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ABSTRACT

We report on absorption by Milky Way disk and halo gas seen in Quasar Absorption Line Key Project
measurements of 15 quasars obtained with the Faint Object Spectrograph (FOS) of the Hubble Space Tele-
scope (HST). The measurements extend from 1150 to 3270 A for four objects and from 1600 to 3270 A for 11
objects and have a velocity resolution (FWHM) of 220-240 km s~ ! and signal-to-noise ratio of typically 25
per resolution element. The data processing techniques are presented in Key Project Papers I and II. Milky
Way absorption lines comprise 44% of all absorption lines found in the first group of 13 Key Project spectra.
The Milky Way lines observed in the highest quality data for 3C 273 and H1821 + 643 include lines from H 1,
Ci,Cu*, Crv, O, N1, Mg1, Mg, Al i, Al u, Si i, Siug, Si1v, S 1, Mn 11, Fe 11, and Zn 1. Strong singly
ionized metal lines of Fe 11 112600.17 and 2586.65 and Mg 11 142796.35 and 2803.53 are detected in all the
spectra. High-quality H 1 21 cm emission spectra are used to make small adjustments to the FOS wavelength
scale to bring the UV data onto an LSR velocity system. The strong metal lines of Fe 1 and Mg 11 permit a
sensitive search for metal-line analogs to the high-velocity clouds seen in H 1 21 cm emission. Toward three
quasars we detect resolved, very high negative velocity (v < —250 km s~ !) metal-line absorption. Toward four
quasars we detect blended high negative velocity absorption (—250 km s~ ! < v < —100 km s~ !). Therefore,
seven of 15 sight lines observed in this limited sample exhibit high-velocity or very high velocity metal-line
absorption. Lower limits to the Mg-to-H abundance ratio of 0.059, 0.12, and 0.32 times the solar abundance
are obtained for the three detections of very high velocity Mg 11 absorption toward PKS 2251+11, PG
0043 +039, and 3C 454.3, respectively. However, cloud clumping may influence this result, since the H 1 refer-
ence column density from 21 cm emission measurements is obtained with a 21’ beam. The sight line to PG
1259 + 593 reveals absorptions in the lines of Mg 11, Fe 11, C 11, and Si 11 which are in part due to absorption in
high-velocity cloud Complex C III. Two sight lines (H1821+643 and 3C 351) which extend through the
warped outer Galaxy exhibit strong absorption by singly ionized metals (C 1, Si 11, Fe i, Mg 1) and highly
ionized gas (C 1v) at velocities corresponding to absorption in the outer Galaxy. Combining our measure-
ments of C 1v with data from the literature, we derive a Galactic C 1v exponential scale height of 4.9 kpc and
a midplane density of 7.1 x 10™° atoms cm 3. However, the C 1v distribution is so patchy that the measure-
ments are found to be equally well fitted by a spherical halo model with a Galactocentric exponential scale
length of 6.9 kpc. A comparison of absorption in high-redshift damped Lya systems with the absorption pro-
duced by the Milky Way shows that an appreciable fraction of the damped Lya absorption-line systems have
mixed ionization absorption-line characteristics roughly similar to that found for six sight lines through the
Milky Way disk and halo. Since the low-ionization lines are highly saturated, this similarity does not imply
similar abundances in the neutral and weakly ionized gas but instead probably suggests a similarity in the
kinematical behavior of the different absorbing media.

Subject headings: ISM: abundances — quasars: general — ultraviolet: interstellar

1. INTRODUCTION

The Quasar Absorption Line Key Project is designed to
obtain a data base of ultraviolet spectra of quasars to investi-
gate at low and intermediate redshift the absorption produced
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disk and halo gas. These lines are numerous because of the
high detection sensitivity of ultraviolet resonance absorption
lines to small column densities of gas. The Key Project spectra
provide the opportunity to sample the Milky Way halo in
many directions in order to better understand the distribution
and kinematics of the gas at large distances from the Galactic
plane. The sensitivity of the resonant metal lines to small
column densities will permit a search for the metal-line analog
to the H 1 high-velocity cloud phenomena. The zero-redshift
absorption produced by the Milky Way provides important
reference data for interpreting metal-line absorption systems
seen at higher redshift.

The organization of this paper is as follows: In § 2 we review
the Key Project observations and data reductions. In § 3 we
evaluate the consequences of the modest resolution of the high-
resolution mode of the Faint Object Spectrograph (FOS) for
studying Galactic interstellar matter. We also introduce a
velocity calibration technique that allows us to improve the
accuracy of the velocity zero-point calibration over those pro-
vided by the standard Key Project data processing. The Galac-
tic distribution of the objects and their relationship to known
high-velocity H 1 clouds is discussed in § 4. In § 5 we sum-
marize the Milky Way lines detected. In § 6 we report the
discovery of high-velocity and very high velocity metal-line
clouds. In § 7 we discuss absorption by high-velocity cloud
Complex C in the direction of PG 1259+593. In § 8 the
spectra for H1821 + 643 and 3C 351 are used to provide infor-
mation about absorption in the outer warped region of the
Milky Way. In § 9 we discuss the implications of the new C 1v
measurements for estimating the Galactic scale height of C 1v.
In § 10 we compare the absorption-line characteristics of
Milky Way disk and halo gas absorption with absorption seen
in higher redshift QSO absorption-line systems. Section 11
provides a brieft summary of the study.

2. OBSERVATIONS AND REDUCTIONS

The observations analyzed in this paper are those FOS
A/AL = 1300 measurements presented by Bahcall et al. (1993a,
hereafter Paper I) supplemented with more recent Key Project
measurements for two additional quasars including TON 153
and PG 1352+011. The FOS instrumental characteristics,
data handling, and processing techniques relevant to the Key
Project study are discussed by Schneider et al. (1993, hereafter
Paper II). Additional information about the performance of
the FOS is found in the HST FOS Instrument Handbook
(Kinney 1992).

The quasars observed are listed in Table 1. For all the
objects, FOS spectra were obtained which extend from 1600 to
2310 A with grating G190H and from 2230 to 3270 A with
grating G270H. For several objects (3C 273, PG 1259 + 53,
H1821+643, and 3C 351) integrations were also obtained
with grating G130H providing spectra extending from 1150 to
1606 A. The spectra were all obtained through the 0725 x 270
slit and recorded with photon-counting 512 channel Digicon
detectors. The red Digicon was used for the G190H and
G270H integrations, while the blue Digicon was used for the
G130H integrations. Four spectrum samples were obtained
per Digicon diode width, which approximately corresponds to
one resolution element.

The spectra have typical signal-to-noise ratios per resolution
element of 25. However, for the bright quasars 3C 273 and
H1821 + 643 the Key Project team reprocessed the guaranteed
observing time (GTO) data of Bahcall et al. (1991, 1992). These

spectra have signal-to-noise ratios of 30-70 per resolution
element.

The spectra for 13 of the 15 quasars analyzed here are dis-
played in Paper I. Table 6 of that paper contains lists of
absorption-line wavelengths and equivalent widths for all lines
with minimum equivalent widths 4.5 times the 1 ¢ equivalent
width error for an unresolved line. This line list is referred to as
the “complete list.” These measurements were performed on
continuum normalized spectra as described in Paper II. The
equivalent widths were determined by fitting the observed
absorption lines with single or, in the case of blends, multiple
different width Gaussian profiles. Measurements were also
obtained for weaker lines having equivalent widths between 3.0
and 4.5 ¢. This list of lines, which will not be published, is
referred to as the “incomplete list ” in Key Project papers.

3. SPECTRAL RESOLUTION AND VELOCITY CALIBRATION

The spectral resolutions of the FOS high-resolution modes
are well described by Gaussian functions with FWHM = 1.1,
1.5, and 2.0 A for gratings G130H, G190H, and G270H,
respectively (see Paper II). At the mid-wavelength range of
each grating these resolutions correspond to FWHM (km
s™1) = 240, 230, and 220 km s~ !, respectively. Some insight
into the impact of this resolution for studies of Milky Way and
extragalactic absorption is revealed in Figure 1, where we
compare the FOS measurements of absorption toward 3C 273
with measurements from the Goddard High-Resolution Spec-
trograph (GHRS) that have a resolution of approximately 20
km s~ ! (FWHM) but broad wings on the spectroscopic spread
function (see Savage et al. 1993). The figure compares the
spectra as a function of LSR velocity with the different spectra
in the three panels referenced to the lines of Si 11 11260.42, Fe 11
A2600.17, and Mg 11 A2796.35. In each panel various other
absorption lines also appear, including S 11 A141253.81 (—1574),
1259.52 (—214), Mn 11 A42576.88 (—2687), 2594.50 (—644),
2606.17 (+692), Fe m 42586.65 (—1560), and Mg 11 A2803.53
(+770), where the apparent LSR velocities of the other absorp-
tion lines are given in parentheses. In most cases the strong
lines that FOS detects (Mg u A42803.53, 2796.35, Fen
A42600.17, 2586.65, Si 11 A11260.42) represent very strongly satu-
rated absorption features, while the weak lines FOS can detect
in the highest quality data represent moderately saturated lines
(S m A41253.81, 1259.52, Mn 11 A12576.88, 2594.50, 2606.46) (see
Savage et al. 1993).

The FOS spectra of S 11 11259.52 and Si 1 11260.42, which
are —214 km s~ ! apart, show that the two lines must be
farther than 250 km s~ ! apart before they can be clearly resolv-
ed. This blending limits our ability to see and resolve high-
velocity metal absorption lines. In some of the absorption
profiles that have reliable velocity calibrations, however, high-
velocity absorption in the range from 100 to 250 km s~ is
evident as an extension of the line profile to positive or nega-
tive velocities. Also, for the strong lines of C 1, Si 11, Mg 11, and
Fe 1, the equivalent widths themselves sometimes imply high-
velocity absorption. For example, the Mg 11 12796.35 equiva-
lent width toward H1821+643 of W, =173 A implies a
velocity equivalent width W, = W, ¢/l = 185 km s~ !. This
extremely strong line must have very strong absorption over at
least 185 km s~ 1. In contrast, the Mg 11 412796.35 line toward
3C273has W, = 115kms™ 1.

