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ABSTRACT

We have obtained spectra at the Multiple Mirror Telescope of nine QSOs in order to search for Mg nn
442796, 2803 absorption from intervening galaxies with previously determined redshifts between 0.2 and 0.7.
We have detected two Mg 1 systems with the redshift of known galaxies, including one associated with a
cluster of galaxies at z = 0.362. From the lack of detectable Mg 11 absorption for a large number of other
galaxies, we conclude that the galaxies that do absorb must have an effective cross section for absorption at
least twice as large in radius as previously thought, in order to account for Mg 1 absorber statistics. Contrary
to previous work, we find that the galaxies with detectable absorption have the same distribution of absolute

luminosities as galaxies which show no absorption.

Subject headings: galaxies: formation — quasars: absorption lines

1. INTRODUCTION

The narrow absorption lines in QSO spectra with z,,, < z.p,
are thought to arise in halos or disks of galaxies which are
generally too distant and hence too faint to allow much
detailed study of their stellar content. Since the look-back
times to many systems are a significant fraction of the age of
the universe, QSO absorption lines yield clues to the physical
conditions in galaxies during their early history. An important
line of attack in this field is the statistical study of Mg
422796, 2803 and C 1v 411548, 1550 doublets as a function of
redshift. The presence of two lines of a doublet of known
separation and relative strength allow a secure identification
of the redshift system; these particular doublets have large
f-values and hence are strong transitions. A large number of
relatively homogeneous spectra have been accumulated over
the years, and many redshift systems are now known (e.g.,
Sargent, Steidel, & Boksenberg 1988 and references therein).

One of the puzzling results of these studies is that the mean
free path for absorption is very much shorter than expected
from simple models of the properties of the absorbing galaxies.
One can predict the mean free path for absorption from the
present-day luminosity function of galaxies, the expected cross-
section for absorption based on (for example) 21 cm maps of
nearby galaxies, an assumed spatial distribution of the absorb-
ing clouds in each galaxy, and a guess at the fraction of galaxies
which might contain absorbing gas (Burbidge et al. 1977).
Assuming the gas is spherically distributed around all galaxies
with filling factor of unity, the mean free path is still roughly
3 times too short for the C 1v absorbers (Sargent, Boksen-
berg, & Steidel 1988), two times too short for the Mg I
absorbers (Sargent, Steidel, & Boksenberg 1988), and 2 times
too short for the damped Lya systems (Lanzetta et al. 1991).
These results are fairly insensitive to sampling statistics, g, or
H,; more realistic assumptions make this discrepancy worse.
The implication is that the gaseous halos of galaxies were
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bigger in the past, or that the number density of gas-rich gal-
axies was different in the past. The comoving number density
of C1v absorbers is in fact a function of redshift (between
Z,s = 1.0 and 4.0) in such a way that indicates that evolution
in galaxy properties has probably occurred (Sargent, Boksen-
berg, & Steidel 1988 ; Khare, York, & Green 1989).

It is widely recognized that the next major step in under-
standing the metal-line systems is to tie the properties of the
absorbers to the properties of the absorbing galaxies. For high-
redshift systems (z > 1), this is very difficult since the galaxies
are faint (although see Elston et al. 1991; Lowenthal et al.
1991; Bergeron 1991). At low redshift (z <0.2), a major
portion of the time on the Hubble Space Telescope for QSO
absorption-line studies is devoted to observing QSOs near
bright, very nearby galaxies in order to detect Mg 1 and C 1v
absorption, and to find very low redshift metal-line systems for
other follow-up work.

In this paper, we describe a program which complements
these studies. We have searched from the ground for Mg 11
absorption associated with a sample of high-redshift galaxies
(z = 0.2-0.7) found in detailed studies of the environments of
QSOs (Yee, Green, & Stockman 1986; Ellingson, Green, & Yee
1991a, b). These studies yielded photometry and multiobject
spectroscopy of many galaxies with small angular separations
from bright QSOs. In many cases, the galaxies have redshifts
Zea1 <€ Zgso Which place them well removed from the QSO.
Several groups, most notably Bergeron and collaborators,
have done the converse, i.e., looked for galaxies at the redshift
of known Mg 11 absorbers (Bergeron & Boisse 1991 and refer-
ences therein). Their success rate is ~80%, and their work is
an important confirmation of the hypothesis that the metal-
line systems in fact arise in intervening galaxies. Our approach,
looking for Mg 11 absorbers at known galaxy redshifts, is com-
plementary in nature. Because our galaxies were chosen
without consideration of their being possible Mg 11 absorbers,
they represent a fairly unique sample of faint galaxies with
measured redshifts near bright background QSOs. In particu-
lar, our sample avoids any possible selection effects inherent in
the searches for galaxies causing known absorption. For
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example, these data include photometry of galaxies in the
quasar field to a well-determined limiting magnitude, and spec-
troscopy of many galaxies which are not likely candidates for
absorbers, e.g., galaxies with red colors, and galaxies fainter
than, or further from, the quasar than the identified absorber.
We also have information about the cluster environment of the
absorbing galaxies which is important in-assessing whether a
given galaxy is the Mg 1 absorber, or a different galaxy at the
same redshift.

Another aim of this study was to increase the number of
absorbers with identified galaxies that have redshifts in order
to provide additional objects for further detailed work. The

total number in the literature is ~ 16, which is large enough to-

suggest interesting trends, but still rather small. For example,
Lanzetta & Bowen (1990) find a correlation of equivalent
width of Mg 1 with impact parameter and conclude that the
gas column density in the absorbing galaxies must fall off as r°.
However, their correlation is significant only at the 2.6 ¢ level
and this result is sensitive to the possibility that the absorbing
galaxy is actually an unidentified galaxy at a larger distance.
Bergeron & Boisse (1991) have also suggested that Mg
absorbing galaxies are preferentially bright, with no absorbers
found having L < 0.3L*. More galaxies, including a larger
sample of nonabsorbing galaxies for comparison, could
improve the significance of these results.

With a larger sample, we could begin to address several
interesting questions. What does the distribution of absorption
cloud velocities relative to the galaxy velocities tell us about
the dynamics of the clouds relative to the bulk of the galaxy
light? Is the observed distribution consistent with what one
expects from a rotation curve from a normal large spiral, or are
the absorbing clouds arising in a population of dwarf galaxy
companions on the outskirts (as some have suggested)? Is the
metallicity of the clouds a function of impact parameter?

In §§ 1 and 2, we describe the new spectra of nine QSOs
which have galaxies of known redshift with small projected
separations to the QSO line of sight. In § 4, we discuss the
results.

2. OBSERVATIONS

Spectra were obtained at the Multiple Mirror Telescope?
with the Blue Spectrograph, “Big Blue” Image Tube and
photon-counting Reticon (Latham 1982). The 832 lines mm !
grating was used in second order with the image stacker
(Chaffee & Latham 1982) resulting in spectral resolution, as

2 The Multiple Mirror Telescope Observatory is a joint facility of the Uni-
versity of Arizona and the Smithsonian Institution.

