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ABSTRACT

A lower limit to the distance of the high-velocity cloud (HVC) complex A of 4 kpc (z > 3 kpc) is
derived. The HVC is detected toward the Seyfert galaxy Mrk 106 in Mg m 442796, 2803 absorption
spectra taken with Hubble Space Telescope (HST) proving that Mg™* is present in the cloud. It is not
detected in the Mg 1 spectra of two stars, PG 0859+ 593 (distance 4 kpc) and PG 0906+ 597 (distance
0.7 kpc). The distances to the stars are derived by matching Stromgren photometry and intermediate-
resolution spectroscopy with model stellar atmospheres; they are estimated to be accurate to within 1
kpc. From a combination of Effelsberg data and Westerbork maps with 2’ or 3’ resolution, we show that
the H 1 column density and thus the Mg* abundance in the direction of the two stars is sufficiently high
for the nondetections to imply that the HVC is behind the stars. This distance limit can be used to
eliminate several recent models for complex A that placed it nearby.

We also derive a distance bracket of 1.7 <d <4 kpc (1.1 <z < 3 kpc) for an intermediate-velocity
cloud (IVC) at velocities of about —50 km s~ . This IVC was named the Low-Latitude Intermediate-

Velocity Arch by Kuntz & Danly and is seen between ¢ = 120°-160° and b = 30°—45°.
Subject heading: Galaxy: halo — ISM: clouds — radio lines: ISM — stars: distances

1. INTRODUCTION

Ever since their discovery in 1963 (Muller, Oort, &
Raimond 1963), the high-velocity clouds (HVCs) have been
enigmatic. HVCs are concentrations of neutral hydrogen
moving with velocities inconsistent with a simple model of
galactic rotation (for a review, see Wakker 1991a). In prac-
tice, one uses a lower limit of about 100 km s~ relative to
the local standard of rest (LSR) to define the HVCs. Veloci-
ties up to —450 and +300 km s~! occur (Hulsbosch &
Wakker 1988; Bajaja et al. 1985), and (depending on the
definition one uses) between 10% and 37% of the sky is
covered by such high-velocity gas (Wakker 1991b; Murphy,
Lockman, & Savage 1995).

The sky and velocity distributions of the HVCs are now
fairly well known (Wakker & van Woerden 1991). However,
an understanding of their internal physics, their origin, and
their role in galactic evolution requires a knowledge of their
distances and composition. Over the years, many com-
peting hypotheses for the origin of HVCs have been pro-
posed. These models are primarily distinguished by the
different distances at which the clouds are placed. Proposed

! Visiting Astronomer, Kitt Peak National Observatory, which is oper-
ated by the Association of Universities for Research in Astronomy, under
contract to the National Science Foundation.

explanations include local supernova remnants (d ~ 100
pc), large-scale expanding motions in nearby spiral arms
(d <1 kpc), condensations in the local Galactic halo
(z ~ 1-5 kpc), structures in the Galactic warp (d ~ 5-10
kpc), tidal disruption of the Magellanic Clouds (d ~ 20-50
kpc), intergalactic gas (d > 50 kpc), or protogalaxies
(d ~ 500 kpc).

From survey data and individual observations, many
indirect estimates of HVC distances have been made. Some
of these assume that the HVCs are in the lower Galactic
halo, at distances of the order of a few kiloparsecs (see, e.g.,
Oort & Hulsbosch 1978; Kaelble, de Boer, & Grewing
1985; Wakker 1991a). Much larger distances, on the order
of 10-20 kpc, were suggested early on by Davies (1972a)
and Verschuur (1973a). A distance of a few hundred parsecs
was preferred by Meyerdierks (1991) and Verschuur
(1993) for some HVC complexes. These arguments are all
based on model assumptions, however, and they can
provide only indirect information. A direct determination of
distances is required to evaluate the proposed models.

