Chapter 7

Summary

Observations of Mgii absorption line systems in the high resolution spectra of quasars have been presented. A total of 25 QSOs were observed with the HIRES spectrometer (Vogt et al. 1994) on the Keck I telescope on the nights of 4–5 July 1994, 23–25 January 1995, and 19–20 July 1996 UT. The spectral resolution was 6.6 km s�^1 (R = 45, 000). The HIRES spectra are presented in Figures 3.15–3.62. Below is a brief description of the analyses employed for this work. Following this description is a list of the main conclusions.

7.1 Overview of Study

A total of 48 Mgii systems have been included in the survey. The redshift distribution of the systems is illustrated in Figure 3.1. There is a bias in the redshift distribution in that z > 1 systems are biased toward large equivalent widths. Two samples for study have been defined based upon the ew_r detection threshold. Sample A includes all 48 systems listed in Table 3.1. Sample B includes only those systems for which the 5σ ew_r detection limit of the Mgii λ 2796 transition is below 0.02 Å. There is no correlation between 5σ ew_r detection limit and system redshift for Sample B. Thus, there is no sensitivity bias with redshift in this Sample.

The HIRES data were reduced and calibrated in the standard way using the IRAF Apextract package for echelle data (also see Churchill 1995). The spectra were “extracted” using the optimal routines of Horne (1986) and Marsh (1989). All further processing of these calibrated spectra was performed using personalized codes on ASCII format data in the Unix environment and using SunOS Fortran 77. Absorption features in the spectra have been identified using the “aperture” method used by Lanzetta, Turnshek, & Wolfe (1987). In order to study the subsystem properties directly from the profiles, individual subfeatures were also identified in each system. The redshift of each absorbing system was determined by finding the optical depth median of the Mgii λ2796 profiles (or the λ2803 profiles when the former were not available). The absorber redshift sets the velocity zero point for the system. Guided by the methods presented by Sembach & Savage (1992), expressions for several absorption properties were derived. These properties are based upon direct measurements of the flux values in the absorption profiles. They include the equivalent widths, doublet ratios, apparent optical depth (AOD) weighted velocity widths, AOD weighted asymmetries, and AOD column densities. These quantities are presented in Table 3.1 for the overall Mgii profiles and in Table 3.3 for the subfeatures, or subsystems. The rest–frame equivalent widths and adopted AOD column densities and their 1σ uncertainties (or limits) for all observed transition are presented in Tables 3.6– 3.54.

The absorption profiles were modeled using Voigt profile (VP) decomposition. Initial VP models for the profiles of most spectra were obtained using an automated VP fitting routine (Davé et al. 1996) that was modified for this work to include convolution with the HIRES instrumental spread function. The VP fitting approach was to tie all velocities of the VP components together, and to allow the Doppler b parameters to vary freely from species to species but tie all transitions of a given species. The purpose of the latter was to allow a deconvolution of the thermal and non–thermal components of the total b parameters. The VP models were refined using a maximum likelihood least squares fitter (LSF), called minfit, which was written for this work. The final minfit LSFs are illustrated with the HIRES spectra in Figures 3.15–3.62. The VP component parameters are presented in Tables 3.55–3.81.

To quantify the accuracy of the VP parameters, and in order to examine the level at which inferences can be drawn from these parameters, extensive simulations of HIRES spectra were performed. The simulated systems included the Mgii λλ2976, 2803 doublet and all five Feii transitions listed in in Table 2.1. These spectra were analyzed in the exact same way the HIRES data were analyzed. Four single component simulations (Sim–1A, 1B, 1C, and 2) and a single Blending Simulation were carried out. For these simulations, 500–2000 simulated systems, each with a single component VP absorption line, were generated.

• Sim–1A was used to determine the Mgii, Feii, and Mgi column density detection limits as a function of the HIRES rest–frame equivalent width detection threshold. It was also used to ascertain the distribution of the fitted Mgii column densities as a function of the input column density.

• Sim–1B was used to determine if the automated VP fitting and minimization processing was introducing a systematic bias. For this Sim–1A was duplicated, except that the automated VP fitting was by–passed and instead the column density and b parameter which generated each simulated Mgii doublet was handed to minfit as the initial model.

• Sim–1C was used to determine if the probability of recovering an Mgii input column density is dependent upon the simultaneous fitting of the five Feii transitions.

• Sim–2 was used to determine the degree to which turbulent broadening in single component “absorbing clouds” can be inferred from a sample of HIRES spectra with a well defined rest–frame equivalent width detection limit.

• The Blending Simulations were used to determine how line blending in complex profiles affects the column density detection limit, how the inferred distribution of column densities is influenced with respect to the known input distribution, and how well the distribution of input column densities can be recovered. These simulations were also used to study whether statistical correlations in the VP parameters are artifacts of the fitting procedure.