TABLE 1
OBSERVATIONS

Alternate Exposure Az

QSO Name Zem V  (minutes) A)
PKS 0403132 ....... 0571 172 50 3520-4450
PKS 0405123 ....... . 0.574 1438 20 3520-4450
B20742+318.......... 4C 31.30 0462 160 120 32004135
PKS 08124020 ....... 4C 0223 0402 17.1 120 32004135
PKS 1048—090 ....... 3C 246 0344 16.8 100 3200-4135
PKS 12174023 ....... UM 492 0240 165 60 3200-4135
PKS 13054069 ....... 3C 281 0.602 17.0 40 3620-4550
PKS 1354 +195 ....... 4C 1944 0720 160 20 3980-4880
Q1641+399 ........... 3C 345 0.592 16.0 25 3530-4460

measured from the comparison arc lamp lines, of ~85km s™*!

FWHM. The observations are summarized in Table 1, and the
spectra are plotted in Figures 1-9. All data were taken on 1991
February 15, except the data for Q16414399 which was
obtained on 1991 May 12. Each QSO was placed alternatively
in one of two sets of apertures, and sky spectra were recorded
simultaneously in the other aperture. Pixel-to-pixel variations
in detector response were divided out using a long quartz lamp
exposure obtained during the-day. During the night, every 20
minutes, a short exposure of a helium-neon-argon-cadmium-
mercury lamp was obtained to' calibrate the wavelength-to-
pixel transformation. Root-mean-square errors in the wave-
length calibration were formally ~0.3 pixels or 0.08 A.
However, shear in the fiberoptic bundle in the image tube
chain may have caused somewhat worse errors in certain parts
of the spectrum. Individual exposures of each QSO were wave-
length calibrated with bracketing arcs, rebinned to a linear
wavelength scale, and co-added. A variance array for each
spectrum, derived from the gross object counts and sky counts,
was maintained throughout. Exposures of IIDS standard stars

~ were obtained at the beginning and end of each night to look

for telluric absorption or residual instrumental features. Data
were reduced using standard routines with the Ohio State IRS
software package as implemented at Steward Observatory.

Analyses of the reduced QSO spectra were carried out essen-
tially in the way described in detail by Bechtold (1992). A cubic
spline was fitted to the spectra in order to define the continuum
level. Pixels whose values deviated below the fit by more than
2.5 o were flagged, and a new spline fit made; this was repeated
until the rms of the pixels which deviated above the fit equaled
the rms of the pixels which were below the fit and were equal to
what is expected from the variance.

Significant absorption lines were found by measuring the
equivalent width in a bin equal to 2.46 times the number of
pixels of the FWHM of the comparison lines, and its error (see
Young, Sargent, & Bokensberg 1982). All such bins where the
equivalent width was significant at greater than or equal to
3.5 o were flagged. The equivalent width of each feature was
then measured by specifying start and stop wavelengths for the
feature by hand. The equivalent width and its error (computed
from photon statistics only) for each line found in this way is
listed in Table 2 and indicated by vertical bars in Figures 1-9.
The central wavelength of each line given in Table 2 is the
centroid, weighted by the depth of each pixel in the line below
the continuum. All wavelengths are vacuum and have been
corrected to the heliocentric frame. No absorption lines were
detected for PKS 0403 —132 or Q1641+ 399. Several lines
listed in Table 2 are not identified. While some of these may be
Mg 11 442796 for which 42803 is too weak to be detected, it is
more likely that most are just not real lines, but are artifacts of
the detector response or electronics. The unidentified lines are
the weakest listed in Table 2, and if we had set the equivalent
width threshold at 5 ¢ they would all be excluded. The lines we
have identified as Mg 11 112796, 2803 are all highly significant,
however.

The equivalent width threshold for detectable absorption is
a strong function of wavelength, since the signal-to-noise ratio
deteriorates significantly at the blue end of each spectrum. In
Table 3, we tabulate the wavelength range over which the rest
equivalent width threshold for Mg 11 12796 is 0.6 A or better
and 0.3 A or better, in order to compare our results with
previous surveys. However, we note that the QSOs studied
here were chosen from the much larger Ellingson, Yee, &
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FiG. 1—Spectrum of PKS 0403 —132 obtained with the MMT Blue Spectrograph and photon-counting Reticon. Dashed line indicates continuum fit, and the
dotted line indicates the 1 o square-root of the variance at each pixel. The spectra have been smoothed for presentation only with a Gaussian of 2.5 pixel FWHM, but
the error array has not been adjusted to reflect this. Significant lines are indicated by vertical bars.
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F1G. 2—Spectrum of PKS 0405 — 123. See caption for Fig. 1.
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TABLE 2
ABSORPTION LINES
W,
QSO Number Aobs A) Identification
PKS0405—123 ............ 1 3911.13 0.106 + 0.029
B20742+318 .......c.ennnl 1 3969.47 0.218 + 0.024 Ca 11 13969, Galactic
2 3934.63 0.339 + 0.025 Ca 1 13934, Galactic
3 3438.98 0.144 + 0.036
PKS 08124020 ............ 1 3970.10 0.183 + 0.030 Ca 1 13969, Galactic
2 3935.13 0.254 + 0.021 Ca 1 13934, Galactic
3 3886.42 0.141 + 0.035 Mg 1 12852, z,,,, = 0.3623
4 3819.19 0.357 + 0.040 Mg 11 42803, z,,,, = 0.3623
5 3809.42 0.557 + 0.042 Mg 1 42796, z,,, = 0.3623
6 3542.11 0.275 + 0.060
7 3474.57 0.256 + 0.067
B 8 3448.09 0.242 + 0.066
PKS 1048—090 .......:.... 1 3969.71 0.124 + 0.032 Ca 11 13969, Galactic
2 3934.46 0.130 + 0.036 Ca 11 13934, Galactic
3 3803.13 0.191 + 0.042
PKS 12174023 ............ 1 3881.30 0.143 + 0.038
2 3570.74 0.254 + 0.063
PKS 13054069 ............ 1 4321.49 0.874 + 0.223
PKS1354+195 ............ 1 4740.29 0.722 + 0.184
2 4083.29 1.075 + 0.180 Mg 11 12803, z,,,, = 0.4564
3 4072.61 1.175 + 0.193 Mg 11 42796, z,,, = 0.4564

abs
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Lo TABLE 3 Green (1991a, b) sample because they were known to have
'é: REDSHIFT INTERVALS FOR REST EQUIVALENT WIDTH intervening galaxies within 30” of the line of sight with redshifts
o THRESHOLDS OF 0.3 AND 0.6 A that place Mg 11 in the observed wavelength range. Thus, we
e expect a bias in favor of finding Mg i1 absorption in these
by W, =06 034

spectra compared to more typical lines of sight. Hence, it is not

SO in — in — . . . . .
Q i (mia — Zna) (e — Zmed) valid to combine them with other samples for determining
PKS 0403—123...... 0571  0287-0.571  0.425-0.571 statistical properties such as the number density of Mg 1t
PKS 0405—123...... 0574  0258-0.605  0259-0.574 absorbers as a function of redshift. We have therefore not
B2 0742+318........ 0.462 0.144-0.462 0.176-0.462 ttempted to d

PKS 0812+020...... 0402  0153-0402  0.196-0.402 attempted to do so. . .