In the standard Key Project processing of FOS data, the
measurements from the different gratings were brought into a
common wavelength system by determining small zero-point
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- TABLE 1
L
; g OBJECT LiST AND VELOCITY CORRECTIONS
[s2l}
o
& Qso I b Vg Vneio  Vi®  Vig® AV <y NHD  EBYV) Not
L
&msh)  amsl) @msh @mshH @ms?h) 100 m?)  mag.
PG 0043+039 120.2 -58.7 2 -86 +35 121 -26 2.99 0.05 1
PKS 0044+030 1208 -59.5 3 -8 +17 95 231 2.81 0.05
3C 95 205.5 -46.3 -16 -56 +34 90 -11 4.20 0.07
US 1867 177.1  +39.9 2 60 +38 98 -11 2.62 0.05
3C 263 1342 495 3 -2 +32 104 -20 0.91 0.02 2
3C 273 290.0 +644 +2 62 +46 108 -8 1.68 0.03
PG 1259+593 120.6 +58.1 +10 -160 +28 188 -66 1.54 0.03 3
TON 153 377 +83.7 +9 -64 +36 100 -14 1.27 0.02
PG 1352+011 335.7 +59.6 +8 44 +48 92 +2 2.07 0.04
B2 1512+37 59.9 +583 +16 -70 +24 94 23 1.40 0.02
3C 351 90.1 +364 +16 -86 +37 123 25 2.02 0.03 4
H 1821+643 940 +274 +16 -146 +46 192 -50 3.81 0.07 5
PKS 2145+06  63.7 -34.1 +10 97 +51 148 23 4.70 0.08
3C 4543 86.1 -38.2 +7 91 +45 136 23 6.94 >0.12 6
PKS 2251+11 828 419 +7 -76 +47 123 -15 542 0.09 7
1. PG 0043+ 039 has an H1 HVC at —360 km s~ ! with N(H 1) = 1.9 x 10'® atoms cm~2 and FWHM = 41 km s~ !
(LS93a).
2. For 3C 263 possible H 1 emission extends to — 185km s~ ! (LS93a).
3. PG 1259+593 has an H1 HVC at —127 km s™* with N(H 1) = 6.18 x 10'° atoms cm™~2 and FWHM = 22 km s !
(LS93a). This HVC is part of Complex C.
4. 3C 351.0 has weak H 1 emission extending from —107 to —198 km s ™! with N(H1) = 9 x 10'® atoms cm ™2 (L§93a).
This emission is probably associated with the warp of the outer Galaxy (see § 8). The analysis in the rest of this paper
assumes v, go(—) = —198km s ™! and (v, > = —80kms~ 1.
5. H1821+ 643 has very broad H 1 emission at —99 km s~* with N(H 1) = 1.45 x 10'° atoms cm~2 and FWHM = 72
km s~ ! (LS93a). This emission is probably associated with the warp of the outer Galaxy (see § 8).
6. 3C 454.3 has a very faint HI HVC at —369 km s~ ! with N(H1) = 4.3 x 10'7 atoms cm~2 and FWHM = 32km s~
(LS93b). This HVC was not detected in the original survey of LS93a. The sight line to 3C 454.3 intersects a diffuse Galactic
molecular cloud that contains sufficient molecules to produce observable CO emission and OH absorption at radio
wavelengths (Liszt & Burton 1979; Dickey et al. 1981). The value of E(B— V') based on H 1 alone E(B— V) is reported as a
lower limit.
7. PKS 2251+11 has an H1 HVC at —364 km s~ ! with N(H 1) = 4.8 x 10'® atoms cm~2 and FWHM = 33 km s !
(LS93a).
8. The wavelength zero-point offsets adopted for TON 153 and PG 1352+ 11 in the Key Project data processing are as
follows:
QsoO G190H G270H
TONIS53....oiiiiinnnnnne +114A  +0334A
PG 13524011 ..., +166A  +0824
offsets to the separate spectra based on the assumption that the reveal that H 1 emission can be traced from v, g = —146 to

strong Milky Way metal lines for singly ionized atoms should
appear at rest. This assumption is not strictly valid, and
improvements to the wavelength scale can be made as
described below. The standard zero-point offset mostly relied
on the lines Fe 1 142600.17, 2586.65, 2382.77 for the G270H
grating, the Al 1 11670.79 line (when it was detected) for the
G190H grating, and the lines Si 11 111526.71, 1304.37, 1260.42,
1193.29, and 1190.42 for the G130H grating. The adopted
offsets for each grating are found in Table 3 of Paper I or in
the notes to Table 1 of this paper for TON 153 and PG
1352 +011. The assumption that the strong lines should be at
rest is appropriate for directions where the gas of the Milky
Way absorbs relatively symmetrically about v;gg = 0 km s~ 1.
However, for some directions high-velocity cloud phenomena
may skew the center of the absorption to negative or positive
velocities that in extreme cases may approach + 100 km s~ 1.
For example, in the direction of H1821+643 the 21 cm H 1
measurements of Lockman & Savage (1993, hereafter LS93a)

© American Astronomical Society « Provi

+46 km s~ 1. If metals exist in the H 1 emitting gas toward
H1821 + 643, we might expect the strong absorption lines to be
centered near vy g = — 50 km s~ ! rather than 0 km s ™.

To improve the velocity zero-point reference of the Key
Project data, we have used the H 121 cm emission-line data of
LS93a to estimate a reference velocity, rather than simply
assuming that the strong Milky Way lines are at rest. The
radio measurements for Key Project quasars reported in
LS93a have been corrected for sidelobe contamination in the
NRAO 140’ telescope. The strong lines used for the velocity
reference are extremely sensitive probes of gas and will be
optically thick at all velocities at which 21 cm emission can be
detected, provided that the gas contains metals with abun-
dances exceeding approximately 0.1 solar.

In Table 1 we list for each quasar the LSR-to-heliocentric
correction, vy g — Uperio» and information about Milky Way H 1
21 cm emission from LS93a. The negative and positive velocity
limits of the observed H 1 emission, vyg(—) and v gr(+), are

ded by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...413..116S

No. 1, 1993

HST QUASAR ABSORPTION LINE KEY PROJECT. IIL

119

FOS: Fe 11 2586, 2600

------

—T T T T

FOS: Mg II 2796, 2800

1253, 1259, Si II 1260

—

GHRS: Fe II 2586, 2600

Normalized Flux
o
!
i
o
I

.........

...... f——————+
GHRS: Mg II 2796, 2800

—
vvvvv T+

2000

LSR Velocity [km/s]

F16. 1.—Key Project FOS spectra are compared with GHRS spectra from Savage et al. (1993) for selected Milky Way absorption lines toward 3C 273.
Continuum normalized intensity is displayed vs. LSR velocity. In the three panels from left to right, the velocity reference is with respect to the lines Si 11 11260.42,
Fe 11 12600.17, and Mg 11 12796.35. In each panel various other absorption lines also appear, which include S 11 A111253.81 (at a relative velocity of — 1574 km s7Y
and 1259.52 (—214) in the left-hand panel; Mn 11 112576.88 (—2687), 2594.50 (—654), 2606.17 (+692), and Fe 11 12586.65 (— 1560) in the center panel; and Mg 1
42803.53 (+770) in the right-hand panel. (In each case the numbers in parentheses are the relative velocities of these lines.)

the limits about zero velocity to which continuous H 1 emis-
sion can be followed above the noise, typically, to an H 1
brightness temperature of ~0.05 K. Occasionally a completely
separate high-velocity component is seen beyond the region
defined by vy g(—) and v r(+). These are identified in the
notes to Table 1 but not included in the values of v;g(—)
and v gr(+). The other velocity entries in Table 1 are Av =
|vpsr(+) — vise(—)| and Cvpsp) = [opsp(+) + vpsr(—)1/2. As
discussed in the next paragraph, the strong absorption lines of
species such as C 11, Mg 11, Si 11, and Fe 11 are expected to be
saturated between v gz(—) and v r(+) and, therefore, to have
equivalent widths of approximately W, = AAv/c and have
average LSR velocities approximately given by (v g >.

The absorption optical depth at velocity v of a species x is
given by

(v) = (me?/m, ¢)fAN (v) = 2.654 x 10 'SFAN (v), (1)

where the numerical value is for 1 in angstroms and the

column density per unit velocity, N,(v), in atoms cm ™2 (km
——1 2 L ; . .

s~ ')~ 1. Assuming H 1 emission to be optically thin, the relation

between brightness temperature, T, (K), and hydrogen column

density per unit velocity is

Ny v) = 1.823 x 10'8T,(v) )
(Spitzer 1978, p. 43). Letting
N (v) = 6(x)[X/H], Ny /(v) , )

where d(x) is the depletion of element x and [X/H], is the
cosmic abundance ratio of x, and combining equations (1), (2),
and (3), we obtain

1(v) = 4.838 x 103fAS(x)[X/H], Ty(v) - @)

In equation (3) we have assumed that we can convert from the
column density of H 1 per unit velocity to the column density
per unit velocity for some other species that represents the
dominant ionization state in gas containing H 1.

Taking the Mgn A2796.35 line as an example, with
fA = 1714 x 10°® (Morton 1991) and [Mg/H], = [Mg/H], =
3.9 x 107> (Anders & Grevesse 1989), where the cosmic abun-
dance ratio is taken to be the solar ratio, [Mg/H], we obtain

T2706(0) = 3236(Mg)Ty(v) . (%)

Adopting the depletion for Mg found in the lower density
warm ISM, 5(Mg) = 0.5 (Jenkins, Savage, & Spitzer 1986), we
obtain 7,,9¢(v) = 162T,(v). Therefore, an H 1 brightness tem-
perature limit of 0.05 K implies 7,,46(v) = 8.1, and we would
expect Mg 11 12796.35 to be fully saturated over the velocity
range from at least v r(—) to at least v g(+). The GHRS
Mg 11 data for 3C 273 (see Fig. 1) show that Mg 11 12796.35 is
indeed saturated over a wide velocity range. From Table 1 we
find for 3C 273 that v gr(—) = —62 km s™! and v g(+) =
+46 km s~ ! Thus, we predict a strong Mg 11 12796.35 line
with a velocity width of 108 km s ™! centered on (v, x> = —8
km s~!. With GHRS we observe a line with a velocity equiva-
lent width W, = W, ¢/A = 120 + 3 km s~ ! centered at —5 km
s~1. With FOS we observe a line with a velocity equivalent
width of 115 4+ 5km s~ '. The agreement is encouraging.

Repeating the calculation of 7,(v) for the strong lines Fe i1
A42600.17 and 2382.77, we obtain 7,600(v) = 91T4(v) and
Ty352() = 112T(v) using [Fe/H] = 3.24 x 107> (Anders &
Grevesse 1989) and J(Fe) = 0.04 (Jenkins et al. 1986). There-
fore, T;, = 0.05 corresponds to 7,60(v) = 4.6 and 7,34,(v) = 5.6,
and we would expect the Fe 11 lines to have a behavior roughly
similar to that for Mg 11.
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FiG. 2—An illustration of how the H 1 21 cm emission-line measurements of LS93a for the direction to 3C 273 and PG 1259+ 593 are used to adjust the FOS
data into an LSR reference frame. The 21 cm emission (brightness temperature vs. LSR velocity) is shown in the upper part of the left-hand and center panels for 3C
273 (a kinematically simple sight line) and PG 1259 + 593 (a kinematically complex sight line), respectively. The 21 cm emission is used to predict the strength of
Mg 11 42796.53 absorption which would be observed at high resolution and at the FOS resolution. The predicted absorption before and after convolution with the
FOS resolution function (rectangular and smooth curves, respectively) are compared with the observed absorption (histogram) in the panel below each 21 cm emission
profile. The comparison has been made following application of the velocity-shifting procedure described in § 3. The right-hand panel compares the Mg 11 data for
the two sight lines before and after the application of the velocity corrections. The much stronger Mg 11 absorption for the gas toward PG 1259 + 593 is associated
with the high-velocity gas clearly seen in the 21 cm H 1 emission data toward that quasar. The highest velocity H 1 emission in that direction (v gg ~ —127 km s~ %) is

associated with high-velocity cloud Complex C I1I (see § 7).

Figure 2 illustrates the principle behind the velocity adjust-
ment procedure for the Mg 11 12796.35 data for 3C 273 and PG
1259 + 593. The 21 cm data for the direction to 3C 273 and PG
1259 + 593 are displayed in the upper half of the two panels to
the left, while the lower part of these panels shows the expected
shape of the Mg 11 line if observed at high resolution, and the
expected shape if observed at the FOS resolution of 220 km
s™! (FWHM). The expected absorption profile at high
resolution, exp [ —1(v)], was calculated from the H 1data using
equation (4) with 6(Mg) = 0.5. Absorption for v < v, (—) and
v > v p(+) was taken to be zero. The expected absorption at
FOS resolution, exp [—1(v)] ® SSF(Av), assumes that a
Gaussian  spectral spread function, SSF(Av), with
FWHM = 220 km s~ !, is convolved with the high-resolution
absorption profile. The lower panels also show the actual data
after application of the velocity offset procedure as described
above. The panel on the right shows the FOS data before
application of the velocity offset procedure (above) and after
application (below). For the direction to 3C 273 the velocity
correction only results in a shift of —8 km s~ !, while for PG
1259 + 593 the shift is —66 km s~ !. In the direction of PG
1259 + 593, high-velocity gas associated with high-velocity
cloud Complex C is evident in the 21 cm emission near v, gz =
—127 km s~ (see notes to Table 1, and see § 7). That gas is
also detected in absorption and causes the strong metal lines to
have very large equivalent widths. Note that the velocity equiv-
alent widths for the lines of Mg 11 and Fe 11 listed in Table 2 for
PG 1259 + 593 are among the largest out of the group of 15
quasars.