To further the interpretation of the Mgii, Feii, and Mgi VP column densities, a grid of photoionization models were constructed using Ferland’s CLOUDY (Ferland 1988). Each cloud was defined by its Hi column density, metallicity, and ionization parameter. The main question being addressed was whether absorbing clouds are photoionized by stellar continuum from the local galaxy or if the clouds are ionized by the UV meta–galactic background flux. Thus, two UV ionizing continua were chosen to bracket these extreme idealization. The UV background is approximated with a power law of slope α = −1.5. The stellar ionizing field is assumed to be a simple blackbody with T = 30, 000 K. To examine the supposition that some clouds may be collisionally ionized, such as H II regions, a direct comparison of the two extreme photoionization models was made with the collisional excitation model given in Tytler et al. (1987).

Using the database of Mgii absorption selected galaxy properties obtained by Steidel, Dickinson, & Persson (Steidel, private communication), non–parametric rank correlation tests were used to search for correlations of the absorption strengths, saturation, and line–of–sight kinematics with the galaxy redshifts, rest frame B and K luminosities, rest ⟨B − K⟩ colors, and impact parameters D. One motive for studying the connections between galaxy properties and absorption properties was to examine the model of z ≤ 1 galaxy halos suggested by Lanzetta & Bowen (1990, 1992). They suggested that intermediate redshift galactic halos are roughly identical, have absorbing gas spatial number density distributions ∝ r�^2_{gal}, and likely exhibit systematic rotational or radial flow kinematics. The primary test for this picture is the prediction that the observed differences in the absorption properties from one system to another are predominantly due to the QSO–galaxy impact parameter.

Preliminary kinematic models of the absorbing systems were presented based upon the work of Charlton & Churchill (1996b, 1997b). A population of randomly oriented rotating disks, a population of spherical infall halos, and a population of hybrid disk and infall halos have each been studied. The galaxy luminosities have been selected from the Schechter function and the rotation or infall velocities have been computed using the Tully–Fisher relation. Random lines of sight were placed through the galaxies and simulated Mgii and Feii HIRES absorption line spectra were generated. These spectra were analyzed in the exact same way the HIRES data were analyzed. The main goal of the modeling was to see if the spatial distributions and dynamics input into galactic dynamical models can reproduce both the observed absorption line properties of individual systems and the overall distributions and statistics of the full Sample B.

7.2 Main Results

1. A strong correlation between the number of VP components and the rest–frame equivalent width has been measured. The maximum likelihood constant of proportionality in the relation N = kW is k = 0.076 ± 0.004, which is in good agreement with the value reported by Churchill, Steidel, & Vogt (1996) for a much smaller sample of HIRES data. The value of k is resolution dependent, based upon a comparison with the significantly larger value obtained by Petitjean & Bergeron (1990) with medium resolution spectra. The value of k may also be redshift dependent. Strong blending is seen to result in an under estimate of the number of VP components comprising a given profile. Based upon the severe blending and saturation of the small sample of z > 1 large equivalent width systems, and the observed evolution in the number of strong systems with redshift, it might be that the ratio N/W is systematically smaller as redshift increases.

2. Segregating the overall profiles into distinct absorption subsystems has revealed several observed trends in the subsystem absorption properties, especially with respect to the velocity distribution relative to the median optical depth of the full system. Excluding Q0450 − 132 at z_{abs} = 1.1746, Q0823 − 223 at z_{abs} = 0.91102, Q1213 − 003 at z_{abs} = 1.5541, and Q1225+317 at z_{abs} = 1.7948, the maximum width of these subsystems is ∼ 45 km s�^1. It may be that higher redshift absorbers that are found to have a “central” or “main” subsystem with a velocity width greater then ∼ 50 km s�^1 are the type of systems that are decreasing in numbers by z ∼ 1. In other words, these large subsystems are splitting into multiple smaller subsystems, as characterized in the absorption profiles. That the Mgii doublet ratio is not seen to evolve with redshift (Steidel & Sargent 1992), and considering that z < 1 absorption profiles are almost always characterized by a “main” optically thick subsystem with ω_v ≤ 45 km s�^1, it appears that some type of an organized underlying absorbing structure is a fundamental component to Mgii absorbers, whereas a significant part of the structure is evolving away. On the other hand, these systems could be “double galaxies”, which are more common at higher redshifts.

3. Out of 33 systems, there are 39 subsystems with velocities greater than 20 km s�^1.

Higher velocity subsystems are quite common, and in fact, on average there is likely to be one or more subsystem with ew_r < 0.2 Å per absorbing system. Two of 27 systems are seen to have A(Δv) ≥ 140 km s�^1. This suggest that less than 10% of all z < 1 systems will be observed to have very high velocity kinematic subsystems to a limiting ew_r of 0.02 Å. It is still a complete unknown if these are chance alignments of multiple galaxy halos, or if they arise in “active” systems.

4. All subsystems with v > 40 km s�^1 have been culled into a separate sample. Roughly 80% of these subsystems have ew_r ≤ 0.1 Å, are on the linear part of the curve of growth (based upon their dr), and have ω_v < 10 km s�^1. These subsystems are characterized almost exclusively by optically thin gas having small column densities and small b parameters. It may be that these subsystems comprise a subpopulation characterized first and foremost by their velocity with respect to the optical depth mean of the overall system. Interestingly, there is no clear evidence for a turnover at small values in the ew_r distribution of the v > 40 km s�^1 subsystems down to the detection limit of the sample. Higher signal to noise and/or higher resolution spectra would be required to investigate the lower end cutoff to the ew_r distribution of these higher velocity subsystems.