PKS 1048 —090...... 0344  0174-0344  0242-0.344 In Table 4, we list the galaxies in each field of the nine QSOs
PKS 1217+023...... 0240  0.164-0240  0.218-0.240 of our sample. We list all galaxies brighter than m, = 22 within
PES 1305+069...... 0.602 0-405—0»622 30” of the QSO found photometrically, along with their red-
PKS 1354+195...... 0720 8'22‘6‘:8',5,28 shifts, if known. In addition, we note that there are 15 other
QI6414399.......... 0592  0262-0592  0.315-0.592 galaxies in these fields with measured redshifts which place

TABLE 4
NEw Mg 11 DETECTIONS AND LiMITS FOR GALAXIES

Ry, (kpo) M)
W,(2796)
Qso A® r 2o do=0 go=05 go=0  go=05 @A)
) @ 0 @ ©) © @) ® )
PKS0405—123 ............ 128 2008
13.5 2009 05703 58.4 50.5 2168  —2137 <0082
14.9 2165 05667 642 55.6 —20.11 ~1979 - <0085
8.0 2176 05722 346 30.0 —2002  —1971 <0081
282 2169 05788 1227 106.0 —2012  —1980  <0.084
122 2121
B20742+318 ..o 147 2093 04164 536 482 —2002  —1980  <0.089
2.1 2071
244 1678
20.8  21.59
PKS 08124020 ............ 2.2 2130 03592 873 79.7 1928  —1908  <0.149
9.5 2027
9.0 2019 04030 322 29.0 2068  —2046  <0.09
14.3 2058 04030 487 436 —2029  —2008  <0.090
0.1 2007
9.0 2111
46 2095 (03623F  (154) (141  (=1965 (—19.45) (0.41)
13.8 2154
1.0 2100
18.4 2187
PKS 1048—090 ............ 26.4 1864
6.5 2016 03449 211 193 2032 2013 <0.140
237 2144
23.4 2081
23.0 1934
26.2 2154 03309 829 762 —1884  —1866  <0.162
PKS 12174023 ..o 19.5 2036
17.9 2137 01939 3838 369 —1772 —1761 <0417
PKS 13054069 ............ 16.3 2026 05037 66.1 58.1 2049  —2021 <0552
273 2147
29.5 2168
14.5 2126
272 2106
8.9 2126
26.8 2174 03266 84.1 774 _1875  —1857 <0759
21.2 2080  0.5024 85.8 755 2064  —2036 <0555
52 2126 0.6053 23.1 19.8 2064  —2034 <0555
PKS 1354+195 ............ 251 2149 04406 94.5 84.5 ~19.61 ~1937 <0619
8.1 2146 04592 312 2738 ~1975  —1949 0807
20.6  2L11
7.2 2191 (045920  (27.8) Q47  (—1929  (—19.04) (0.807)
Q16414399 ....oovrannn. 275 2167
6.8 2032 05910 299 257 2155  —2122  <0.163
233 2173 05822 101.7 87.8 ~2010  —1978 <0177

* Values of R, (kpc) and M(r) are given in parentheses, computed by assuming the galaxy has the redshift of the Mg 11
absorber. See text.
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Mg 11 in the observed spectral range, with separations greater
than 30” but less than 3’. These are not listed in Table 4; none
produced detectable Mg 11 absorption. Photometric ‘data are
taken from Green & Yee (1984), Yee, Green, & Stockman
(1986), and unpublished images from. Yee. Spectroscopy is
from Ellingson, Green, & Yee (1991b) and Ellingson & Yee
(1992). - : S s

- For each galaxy with a redshift, we also list the separation,
R, in kiloparsecs, derived from the angular separation, A®,
in arcseconds, using (e.g., Weedman 1986) for g, =0,

11453\ (1 + 2/2)
Ry, = AQ[ — | 222 1
vobs A®< H0> (1+Z)2 . ()
and for g, = 0.5,
(1+2)?>

R, = A ®(2907)

Hy @

l+2)—J1+z
for Hy, = 100 km s~ Mpc~!. We also compute the absolute r
magnitude for each galaxy, M(r), from the apparent magnitude,
m,, which for g, = 01is

M(r)=m, — 5 log z<1 + %) + 42447 Q)

and for g, = 0.51s
M@E)=m, —5log 2[(1 +z) — /1 + z] + 42447, (4)

where again we have taken H, = 100 km s~! Mpc~. Finally,
we list the 5 ¢ rest equivalent width limit for Mg 11 12796 for
each galaxy, assuming that the line is unresolved.

3. NOTES ON INDIVIDUAL OBJECTS

PKS 0403 — 132—No galaxy redshifts are available for this
field at the present time, although deep images reveal seven
galaxies within 30” of the QSO (Ellingson & Yee 1992).

PKS 0405 —123.—This quasar is located at the center of a
rich cluster of galaxies at the quasar redshift z = 0.57. There
are four galaxies in this field with redshifts essentially at the
QSO emission line redshift, and an additional two galaxies
within 30” of the QSO for which no redshifts are available.
Tytler et al. (1987) searched for Mg 11 absorption in a spectrum
covering 3705-4638 A, at 0.6 A resolution. They report a single
line which they identify as Ca 11 13934, with an observed equiv-
alent width of 0.26 + 0.07 A. We do not see this line, with a
limit on the equivalent width of 0.18 A (5 ¢), in apparent con-
flict with their result. The line we detect at 3911.13 A (see Table
2) is weaker than their quoted equivalent width threshold and
so is consistent with their data. It is unlikely that this line is
Mg 11 42796, since if it were, one would expect a detectable
Lyman limit in the IUE spectrum of Green et al. (1980) at
~1274 A, which is not seen.

B2 0742+ 318—Tytler et al. (1987) obtained a spectrum.of
this QSO covering 3826-4141 A, at 0.6 A resolution. They
report Galactic Ca 1 113934, 3969 absorption with central
wavelengths and equivalent widths consistent with our detec-
tion. Their data do not extend blue enough for them to have
detected our marginally significant line at 3438.98 A. If this line
is Mg 11 42796, then z,,, ~ 0.23. There are no known galaxies
at this redshift in this field (see Table 4). Boulade et al. (1987)
report a Mg 11 system at z = 0.1917 with rest equivalent width
W, = 0.33 A for 12796. We do not see this system, with a 5 ¢
limit of 0.24 A (rest), which is inconsistent with their result.

Vol. 396

PKS 0812+020—The only previously published
absorption-line spectrum of this QSO is a photographic spec-
trum given by Peterson & Strittmatter (1978), which had an
equivalent width detection threshold of 0.75 A. Danziger et al.
(1987) reported extended emission-line gas associated with this
QSO and suggested that the QSO resides in a rich cluster of
galaxies at z & 0.40. Deep photometric imaging by Yee (private
communication) also suggest the presence of excess galaxies in
the field. Galaxy redshifts reveal that while there are several
galaxies associated with the quasar, there is also a foreground
group or cluster at z & 0.36. Mg 11 112796, 2903 absorption is
detected at z,,, = 0.3623, and probably arises from a galaxy in
this cluster. There is a galaxy at this redshift located 26" from
the quasar which might be responsible for the absorption.
However, it is also possible that the absorber is another galaxy
in the same cluster. One candidate, for which no redshift has
been determined, is separated by only 476 from the QSO. No
absorption is seen at the QSO emission-line redshift.