The accuracy of the FOS wavelengths or velocities can be
assessed by comparing GHRS and FOS measurements of the
Milky Way absorption lines observed toward 3C 273. The
GHRS intermediate-resolution measurements from Table 2 of
Savage et al. (1993) have an accuracy of +10km s~ * (1 o). The
comparison includes nine lines for grating G130H and seven
lines for grating G270H. By following the procedure discussed
above to bring the FOS data into an LSR system, we first
adjusted the velocity zero point of the FOS 3C 273 data given
in Paper I by —8 km s~ . We then found, for the 16 lines,
{vpsr(FOS) — v r(GHRS)) = —12 + 17(1 6) km s~ ! The
comparison provided no evidence for wavelength-dependent
systematic differences that might be associated with errors in
FOS dispersion constants. From this comparison we conclude
that the FOS wavelength scale is reliable provided that the
absolute velocity reference to the Milky Way absorption can
be made. This is true for the G130H measurements and the
G270H measurements. However, for the G190H measure-
ments only one Milky Way line is available (Al n 11670.79),
and it is not always detected. The FOS 3C 273 data compared
here have higher signal-to-noise ratio (S/N) than the typical
FOS Key Project data. We estimate that the recalibrated data
for representative Key Project spectra will have velocity uncer-
tainties about 35 km s ™!, a factor of 2 larger than the rms error
of +17 km s~ ! measured for the high-quality 3C 273 data set.

Measured absorption-line equivalent widths and their errors
for the strong lines of Mg 11, 142796.35 and 2803.53, and Fe 11
A22600.17 and 2382.77, expressed in velocity units, W, =
W, c/2, are listed in Table 2. These numbers are taken from the
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TABLE 2
Fe 11 AND Mg 11 ABSORPTION-LINE EQUIVALENT WIDTHS (km s~ %)

W, (km's™")
Av (km s 1)
QSO Mg 11 12796 Mg 11 412803 Fe 11 12600 Fe i1 42382 Hi12l cm
PG0043+39 ......oeeentl 85+ 11 100 + 15 108 + 18 94 + 15 121
PKS0044+03.............. 73 £ 11 94 + 11 93 + 18 b 95
3C95 i 98 + 11 81+ 12 65 + 10 72+9 90
US1867 ..ccvviviniinninnen 121 + 14 96 + 15 105 + 16 92+ 13 98
3C263. i, 183 + 14 149 + 14 127 + 13 151 + 18 104
3C273 i 115+ 5 108 + 1 103+ 5 103+ 1 108
PG 12594593 .............. 178 £ 9 189 +9 175 £ 12 151 + 13 188
TON 1S3 ...t 86 + 10 88 +6 82+ 12 81 +38 100
PG 1352+011 .............. 107 + 14 79+9 74+ 9 76 + 13 92
B21512437 coiiineiienne 118 + 11 110 + 11 101 £ 10 105+ 9 94
3C351 i 185+ 13 152 + 12 112+7 155 + 16 123
HI1821+643 ................ 185+ 5 183 +3 173+ 3 172 + 4 192
PKS 2145+06.............. 129 + 14 113+ 9 173 + 23 4 148
3C4543 ... 116 + 18 111 + 14 55+ 10 81+ 14 136
PKS2251+11.............. 102+ 9 87 +9 90 + 14 88 + 11 123

? Velocity extent of H 121 cm emission from LS93a (see Table 1).
® Line not present in the complete sample of lines which satisfy the required 4.5 ¢ detection significance level.

equivalent width measurements listed in Table 6 of Paper I and
do not include high-velocity cloud absorption when it is
resolved from the lower velocity absorption (see notes to Table
1). The far right-hand column of Table 2 lists the velocity range
Av over which 21 cm emission has been traced by LS93a (also
see col. [7] of Table 1). Figure 3 shows W, plotted against Av
for the lines of Mg 11 12796.35 and Fe 11 12600.17 for all the
objects listed in Table 1. With only a few exceptions, it appears
that the measured velocity equivalent widths of the strong
metal lines of Mg 1 12796.35 and Fe 11 12600.17 agree well
with the expected velocity equivalent widths based on the 21
cm emission toward each quasar. The exceptions are identified
with the special symbols in Figure 3. They include 3C 263
(crosses), 3C 351 (plus signs), and 3C 454.3 (asterisks). Note that
the measurements do not include absorption produced in very
high velocity metal-line clouds which are resolved in the FOS
spectra for PG 0043 + 039, 3C 454.3, and PKS 2251+ 11.

——— 7
Mg Il 2796.35 '
200t .
+ .
x ) 1
w
~
E .
= o
;100» :* .
F 4
0 N R R
0 100 200
AV [km/s]

For 3C 263 and 3C 351 the FOS Mg 11 12796.35 absorption-
line equivalent widths are substantially larger than the values
of Av given in Table 1, indicating absorption by gas not
accounted for in the 21 cm emission-line data. However, for 3C
263 the 21 cm emission possibly extends to —185 km s~!
rather than the quoted value of v g(—)= —72 km s~!
(LS93a). If this emission is real, then Av for 3C 263 increases
from 104 to 217 km s~ ! and the Mg 11 discrepancy is removed
but is replaced with a discrepancy for Fe 11. In the case of 3C
351 the Mg 1 discrepancy is evidently caused by weak H 1
emission between —198 and — 107 km s~ ! but not included in
the calculated value of Av listed in Table 1 (see note 4). This
problem renders invalid the small LSR (—25 km s~ ') velocity
correction for 3C 351 listed in Table 1. A more accurate
number which will be used elsewhere in this paper {v > =
(37 —198)/2= —80 km s~!. For 3C 4543, the value
W, =55+ 10 km s~ ! for Fe n 12600.17 is smaller than we

T
L Fe Il 2600.17 ‘
200} PR
- .'~ -
o
B
x .
= I+
> 100 o 1
; ". . [ 4
[ ] * 1
» 1
R B
% 100 200
AV [km/s]

FiG. 3.—Velocity equivalent widths, W, = W, c¢/4, for the strong metal lines of Mg 11 12796.35 and Fe 11 12600.17 from Table 2 are compared with the velocity
extent, Av, of measurable H 121 cm emission from LS93a toward the Key Project quasars. Deviating points are for 3C 263 (crosses), 3C 351 (plus signs), and 3C 454.3
(asterisks). The measured equivalent widths do not include the absorption produced by very high velocity metal-line clouds which are resolved by FOS in the spectra
of PG 0043+ 039, 3C 454.3, and PKS 2251+ 11. The 1 ¢ errors in the velocity equivalent widths are typically 10-15km s~ ! (see Table 2).

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


http://adsabs.harvard.edu/abs/1993ApJ...413..116S

122

would expect to measure based on Av = 136. The discrepancy
is somewhat less for the line of Fe 11 A12382.77, where we obtain
W, = 81 + 14 km s~ 1. It is interesting in this case to find that
the agreement is acceptable for both the lines of Mg 11 (see Fig.
3 and Table 2). Perhaps the higher velocity gas toward 3C
454.3 experiences greater Fe 11 depletion than the value
assumed for the warm interstellar medium (ISM). For all three
of these objects we are beginning to see the limitations of the
method.

Although the comparison of Figure 3 is not perfect, the fact
that the agreement is good for most of the cases suggests that
the 21 cm data can be used to improve the velocity zero-point
calibration of the FOS data, while the deviant cases suggest
that there may occasionally be problems with the calibration
scheme and extra care must be taken in these cases. When
working with the FOS spectra for Milky Way studies we have
adjusted the zero-point wavelengths of the spectra so that the
strong metal lines have a velocity given by the values of (v )
listed in Table 1 (see note for 3C 351). In most cases the adjust-
ment is small (<35 km s~ !). However, in several cases (PG
1259 + 593, H1821 + 643, and 3C 351) adjustments as large as
—50to —80km s~ ! are required.

There are several reasons why the velocity adjustment tech-
nique discussed here will occasionally be invalid. The various
Milky Way lines used in the original Key Project data wave-
length calibration (see Paper II) have different sensitivities and
involve elements with different amounts of depletion due to the
presence of dust. Very little is currently known about elemental
abundances in high-velocity gas. Also, the 21 cm radio data
sample the sky with a 21’ beam. Small angular scale structure
in the distribution of the gas can cause the velocity structure
seen in absorption, which occurs over an infinitesimal solid
angle, to be different from the structure seen in the 21 cm data.
Although there is evidence that this effect is not usually impor-
tant for Milky Way disk gas (Dickey & Lockman 1990), it is
likely very important for high-velocity gas (Wakker & Schwarz
1991). The extreme sensitivity of the strong metal lines allows
us to sample the sky in a column density regime below an
equivalent hydrogen column density of N(H 1) = 10'® atoms
cm~ 2. Although great care was taken to allow properly for
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sidelobe contamination in the work reported in LS93a, the
resulting H 1 spectra are somewhat uncertain in the brightness
temperature range near 0.05 K. Ionization effects may also
introduce differences. Ions such as Si 11, Fe 11, and Mg 11 with
ionization potentials of 16.34, 16.18, and 15.03 eV, respectively,
may produce absorption lines in regions where the hydrogen is
ionized. Despite these potential problems, it appears that the
H 1 21 cm measurements provide a basis for improving the
Key Project velocity calibration and for gaining new insights
about the nature of the absorption at zero redshift associated
with the Milky Way.

4. GALACTIC DISTRIBUTION OF THE QSOs

The Galactic coordinates (I and b) of the 15 quasars included
in our study are given in Table 1. Their positions on the sky are
shown on the Aittof projection in Figure 4, where the Galactic
center is to the right and Galactic longitude increases to the
left. Approximately equal numbers are in the northern and
southern Galactic hemispheres. The Galactic latitude cutoff of
the Key Project quasar absorption line survey (|b| > 20°) is
evident in the distribution. Key Project quasars were selected
on the basis of estimated UV brightness and therefore gener-
ally avoid directions with large N(H 1) and extinction.

The quasar distribution shown in Figure 4 can be compared
with maps of the distribution of ‘high-velocity gas detected via
the H 1 21 cm emission line (e.g., see Fig. 2 of Wakker 1991).
From this comparison we find that four quasars, PG
1259 + 593, 3C 351, H1821 + 643, and PKS 2251 + 11, lie in the
direction of high-velocity clouds (HVCs) detected in the data of
Wakker (1991). Two other quasars, PG 0043+039 and 3C
454.3, lie near HVCs in the Wakker (1991) map. Because 21 cm
emission-line measurements for all sight lines to Key Project
quasars observed at higher resolution with FOS are reported
in LS93a, we will mostly draw upon their results when dis-
cussing the implications of the data for the detection of high-
velocity metal-line clouds (see § 6). The notes to Table 1
provide information about those quasars for which high-
velocity (]v sg| > 100 km s~') gas has been detected in the
sensitive 21 cm emission measurements of LS93a. In Figure 4

360 /

\ |

-90

FiG. 4—Galactic distribution of the Key Project quasars included in this study. In this Aittof projection, the Galactic center is to 'the right and Galactic longitude
increases to the left. Filled symbols mark quasars with high-velocity (|v| > 100 km s~ ') blended or resolved absorption in the metal lines.
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the open circles identify quasars that show no evidence for
high-velocity metal-line absorption associated with the Milky
Way, while the filled circles identify quasars that do show high-
velocity metal-line absorption. 3C 454.3 and PKS 2251 + 11 lie
in directions near the Magellanic Stream (see § 6). PG
1259 4 593 is in the direction of high-velocity cloud Complex C
(see § 7). 3C 351 and H1821 + 643 are in directions which allow
us to sample absorption by gas in the outer warped arm of the
Milky Way (see § 8).