5. It is interesting to know if the VP component velocity dispersion can be inferred from the value of ew_r, which can be measured in low resolution spectra. A maximum likelihood linear fit was obtained to the A(Δv) verses N_{cl} data (proportional to ew_r), and a maximum likelihood slope of 6.72 ± 0.76 was obtained. However, as can be seen in Figure 3.4, the data exhibit increased scatter for A(Δv) ≥ 40 and N_{cl} ≥ 10. The value of A(Δv) is sensitive to somewhat “extreme” kinematics that cannot be discerned simply from the number of VP components nor from the equivalent width. Primarily, this is due to saturation/blending on one extreme and due to the chance presence of high velocity subsystems that do not contribute much to the value of ew_r on the other. Thus, the ew_r does not provide a robust indicator of the average kinematic dispersion of VP components.

6. The maximum likelihood method was used to obtain the slope and normalization of the column density distributions of Mgii, Feii, and Mgi, assuming a power– law probability distribution. The measured powers were 1.58, 1.65, and 2.22 for Mgii, Feii, and Mgi, respectively. However, as discussed in Section 5.1.1, the Feii distribution may be more in accord with the value of 1.58 measured for the Mgii. This would be consistent with the ratio log N(Feii)−log N(Mgii) verses log N(Mgii) result, which once corrected for saturated Mgii components, is consistent with being flat.

7. Based upon CLOUDY photoionization models, it appears that clouds ionized by a power law ionizing continuum are consistent with the data for log U ≤ −3.0 with the bulk of the clouds having 17.0 ≤ log N(Hi) ≤ 18.0 cm�^2. These values are similar to those found from low resolution spectra (Bergeron & Stasińska 1986; Bergeron et al. 1994; Dittmann & Köppen 1995). On the other hand, if the clouds are ionized by a thermal radiation source, then the implied hydrogen neutral column density is log N(Hi) < 17.0 cm�^2 for log U ≤ −1.0 This would imply that log N(Mgii) = 13.0 cm�^2 clouds arise in optically thin hydrogen clouds, which is inconsistent with the association of Mgii systems with Lyman limit systems (Bechtold et al. 1984; Lanzetta 1988). None of the data are clearly consistent with the absorption arising in collisionally excited H II regions.

8. The ratio log N(Mgi) − log N(Mgii) is strongly correlated with log N(Mgii) to the 4σ level, even after suspect points are removed from the Spearman–Kendall tests. There are a significant number of clouds with N(Mgi) − log N(Mgii) ≥ −1.6, which is difficult to explain in view of the photoionization grids. These “clouds” may be experiencing shielding, either due to internal ionization structure (self–induced) or due to nearby optically thick clouds that modify (soften) the ionizing radiation. It is tentatively suggested that the charge transfer reaction between Hii and Mgi may have been overestimated in previous photoionization models, since this would tend to reduce the predicted ratio of Mgi to Mgii. In view of this charge exchange process, the anticorrelation of log N(Mgi) − log N(Mgii) with log N(Mgii), may be indicating that the gas density, and not the line of sight path length, is governing the Mgii strength.

9. The peak values in the Mgii, Feii, and Mgi Doppler b parameter distributions are ∼ 3.5, ∼ 5.5, and ∼ 4.5 km s�^1. The means are 6.2, 5.0, and 8.6 km s�^1, respectively. VP components with b > 11 km s�^1 occur, in all cases, within the ≤ 80 km s�^1 velocity range in broad saturated profiles (see Figure 5.12). Thus, they are not well constrained and may arise because these profiles are not consistent with being a composition of Voigt profiles. The thermal Doppler b has been inferred, and for the 56 thermal b parameters included in the sample, the median is 4.7 km s�^1 with a standard deviation of 3.5 km s�^1, and a mean of 6.1 km s�^1. The median and mean values correspond to the cloud temperatures T = 32, 000 and 54,000 K, respectively. The inferred mean turbulence b parameter was found to be 1.7 ± 10.8 km s�^1, which is consistent with zero. The data are not altogether inconsistent with thermal clouds. Indeed, one could infer that the higher velocity optically thick population of clouds are likely to be quiescent, given that their profiles do appear to be well described using VP decomposition. These higher velocity clouds may be drawn from a “population” with substantially different physical conditions than those “embedded” in the broad saturated profiles. Based upon the ratio b(Mgi)/b(Mgii), there is no evidence that Mgi absorption arises in gas where the temperatures or non–thermal conditions are different than those in which Mgii absorption arises.

10. The Feii column densities and Doppler b parameters show no evidence of a correlation. However, the Mgii data appear to be correlated at the 3σ level. In the case of the Blending Simulations, where the input column densities and b parameters were uncorrelated, only a suggestive correlation resulted following VP decomposition. A 3σ result is not overwhelming. This observed correlation could arise either as an artifact of the VP decomposition, such as the inclusion of small clouds required to obtain a better fit to the spectra, or because the VP decomposition method provides a poor description of gas that is complex and varied in its underlying distributions.