PKS 1048 —090—Morton, York, & Jenkins (1986) searched
for Ca 11 H and K absorption from the Galaxy, and also from a
nearby (A® = 172") galaxy at z = 0.1255 which was found by
Monk et al. (1986). Our detection of Galactic Ca 11 is at a
weaker level than their limits and hence consistent with their
work. Ca 1 H and K and Mg 11 142796, 2803 for the z = 0.1255
galaxy are outside our wavelength range.

PKS 1217 +023—A photographic spectrum was obtained
of this QSO by Ford & Rubin (1966) who reported the detec-
tion of Ca n H and K absorption at z = 0.240. None of the
galaxies with known redshifts in this field have z = 0.240, and
the corresponding Mg 11 12796 should be seen in our spectrum
at 13467, but is not, with a rest equivalent width limit of 0.18 A.
Since it is unlikely for Mg 11 12796 to be weaker than Ca 1
43934 (Petitjean & Bergeron 1990), this redshift system is prob-
ably not real.

PKS 1305 +069—Several galaxies with known redshifts are
close to the line of sight of this QSO, but no Mg 1 absorption
is seen for any of them (see Table 4). Our single detected weak
line at 44321 could be identified with Mgmu 12796 at
z = 0.5452, but there are no galaxies known at that redshift in
this field.

PKS 1354+ 195—Weymann et al. (1979) presented a pho-
tographic spectrum of this QSO and found a Mg 1 system at
z=0.457 which we confirm as a system with redshift
z = 0.4564. It probably originates in the z = 0.4592 galaxy
which is relatively close to the line of sight (see Table 4).

Q1641+ 399 = 3C345—Tytler et al. (1987) obtained a spec-
trum with 0.9 A resolution covering 4175-4500 A. They saw no
Mg 1 system with rest equivalent width greater than 0.25 A,
consistent with our results. There are two galaxies with known
redshifts in this field near the line of sight, but no absorption is
detected for them.

4. RESULTS

From Tables 2 and 4, we see that in our nine new QSO
spectra, we have identified two Mg 11 absorption-line systems
with galaxies near the line of sight: the z = 0.36 system of PKS
0812+020 and the z = 0.45 system of PKS 1354+ 195. No
Mg 1 absorption was seen which did not have a galaxy identi-
fication. In addition, no Mg 11 absorption was seen for 33 other
galaxies with measured redshifts, of which nine are within 60
kpc of the line of sight and three are within 30 kpc (H, = 100
kms~* Mpc™, g, = 0).

Interestingly, the z = 0.36 absorber of PKS 0812+ 020 is
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apparently a member of a cluster of galaxies. There are four
galaxies with known redshifts which place them in the cluster
(three of these have A® > 30” and hence are not listed in Table
4). The four closest galaxies to the QSO line of sight unfor-
tunately have no measured redshifts, but may also be cluster
members. The absorption profile is narrow (Av ~ 200 km s ™!
FWHM), i.e., there is no sign of a complex absorption profile
with large velocity dispersion. Such absorption-line systems
have been attributed to galaxy clusters (e.g., Pettini et al. 1983).

No Mg 11 absorption is seen associated with any galaxy in
any of the other clusters associated with the quasars in our
sample. In general, one might expect not to find Mg 11 absorp-
tion associated with galaxies in clusters, since galaxies in dense
environments are typically deficient in cold gas. On the other
hand, clusters at these redshifts associated with quasars may
contain a significantly higher fraction of gas-rich galaxies than
normal low-redshift clusters of the same richness (Yee et al.
1988). Indeed, the cluster surrounding PKS 0405—123
includes several emission-line galaxies close to the cluster
center, half of which might be expected to lie in front of the
quasar. However, none of these caused detectable Mg 11
absorption, despite relatively small separations with the QSO
line of sight.

We have carefully reviewed the literature in order to compile
a sample of Mg 11 absorbers with galaxy identifications to
compare with ours. In Table 5, we list known galaxies with
detected Mg 11 absorption, galaxies in each field with known
redshifts but no Mg 11 absorption, and other galaxies known
photometrically only if they are closer to the line of sight than
the galaxy identified with the absorber. These last are included
since they could be the proper identification, with the galaxy
further out being associated with the absorber in a group or
cluster. We have required that the redshift of the galaxy be
confirmed spectroscopically, and so our list differs slightly
from those given by Bergeron & Boisse (1991) or Lanzetta &
Bowen (1990). Also, we have included the emission-line objects
which are spectroscopically confirmed by Yanny (1990), but
not the other candidates in the same fields found through
narrow-band imaging by Yanny, York, & Williams (1990).
Three Mg 11 systems have no plausible identification despite
extensive searches (Bergeron & Boisse 1991); these may arise in
galaxies too faint to have been seen, or too close to the quasar
to have been distinguished from the QSO light.

5. DISCUSSION

5.1. The Effective Cross Section for Absorption

In this section, we compare the observed distribution of
impact parameters for the galaxies in Tables 4 and 5 with the
expectations from previous surveys for Mg 11 absorbers. The
statistics of the Mg 11 absorbers have been studied by Sargent,
Steidel, & Boksenberg (1988), Lanzetta, Turnshek, & Wolfe
1988), Tytler et al. (1987) and others. These studies yield an
estimate of the number of absorbers per unit redshift, N(z),
stronger than some rest equivalent width threshold, W, as a
function of redshift. Sargent, Steidel, & Boksenberg (1988)
combined their data with the high-redshift sample of Lanzetta,
Turnshek, & Wolfe (1988) and the sample drawn from the
literature of Tytler et al. (1987) to derive a sample of 37 redshift
systems. They found that for W,,, = 0.6 A, N(z) = 0.54 + 0.08,
for a sample of absorbers with mean redshift {z,,,» = 1.116. If
the evolution is parameterized in the usual way,

N(@Z)oc (1 +2), &)
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then they found that y = 1.45 + 0.63, which is consistent with
no evolution in absorber mean free path. For W, = 0.3 A, the
Lanzetta, Turnshek, & Wolfe sample was unfortunately not
sensitive enough to be included, so that the redshift interval
over which the sample is drawn is limited. However, for this
W, Sargent, Steidel, & Boksenberg constructed a sample of
31 systems and found that N(z) = 1.13 4+ 0.20 for <{z,,,> =
0.732. In this case, y = —0.16 + 1.20, again consistent with no
evolution, although the error is large.