Estimates of interstellar extinction to the Key Project
quasars can be obtained from the 21 cm emission-line data and
the assumption that the standard value of N(H 1)/
E(B—V)=5.7 x 10*! atoms cm~2 mag™~! (Bohlin, Savage, &
Drake 1978) is valid. The resulting estimates of the reddening,
E(B—V), are listed in column (10) of Table 1. These estimates
can be used along with an assumed shape for the UV inter-
stellar extinction curve (Savage & Mathis 1979; Cardelli,
Clayton, & Mathis 1989) to correct the observed QSO energy
distributions for the effects of UV interstellar extinction. In
general, the extinction will be relatively small because quasars
in directions with large N(H 1) were biased against in the Key
Project object selection. A possible exception is 3C 454.3,
which apparently lies behind a diffuse molecular cloud (Liszt &
Burton 1979; Dickey, Crovisier, & Kazes 1981). The radio data
are not sufficient to determine the N(H,) for this cloud, but by
analogy with other clouds the visual extinction 4, may exceed
0.3 mag and is possibly as high as 1 mag in this component
alone (Turner 1988).

5. MILKY WAY HALO ABSORPTION LINES

Table 3 lists the Galactic absorption lines expected to be
detectable in high S/N FOS spectra. The vacuum wavelengths
in A and values of log [4(A)f] are from Morton (1991). In a
number of cases the feature indicated is a blend of lines, as
noted in the notes to the table. The list is for those lines
expected to have equivalent widths exceeding approximately
0.1 A when viewing at Galactic latitude |b| > 20°. The list is
similar to that in Paper I (Table 7) and in Savage (1988), which
was based on results obtained with the International Ultravio-
let Explorer (IUE) of absorption toward stars in the low halo
and for the sight lines to the Large and Small Magellanic
Clouds.

The FOS Key Project equivalent width measurements for
Milky Way absorption toward 3C 273, H1821 + 643, 3C 351,
and PG 1259 + 593 are also listed in Table 3, along with the 1 ¢
errors in those measurements. These are the four quasars for
which data are available from all three gratings. The listed lines
are from the Key Project complete list and have significance
levels exceeding 4.5 ¢. The high signal-to-noise ratio GTO
measurements of Bahcall et al. (1991, 1992) for 3C 273 and
H1821+ 643 represent the highest quality data we expect to
obtain in the Key Project survey and can be used as a guide in
assessing the strong and weak absorption lines that might be
expected to be present along other sight lines. Absorption in 34
and 31 different Milky Way lines is evident toward 3C 273 and
H1821 4 643, respectively. The measurements for 3C 351 and
PG 1259+ 593 are more representative of the typical Key
Project data, having signal-to-noise ratios of approximately 25
per diode. For 3C 351 and PG 1259+ 593, the Key Project
absorption-line search routines identify absorption in 15 and
18 Milky Way lines, respectively (see Table 6 of Paper I).

The Milky Way lines detected are numerous and strong.
Toward the 13 quasars observed at A/AA = 1300 resolution
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and analyzed in Paper I, 44% of the identified absorption lines
are from the Milky Way. The strongest low-ionization lines
found in the data for 3C 273 and H1821 + 643 include those of
H1,Cu, O, NI, Mg Fe 1, Si 11, and Al 11. Lines of interme-
diate ionization including Si m1 and Al mr are also seen. The
high-ionization lines found in the FOS data are from C 1v and
Si 1v. In the case of H1821 + 643, the Milky Way Si 1v lines are
probably present, but they are badly blended with intergalactic
Lya absorption (see Paper I and § 8). Absorption by N v,
which is an important tracer of hot interstellar gas, is difficult
to see with the resolution and signal-to-noise ratio of the FOS
data. The N v 111238.82, 1242.80 doublet was seen toward 3C
273 with the GHRS (Morris et al. 1991; Savage et al. 1993)
with W, = 0.126 + 0.023 and 0.071 + 0.024 A, respectively.
Features of low statistical significance (~ 2 o) attributed to N v
were also reported by Bahcall et al. (1991). The strong neutral
and singly ionized metal lines observed in the spectrum of
H1821+ 643 are about 1.5 times stronger than for 3C 273,
while the high-ionization lines of C1v have comparable
strength for the two objects.

When data are available only for gratings G190H and
G270H, the Key Project data set typically contains nine Milky
Way absorption lines from the species Mg 1 12852.96, Mg 11
242803.53, 2796.35, Fe 1 142600.17, 2586.65, 2382.77, 2374.46,
2344.21, and Al 1 11670.79 (see Table 6 of Paper I).

6. DETECTION OF HIGH-VELOCITY AND VERY HIGH
VELOCITY METAL-LINE CLOUDS

Ultraviolet resonance lines of abundant atoms with large
oscillator strengths are extremely sensitive probes of gas. The
Quasar Absorption Line Key Project higher resolution data
base contains G270H and G190H observations for all the
quasars listed in Table 1 and coverage with G130H for four
quasars. Thus, the lines most suitable for a search for metal-
line analogs to the H 1 21 cm high-velocity cloud phenomena
are the strongest lines included in the spectral region from
approximately 1600 to 3200 A. Candidate lines include Mg 11
AA2796.35 and 2803.53, Fe 1 A142382.77 and 2600.17, and Al 11
A1670.79. The detection sensitivity is influenced by the product
of wavelength, f-value, and element abundance along with the
S/N in the FOS spectra at the relevant wavelengths. For the
G270H and G190H spectra obtained so far, the S/N is best for
the lines of Mg 11 and worst for the line of Al 1. Using the solar
Mg, Fe, and Al abundances from Anders & Grevesse (1989) of
(X/H)o = 3.89 x 1075, 3.23 x 1075, and 3.02 x 10~°, respec-
tively, we obtain values of Af(X/H) = 0.067, 0.033, 0.023, 0.019,
and 0.0092, respectively, for the above-mentioned lines of
Mg 11, Fe 11, and Al 1. The depletion of an element onto dust
will reduce the detection sensitivity. This effect will be particu-
larly severe for Fe and Al (Jenkins 1989). We conclude that the
combination of atomic physics, abundance, and S/N in the
spectra implies that the most sensitive lines are those of Mg 11
AA2796.35 and 2803.53.

We display in Figure 5 the continuum normalized
absorption-line profiles for the lines Fe n 112586.65 and
2600.17 and Mg 11 4142796.35 and 2803.53 for all the quasars
listed in Table 1. The profiles have been plotted on an LSR
velocity basis with v =0 km s~! referenced to Fen
4A2600.17 in the panels to the left and to Mg 11 12796.35 in the
planes to the right. With this form of presentation Fe 11
42586.56 appears at —1560 km s~ ! in the panels to the left,
while Mg 11 12803.53 appears at +770 km s~ ! in the panels to
the right. In the high signal-to-noise ratio measurements for 3C
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273 and H1821 + 643, the weak lines Mn 11 A112576.88, 2594.50,
2606.17 are also apparent in the left-hand panel at v g =
—2687, —654, and +692 km s~ ! (also see discussion of Fig. 1
in § 3).

The FOS resolution of 220 km s~! limits our ability to
resolve HVCs unless they have large velocities. However, high-
velocity absorption between 100 and approximately 220 km
s~! blended with absorption by low-velocity gas is evident for
some of the sight lines. The large velocity equivalent widths for
the strongest absorption lines for these sight lines implies that

there is gas with |v g | > 100 km s~ !. Table 4 lists those
quasars for which we see in the FOS spectra either resolved
high-velocity absorption (three cases) or high-velocity absorp-
tion blended with absorption from lower velocity gas (four
cases).

Table 4 also contains information about high-velocity H 1
emission as measured by LS93a and Lockman & Savage
(1993b, hereafter LS93b) toward each quasar with the NRAO
140" radio telescope. The various entries are v, the peak
velocity of the emitting cloud, the FWHM of the Gaussian fit

TABLE 3
MILKY WAY LINES

Ton A (vac) log Af WX tlo

3C273

W, tlo
H 1821+643 3C3s51

WX + 1o Wl t 1o note

PG 1259+593

Mgl 285296 3.718 039 0.05 0.59
MgII 2803.53 2.933 1.01 0.01 1.71
MglIl 2796.35 3.234 1.07 0.05 173
MnIl 2606.46 2.701 0.14 0.02 0.20
Fell 2600.17 2.765 0.89 0.04 1.50
MnlIl 2594.50 2.847 020 0.02 0.30
Fell 2586.65 2.223 0.79 0.02 1.06
MnlIl 2576.88 2.956 0.14 0.02 0.39
Fell 2382.77 2.855 0.82 0.01 1.37
Fell 2374.46 1.826 0.60 0.02 1.03

Fell 2344.21 2410 071 0.01 1.04
Fell 2260.78 0.924 T
Fell 2249.88 0.752 0.12 0.03 0.25
ZnIl 2062.66 2.717 029 0.04 0.17
ZnIl 2026.14 3.018 0.28 0.02 0.17

AlIIl 1862.79 2.716 0.15 0.02

AT 185472 3.017 0.19 002 0.30

Sill 1808.01 1.000 . 0.25
AlIl  1670.79 3.486 0.56 0.03 0.83
CIV 1550.77 2.169 0.39 0.02 0.36
CIV 154820 2.470 0.54 0.01 0.53
Sill  1526.71 2.546 049 0.02 0.74
SilV 1402.77 2.554 0.29 0.01 .
Silv 1393.76 2.855 0.51 0.01
CII* 1335.71 2.186 0.18 0.02
CII  1334.53 2.232 0.62 0.01 0.83
Sill 1304.37 2.284 0.40 0.02 0.81
Ol 1302.17 1.804 0.41 0.01 0.85
Sill 1260.42 3.104 0.55 0.03 1.36
SII  1259.52 1.311 0.28 0.03
0.02 0.39

SII  1253.81 1.135 0.20
SII  1250.58 0.834
NV 1242.80 1.988
NV 1238.82 2.289
HI 1215.67 2.704

Silll 1206.50 3.304 0.57 0.02 0.67
NI 1199.97 2.503 1.02 0.03 0.99
Sill 1193.29 2.775 0.50 0.03 0.66
Sill 1190.42 2.474 0.55 0.03 1.15

0.05
0.05

0.13

0.02 0.59 0.08 0.64 0.11
0.03 142 0.11 176 0.08
0.05 173 0.12 1.66 0.08
0.03
0.03 097 0.06 1.52 0.10
0.04

0.03 0.63 0.07 1.02 0.11
0.04

0.03 123 0.13 120 0.10
0.05 0.74 020 0.67 0.07

0.10 0.83 0.09 1.15 0.12

0.03 1
0.03 2
0.04 ... ... 034 005 3

0.05 0.63 0.04 0.73 0.08

0.14 0.02

0.03
0.03 0.45 0.03 0.28 0.02
0.03 . . .