11. The cloud–cloud clustering function (TPCF) in galaxy halos has been measured for Mgii and the best decomposition is a two component Gaussian. For Sample B, the dispersions are σ_1 = 30 and σ_2 = 150 km s�^1. If a z ≤ 1 subsample is analyzed, the TPCF shows a slight narrowing in the broader component, σ_2 = 140 km s�^1, but is consistent with no change in the narrower component, σ_1 = 29 km s�^1. The reduced dispersion of the broader component in the TPCF is likely a direct result of removing the four high–redshift large equivalent width systems from the sample. Interestingly, there is an inversion of the amplitudes of the two components, so that the narrower component is dominant in the z ≤ 1 subsample. A robust measure of how the TPCF evolves, if it does, would require a doubling of the sample size with the goal of observing 1 ≤ z ≤ 2 absorbers with an unbiased distribution of ew_r.

12. To the 2.5σ level, no correlations were found between the measured absorption properties and galaxy properties. In particular, no anti–correlation (99.9% confidence level) was found for ew_r with the projected galactocentric distance, D, in 15 systems. Thus, the strong correlation by Lanzetta & Bowen (1990) found in a similar size but different data set is not confirmed. That no dependence of N_c with D was found has implications for predictions from systematic rotational and radial flow kinematic models. Both models predict that A(Δv) decreases with D and sharply cuts off at D = R. There is no such anti–correlation in the sample. In fact, the Spearman and Kendall tests are weakly suggestive of a correlation, not the predicted anti–correlation. The implications are that (1) the spatial distribution of absorbing gas surrounding intermediate redshift galaxies is not smoothly varying, and that (2) the velocities of the absorbing gas clouds cannot be described by a single systematic kinematic model. These facts suggests investigations to learn the degree to which galaxy morphologies and, in the case of disk galaxies, orientations with respect to the QSO light path play a role in distinguishing between observed absorption properties.

13. Several lessons have been learned by exploring kinematic models of the Mgii absorption systems. One striking result is that a multi–component Gaussian decomposition of the TPCF does not imply that the absorbing clouds are comprised of more than one type of systematic kinematics. Moreover, it is not trivial to recover the observed values of the TPCF Gaussian components. Some combination of extended thick disk plus infall halo provides a promising model in that its simple kinematics yield a TPCF with Gaussian components consistent with those describing the observed TPCF. The distribution of subsystem equivalent widths and velocity widths as a function of velocity provide very strong constraints on the distribution of column densities and Doppler parameters. Using an upper limit to the cloud column density in the infall halo component goes a long way toward reproducing the distribution of equivalent widths and doublet ratios of the v > 40 km s�^1 subsystems. It is also apparent from the models that the “observed” Doppler b parameter distribution that results from the VP decomposition is significantly broadened (see Figure 5.20).

7.3 Concluding Remarks

There is little doubt that the majority of the Mgii systems arise in gas associated with normal field galaxies (SDP). There is also little doubt that the projected galactocentric distance of the absorbing gas often extends to roughly 40 kpc (Steidel 1995) and that the total strength of the absorption is predominantly due to intercepting multiple “clouds” along the line of sight. What issues remain less established are the actual spatial and kinematic distributions of the low ionization gas and the chemical and ionization conditions of the gas. Is the absorbing gas distributed in an extended more or less spherical halo with a near unity covering factor? If so, what can be inferred about the clustering of the gas in the halo and the distribution of the cloud sizes from high resolution absorption spectra? In the case of spiral galaxies, could a significant portion of the absorbing gas be considered to be more associated with the warped outer reaches of neutral gas observed in present day galaxies (see Yun, Ho, & Lo 1994 for a dramatic example). To claim that disks provide only an insignificant contribution to the statistics of the absorption–galaxy relationships ignores the fact that spirals comprise 70% of the galaxy population selected by Mgii absorbing gas cross section (Steidel, private communication) and the fact that the gas cross sections of disk are competitive with the cross sections of spherical halos (Charlton & Churchill 1996b). Answers to these question await a comparison between the HIRES data and the high spatial resolution WFPC2/HST images of the absorbing galaxies obtained by Steidel and collaborators.

It is important to ask questions such as: Could the current or past mergings of dwarf galaxies around the absorbing galaxies be requisite for extended gaseous material in their halos or for the warped diffuse extended disks? If so, perhaps such mergings are commonplace in that each galaxy swallows a reservoir of dwarfs over a Hubble time, but that this reservoir begins to be depleted at a fairly well defined epoch, say z ∼ 1. Such a scenario would naturally explain the redshift evolution seen in the strongest absorbers. In a sense, this could be called a “halo infall scenario”. However, what is sought is an identification of what actually is doing the infalling or what process is giving rise to the infall. If such a process occured from z ∼ 2 to z ∼ 1, it would imply that the typical absorbing galaxy has cannabilized 20–30 dwarf companions over a several Gyr time span. If the process began earlier or shut down later, that number would be reduced. Charlton & Churchill (1997a) showed that absorption by the gas surrounding the dwarf companions themselves is extremely dependent upon the presence of an LMC/SMC type companion when the line of sight passes near a Milky Way like galaxy that is bound in a \Local Group" environment of 20 odd dwarfs. If absorbing gas is spatially organized in the galaxy potential through the process of dwarf merging, then it may be the case that the tidal stripping of gas is what gives rise to the large cross sections, whether in the galactic plane [as with M81 (Yun, Ho, & Lo 1994)] or well out of the plane (for example, the Magellanic Stream).