Following Burbidge et al. (1977) and others, these number
densities of absorbers can be related to an average cross
section for absorption of a typical galaxy. Here we rederive an
expression for the cross section in order to show explicitly its
dependence on various parameters and to critically assess its
uncertainties. The number density of galaxies is assumed to be
described by the Schechter (1976) luminosity function,

weefl) (U o

where L is the galaxy luminosity, and I¥*, ¢*, and « are param-
eters which characterize the luminosity function. The radius-
luminosity relation of Holmberg (1976) is adopted, so that the
cross-section of a galaxy of luminosity L is given by o, where

L 10/12
6= nR*2<E> , 0

i.e., R* is the radius of the effective cross section for absorption
of an I* galaxy. Then the mean-free-path for absorption, I,

can be written
+ -1
Iy = (j fo dn)
0

=[fo*¢* T+ )17, ®)

where I'(x) is the y-function and o* = nR*2, The factor fis the
probability that a galaxy will absorb at a particular impact
parameter, R. If all galaxies absorb with spherical halos and
the filling factor of the absorbing clouds is unity, then f = 1.
Now, assuming that the y in equation (5) is consistent with no
evolution, in the standard Friedman cosmologies,

N() = No(1 + 21 + 2902) 7"/, ©®

where N, is the local density of absorbers at z = 0. Com-
binining equations (6)—(9),

o [LHo 1 1 e rye
R (Z)—[n c o* r(a+22/12):| <f>

12
X <1N—_f_z)z> (1 +2g,2)'4. (10)

If we adopt the galaxy luminosity function parameters of
Efstathiou, Ellis, & Peterson (1989), a = —1.07, ¢* =
1.56 + 0.34 x 1072 Mpc?® for Hy = 100 km s~* Mpc™*, then

1\ N 1/2
R*(z)=75.0h‘1(?> [1 J(:)z] (1 +2¢02)"* kpc . (11)

If one adopts the luminosity function of de Lapparent, Geller,
& Huchra (1988) then the numerical coefficient becomes 65.2
kpc; for the Schechter (1976) parameters, the coefficient is
59 kpc.

For Wy, =06 A and (z,,) = 1.116, and adopting the
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X TABLE 5
:2: GALAXIES WITH Mg 11 DETECTIONS OR LiMITS
(2]
o
& R, (kpc) M(r)
L W,(2796, 2803) References
QSO A® r Zent go=0 go=0.5 qgo=0 go=0.5 A (Abs; Gal)
(4)) 2 3 @ ®) ©6) (U ®) ©) (10)
0109+200........ 71 21.7 0.535 29.7 259 —199 —19.6 2.26,1.71 1;2
11.9 230
0119—-046........ 3.1 233 0.6577 143 12.1 —189 —185 0.27,0.19 3;4
4.7 22.5 0.6578 206.7 175.0 —19.7 —-19.3 <0.27
0151+045........ 6.4 19.1 0.160 119 115 —195 —194 1.55, 1.55 55
10.9 20.2 0.160 20.3 19.5 —184 —183 - .
0229+131........ 17.1 20.1 0.372 58.3 53.0 —20.6 —-204 0.34,0.21 6;2
6.8 20.5 0.417 248 223 —20.5 —20.2 0.67,0.75
0235+164........ 1.9 212 0.524 79 6.9 —203 —-20.1 242,234 7,8;4,7,8,9,10
3.9 22.3 0.5243 16.1 14.1 —193 —19.0 <242 e
6.8 224 0.525 28.2 24.7 —19.2 —189 <242
26.4 221 0.5252 1094 95.7 —19.5 —19.2 <242 ...
0453—-423........ 6.0 22.6 (0.746)* (29.3) (24.3) (—19.9) (—19.5) 11;2,12
19.3 22.7
30.3 214
30.4 228 0.746 1484 1223 —19.7 —19.3 14,1.1
0952+179........ 26.3 19.8 0.332 83.4 76.6 —20.6 —-204 <0.56 13;2
24.8 222 .
30.3 21.7 0.381 104.7 95.0 —19.0 —18.8 <0.54
" e (02377 ... .. .. .. 0.66,0.44
1038 +064........ 9.4 221 0.441 354 31.7 —19.0 —188 0.30,0.25 14;2
. 20.6 19.6 0.306 61.9 57.3 —20.6 —204 <0.30 .
11.7 22.5
1101 —-264........ 12.2 204 0.359 40.7 37.1 —20.2 —20.0 0.49, 0.40 15;2
(0.356)° 0.22,0.19
1127—145........ 5.3 224 (0.313)* (16.2) (14.9) (—17.8) (—17.7) e 2;2
9.6 20.1 0313 29.3 270 —20.1 —20.0 221,190
16.1 21.5
17.7 204 0312 539 49.8 —19.8 —19.7 e ...
1209+ 107........ 7.1 219 0.3922 25.0 226 —189 —18.7 1.00,0.54 16;17
1229—-021........ 0.395)° 222,194 18;2
1332+4552........ 5.0 20.7 0.373 17.1 155 —20.0 —19.8 - 29,29 19; 19
1511+103........ 6.9 220 0.437 259 23.1 —19.1 —18.8 » 0.45,0.35 13;2
1912—-549........ 13.4 22.6 (0.403)* 47.9) 43.2) (—183) (—18.0) . 20;20
16.8 22.1
15.7 21.5
19.1 21.2 0.403 68.3 61.6 —-19.7 —-194 18,14
8.3 214 0.402 29.6 269 —19.5 —-19.2 : ... .
2128—123........ 8.6 21.0 0.430 319 28.6 —20.0 —19.8 0.40, 0.37 21;2,22
2145+ 067........ 5.5 222 0.790 27.5 22.6 —20.5 —20.0 0.61,0.46 6;2

* Values of R,,, (kpc) and M(r) are given in parentheses, computed by assuming the galaxy is associated with the Mg 11 absorber; no
redshift for the galaxy is available, however. See text.

b Redshift of Mg 11 absorber, since no galaxy identified.

REFERENCES.—(1) Wills et al. 1980; (2) Bergeron & Boisse 1991;(3) Sargent, Young, & Boksenberg 1982; (4) Yanny 1990; (5) Bergeron et al.
1988; (6) Sargent, Steidel, & Boksenberg 1988; (7) Smith, Burbidge, & Junkkarinen 1977; (8) Cohen et al. 1987; (9) Stickel, Fried, & Kuhr
1988; (10) Yanny, York, & Williams 1990; (11) Sargent et al. 1979; (12) Yanny et al. 1987; (13) Foltz et al. 1986; (14) Weymann et al. 1979; (15)
Carswell et al. 1984; (16) Young, Sargent, & Boksenberg 1982; (17) Cristiani 1987; (18) Briggs et al. 1985; (19) Miller, Goodrich, & Stephens
1987; (20) Bergeron & Boisse 1986; (21) Petitjean & Bergeron 1990; (22) Bergeron 1986.

Efstathiou et al. parameters, we then have R* = 37.8 kpc for
do =0, and R* = 45.6 kpc for g = 3. For Wy, = 0.3 A and
(Zaps> = 0.732, R* = 60.6 kpc for g, =0, and R* = 69.5 kpc
for q, = 1. These values for R* are 10%—30% larger than the
numbers quoted by Sargent, Steidel, & Boksenberg (1988) or
Lanzetta, Turnshek, & Wolfe (1988) since we have adopted
more modern values for the galaxy luminosity function param-

eters and slightly different values for the density of absorbers
than these authors.