0.02 1.04 0.05 1.04 0.05 4
0.05 1.01 0.05 1.07 0.06 6
0.04 0.93 0.07
8
8
0.10 0.86 0.11 0.88 0.14
0.09 10
0.07 e 0.79 0.14
11

NOTES TO TABLE 3

1. Zn 11 A2062.66 blends with Cr 11 A2062.23.
2. Zn 1 A2026.14 blends with Mg 1 12026.48.

3. Sin A1808.01 is detected toward 3C 273 with the GHRS with W, = 0.136 A (Savage et

al. 1993).

4. For 3C 273 separate measurements are reported for C * 41335.71 and C 1 41334.53.
For the others the blended measurement is reported under the entry for C n1 11334.53.
5. The interstellar O 1 A11302.17 measurement is contaminated by Earth atmospheric O 1

emission.

6. For 3C 273 separate measurements are reported for Si 1 11260.42 and S i 11259.52.
For the rest the blended measurement is reported under the entry for Si 11 11260.42.
7. S 11 41250.58 is detected toward 3C 273 with the GHRS with W, = 0.160 A (Savage et

al. 1993).

8. N v 111242.80 and 1238.82 are detected toward 3C 273 with the GHRS with W, =
0.071 and 0.128 A, respectively (Savage et al. 1993).

9. Milky Way damped H 1 Ly« is present but contaminated with geocoronal Lya emis-
sion. The contamination is severe for 3C 351 and PG 1259 + 593.

10. The N 1absorption is from a closely spaced triplet with lines at 1199.55, 1200.22, and
1200.71 A. The value of log Aflisted is for the multiplet.

11. Sin A1190.42 is probably blended with S 11 11190.21.
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TABLE 4
HIGH-VELOCITY METAL-LINE ABSORPTION (| v, gz | > 100 km s~ 1)
H1 Mg
O FWHM N(H 1) vto W,(2796) + ¢ W,2803)+¢  NMgm)  NMguyNH 1)
QSO (kms™Y) (km s™1) (10 cm™2)  (kms™!) A) A) (10'2 cm™?) (Mg/H), NoTE
PG 0043+039 ........ —360 41 0.19 —348 + 41 0.38 + 0.11 >9.0 >0.12 1
3C4543 ...l —367 45 0.12 —397 + 23 0.65 + 0.10 0.54 + 0.10 >15 >0.32 1
PKS2251+11 ........ —364 33 0.48 —374 + 27 0.43 + 0.08 0.27 + 0.12 >11 >0.059 1
3C263 ..o B B B 2
PG 1259+593 ........ —127 22 6.18 B B B 3
3C351 e —180: (—198 to —107) 0.90 B B B 4
H1821+643 ........... —-99 72 145 B B B 4

2 The B denotes that the high-velocity H 1 feature is inferred in Mg 11 and other absorption lines, but it is blended with absorption by lower velocity gas.

NoTes 10O TABLE 4

1. The velocity v listed for the high-velocity Mg 11 absorption is determined from the observed relative velocity offset, v,,,, between the principal Mg 11 absorption
component and the high-velocity Mg 1 absorption. The relative velocity offset was determined from Gaussian profile fitting to the FOS data using the Key Project
software (see Paper II). The velocity listed is the sum of v, and the expected LSR velocity of the principal absorption component based on the 21 cm emission
measurements of LS93a. The expected LSR velocity of the principal absorption is simply (v, s> from Table 1. The velocity errors listed for the Mg 11 high-velocity
absorption are determined from the uncertainty associated with the Gaussian component fitted to the data (see Paper II).

2. For 3C 263, H 121 cm emission may extend to — 185 km s~ ! (LS93a). The discrepancy between W, and Av noted in § 3 suggests that the emission does extend
to substantial negative velocities. If v, gz(—) is — 185 km s ™! rather than —72 km s~ ! as reported by LS93a, the discrepancy is removed.

3. For PG 1259+ 593 the — 127 km s~ ! HVC is associated with Complex C. The HVC is seen in absorption in the lines of Mg 11, Fe 11, Si 11, and C 11 blended with

absorption by lower velocity gas (see § 7).

4. The strong ultraviolet absorption lines seen toward 3C 351 and H1821 + 643 are caused by absorption associated with the warped outer Galaxy blending with

absorption produced in lower velocity gas (see § 8).

to the emission, and N(H 1), the H 1 column density assuming
the emission to be optically thin. The HVCs do not always
appear as a well-defined component, so v, and the FWHM
are sometimes only approximate (e.g., H1821 +643). There is
no well-separated high-velocity H 1 emission component
toward 3C 263. A —395 km s~ ! emitting cloud toward 3C
454.3 was not detected in the LS93a survey, but a cloud with a
velocity of —367 km s~ ! did appear in a very high sensitivity
follow-up investigation (LS93b). The column density for that
emission (1.2 x 10'® atoms cm ~2) is small.

Resolved high-velocity absorption is evident in the strong
line of the Mg 11 doublet, Mg 11 42796.35, at a greater than 3 ¢
level of significance for PG 0043+ 039, 3C 454.3, and PKS
2251+ 11. The corresponding weaker Mg 11 12803.53 lines are
seen for both 3C 454.3 and PKS 2251 +11. In the case of PKS
2251+ 11 the Mg 11 12803.53 feature is below the 3 o signifi-
cance level. These high-velocity absorption features are indi-
cated on the Mg 11 profiles shown in Figure 5. The measured
LSR velocities, v gz, equivalent widths, and associated 1 o
errors for the high-velocity Mg 1 absorption components are
listed in Table 4. These measurements are from Gaussian
profile fitting to the Mg 11 absorption using the Key Project
software described in Paper II (also see note 1 of Table 5).
These resolved high-velocity absorptions are not evident in the
strong lines of Fe n or Al 11, consistent with the discussion
above where we conclude that the Mg 11 lines are indeed the
most sensitive tracer of low column density gas in the spectral
region covered by the G190H and G270H gratings.

Lower limits to the column density of Mg 11 in the very high
velocity gas toward PG 0043+039, 3C 454.3, and PKS
2251 + 11 are listed in Table 4. These limits were obtained from
the equivalent width for the stronger line, 12796.35, of the
Mg 11 doublet assuming no line saturation and using the Mg 11
oscillator strength f = 0.612 from Morton (1991). The detected
clouds have lower limits to the Mg 11 column density ranging
from 9.0 x 10'2to 1.5 x 103 atoms cm ™2,

The sight lines to PKS 2251+ 11 and 3C 454.3 are separated
by approximately 5°. According to the high-velocity cloud map
in Figure 2 of Wakker (1991), PKS 2251 + 11 lies in the direc-
tion of the Magellanic Stream, and 3C 454.3 is close to the
limiting 2 x 10'® atoms cm~2 contour for the Magellanic
Stream.

The sight line to PG 0043+ 039 (I = 12022, b = —58?7) lies
close to high-velocity cloud 532 centered on |/ = 118?3 and
b = —5820 identified in the survey of Wakker & van Woerden
(1991). Cloud 532 has a surface area of 2.1 square degrees, an
average velocity of —372 km s~ !, and a maximum brightness
temperature of 0.53 K. The velocity is close to the value —360
kxm s~ ! seen in the radio data of LS93a for the direction to PG
0043 4+ 039. It is interesting that another observed quasar (PKS
0044 + 030), which lies 1° away from PG 0043 + 039, does not
show detectable high-velocity Mg 1 absorption (see Fig. 5) or
high-velocity H 1 emission (LS93a).

The important question of the elemental abundances in very
high velocity gas is addressed in column (9) of Table 4, where
we list values of [N(Mgm)/NH 1]/[Mg/H],. Here
[Mg/H]o = 3.89 x 107> is the solar Mg-to-H abundance
ratio from Anders & Grevesse (1989). Mg 11 is the dominant
ionization state of Mg in the neutral hydrogen regions of the
Milky Way, since the conversion of Mg 1 into Mg 11 requires
only 7.64 eV, while the conversion of Mg 11 to Mg 111 requires
15.03 eV. However, substantial amounts of Mg 11 can exist in
regions where the hydrogen is mostly ionized. Another issue of
concern is that the absorption measurements occur over the
extremely small solid angle of the background quasar, while
the 21 cm emission results for H 1 provide information about
the H 1averaged over the 21’ diameter beam of the NRAO 140’
telescope. With these qualifications in mind, the results for
[N(Mg 1m)/N(H 1)]/[Mg/H], listed in Table 4 imply that the
very high velocity gas toward these three quasars has Mg
abundances with lower limits ranging from 0.059 solar to 0.32
solar.
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From observations with the Westerbork Synthesis Radio
Telescope at an angular scale of 1, Wakker & Schwarz (1991)
have found that the HVC phenomena often have small-scale
structure. The factor of 5 column density contrast they found
for several HVC fields over arcminute angular scales implies
that clumping presents a major problem in establishing abun-
dances which are referenced to H 1 for the HVC phenomena.
Reliable abundance studies and even abundance limits for
HVCs will probably require 21 cm observations with synthesis
telescopes operating at high angular resolution.

The metal-line absorption spectra of four quasars have high-
velocity absorption blended with low-velocity absorption. This
blended absorption is recognized either from the very large
equivalent widths found for the strongest metal lines or from
asymmetric extensions of the line profiles for cases where the
FOS data are of very high quality. Three of these cases of
blended high-velocity absorption are discussed in more detail
in §§ 7 and 8. In § 7 the data for PG 1259 + 593 are used to gain
insights about ultraviolet absorption occurring in high-
velocity cloud Complex C. In § 8 the data for H1821 + 643 and
3C 351 are used to study high-velocity absorption which is
probably associated with the outer warped arm of the Milky
Way. Here we briefly comment on the results for 3C 263 and
discuss the implications of the fact that we detect metal-line
absorption by high-velocity or very high velocity gas toward
seven of 15 quasars.

The Milky Way lines of Mg 11 seen toward 3C 263 are very
strong (see Fig. 5). The velocity equivalent width for 12796.35 is
183 + 14 km s~ ', while Av(H 1) from LS93a is 104 km s 1.
However, the radio data did reveal the possible existence of
weak H 1 emission for the sight line to 3C 263 extending to
—185 km s~ 1. If that emission is real, Av(H 1) for 3C 263
increases from 104 to 217 km s~ 1. This larger Av(H 1) is consis-
tent with the large equivalent width for Mg 11 12796.35. We
believe the H 1 emission probably is real and that the Mg 11 line
for 3C 263 is strong because it is produced by absorption in
low-velocity gas blended with that occurring in high-velocity
gas.

The Quasar Key Project measurements of the 15 objects
listed in Table 1 reveal three cases of very high velocity metal-
line absorption and four cases of high metal-velocity metal-line
absorption (see Table 4). With seven of 15 sight lines exhibiting
either high-velocity or very high velocity metal-line absorp-
tion, it would be tempting to conclude that ~47% of the sky is
covered by such absorbing clouds. A similar sky-covering cal-
culation performed with the sensitive 21 cm H 1 survey data of
LS93a for the same directions reveals five high-velocity or very
high velocity H 1 clouds (PG 0043 +039, PKS 2251+ 11, PG
1259+ 593, 3C 351, and H1821 +643) toward the 15 quasars,
or a ~33% covering factor. For 3C 454.3 H 1 emission was
found through an extremely sensitive H 1 search conducted
after knowing that Mg 11 absorption was present. In the case of
3C 263 the original LS93a survey data reveal possible high-
velocity H 1 emission. The FOS A/AJ ~ 1300 resolution data
evidently have greater sensitivity to the detection of high-
velocity cloud phenomena than most existing H 1 21 cm high-
velocity cloud surveys.