If the accretion/tidal stripping scenario is the dominant mechanism by which absorbing gas is organized around galaxies then several implications for the formation of present day galaxies can be inferred. If the accretion occurs primarily in an outward–in direction, then a dilution of the metallicity content of the ISM would occur with increasing galactocentric radius. Additionally, the disks in spiral galaxies would “build up” with time and likely would be come extended and diffuse.

If galaxy halos were populated by “Lyman limit” clouds (as inferred by their Mgii column densities and doublet ratios) that produced a near unity covering factor, their spatial distribution would likely be somewhat random and they would likely be balanced by pressure confinement that scales with galactocentric radius (Steidel 1995; Mo & Miralda–Escudé 1996). As such, when viewed in high resolution spectra, it would be expected that often two or three Lyman limit clouds would be seen, provided their relative velocities were on the order of 30–50 km s�^1, which is small compared to the overall observed velocity spread of Mgii absorbing clouds. As seen in the observed distribution of subsystem equivalent widths and velocity widths, especially as a function of subsystem velocity, such a picture is not suggested by the observations. What is suggested, however, is that the majority of the systems are dominated by what appears to be a single structure of Lyman limit clouds with a small velocity dispersion between these clouds. The small velocity dispersion, in turn, suggests that the kinematics of the clouds is systematic.

The obvious alternative to the accretion and/or infall scenario is the recycling of gas via disk/halo interactions, most likely driven by correlated stellar winds, i.e. OB associations and correlated supernovae explosions. Interestingly, Steidel and collaborators have seen ∼ 1000 km s�^1 outflowing stellar winds in z ∼ 3 galaxies, as inferred from LRIS/Keck spectra (Steidel, private communication). If such winds are common, a picture of extended gaseous halos, as proposed by Bregman (1980), MacLow & McCray (1988), Norman & Ikeuchi (1989), and Tomisaka, Habe, & Ikeuchi (1981), may apply. The implication is that much of the gas surrounding 1 ≤ z ≤ 2 galaxies does not arise by accretion and mergings but by galactic fountains, chimneys, and/or supershells. Churchill, Vogt, & Steidel (1995) have proposed the latter possibility for the complex features observed in the z ∼ 0.74 absorbing system in the spectrum of Q1331 + 170. In the chimney model, the gas circulation time is (3 − 5) × 10^7 yrs (Norman & Ikeuchi 1989). The picture is that ≈ 1 kpc superbubbles can be formed if sequential supernovae explosions occur every 10^5 yrs during the 10^7 yr lifetime of a giant molecular cloud (Tomisaka, Habe, and Ikeuchi 1981). The cooling time of the gas is ≈ 10^6 yrs at densities of 10�^2 cm�^3. From these sequential supernovae explosions, chimneys can form with cool dense walls of neutral gas and central outward flows of hot gas, which cool due to adiabatic losses and then finally by radiative losses as the gas rises to the top of the halo. The chimneys trace the spiral arms, and will be on the order of thousands in number for a given galaxy. The OB star formation regions (knots in spiral arms) should be detectable in HST images. Perhaps there is a correlation between the number of OB associations and the strength of absorption or the detailed kinematic structure inferred from the QSO absorption lines.

If the disk/halo interaction and outflow scenario dominates the mechanism by which absorbing gas is mixed about in galactic halos, then the process is primarily mechanical as opposed to gravitational, as implied by the accretion/infall scenario. Whichever the case, the implications for the evolution of galaxies is quite different between the two pictures. In the disk/halo recycling scenario, the total gas content of a galaxy would remain roughly constant for a several billion year period up to the present epoch. This would imply that the major epoch of galactic structure formation was greater than z ∼ 3 and that “normal” galaxies were in place much earlier than z ∼ 1.5.

As such, there would be no building up of gaseous disks, per se, though they could conceivably become extended through the gas redistribution processing. Moreover, the variations of metallicity across the disk would reflect the redistribution of metals, presumably from type I supernovae. Thus, the metallicity build up of the disk interstellar medium should reflect type I supernovae yield. It also might be expected that the mixing would become fairly uniform with time, such that any metallicity gradient in a disk would be diluted. That the Galaxy [and apparently M31 and M33 (K. Venn, private communication)] have decreasing metallicity in their disks with increasing galactocentric radius is not supportive of a global mechanical redistribution scenario. It does not rule out, however, the possibility that the stirring up of gas well above and below the galactic plane is not common but that much of the material actually escapes the galactic potential (cf. Norman & Ikeuchi 1989). Indeed, the large outflow velocities witnessed by Steidel et al. are suggestive of escape velocities. It would seem that the period in which a galaxy has its maximum extended gaseous “halo” would be within the Gyr following a starburst, which may in fact correspond to the time shortly after the excess blue colors indicative of starbursting had decayed away. If so, there would be no clear correlation between galaxy color and the presence of an extended absorbing gas envelope. Accounting for the fact that extended absorption is seen to persist in galaxies for ∼ 10 Gyr would imply multiple star bursts, which decay in frequency to the present epoch. It is not too far fetched to imagine cycles of outflow and infall, accompanied by accretion of dwarf satellites, etc., that help drive these starbursts. In a sense, these cycles could link the penetration of high velocity clouds into disks with the formation of OB associations, small star bursts, and eventual correlated outflowing winds.