This calculated value for the absorption cross-section can be
compared with the observed distribution of distances between
the absorber galaxy and the quasar line of sight. To represent
the results of Tables 4 and 5, in Figure 10 we plot the rest
equivalent width of Mg 1 42796, W(4A2796), versus R/Rg,,
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F1G. 10.—Rest equivalent width of Mg 11 12796, W(42796), vs. normalized impact parameter, R/R,, (for H, = 100 km s™* Mpc™' and g, = 0). Open circles
indicate galaxies for which absorption has been detected; stars indicate galaxi€s for which no absorption is seen. The vertical dashed lines correspond to R* = 38, 60,
and 120 kpc, respectively; the horizontal dashed lines correspond to W(42796) = 0.3 and 0.6 A, respectively. See text.

where

R
R

0.4

- (o )z) @
100 kpc /\ I*

and R, is the observed projected distance derived from equa-
tion (3), for g, = 0, i.e., column (5) in Tables 4 and 5. Thus we
have scaled each R, by the galaxy luminosity, in units where
an I* galaxy has an effective radius for absorption of 100 kpc.
We chose to normalize to 100 kpc instead of the R* discussed
above, since the value of R* is somewhat uncertain, and
depends on equivalent width limit. Vertical dashed lines in
Figure 10 indicate the R/R,, corresponding to R* = 38, 60,
and 120 kpc, respectively. We have not plotted the three
absorption systems for which no galaxies are known. For L*,
we have adopted Efstathiou et al’s M} = —19.68 since our
r-magnitudes at these redshifts more or less correspond to
B-magnitudes at z = 0. (If we had adopted de Lapparent et
al’s M% = —19.00 instead, there would be very little change in
our result.) In Figure 10, galaxies with detected absorption are
indicated by open circles, and upper limits are indicated by
stars. In cases where there were two possible galaxy identifica-
tions for an absorber, both galaxies are plotted, connected by
a dotted line. We have not plotted the limits for galaxies
of known redshifts with distances of greater than 30"
(corresponding to R = 130 kpc at z =02, or 256 kpc at
z = 0.6); none of these were found to cause absorption.

From Figure 10, we see that for the galaxies with detectable
absorption (which are mostly drawn from the literature), most
of the points lie within the R* = 60 kpc line (corresponding to
W,,. = 0.3 A), and all but one lie within the R* = 38 kpc line
(corresponding to W;,, = 0.6 A). A similar result led Bergeron
& Boisse (1991) to conclude that f & 1. That is, if f were very
different from one, then one would expect that the average R,
would be larger than R*, which was derived assuming f = 1.

However, our results, which are mostly upper limits to
detectable absorption, do not indicate that f ~ 1. We find that
within R* = 60 kpc, we detected only two galaxies out of eight
with limits of 0.3 A or better; within 38 kpc, we detect only two

gal

out of seven with limits better than 0.6 A. If we include objects
in clusters associated with the quasars, half of which are likely
to be in front of the quasar, f drops to 0.2. However, it may not
be appropriate to add these objects to our sample because of
possible systematic differences in the gas content of these
cluster galaxies in comparison with field galaxies. Thus, from
our data alone, for z,,, < z.p,, Wwe would conclude that f ~ 25%.

The value of f = 25% is in fact plausible. If every absorbing
galaxy has gas distributed in a disklike geometry with random
orientations, then f~ 1. (Bergeron & Boisse (1991) were able
to rule out linear structures for the distribution of Mg 11
absorption, but found that their data were compatible with
both spherical and disk-shapes halos.) To be in harmony with
our results, then, the fraction of all galaxies with gas would also
have to be ~3, which may be a reasonable guess at the spiral
fraction of all galaxies. It is possible that Bergeron & Boisse
(1991), by choosing fields with known absorbers, preferentially
found emission-line, gas-rich spiral galaxies. Our sample of
galaxy redshifts, on the other hand, contains mostly
absorption-line galaxies selected in the red and may be more
representative of the general galaxy population.

If f ~ 25%, then from equation (10), we must also conclude
that R* is actually a factor of 2 bigger than previously stated,
i, R* = 120 kpc for W,,, = 0.3 A and R* = 76 kpc for Wy, =
0.6 A. This is significantly larger than the H 1 extent of local
galaxies which are typically 1-2R,, where the Holmberg
radius of an L, galaxy is Ry = 11 higo kpe. It is also signifi-
cantly larger than the distance of most identified absorbers to
the quasar line of sight, although it should be noted that the
identified absorber is always chosen to be the closest galaxy
observed to have the proper redshift.

There are two ways to solve this discrepancy arising from a
lower value for f. First, we explore the possibility that the
absorption cross sections are as large as is implied by the
calculation of R*. In this case, some of the galaxies identified
by Bergeron & Boisse (1991) are not the true absorber, but
rather the actual absorbing galaxy lies at an even larger dis-
tance. Since most of the galaxy redshifts in the Bergeron &
Boisse (1991) sample were taken one at a time, only the nearest
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few galaxies to the QSO line of sight were studied; there are
almost always more galaxies farther out with no redshifts mea-
sured. It will, of course, be difficult to verify this hypothesis
without a further large investment of telescope time. Moreover,
if more galaxies at the proper redshift are found, it is difficult or
impossible to determine which are definitely responsible for the
absorption. In any event, we find this scenario unattractive in
that it requires cold absorbing gas at such great distances from
the visible galaxy. Further, we note that it is possible that most
of the absorbers arise in galaxies or H 11 regions superposed on
the QSOs, and the galaxies identified with the absorber in
Tables 4 and 5 are actually nearby galaxies (York 1992). In this
case, the quantity R measures the distance to the nearest neigh-
bor, not the impact parameter in the sense discussed here.

A second possibility is that our assumptions about a non-
evolving galaxy population, on which our calculations of R*
are based, are not valid for 0.3 < z < 0.7. There is increasing
evidence in support of this—both imaging and spectroscopic
surveys of faint galaxies imply evolution of some type in galaxy
properties since z & 1. Imaging surveys (Tyson 1988; Colless et
al. 1990) find an excess of at least a factor of 2 in the number of
blue-selected galaxies at these magnitudes.

Bergeron & Boisse (1991) suggest that this phenomenon is
linked to Mg 11 absorption and show that the discrepancy
between the calculated effective radius, R*, (derived assuming
f=1), and the mean observed impact parameters between the
QSOs and galaxies, (R, can be reconciled by assuming
luminosity evolution in the galaxy absorbers and hence a cor-
responding increase in size of the absorbing region (through
eq. [7]). For our smaller value for the filling factor, however,
the amount of luminosity evolution necessary for this scenario
is much larger than is observed in the field galaxies.

It is also not clear that simple luminosity evolution in the
galaxies, €.g., a monotonic brightening with redshift of the
galaxy luminosity function, is an accurate description of their
behavior. Results from the spectroscopic survey of Colless et al.
(1990) are not consistent with these models, and instead they
suggest that the excess galaxies are a population of moderate
luminosity, actively star-forming objects at z ~ 0.3, which sub-
sequently fade (see also Broadhurst, Ellis, & Shanks 1988).
Most of these galaxies show strong [O 11] 13727 emission lines,
which may be associated with Mg 11 absorption (see § 4.2
below), and it is tempting to identify these galaxies with a
population of Mg 11 absorbers existing at z > ~0.3 but absent
at current epochs. We defer a quantitative calculation of R* in
the context of this scenario until more is known about the
luminosity function of these objects, and about the properties
of Mg 11 absorbers. Note, however, that the increase by a factor
of 2 in the space density of absorbers, as is suggested by the
Colless et al. results, will lower the calculated value of R* by
\/5., partially offsetting our lower values for the filling factor
(eq. [10]). More detailed analysis must await better under-
standing of the evolution of galaxies and their gas content. It
would of course be of great interest to correlate any evolution
in the Mg 11 absorbers with the evolution of these galaxies.
Unfortunately, the small numbers of Mg 1 absorbers known
result in large uncertainties in the evolutionary parameter y (of
eq. [5]) so that almost any evolutionary scenario is allowed by
the absorption-line data.