From an analysis of the sensitive all-sky H 1 survey measure-
ments of HVCs by Bajaja et al. (1985) and Hulsbosch &
Wakker (1988), Wakker (1991) concluded that 18% of the sky
is covered with gas having |v | > 100 km s~! and
N(H 1) > 10'® atoms cm ™~ 2. However, from an extrapolation
he estimated that 30%-60% of the sky may be covered with

high-velocity gas having N(H 1) > 2 x 107 atoms cm ™2, The
number given above for the first 15 Key Project sight lines
suggests that Wakker’s extrapolation may be correct and that
the high-velocity gas contains heavy elements.

The measurements of high-velocity and very high velocity
gas toward 3C 263 and 3C 454.3 illustrate well the extreme
sensitivity of UV resonance absorption-line data to small
amounts of gas. Even though the FOS data have only modest
resolution (220-250 km s~ '), the measurements easily reveal
high-velocity absorption that did not appear as certain detec-
tions in the sensitive H 1 survey measurements of LS93a.
Future Key Project data are necessary to improve the detec-
tion statistics for metal-line analogs to the high-velocity cloud
phenomena and to actually determine the sky-covering factor
of the metal-line clouds.

7. ABSORPTION BY HIGH-VELOCITY CLOUD COMPLEX C

The sight line to PG 1259+ 593 is in the direction of high-
velocity cloud Complex C, which was discovered by Hulsbosch
& Raimond (1966). Complex C is more than 90° long and
varies in width between about 10° and 25°. For a short over-
view of its properties and maps of its angular extent see
Wakker & van Woerden (1991). Complex C is composed of
overlapping substructures (C I, C II, and C III) involving
intermediate- and high-velocity gas (Hulsbosch 1968; Danly
1989). In this paper we will indicate high-velocity cloud
Complex C and its subcomponents in italics in order to avoid
confusion with the ions of carbon (C 1, C 11).

Hydrogen 21 cm emission in the direction of PG 1259 4 593
is shown in the upper middle panel of Figure 2. Complex C 111
shows up as strong H I emission peaking near —127 km s !
and containing N(H 1) = 6.18 x 10'° atoms cm ~ 2 (see notes to
Table 1). Emission by intermediate-velocity gas probably
associated with Complex C II is also evident. That emission
is characterized by v g = —52 km s™! and NHI)=
4.29 x 10'° atoms cm~ 2. The total integrated H 1 column
density in the direction of PG 1259 4+ 593 is 15.4 x 10'° atoms
cm ™ 2. Therefore, the H 1 emission is approximately equally
distributed between that associated with Complexes C I1I and
C 1I and the low-velocity emission. Through high-resolution
ultraviolet absorption-line observations with the JUE toward
several halo stars Danly (1989) has established that in several
directions Complexes C I and C III are more distant than
about 1.7 kpc from the Galactic plane, while C 11 is closer than
1.7 kpc (see also Danly et al. 1992).

The FOS data for PG 1259 + 593 reveal very strong absorp-
tion lines which imply absorption by gas at high velocity. For
example, the velocity equivalent widths for the lines of C 11
A1334.53, Fe 11 12600, and Mg 11 12796 are 233, 175, and 178
km s~ !, respectively. The value for C m 11334.53 may include
some blending from C m* A41335.70. The large equivalent
widths imply strong absorption over a wide velocity range.
From the 21 cm emission-line data we would expect strong
saturated absorption toward PG 1259+ 593 over a range of
velocity Av = 188 km s ™!, provided that the high-velocity gas
in the direction of PG 1259 + 593 contains heavy elements with
moderate depletions.

Figure 6a provides a comparison of the ultraviolet absorp-
tion toward PG 1259 +593 with that toward 3C 273 for
various strong ultraviolet lines. The data for PG 1259 4593
and 3C 273 have been velocity-shifted according to the pro-
cedure discussed in § 3. The PG 1259 + 593 measurements are
illustrated with heavy lines, while the 3C 273 measurements are
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F1G. 6.—Galactic absorption toward (a) PG 1259 + 593, (b)) H1821 + 643, and (c) 3C 351 is compared with absorption toward 3C 273. In each case the 3C 273 data
are shown with the light line. For each object the various panels illustrate continuum normalized profiles vs. LSR velocity referenced to the following lines: Si 11
21526.71, Si 1v 41393.76, C 1 11334.53, C 1v 11548.20, Fe 11 12600.17, Mg 11 12796.35. Additional absorption features appearing in the various panels (with their
apparent velocities in parentheses) are Si 1v 41402.77 (4 1939), C u* 41335.71 (+265), C 1v A1550.77 (+498), Fe 1 42586.65 (—1560), Mn 11 142576.88 (—2687),
2594.50 (— 654), 2606.17 (+ 692), and Mg 11 12803.53 (+ 770).
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shown with light lines. The comparison with the 3C 273 sight
line is particularly instructive because of the quality of the
3C 273 data and because the sight line exhibits a relatively
simple kinematical structure with relatively symmetric H 1
emission extending to vy gp(—) = —62 km s™! and v, (+) =
+46 km s~ ! (see Table 1 and Fig. 2). In contrast, for the
direction to PG 1259 +593, v;(—)= —160 km s~ ! and
v sr(+) = +28 km s~*. Thus we might expect the ultraviolet
absorption-line profiles for the two objects to line up reason-
ably well on the positive velocity wing and to deviate on the
negative velocity wing as is evident in Figure 6a.

From Figure 6a we can draw the following conclusions. The
strong low-ionization metal lines in the spectrum of PG
1259 + 593 exhibit significant extensions to large negative ve-
locities. For example, note that the deep portions of the Mg 11
and C 11 lines for PG 1259 + 593 are shifted by approximately
—100 km s~ ! compared with the measurements for 3C 273.
We evidently are seeing absorption in the strong metal lines of
Mg 11, Fe 11, C 11, and Si 11 due to gas at large negative veloc-
ities associated with Complex C I11. Absorption by Si 1v is not
evident in the spectrum of PG 1259+ 593. However, strong
absorption by C 1v is present, and the centroid of the absorp-
tion is shifted approximately —50 km s~ ! compared with that
seen toward 3C 273. The C1v absorption toward PG
1259+ 593 may be in part associated with the intermediate-
velocity gas due to Complex C II seen in the H 1 emission
profile of Figure 2.

The FOS data for PG 1259+ 593 imply that the gas in the
high-velocity structure C I[II contains heavy elements.
However, the severity of the blending with absorption by gas at
lower velocity makes any quantitative estimate of the abun-
dances in the high-velocity gas quite uncertain. Unfortunately,

PG 12594593 is rather faint for GHRS intermediate-
resolution spectroscopy, and alternative brighter sources will
be required for higher resolution follow-up spectroscopy
designed to obtain reliable abundance estimates.

8. ABSORPTION IN THE OUTER MILKY WAY

There are very strong ultraviolet absorption lines in the
spectra of H1821+643 and 3C 351. These two quasars are
situated in directions (I = 94°0, b = 27°4 for H1821 + 643 and
I'=90°1, b = 36%4 for 3C 351) which pass through the warp of
the outer Milky Way. In these directions the distant H 1 associ-
ated with the warp shows up at velocities between approx-
imately — 100 and —200 km s~ !. Maps of the distribution of
H1 in the outer Galaxy are found in Burton & te Lintel
Hekkert (1986) and Diplas & Savage (1991). In the longitude
range from approximately 70° to 140° the warp of the outer
Galaxy has been traced to positive latitudes as large as 25°~35°
(Wakker & van Woerden 1991; Diplas & Savage 1991). The
H 121 cm data (LS93a) reveal broad negative velocity emission
toward H1821+643 centered at v, qa = —99 km s~ ! and
approximately described by a Gaussian profile with
FWHM =72 km s~ ! and N(H 1) = 1.45 x 10'° atoms cm 2.
Toward 3C 351 weak H 1 emission extends from —107 to
—198 km s™' with N(H 1) = 0.90 x 10'° atoms cm 2. The
high negative velocity emission toward each of these objects is
likely associated with the Galactic warp, although in the case
of 3C 351 the emission may be associated with high-velocity
cloud Complex C, which appears to connect with the warped
outer arm of the Galaxy (see Wakker & van Woerden 1991
and references therein). It is possible that portions of Complex
C may have their origins in the warped outer regions of the
Galaxy. The gas in the warped outer portions of the Galaxy is
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sometimes referred to as the outer arm complex. Habing (1966)
and Kepner (1970) showed that gas associated with the outer
arm reaches very large heights above the Galactic plane
defined by the inner Galaxy.

The very large absorption-line equivalent widths for Galac-
tic gas seen in the spectra of H1821+643 and 3C 351 imply
that we are seeing high-velocity absorption in the ultraviolet.
The equivalent widths are listed in Table 2, where the values
can be compared with those for 3C 273. In Figures 6b and 6¢
we compare the absorption-line profiles for the sight line to
H1821+643 and 3C 351 to that found toward 3C 273. Note
that for the purpose of this comparison v gg(—) = —198 km
s~ ! instead of —86 km s~ !, as listed in Table 1, is used for 3C
351 to bring the velocity scale into the LSR system. This is
done to take into consideration the presence of weak HVC
emission between —198 and — 107 km s~ ! (see § 3 and Table
1). The profile comparisons reveal that the large equivalent
widths for H1821 + 643 and 3C 351 are likely due to extensions
of the profiles to large negative velocities. For example, note
that for Mgmn 142796.35 and 2803.53 the profiles for
H1821+643 and 3C 351 align well with those of 3C 273 at
positive velocity but the profiles of H1821+643 and 3C 351
have negative extensions approximately — 100 km s~ ! greater
than seen toward 3C 273. This large a negative velocity exten-
sion implies that Mg 11 absorption is occurring in the gas
associated with the warped outer Galaxy seen in H1 21 cm
emission from approximately —100 to —160 km s~ ! toward
each quasar. The measurements imply the existence of Mg 1,
Fe 1, Si 11, and C 1 in the gas of the outer Milky Way. Because
of the severe blending of the high-velocity absorption with
low-velocity absorption, we will not attempt to establish abun-
dance limits for the gas in the outer Galaxy.

A very interesting comparison in Figure 6b concerns the
C1v 14154820 and 1550.77 doublet absorption toward
H1821+643. Although the C 1v lines are weaker than the
strong lines of the singly ionized metals, the C 1v absorption
appears to behave like the absorption produced by the strong
singly ionized metal lines. In particular, the well-observed line
A1548.20 aligns with the 3C 273 profile on the positive velocity
side but extends to a larger negative velocity by approximately
—70 to —100 km s~ !. In Figure 6c it is apparent that C 1v
A1548.20 toward 3C 351 is shifted approximately — 50 to — 80
km s~! compared with the 3C 273 measurement. With such a
modest velocity shift the accuracy of our velocity zero-point
correction may be called into question. We therefore display in
Figure 7a comparisons between the profiles of Si 1 11526.71
and C1v 4154820 for PG 1259+593 (see § 7), 3C 351,
H1821+ 643, and 3C 273. In Figure 7b we compare absorption
by Mg 1 42852.96 and Mg 11 12796.35. By interconparing the
data obtained with the same grating (G130H for Fig. 7a and
G270H for Fig. 7b), we eliminate any possible systematic veloc-
ity offset between the spectra of two different gratings. The
small wavelength difference between the Si 11 and C 1v lines or
between the Mg 1 and Mg 11 lines also minimizes the effects of
wavelength or velocity uncertainties associated with errors in
the FOS dispersion constants. It is significant that the C 1v
A1548.20 profiles for 3C 351 and H1821+ 643 show velocity
extents similar to those of Si m 411526.71. The Mg 1 and Mg it
comparison in Figure 7b reveals that the small wavelength
adjustments we have adopted for these objects are likely
correct. Note that the weaker Mg 1 lines which mostly trace the
denser gas of the Galactic disk have their region of maximum
absorption approximately centered on v =0 km s~ ! for 3C

HST QUASAR ABSORPTION LINE KEY PROJECT. III. 131

351, H1821 + 643, and 3C 273, as expected based on the 21 cm
data toward these objects. In contrast, the extremely strong
Mg 11 absorption grows to negative velocity for 3C 351 and
H1821 + 643, but grows symmetrically to negative and positive
velocity for 3C 273.

