata set. However, besides eliminating sight lines with small
N(H I), photoionization of the edges of the disks tends to
lower the average *v for a given sight line ; because of
photoionization, the H I path along a given sight line is
reduced, which reduces the di†erential velocity along the
line of sight and on average lowers *v. The net result is that
photoionization actually worsens the agreement for disks of
all thickness and central column density, contrary to our
initial expectation. presents isoprobabilityFigure 15

contours for disks with (i) cm~2, (ii)PKS(*v) N
M
(0)\ 1020.8

cm~2, and (iii) cm~2, for aN
M
(0)\ 1021.2 N

M
(0)\ 1021.6

range of and values in the H I edge model (left)h/R
d

J912and the critical density model (right). The three contours
correspond to values of 0.01, 0.05, and 0.32 and thePKS(*v)
cross marks the highest value in the exploredPKS(*v)
parameter space. The agreement clearly worsens for
increasing and decreasing If the UV backgroundJ912 h/R

d
.

does have then photoionization will have aJ912 B 10~21,
signiÐcant impact on the results derived for in the TRD

model. In particular, the thickness would have to exceed
for disks with cm~2 and 0.3 forh/R

d
[ 0.2 N

M
(0)\ 1020.8

disks with larger While such large values for areN
M
(0). J912unlikely, they are not ruled out by current observations.

For the e†ect on the TRD model is moder-J912B 10~21.5
ate, generally requiring less than a 30% increase in the
thickness of the disks.

Last, we examine how the photoionization models a†ect
the distribution of N(H I), *v pairs. In PW we(Fig. 13)
noted the rather poor concordance between the TRD model
and the damped Lya observations and suggested that
photoionization may improve the agreement. SpeciÐcally,
we expected photoionization to reduce the number of sight
lines with small *v and small N(H I) and thereby improve
the agreement with the damped Lya observations. Figure

plots the N(H I), *v pairs from sample C (large squares)16
and the N(H I), *v pairs for four of the photoionization
(PHT) models. The PHT1 and PHT5 models indicate the
results without signiÐcant photoionization, while the PHT2
and PHT6 models highlight its e†ects. The values werePKSderived from the two-dimensional Kolmogorov-Smirnov
test For the reasons discussed above, photo-(Press 1992).
ionization worsens the agreement between the TRD model
and damped distributions. While models PHT2 and PHT6
are inconsistent at the 99% conÐdence level, it should,
however, be noted that one can improve the concordance
by considering a range of and values. Also, asvrot N

M
(0)

discussed in & Prochaska the presence ofWolfe (1998),
many large *v, small N(H I) pairs may indicate the presence
of a ““ hole ÏÏ in the inner region of the disk as observed in
many local spirals.

5. SUMMARY AND CONCLUSIONS

We have presented new observations on the low-ion
kinematics of the damped Lya systems. The full sample of
31 proÐles conÐrms the primary conclusions of PW: in par-
ticular, (1) models with kinematics dominated by random or
symmetric velocity Ðelds are inconsistent with the damped
Lya kinematics, (2) the TRD model, which consists of a
population of thick, rapidly rotating disks at high z, natu-
rally reproduces both the observed edge-leading asymmetry
of the empirical proÐles and the distribution of velocity
widths, and (3) models incorporating centrifugally sup-
ported disks within the framework of the standard CDM
cosmology are ruled out at high levels of conÐdence. In
addition, a comparison of the kinematic properties of pro-
Ðles of the highest redshift systems with the lower(z6 \ 3.24)
redshift systems reveals no signiÐcant evolution(z6 \ 2.06)
in the kinematics of the damped Lya systems. This last
observation may place strong constraints on scenarios of
galaxy formation that predict signiÐcant evolution over this
epoch.