5.2. Galaxy Properties

One of the goals of this study was to obtain a large sample to
allow examination of the properties of galaxies which cause
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Mg 11 absorption. In this section, we look at three properties:
the absolute magnitudes of the absorber galaxies, their
emission-line luminosities, and the radius-luminosity relation
adopted in the previous section (eq. [7]).

First, we compare the distribution of absolute magnitudes of
the galaxies which show detectable Mg 11 absorption with
those which do not. Figures 11a, 11b, and 11c¢ show the dis-
tribution of redshift, apparent magnitude and absolute magni-
tude, respectively, for the galaxies in Tables 4 and 5. The
distributions of the absorbers versus the nonabsorbers are
indistinguishable in all three parameters. The Kolmogorov-
Smirnov probabilities that the distributions in z, m, and M(r)
are the same for the absorber versus nonabsorber samples are
0.98,0.76, and 0.16, respectively.

This contrasts with the results of Bergeron & Boisse (1991)
who argued that the galaxies which show absorption are pref-
erentially bright compared to galaxies in the field, with those
galaxies having L < 0.3 L* lacking halos of cool gas. Their
absorber sample was essentially the same as ours. However,
their “ test” sample was a sample of field galaxies, not necessar-
ily galaxies whose Mg 1 absorption properties were known. In
fact, their “test” sample contains a significant fraction of gal-
axies with redshifts too low to shift Mg 11 112796, 2803 up into
the spectral range of available data (see their Fig. 4). Although
the apparent magnitudes of the “test” sample were brighter
than the absorber sample on average, this did not compensate
for the different redshift distribution and so the absorber
sample turned out to be intrinsically brighter on average than
their “test” sample. Thus, this comparison did not take into
account the strong selection effect in redshift for the absorber
sample; specifically, most absorbers have z > 0.3 in order for
Mg 11 to have been detected from ground-based data, whereas
the “test” sample had no such constraint. Since the absorber
galaxies are on average farther away, they turned out to be
intrinsically brighter.

Their absorber sample is also prone to selection effects in
that not all of the galaxies are observed to well-defined limiting
magnitudes, either by imaging or spectroscopically. As noted
above, incomplete studies of these fields will produce only the
brightest and nearest probable galaxy. The tendency for gal-
axies to cluster suggests that such results will be biased toward
higher luminosity galaxies. While the observations of our fields
are not spectroscopically complete, the well-defined detection
limits for the imaging surveys and the fact that the objects for
spectroscopy were chosen based on different criteria (a search
for galaxies in clusters at the quasar redshift) suggest that we
may be sampling galaxies which are more representative of the
general galaxy population, or at least are quite different from
the galaxies sampled by searches for Mg 1 absorbers. While
the current identifications may be correct, a convincing sta-
tistical study of their properties requires a complete spectro-
scopic survey of these fields to very faint magnitudes.

Second, we examine the distribution of galaxy emission-line
luminosities. Almost all of the Mg 11 absorbers identified in the
literature show strong emission lines in their spectra, which
seems to be a striking characteristic of these objects (Bergeron
& Boisse 1991 and references therein). OQur two new Mg 11
absorption systems do not significantly challenge this ten-
dency. The galaxy at z = 0.36 in the PKS 0812+202 field
which was studied spectroscopically does show emission lines,
but may not actually be the absorbing galaxy. The identified
absorber in the PKS 1354+ 195 field shows no strong [O 1]
A3727 emission, but unfortunately detection limits are not

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


http://adsabs.harvard.edu/abs/1992ApJ...396...20B

No. 1, 1992 Mg 1 ABSORPTION 33
10 LA A AL AN IR AL B LA HL LA B T ] 10 T T T T T T T T T T T T T T T T T ]
g [ Mg II Detected B g [ Mg II Detected g
5 of 1§ et .
g r ] 5 E ]
B tE ] BOAF ]
2 F /——l I—% 2k (—‘ =
[o ) ETRPIIS i - PR N R | IS | .,.|...|....: C . Jd . 1 by |.,..|..l.|l.~
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 19 20 21 22 23
Galaxy Redshift Apparent r—magnitude
10 LA SR A A S AL B RELL AN BRI B ] 10 T T T T T T T T T T T T T T T T T T T ]
8 I No Mg II Detected B 8 No Mg II Detected E
g sf 1§ s &
£ C 1 E g 1
B E B fE E
2 F ] 2k l—— e
o Lo ,i,l.l,.t...n...,l...1...|...: :....1... T PRI B B PR .|.:
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 19 20 21 22 23
Galaxy Redshift Apparent r-magnitude
FiG. 11a Fic. 11b
10 — —— T ] representative of field galaxies in any case. Overall, there is no
g [ Me Il Detected E strong evidence that contradicts a scenario where all Mg 1t
F E absorbers are disk systems showing strong emission lines.
E 6 - 3 Finally, we examine the validity of the R oc I?* luminosity-
E - ] radius scaling relation of equation (7). Following Bergeron &
g 4 - E Boisse (1991), in Figure 12 we plot log R/R,,, versus M(r) for
s [ I the galaxies of Tables 4 and 5 (see their Fig. 9). The symbols are
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FiG. 11c at least twice as large in radius than previously thought. If this

F1G. 11.—(a) Distribution of redshifts for galaxies with detected Mg i
absorption (upper panel) and galaxies with no detected Mg 11 absorption (lower
panel). (b) Distribution of apparent r-magnitudes for galaxies with detected
Mg 1 absorption (upper panel) and galaxies with no detected Mg 11 absorption
(lower panel). (c) Distribution of absolute r-magnitudes, M(r), (for H, = 100 km
s™! Mpc™?! and g, = 0), for galaxies with detected Mg 1 absorption (upper
panel) and galaxies with no detected Mg 11 absorption (lower panel).

available due to the difficulties in accurate flux calibration in
multislit spectroscopy. The galaxies with z,,; < zgso Which do
not cause Mg 11 absorption have no detectable emission lines,
and have colors and spectra similar to normal elliptical gal-
axies. Two galaxies in the PKS 0405 — 123 field and one in the
PKS 1305+ 069 show [O 1] 43727 and [O m1] 114959, 5007
emission, but these galaxies are all members of clusters at the
quasar redshift, and therefore may actually be located behind
the quasar. As members of a galaxy cluster they may not be

is the case, then the apparent discrepancy between this calcu-
lated effective radius, and the observed mean radius between
the QSOs and identified absorber galaxies may be too large to
explain in terms of the amount of galaxy evolution suggested
by recent deep imaging and galaxy spectroscopic surveys. We
further find that there is no detectable difference in the dis-
tribution of absolute magnitudes between galaxies which show
Mg 1 absorption and ones which do not, when an appropri-
ately chosen comparison sample is constructed.

Clearly, the number of objects is still frustratingly small.
With the recent development of efficient multi-aperture spec- .
trographs on 4 m class telescopes, we hope it will be practical
to enlarge the sample size in the near future.