The good profile correspondence between the C 1v 11548.20
and the Si 1 411526.71 absorption for 3C 351 and H1821 + 643
in Figure 7a implies that the Si i1 and C 1v absorption occur
over a roughly similar range of velocities. Since the strong
low-ionization absorption recorded in the lines of Mg 1, Fe 1,
Si 11, and C 1 is clearly connected with the high-velocity gas of
the outer Galaxy, it seems safe to conclude that the C 1v
absorption is also in part associated with that gas.

If confirmed through higher resolution measurements, the
negative velocity extensions seen in the C1v lines toward
H1821+643 and 3C 351 would imply that C 1v absorption is
occurring in the outer Milky Way at Galactocentric distances
exceeding roughly 20 kpc. This crude distance estimate follows
from the study of H 1in the outer Galaxy by Diplas & Savage
(1991). Toward H1821+ 643 and possibly even toward 3C 351,
the high negative-velocity gas appears to be associated with the
warped outer region of the Milky Way. The warped gas in
these directions appears to extend to well beyond Galactocen-
tric distances of 20 kpc and to have midplane heights z exceed-
ing ~ 43 kpc, and to have a thickness of up to ~ 10 kpc (see
Figs. 4a and 4b in Diplas & Savage 1991).

The origin of the ionization of the C 1v at such large dis-
tances from the center of the Galaxy is of interest because it is
not obvious that a substantial Galactic fountain would occur
in that region of the Galaxy. Perhaps at large Galactocentric
distances the production of C 1v is from the extragalactic EUV
background radiation. The very existence of mixed ionization
absorption at large Galactocentric distances is important; it
lends support to the idea that some quasar absorption lines,
including those of mixed ionization, may be produced in the
outer regions or halos of normal galaxies (Bahcall & Spitzer
1969).

9. THE GALACTIC SCALE HEIGHT OF C 1v

The four quasars observed in the far-UV with the FOS
G130H grating (3C 273, PG 1259+ 593, H1821 + 643, and 3C
351) show strong absorption in the lines C 1v 141548.20 and
1550.77. The measured equivalent widths and estimates of the
inferred C1v column density based on a simple one-
component Doppler-broadened curve of growth are listed in
Table 5. Those results are supplemented with measurements
for PKS 0405 — 12 from Bahcall et al. (1993b). Extensive mea-
surements with the IUE satellite have revealed that Milky Way
halo C1v absorption lines of the strength found in these
objects are often only modestly saturated, since the value of the
Doppler spread parameter, b, characterizing the high-
ionization line absorption is typically 25-50 km s~ ! (Sembach
& Savage 1992). Therefore, the use of the simple curve of
growth to obtain estimates of N(C 1v) is probably valid even
though the procedure would be unreliable if applied to the very
strongly saturated singly ionized metal lines. The measure-
ments for PKS 0405— 12 appears to be an exception, in that
the two equivalent widths reported imply a high degree of line
saturation. The value of N(C 1v) reported for this object is a
lower limit.

Measures of N(C 1v) through the entire halo to extragalactic
objects are important for improving the current estimates of
the Galactic scale height of this important ion. In Figure 8 we
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FIG. 7.—(a) Comparison of Galactic absorption toward PG 1259+ 593, H1821 + 643, 3C 351, and 3C 273 in the lines of Si 1 A41526.71 (solid line) and C 1v
A1548.20 (dashed line). (b) The lines of Mg 1t 42796.35 (solid line) and Mg 1 42852.96 (dashed line) are compared. Continuum normalized intensity is plotted against
LSR velocity. The 41550.77 component of the C 1v doublet appears at an apparent velocity of 498 km s~ 1. The Si 11 data for H1821 + 643 reveal an additional feature
near + 500 km s~ ! attributed to intergalactic Lya (see Paper I). The Mg 11 42803.53 component of the doublet appears at an apparent velocity of 770 km s~ . Since
these comparisons relate measurements obtained with the same grating, of species situated close in wavelength, the errors in the velocity adjustment procedures

should be minimized.

show values of the logarithm of the column density of C 1v
perpendicular to the Galactic plane, log N(C 1v) |sin b|,
plotted against the logarithm of distance away from the plane,
log | z(kpc)|. The data plotted with log | z(kpc)| < 2 are from
the IUE measurements analyzed by Sembach & Savage (1992)
for Milky Way stars and for stars in the LMC and SMC. The
measurements plotted at log |z(kpc)| ~ 3 are for the five
quasars listed in Table 5. In the case of 3C 273 we have
chosen to use the result from Savage et al. (1993) based on
GHRS intermediate-resolution observations (see footnote b to
Table 5).

To estimate the C 1v exponential scale height from the data
shown in Figure 8, we adopt the procedure of Savage, Edgar, &
Diplas (1990), which assumes that the distribution in C 1v
away from the plane is described by an exponential layer that
is intrinsically patchy, so that any measurement will deviate
from the mean by a factor which has a dispersion 10°. The
logarithmic uncertainty associated with each measurement is

then assumed to have two components which add in quadra-
ture: one is from the observational error, o,, and the other
from the patchy distribution of the ISM, o,,. The model param-
eters, including the exponential scale height h and the mid-
plane density ny(C 1v), are determined from minimizing the 3>
of the fit of the model to the data. The value of g, is adjusted
during the fit such that the minimal reduced 2 is unity. In
working with the inhomogeneous data set from Sembach &
Savage (1992), we have adopted their errors for the high-
quality measurements for the 12 stars listed in their Table 8.
However, for the objects from literature listed in their Table 7
we adopt a logarithmic observing error, o, = 0.15. This error is
about 2-3 times larger than the ones derived by Sembach &
Savage (1992) based on multiple IUE observations.

The best-fit result shown as the heavy solid curve in Figure 8
was obtained for an intrinsic scatter o, = 0.31 dex (1077 =
2.04), which implies that the C 1v distribution is indeed quite
irregular. The best-fit exponential scale height and midplane

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


http://adsabs.harvard.edu/abs/1993ApJ...413..116S

No. 1, 1993

TABLE 5

C 1v EQUIVALENT WIDTHS AND COLUMN DENSITIES

Wy(1548) + ¢ W,(1550) + &
QSO A) (A)

3C273 0.54 +0.01 0.39 +0.02
PG 12594593 ...... 028 +0.02 0.14° + 0.02
H1821+543 ........ 0.53 +0.03 0.36 +0.03
3C351 . 045 +0.04
PKS 0405—12 ...... 0.35¢ + 0.08

logN(C1v)* + o
(atoms cm ~2)

14.50° + 0.08
13.84 +0.10
1441 +0.11
>14.04 +0.15

0364+ 012  >1393 +0.15

* Values of log N(C 1v) are based on the doublet method. For 3C 351 and
PKS 0405 — 12 the values of the column density which are indicated as a lower
limit are from the equivalent width for the 1548 A line and assume no line
saturation.

® The Key Project FOS result for 3C 273 is listed here. The C 1v column
density, from the GHRS observations of Savage et al. 1993, is
log N(V 1v) = 14.61 + 0.05. The GHRS result is plotted in Figs. 8 and 9.

¢ Measurements for W,(1550) for PG 1259 + 593 are from the incomplete
sample of Key Project absorption-line measurements.

4 The C 1v equivalent widths for PKS 0405—12 listed here are from
Bahcall et al. 1993b. PKS 0405—12 is in the Galactic direction | = 204293,
b= —41°76.

density are h = 4.971-8 kpc and ny(C 1v) = 0.71 x 10~ 8 atoms
cm 3, The dashed lines in Figure 8 illustrate simple exponen-
tial distributions for the best-fit midplane density, but scale
heights 3 times larger and 3 times smaller than the best-fit
value. Since two of the reported C 1v column densities in Table
5 are lower limits, the true C 1v scale height might be some-
what larger than that derived here.

Measurements for objects within 50° of the direction of the
Galactic center are plotted with the filled symbols in Figure 8.
There is no apparent difference between measurements plotted
with filled or open symbols which indicates that the C 1v dis-
tribution in the inner Galaxy roughly corresponds to that in
the solar vicinity (see Sembach & Savage 1992). Unfortunately,
none of the extragalactic objects (denoted by squares) lie in the
direction of the inner Galaxy.

There is no theoretical basis for fitting the C 1v data with a
simple exponential panel-parallel scale-height model as was
done in Figure 8. Given the irregular distribution of C 1v that
we observe, alternative plane-parallel model distributions and
even spherical halo models may provide equally acceptable fits
to the data. To illustrate the latter case, we fit the C 1v data toa
spherical halo model in which the gas density falls off exponen-
tially with radial distance r from the Galactic center,

n(r) = no(C 1v) exp (~r/R) ,

where no(C 1v) is the volume density of the C 1v gas at the
Galactic center and R is the exponential scale length. For given
values of ny(C 1v) and R, one can estimate the integrated C 1v
column density along any given sight line from the position of
the Sun to an observed object, and compare the expected
column density from the model with the observed column
density. The model fit assumes the Sun is 8.5 kpc from the
center of the Galaxy. The best-fit values of no(C 1v) and R are
then determined from minimizing the y* of the comparison.
Similar to the plane-parallel model, the logarithmic uncer-
tainty associated with each measured C 1v column density is
assumed to be the quadratic sum of the observational error o,
and an error o, that is due to the intrinsic patchiness of the
C 1v gas distribution. The best-fit spherical halo model is
obtained for R = 6.9 kpc, no(C 1v) = 1.74 x 10~ 8 atoms cm ™3,
and ¢, = 0.30 dex (10°7 = 2.00). The fact that the patchiness
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FiG. 8—Plot of log N(C 1v) |sin b| vs. log |z(kpc)|. Circles are for sight
lines to Galactic stars, and squares are for extragalactic sight lines. Measure-
ments plotted with log | z(kpc)| < 2 are from the IUE data listed in Tables 7
and 8 of Sembach & Savage (1992) and include IUE measurements to Galactic
stars and stars in the LMC and SMC. The measurements plotted near
log | z| ~ 3 are for the five quasars listed in Table 5. In the case of 3C 273 we
have plotted the result based on the GHRS measurements of Savage et al.
(1993). The measurements for objects situated within 50° of the direction of the
Galactic center are plotted with filled symbols. The solid line shows the result
of a y* fit to the data for a plane-parallel Galactic atmosphere with an assumed
exponential density stratification. The y? fitting process we employ allows for
the inhomogeneous distribution of C 1v. The best fit is for an exponential scale
height h = 4.9 kpc and midplane density ny(C 1v) = 0.71 x 10”8 atoms cm ™3
The dashed lines show curves for C 1v exponential scale heights 3 times larger
and smaller than the best-fit value.

parameter o, for the spherical halo model is about the same as
for the plane-parallel model shows that the data do not set
strong constraints on which model best describes the C 1v dis-
tribution. This is illustrated in Figure 9, where we show plots of
the observed values of log N(C 1v) compared with the predict-
ed values for the plane-parallel model (in Fig. 9a) and for the
spherical model (in Fig. 9b). The data are coded the same as in
Figure 8, with the extragalactic data points plotted as squares.
Given the patchiness in the distribution of the C 1v, we cannot
determine which model provides the best fit with the current
set of C 1v data.