As with all things, a single scenario is probably not correct. It is more likely that some combination of these pictures is occuring and that the relative contribution of the mechanisms that give rise to the absorbing gas are linked to environment. Regardless, since large column density systems evolve away with redshift, there should be a steepening in the power law slope with redshift. If the large column density systems evolve into small column density systems, then the steepening would occur over all measured columns. But, the number of small column density systems does not evolve with redshift, and in fact traces the number of Lyman limit systems. One could infer then, that the large systems are a separate population (either due to physical conditions, chance alignments of double galaxies, or alignments along the primary axis of filamentary structure). The upshot is that these extreme structures are evolving away, whereas the galaxies embedded within them are not. This scenario predicts that a steepening in the column distribution should occur predominantly at the highest column densities and that the small column density slope should change very little or not at all. Also, the small column density regime should have a slope consistent with the distribution of hydrogen columns near the Lyman limit. The source of the evolution would not be the dissipation of low ionization filaments due to changing ionization conditions, but due to the kinematic dissipation of the material falling into the high density regions (ie. the galaxies) or the lower frequency of “double galaxy” systems with decreasing redshift.

High resolution observation in the infrared, covering z ≥ 2.2 would be very interesting for measuring the evolution in the kinematic spreads and the column density distribution with cosmic time.

Bibliography

Anninos, P., and Norman, M. 1995, preprint Bahcall, J.L., and Spitzer, L. Jr. 1969, ApJ, 156, L63 Bahcall, J.N., et al. 1993, ApJS, 87, 1 Bahcall, J.N., et al. 1995, ApJ, 457, 19 Bechtold, J., Green, R.F., Weymann, R.J., Schmidt, M., Estabrook, F.B., Sherman, R.D., Wahlquist, H.D., and Heckman, T.M. 1984, ApJ, 281, 76 Bechtold, J. 1996, in Formation of the Galactic Halo... Inside and Out, eds. H. Morrison and A. Sarajedini (PASP Conference Series), 464 Bechtold, J., Green, R., and York, D.G 1987, ApJ, 312, 50 Bechtold, J., Weymann, R.J., Lin, Z., and Malkan, M.A. 1987 ApJ, 315, 180 Begelmann, M.C., and McKee, C.F. 1990, ApJ, 358, 375 Bergeron, J., and Knuth, D. 1983, MNRAS, 205, 1053 Bergeron, J. and Stasiınska, G. 1986, A&A, 169, 1 Bergeron, J. and Boissé, P. 1991, A&A, 243, 344 Bergeron, J. et al. 1994, ApJ, 436, 33 Bevington, P.R. 1969, Data Reduction and Error Analysis for the Physical Sciences (New York: McGraw–Hill) Boulade, O., Kunth, D., Tytler, D., and Vigroux, L. 1987, in High Redshift and Primevil Galaxies, ed. J. Bergeron, D. Kunth, B. Rocca–Volmerange, & J. Tran Thanh Van (Paris: Editions Frontieres), 347 Bowen, D.V., Blades, J.C., and Pettini, M. 1995, ApJ, 448, 634 Bregman, J. 1980, ApJ, 236, 577 Brent, R.P. 1973, Algorithms for Minimization without Derivatives, (Englewood Cliffs, N.J.: Apprentice Hall), chapters 3, 4 Burbidge, G., Odell, S.L., Roberts, D.H., and Smith, H.E. 1977, ApJ, 218, 33 Burles, S., and Tytler, D. 1996, ApJ, 460, 584 Cardelli, J.A., and Savage, B.D. 1995, ApJ, 452, 275 Cardelli, J.A., Sembach, K.R., and Savage, B.D. 1995, ApJ, 440, 241 Carswell, R.F., Morton, D.C., Smith, M.G., Stockton, A.N., Turnsheck, D.A., Weymann, R.J. 1984, ApJ, 278, 486 Carswell, R.F., Lanzetta, K.M., Parnell, H.C., and Webb, J.K 1991, ApJ, 371, 36 Caulet, A. 1989, ApJ, 340, 90 Caulet, A., and Newell, R. 1996, ApJ, 465, 205 Chaffee, F.H., Foltz, C.B., Bechtold, J., and Weymann, R.J. 1986, ApJ, 301, 116 Charlton, J.C., and Churchill, C.W. 1996a, in Galactic Chemodynamics 4: The History of the Milky Way and its Satellite System, eds. A. Burkert, D. Hartmann, and S. Majewski (PASP Conference Series), 63 Charlton, J.C., and Churchill, C.W. 1996b, ApJ, 465, 631 Charlton, J.C., and Churchill, C.W. 1997a, in IAUGUSP Workshop on Young Galaxies and QSO Absorbers, eds. S.M. Viegas, R. Gruenwald, & R. de Carvalho, (PASP Conference Series), 55 Charlton, J.C., and Churchill, C.W. 1997b, ApJ, in progress Churchill, C.W. 1995, Lick Technical Report, #74 Churchill, C.W., and Vogt, S.S. 1996, in Formation of the Galactic Halo... Inside and Out, eds. H. Morrison and A. Sarajedini (PASP Conference Series), 501 Churchill, C.W. 1997, in IAUGUSP Workshop on Young Galaxies and QSO Absorbers, eds. S.M. Viegas, R. Gruenwald, & R. de Carvalho, (PASP Conference Series), 59 Churchill, C.W., Vogt, S.S, and Steidel, C.C. 1995, in Quasar Absorption Lines, ed. G.