At present there are two working models that explain the
kinematic characteristics of the damped Lya systems : (1) the
TRD model and (2) merging protogalactic clumps in
numerical simulations of the standard CDM cosmology

et al. In this paper we have focused on the(Haehnelt 1997).
TRD model. In particular, we have investigated the robust-
ness of the model to including more realistic disk properties,
speciÐcally disk warping, physical rotation curves, and
photoionization. Given the prevalence of warping in local
disk galaxies, we considered its e†ects on the kinematics of
the disks in the TRD model. We found that the results of
warping are dominated by two competing e†ects. Sight lines
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FIG. 16.ÈPlots of N(H I) vs. *v pairs for the damped Lya systems (squares) and four photoionization models : PHT1 and PHT5 where is small andJ912PHT2 and PHT6 where photoionization is signiÐcant. The are derived from the two-dimensional KS test. Note that photoionization clearly worsens thePKSagreement between the model and the empirical distribution.

that penetrate both the unwarped inner disk and the
warped outer disk yield moderately higher *v than those
simply intersecting an unwarped disk. At the same time,
however, some warped disks have signiÐcantly larger cross
section to sight lines with large impact parameters which
tend to yield small *v. Having considered a number of
warped disks with a broad range of properties, we Ðnd that
(1), in extreme cases, warping mimics disks with up to 50%
larger or smaller e†ective thickness value), (2) warping(h/R

dleads to very few extra large *v values in the distributionf*vand therefore has little e†ect on the acceptable values for
and (3) the lower limit to is nearly unchanged, asvrot, h/R

dwe Ðnd that h must be greater than for both warped0.1R
dand unwarped disks.

In PW, we assumed a Ñat rotation curve, vÕ\ vrot,extending from R\ 0 ] O and Z\ 0 ] O. In this paper
we adopted rotation curves derived from speciÐc bulge,
halo, and disk components. Assuming that an exponential
proÐle is a good description of the density proÐle for the
damped Lya systems, we Ðnd the rotation curves derived
from gravity generated by the H I gas alone cannot repro-
duce the empirical distribution. If the rotation curve isf*vdominated by the disk, one must introduce another mass
component (e.g., stars, molecules) to establish consistency.
At the same time we Ðnd that the rotation curve derived
from a massive halo with core radius also yields anR

h
[R

ddistribution consistent with the observations. We believef*v

that the latter explanation is more plausible. We also Ðnd
the presence of the bulge to be largely inconsequential.

Last, we studied the e†ects of the intergalactic photoioni-
zing background radiation on the disk kinematics. We
made two separate approximations to model the photoion-
ization of the disks : (a) an H I edge model where the disk is
photoionized at radii with set by the intensityR[Rph Rphof the photoionizing background and the disk properties
and (b) a critical density model where all gas with volume
density is presumed ionized. Contrary to our expec-n ¹ nphtations, we Ðnd that photoionization tends to worsen the
agreement between the TRD model and the damped Lya
observations. The e†ect, however, is not large (\30%) for
the favored value of but for aJ912\ 10~21.5, J912 \ 10~21
substantial ([50%) increase in the thickness of the disks
would be required.

In summation, then, we Ðnd the TRD model is very
robust to tests against the damped Lya observations. The
challenge remains, however, to consistently incorporate this
model within a cosmological framework. While the clump
model Ðts naturally within the SCDM cosmology, it must
be demonstrated that the clump model exhibits similar
robustness to comparisons with the damped Lya kine-
matics. While et al. did show that the clumpHaehnelt (1997)
model could explain the damped Lya observations from
PW for a single set of parameters, a formal investigation of
the full physical parameter space with meaningful statistics



130 PROCHASKA & WOLFE

has yet to be performed. In addition, it is not clear how that
model will change given di†erent cosmological parameters,
e.g., an open universe where merging plays a smaller role at
zB 2.5. The model must also be tested against the new
observations, in particular the new distribution whichf*vextends to B300 km s~1. Finally, the fact that the numeri-
cal simulations do not reproduce the observed properties of
modern galaxies when evolved to the present universe

Frenk, & White suggests that the model(Navarro, 1995)
may have serious inconsistencies in the early universe.

In future papers we will introduce observations of the
high-ion transitions (e.g., C IV j1548) with the aim of
further constraining the two working models as well as
advancing our understanding of the ionized gas associated
with the damped Lya systems. This gas is presumed to
reside in the halo of these protogalaxies and therefore may

give more direct indications of the dark matter associated
with the damped Lya systems. We also intend to consider
e†ects (e.g., multiple disks) that would improve the agree-
ment between the semianalytic models of standard cosmol-
ogy Mao, & White(Kau†mann 1996 ; Mo, 1997).
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