We have not tried to perform a similar scale-height analysis
for Si 1v, which produces absorption lines substantially weaker
than C 1v. Generally the Si 1v absorption is below the FOS
detection threshold. Note that Si1v 11393.76 seems anom-
alously strong toward 3C 273 because it is contaminated by
intergalactic Lyo absorption (see Savage et al. 1993).

The exponential C 1v scale height for the plane-parallel
model derived here compares favorably with the value 4.7 kpc
obtained recently by Sembach & Savage (1992). Theories con-
cerning the origin of C 1v at such large distances from the
Galactic plane are discussed in their paper. A proper theory
will need to explain the large extension away from the plane
and also the patchiness of the gas, which causes the large
spread in Figures 8 and 9.
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F1G. 9.-—Observed and predicted logarithmic column densities for C 1v are
compared (a) for the best-fit plane-parallel Galactic halo model and (b) for the
best-fit spherical halo model. The best-fit plane-parallel model has an exponen-
tial scale height of 4.9 kpc, a C 1v midplane density of 0.71 x 10~ % atoms
cm 3, and a patchiness parameter of o, = 0.31 dex. The best-fit spherical halo
model has a Galactocentric exponential scale length of 6.9 kpc, a Galactocen-
tric C 1v density of 1.74 x 10~ 8 atoms cm ™3, and a patchiness parameter of
o, = 0.30 dex. The symbol coding in Fig. 9 is the same as in Fig. 8.

10. MILKY WAY ABSORPTION VERSUS ABSORPTION IN
QUASAR METAL-LINE SYSTEMS

The narrow metal absorption lines seen in spectra of high-
redshift QSOs are generally believed to arise from gaseous
material in high-redshift galaxies (Bahcall & Spitzer 1969; Ber-
geron & Boisse 1991; Yanny & York 1992). In particular, the
damped Lya systems, a subset of the metal-line absorption
systems, are believed to arise when the QSO sight lines inter-
sect the disks or the protodisks of spiral galaxies at high red-
shifts (Wolfe et al. 1986; Wolfe 1988). Our understanding of the
damped Lyo systems will be greatly enhanced by comparing
their absorption properties with those due to local disk gal-
axies.

While sight lines through the disks of nearby external gal-
axies toward bright background sources are rare, UV absorp-
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tion arising from the disk and halo gas of the Milky Way has
been observed with the JTUE against bright halo stars (Savage
& Massa 1987; Danly 1989; Sembach & Savage 1992) and
stars in the Large and Small Magellanic Clouds (Savage & de
Boer 1981; Fitzpatrick & Savage 1983). Reliable high-
resolution observations of Milky Way absorption against
other extragalactic sources (active galactic nuclei [AGNs] and
QSOs) were generally not possible with the IUE, owing to the
faintness of even the brightest AGNs and QSOs. Savage et al.
(1993) have compared the mean absorption-line strengths of
over a dozen commonly detected low- and high-ionization
lines for a sample of damped Lyu systems with the Milky Way
disk and halo absorption lines toward the QSO 3C 273
obtained with the HST, and found the absorption-line
strengths to be similar.

In this section we extend the discussion of Savage et al.
(1993), taking advantage of data toward the three new sight
lines, namely, H1821+ 643, 3C 351, and PG 1259 + 593, for
which G130H observations have been obtained. These data are
supplemented with the high-quality IUE observations toward
the star HD 5980 in the SMC (Fitzpatrick & Savage 1983) and
the star HD 36402 in the LMC (Savage & de Boer 1981;
Sembach & Savage 1992). Observations toward Milky Way
halo stars are excluded in order not to bias the results with
their relatively short path length (|z| <2 kpc) through the
Milky Way halo.

The comparison is illustrated in Figure 10, in which we plot
the distribution of absorption-line strengths of individual
systems (sight lines) in kilometers per second (cW,/A) for the
commonly detected low- and high-ionization species. The ver-
tical lines are for the damped Lya systems, while the circles are
for the Milky Way sight lines. Dashed lines and circles rep-
resent upper limits on the equivalent widths. The sample of
damped Lya systems is from the compilation of Lu (1991).
There is a total of 33 damped systems included, but not every
line is observed for every system. The mean H 1 column density
of the damped sample is 1.1 x 10?! atoms cm ™2 at a mean
redshift of 2.4. In comparison, the mean H 1 column density of
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F1G. 10.—Comparison of Galactic and extragalactic absorption-line rest-
frame equivalent widths for the commonly detected low- and high-ionization
lines seen in quasar damped Lya absorption-line systems. The vertical lines are
for damped Lya systems at a mean redshift of 2.4, while the circles are for
Milky Way sight lines. Dashed lines or circles denote upper limits to the
equivalent widths. The equivalent widths, W, = W, c¢/A, are expressed in the
physically meaningful units of velocity, km s~!. Since most of the low-
ionization lines illustrated are generally strongly saturated, the equivalent
width is a measure of the kinematical complexity of the absorption and is not a
good measure of column density. A number of biases influence the comparison
as discussed in the text.
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the six Milky Way sight lines is 3.0 x 102° atoms cm ™2 for a
half-disk.

A casual glance at Figure 10 gives the impression that the
Milky Way sight lines and the damped Lya systems are differ-
ent in that the absorption from damped Ly« systems is gener-
ally stronger. However, there are several selection biases that
affect the comparison. First, while the Milky Way sight lines
sample the disk and halo gas of the Milky Way alone, the
damped Lya systems may not represent a homogeneous set of
absorbers. Specifically, a small fraction of the damped systems
may actually arise from galaxies residing in clusters of galaxies,
in which case the sight line will also sample the intracluster gas
and halo gas of other cluster members. Second, the Si 11 11260,
Si 11 11304, and C 11 11334 lines, which are the very low ioniza-
tion lines that show a particularly large difference in the two
distributions, are also the ones closest to the Lya line in wave-
length, and are therefore often affected by blending with Ly«
forest absorption. A third bias is due to the fact that the Milky
Way absorption used in the comparison is through only half of
the Milky Way disk and halo, while the damped Ly« sight lines
presumably sample the entire disk and halo of high-z galaxies.
All of these selection biases will tend to make the Milky Way
absorption relatively weaker.

It is interesting to see for the low-ionization lines that the
Milky Way absorption actually tracks the bulk of damped Lyo
systems. However, the differences in the distributions of high-
ionization lines (Si 1v and C 1v) between the Milky Way gas
and damped Lya systems are substantial. The high-ionization
lines mostly occur at wavelengths longward of Lya emission,
so blending with Lyoa forest absorption should not be a
problem. However, the high-ionization lines are more easily
affected by the third selection bias discussed above. Most low-
ionization absorption lines in the case of Milky Way gas are
produced in the cold and warm disk gas; the lines are strong
and saturated. Therefore, the low-ionization line strengths are
dominated by the kinematic behavior of the gas in the disk and
low halo. In contrast, the high-ionization lines are dominated
by halo gas, and the lines are generally only moderately satu-
rated (cf. Savage et al. 1993). Thus doubling the path lengths
(i.e., correcting for the third selection bias) of the Milky Way
sight lines is likely to increase the high-ionization line strength
owing to the approximate doubling of the column density of
the highly ionized halo gas, while leaving the strongly saturat-
ed low-ionization lines relatively unaffected unless the dou-
bling of the path increases the kinematical extent of the
absorption.

The data in Figure 10 indicate that many damped Lya
absorption-line systems have mixed-ionization absorption-line
strengths roughly similar to that found toward the Milky Way
sight lines included in our study. Those systems that are most
similar have velocity equivalent widths for the strong low-
ionization metal lines ranging from ~50 to ~250 km s~ 1.
Among the damped Ly« systems plotted, such systems rep-
resent an appreciable fraction (~60%-80%). We emphasize
that the similarity implies a similarity in the kinematical
behavior of the different absorption media and not necessarily
in elemental abundances. The current sample of Milky Way
absorption (consisting of six sight lines with full UV spectral
coverage) is still very small. Future HST Key Project data will
permit a better comparison to be made.

11. SUMMARY

The results of our study of the zero-redshift Galactic absorp-
tion lines found in the spectra of 15 quasars observed with
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FOS at a resolution of ~230km s~ ! are as follows:

1. As noted in Paper I, Milky Way absorption lines com-
prise approximately 44% of all absorption lines seen in the first
group of Key Project FOS spectra.

2. The interpretation of the Milky Way data is aided by
having access to independent high-quality measurements of
H 1 21 cm emission toward all the quasars (LS93a). The H 1
data are used to make small adjustments to the FOS wave-
length scale to bring the UV data onto an LSR velocity system.

3. Milky Way lines observed in the highest quality data for
3C 273 and H1821+ 643 include lines from H 1, C 1, C ¥,
Civ, N,O1, Mg, Mgn, Al i, Al it Sim, Simm, Sitv, S,
Mn 11, Fe i, and Zn 1.

4. The strong singly ionized metal lines of Fe 1 112382.77,
2586.65, and 2600.17 and Mg 11 142796.35 and 2803.53, record-
ed in most of the spectra, permit a sensitive search for metal-
line analogs to the high-velocity clouds seen in H1 21 cm
emission.

5. Toward three quasars we detect resolved very high veloc-
ity (v < —250 km s~!) Mg 1 line absorption. Toward four
quasars we detect blended high-velocity absorption (—250 km
s™! <v < —100 km s™!). Therefore, seven of the 15 quasars
observed in this limited sample show high-velocity or very high
velocity metal-line absorption detectable with FOS with
A/AA ~ 1300.

6. Limits to the Mg-to-H abundance ratio obtained for the
three detections of very high velocity Mg 11 absorption imply
gas-phase Mg abundances for the very high velocity gas
ranging from more than 0.059 to more than 0.32 times the
solar abundance. These limits may be affected by differences in
the sampling geometry between the metal-line data
(infinitesimal solid angle) and the H 121 cm measurements (21’
beam).

7. The sight line to PG 1259 + 593 reveals absorption in the
lines of Mg 1, Fe 1, C 11, and Si 1 which is due in part to
absorption in high-velocity cloud Complex C I11.

8. The sight lines (H1821+643 and 3C 351) which extend
through the warped outer Galaxy exhibit strong absorption
from singly ionized metals and highly ionized gas (i.e., C 1v) at
velocities corresponding to absorption in the outer Galaxy.

9. In all cases where high-velocity H 1 emission is seen, we
see corresponding high-velocity metal-line absorption.

10. The measurements for C 1v absorption to extragalactic
objects are important for estimating the Galactic scale height
of C 1v. Combining the results for the sight lines to 3C 273,
H1821+ 643, PG 1259+ 593, and 3C 351 with results in the
literature we derive a Galactic C 1v scale height of 4.9*1-8 kpc
and a C1v midplane density of 0.71 x 10~8 atoms cm 3.
The C 1v distribution is quite inhomogeneous. Alternative C 1v
model distributions including, for example, a spherical halo
with a Galactocentric exponential scale length of 6.9 kpc
provide equally acceptable fits to the C 1v data.

11. An appreciable fraction of damped Lya absorption-line
systems at z ~ 2.4 observed from the ground have mixed-
ionization absorption-line characteristics roughly similar to
that seen toward six sight lines through the Milky Way disk
and halo for which data extend to 1150 A. This implies a
similarity in the kinematic properties of the different absorbers
but not necessarily a similarity in elemental abundances.

We appreciate the assistance of the FOS team in providing
an excellent instrument and the calibration software used in
the basic processing of the Quasar Absorption Line Key
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