Meylan, (Garching : Springer–Verlag), 153 Churchill, C.W., Steidel, C.C., and Vogt, S.S, 1996, ApJ, 471, 164 Churchill, C.W., Charlton, J.C., Ganguly, R., and Vogt, S.S (1997), in preparation Condon, J.J., Hicks, P.D., and Jauncey, D.L. 1977, AJ, 82, 692 Davé, R., Hernquist, L., Weinberg, D.H., and Katz, N. 1996, ApJ, submitted Dittmann, O.J., and Köppen, J. 1995, A&A, 297, 671 Falamo, R. 1990, ApJ, 353, 114 Ferland, G.J. 1988, Ohio State University Department Internal Report, 87–001 Foltz, C.B., Weymann, R., Peterson, B.M., Sun, L., Malkan, M.A., and Chaffee, F.H.

1986, ApJ, 307, 504 Giroux, M.L., Sutherland, R.S., and Shull, J.M. 1994 ApjL, 543, 97 Giroux, M.L., and Shull, J.M. 1997, AJ, 113, in press Haehnelt, M.G., Steinmetz, M., and Rauch, M. 1996, ApJL, 465, 95 Hiebert, K.L., URL = http : //www.netlib.org Horne, K. 1986, PASP, 98, 609 Humlíc̆ek, J. 1979, Journal of Quantative Spectroscopy and Radiative Transfer, 21, 309 Hu, E.M., Tae–Sun, K., Cowie, L., Songaila, A., and Rauch, M. 1995, AJ, 110, 1526 Khare, P., Srianand, R., York, D., Green, R., Welty, D., Huang, K–L., and Bechtold, J.

1996, preprint (astro–ph/9612163) Kirhakos, S., et al. 1992, PASP, 646, 1994 Koo, D.C., Guzman, R., Faber, S.M., Illingworth, G.D., Bershady, M.A.; Kron, R.G.;

Takamiya, M. 1995, ApJL, 440, 49 Koo, D.C., et al. 1996, ApJ, 469, 535 Lanzetta, K.M. 1988, ApJ, 332, 96 Lanzetta, K.M. 1992, PASP, 104, 843 Lanzetta, K.M., Turnshek, D.A., and Wolfe, A.M. 1987, ApJ, 322, 739 (LTW) Lanzetta, K.M., and Bowen, D. 1990, ApJ, 357, 321 Lanzetta, K.M., and Bowen, D. 1992, ApJ, 391, 48 Le Brun, V., Bergeron, J., Boissé, P., and Christian, C. 1993, A&A, 279, 33 Le Brun, V., Bergeron, J., Boissé, P., and Deharveng, J.M .1997, A&A, in press Lu, L., Savage, B.D, and Sembach, K.R. 1994, ApJ, 426, 563

Lu, L., Sargent, W.L.W., Womble, D.S., and Takada–Hidai, M. 1996a, ApJ, 472, 509 Lu, L., Sargent, W.L.W., Barlow, T.A., Churchill, C.W., and Vogt, S.S. 1996b, ApJS, 107, 475 MacLow, M.M, and McCray, R. 1988, ApJ, 324, 776 Marsh, T. 1989, PASP, 100, 1032 Mo, H.J., and Miralda–Escudé, J. 1996, ApJ, 469, 589 More, J.J. 1978, in Numerical Analysis Proceedings, ed. G.A. Watson, Lecture Notes in Mathematics (Springer–Verlag), 630 Morris, S.L., Weymann, R.J., Foltz, C.B., Turnshek, D.A., Shectman, S., and Boronson, T.A. 1986, ApJ, 310, 40 Morton, D.C. 1991, ApJS, 77, 119 Norman, C.A., and Ikeuchi, S. 1989, ApJ, 345, 372 Peterson, B.M., Coleman, G.D., Strittmatter, P.A., and Williams, R.E. 1977, ApJ, 218, 605 Petitjean, P., and Bergeron, J. 1990, A&A, 231, 309 Petitjean, P., Bergeron, J., and Puget, J.L. 1992, A&A, 265, 375 Press, W.H., Flannery, B.P., Teukolsky, S.A., and Vetterling, W.T. 1986, Numerical Recipes: The Art of Scientific Computing (Cambridge University Press) Prochaska, J.X., and Wolfe, A.M. 1996, ApJ, 470, 403 Prochaska, J.X., and Wolfe, A.M. 1997, ApJ, 474, 140 Rauch, M., Carswell, R.F., Chaffee, F.H., Foltz, C.B., Webb, J.K., Weymann, R.J., Bechtold, J., and Green, R.F. 1992, ApJ, 290, 387 Rauch, M., Carswell, R.F., Webb, J.K., and Weymann, R.J. 1993, MNRAS, 260, 589 Rauch, M., Sargent, W.L.W., Womble, D., and Barlow, T.A. 1996, ApJL, 476, 5 Rauch, M., Haehnelt, M.G., Steinmetz, M. 1996, ApJ, submitted Robertson, J.G., Morton, D.C., Blades, J.C., York, D.G., and Meyer, D.M. 1988, 325, 635 Sargent, W.L.W., Boksenberg, A., and Steidel, C.C, 1988, ApJS, 68, 539 (SBS) Sargent, W.L.W., Steidel, C.C, and Boksenberg, A. 1988, ApJ, 334, 22 (SSB) Savage, B.D., and Sembach, K.R. 1991, ApJ, 379, 245 Savage, B.D., et al. 1993, ApJ, 413, 116 Schneider, D.P. et al. 1993, ApJS, 87, 45 Sembach, K.R., and Savage, B.D. 1992, ApJS, 83, 147 Sembach, K.R., Savage, B.D., and Lu, L. 1995, ApJ, 439, 672 Steidel, C.C. 1990, ApJS, 74, 37 Steidel, C.C. 1993, in The Environment and Evolution of Galaxies, eds. J.M. Shull & H.A.