We thank the staff of the MMTO for their assistance at the
telescope. H. K. C. Yee graciously supplied images in advance
of publication. This work would not have been possible
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without the extensive previous work in this area by Yee & R. F.
Green. We thank the referee, Don York, for his careful reading
of the text. J. B. completed the manuscript while on a long-

R
—-19.5
M(r)

L
—20 -20.5 -21 —-_1.5 -22

vs. galaxy absolute magnitude, M(r) (for H, = 100 km s ! Mpc™* and g, = 0). Solid line indicates the scaling

term visit at CTIO; the hospitality of the Director and staff
there is gratefully appreciated. This research was supported by
AST-9058510 from the National Science Foundation.

REFERENCES

Bechtold, J. 1992, ApJ, submitted

Bergeron, J. 1986, A&A, 155, L8

. 1991, in Proc. ESO Mini-Workshop on Quasar Absorption Lines,
ESO Sci. Rep. No. 9, ed. P. A. Shaver, E. J. Wampler, & A. M. Wolfe
(Garching: ESO), 57

Bergeron, J., & Boisse, P. 1986, A&A, 168, 6

. 1991, A&A, 243, 344

Bergeron, J., Boulade, O., Kunth, D, Tytler, D., Boksenberg, A., Vigroux, L.
1988, A&A, 191, 1

Boulade, O., Kunth, D., Tytler, D., & Vigroux, L. 1987, in High Redshift and
Primeval Galaxies, ed. J. Bergeron, D. Kunt, B. Rocca-Volmerange, J. Tran
Tranh Van (Paris: Editions Frontiéres), 349

Briggs, F. H., Turnshek, D. A, Schaeffer, J., & Wolfe, A. M. 1985, ApJ, 293, 387

Broadhurst, T. J., Ellis, R. S., & Shanks, T. 1988, MNRAS, 235, 827

Burbidge, G., O’Dell, S. C., Roberts, D. H., & Smith, H. E. 1977, Ap]J, 218, 33

Carswell, R. F., Morton, D. C.,, Smith, M. G, Stockton, A. N., Turnshek, D. A.,
& Weymann, R. J. 1984, ApJ, 278, 486

Chaffee, F. H., & Latham, D. W. 1982, PASP, 94, 386

Cristiani, S. 1987, A&A, 175, L1

Cohen, R. D, Smith, H. E., Junkkarinen, V. T., & Burbidge, E. M. 1987, ApJ,
318,577

Colless, M., Ellis, R. S., Taylor, K., & Hook, R. N. 1990, MNRAS, 244, 408

Danziger, I. J., Guzzo, L., Cristiani, S., & Shaver, P. A. 1987, BAAS, 19,1126

de Lapparent, V., Geller, M. J., & Huchra, J. P. 1988, ApJ, 343, 1

Efstathiou, G., Ellis, R. S., & Peterson, B. A. 1988, MNRAS, 232, 431

Ellingson, E., 1990, Ph.D. thesis, University of Arizona

Ellingson, E., & Yee, H. K. C. 1992, in preparation

Ellingson, E., Yee, H. K. C., & Green, R. F. 1991a, ApJS, 76, 455

. 1991b, ApJ, 371,49

Elston, R., Bechtold, J., Lowenthal, J., & Rieke, M. 1991, ApJ, 373, L39

Foltz, C. B, Weymann, R. J., Peterson, B. M., Sun, L., Malkan, M. A, &
Chaffee, F. H. 1986, ApJ, 307, 504

Ford, W.K., & Rubin, V. C. 1966, ApJ, 145, 357

Green, R. F., Pier, J. R, Schmidt, M., Estabrook, E. B, Lane, A. L., &
Wabhlquist, H. D. 1980, ApJ, 239, 483

Green,R.F., & Yee, H. K. C. 1984, ApJS, 54,495

Holmberg, E. 1976, in Stars and Stellar Systems, Vol. 9, Galaxies and the
Universe, ed. A. Sandage, M. Sandage, & J. Kristian (Univ. of Chicago
Press), 123

Khare, P, York, D. G., & Green, R. F. 1989, ApJ, 347, 627

Lanzetta, K. M., & Bowen, D. 1990, ApJ, 357, 321

Lanzetta, K. M., Turnshek, D. A., & Wolfe, A. M. 1987, ApJ, 322,739

Lanzetta, K. M., Wolfe, A. M., Turnshek, D. A., Lu, L., McMahon, R. G, &
Hazard, C. 1991, preprint

Latham, D. W. 1982, in IAU Colloq. 67, Instrumentation for Astronomy with
Large Optical Telescopes, ed. C. M. Humphries (Dordrect : Reidel), 245

Lowenthal, J. D., Hogan, C., Green, R., Caulet, A, Woodgate, B., Brown, L., &
Foltz, C. B. 1991, ApJ, 377, L73

Miller, J. S., Goodrich, R. W., & Stephens, S. A. 1987, AJ, 94, 633

Mgnk, A. S., Penston, M. V., Pettini, M., & Blades, J. C. 1986, MNRAS, 222,

87

Morton, D. C,, York, D. G., & Jenkins, E. B. 1986, ApJ, 302, 272

Peterson, B. M., & Strittmatter, P. A. 1978, ApJ, 226, 21

Pettini, M., Hunstead, R. W., Murdoch, H. S., & Blades, J. C. 1983, ApJ, 273,
436

Petitjean, P., & Bergeron, J. 1990, A&A, 231, 309

Sargent, W. L. W, Boksenberg, A., & Steidel, C. C. 1988, ApJS, 68, 639

Sargent, W. L. W,, Steidel, C. C., & Boksenberg, A. 1988, ApJ, 334, 22

Sargent, W. L. W., Young, P. J., & Boksenberg, A. 1982, ApJ, 252, 54

Sargent, W. L. W,, Young, P. J.,, Boksenberg, A., Carswell, R. F., & Whelan,
J. A.J. 1979, ApJ, 230, 49

Schechter, P. L. 1976, ApJ, 203, 297

Smith, H. E., Burbidge, E. M., & Junkkarinen, V. T. 1977, ApJ, 218, 611

Stickel, M., Fried, J. W., & Kuhr, H. 1988, A&A, 198, L13

Tyson, J. A. 1988, AJ, 96, 1

Tytler, D., Boksenberg, A., Sargent, W. L. W., Young, P. J., & Kunth, D. 1987,
AplJS, 64,667

Weedm;m, D. W. 1986, Quasar Astronomy (New York: Cambridge Univ.
Press

Wgymann, R.J., Williams, R. E., Peterson, B. M., & Turnshek, D. A. 1979, ApJ,

34,33

Wills, B. J., Netzer, H., Uomoto, A. K., & Wills, D. 1980, ApJ, 237, 319

Yanny, B. 1990, ApJ, 351, 396

Yanny, B, Hamilton, D., Schommer, R. A., Williams, T. B., & York, D. G.
1987, ApJ, 323, L19

Yanny, B., York, D. G., & Williams, T. B. 1990, ApJ, 351, 377

Yee, H. K. C,, Ellingson, E., Green, R. F., & Pritchett, C. J. 1988, in The Epoch
of Galaxy Formation, ed. C. S. Frenk et al. (Dordrecht: Kluwer), 185

Yee, H. K. C, Green, R. F., & Stockman, H. S. 1986, ApJS, 62, 681

York, D. G. 1992, private communication

Young, P.J., Sargent, W. L. W., & Boksenberg, A. 1982, ApJS, 48, 455

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


http://adsabs.harvard.edu/abs/1992ApJ...396...20B