Thronson, Jr., (Dordrecht : Kluwer Academic Publishers), 263 Steidel, C.C. 1993b, in Galaxy Evolution: The Milky Way Perspective, PASP Conf. Series 49, ed. S.R. Majewski, (San Francisco : PASP), 227 Steidel, C.C. 1995, in ESO Workshop on Quasar Absorption Lines, ed. G. Meylan, (Garching : Springer–Verlag), in press Steidel, C.C., and Dickinson, M. 1995, in Wide Field Spectroscopy and the Distant Universe, eds. S. Maddox and A. Aragon–Salamanca Steidel, C.C., Dickinson, M., and Persson, S.E. 1994, ApJ, L75 Steidel, C.C., and Sargent, W.L.W. 1992, ApJL, 343, 33

Steidel, C.C., and Sargent, W.L.W. 1992, ApJS, 80, 1 (SS92) Steidel, C.C., Bowen, D.V., Blades, J., and Dickinson, M. 1995 ApJL, 440, 45 Steidel, C.C., Dickinson, M., Meyer, D.M., Aldeberger, K.L., and Sembach, K.R. 1997 ApJ, in press Thimms, G. 1995, in QSO Absorption Lines, ed. G. Meylan (Garching : Springer–Verlag), 169 Tripp, T.M., Lu, L., and Savage, B.D. 1996, ApJS, 102, 239 Tomisaka, K., Habe, A., and Ikeuchi, S. 1981, ApSS, 78, 273 Tytler, D. 1982, Ph.D. thesis, Univerity of London Tytler, D., Boksenberg, A., Sargent, W.L.W., Young, P., and Kunth, D. 1987, ApJS, 64, 667 Uomoto, A. 1984, ApJ, 284, 497 Viegas, S.M., and Friaca, A.C.S. 1995, MNRAS, 272, L35 Veron–Cetty, M.–P., Djorgovski, S., Magain, P., Meylan, G., and Surdjen, J., A&A Supp, 86, 543 Vogt, S.S. et al. 1994, in Instrumentation in Astronomy VIII, eds. D.L. Crawford & E.R.

Craine, SPIE, 2198, 362 Vogt, N.P., Forbes, D.A., Phillips, A., Cronwall, C., Faber, S.M., Illingworth, G.D., Koo, D.C. 1996, ApJL, 465 15 Wakker, B.P. 1991, in The Interstellar Disk–Halo Connection in Galaxies, ed. H. Bloemen, (Dordrecht : Kluwer Academic), 27 Wang, B. 1993, ApJ, 415, 174 Wang, B. 1995, ApJL, 444, 17 Welty, D.E., Laurosch, J.T., York, D.G., and Frisch, P.C. 1996, preprint Weymann, R.J., Williams, R.E., Peterson, B.M., and Turnshek, D.A. 1979, ApJ, 234, 33 Wills, B.J., Netzer, H., Uomoto, A.K., and WIlls, D. 1980, ApJ, 237, 319 Wolfe, A.M. 1986, in NOAO Conference on Gaseous Halos of Galaxies, eds. J. Bregman, and J. Lockman, NRAO SP, 259 Womble, D. 1995 Workshop on Quasar Absorption Lines, ed. G. Meylan, (Garching :

Springer–Verlag), 158 Yanny, B. 1992, PASP, 104, 840 York, D.G., Green, R., Bechtold, J., and Chaffee, F.H. 1984, ApJL, 280, L1 York, D.G., Dopita, M., Green, R., and Bechtold, J. 1986, ApJ, 311, 610 Young, P., Sargent, W.L.W., and Boksenberg, A. 1982, ApJS, 48, 455 Yun, M.S., Ho, P.T.P., and Lo, K.Y. 1994, Nature, 372, 530