The only known method to determine distances directly
is to use interstellar absorption lines in the spectra of stars
projected onto the HVC. This method and its many pitfalls
are discussed in detail by Schwarz, Wakker, & van
Woerden (1995). Here we give a short summary: an inter-
stellar absorption component at the HVC’s velocity pro-
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vides an upper limit to the distance; a nondetection may
yield a lower distance limit, but only if the expected absorp-
tion strength is well above the noise level. An estimate of the
expected absorption strength requires a detection of the
element or ion in the spectrum of an extragalactic object
and an H 1 observation at the highest possible angular
resolution toward both that extragalactic object and the
probe in question. The H 1 map is necessary because of the
presence of strong column density contrasts in some HVCs
(up to a factor 5 on arcminute scales; see Wakker &
Schwarz 1991).

The HVC that has been most intensively studied is
complex A, an object 40° by 5° on the sky. Wakker & van
Woerden (1991) give a description and references to earlier
studies (see also § 2). To find suitable probes of complex A,
we have used the data from the survey of Hulsbosch &
Wakker (1988). By combining this survey with catalogs of
suitable objects, we can identify the most promising candi-
date probes. Now that metallicities have actually been
determined for a few HVCs (see Robertson et al. 1991; Lu,
Savage, & Sembach 1994; Keenan et al. 1995; Wakker et al.
1996), it has become possible to make realistic estimates of
the equivalent widths of HVC absorption, thereby allowing
a better selection of probes.

To date, only one clear case exists of absorption by a
HVC in a stellar probe: at v g = —96 km s™! in BD
+38°2182, in the bridge between HVCs M II and M III.
Combined with a nondetection toward HD 93521, this
gives a distance constraint of 1.7 <d < 5.0 kpc (Danly,
Albert, & Kuntz 1993; Keenan et al. 1995). At visible wave-
lengths, Ca 1 H and K are expected to be the strongest
interstellar absorption lines for high- and intermediate-
velocity clouds. With IUE it has been possible to use ultra-
violet resonance lines like those of Mg m, C 1, and Si m,
which are much stronger than the optical lines for a given
column density of neutral gas. Nevertheless, no absorption
by HVCs has been found for stars at distances up to 2 kpc
(mostly toward complex C; Danly 1989; de Boer et al.
1994). These stars are at the limit of detectability with IUE .
In this paper we report on Hubble Space Telescope (HST)
absorption-line spectra of HVC complex A.

Goddard High-Resolution Spectrograph (GHRS) spectra
of the Mg 11 doublet at 2800 A have been taken of two stars
and one extragalactic probe projected onto HVC complex
A. In § 2 we justify our selection of probes. Section 3 dis-
cusses the classification of the stars and the derivation of
their distance estimates. Section 4 presents the low- and
high-resolution H 1 data necessary to derive the best pos-
sible value for the H 1 column density in the direction of the
probes. In § 5 we describe the HST spectra. In § 6 we derive
a distance limit for complex A, and in § 7 we discuss the
implications for the HVC phenomenon.

2. PROBING COMPLEX A

2.1. Previous Observations of Complex A

HVC complex A was the first HVC discovered (Muller et
al. 1963) and has been mapped extensively. It was originally
named by Hulsbosch & Raimond (1966) and first mapped
by Hulsbosch (1968), at 36" and 10 km s~! resolution.
Further mapping by Giovanelli, Verschuur, & Cram (1973),
at 9’ and 1 km s~! resolution revealed the presence of
several concentrations, which were named A I through A V;
two further concentrations outside the scope of the data of

Giovanelli et al. were later named A 0 and A VI (Wakker &
van Woerden 1991). The brightest concentration is A IV,
which was mapped at 12’ resolution by Davies, Buhl, &
Jafalla (1976), while Hulsbosch (1978) mapped A 0 at 9’
resolution. The large-scale structure of complex A was
revealed by the surveys of Giovanelli (1980) and Hulsbosch
& Wakker (1988). These data also show substantial velocity
differences between the concentrations, but there is no
regular pattern to the velocity field. Figure 1 gives the dis-
tribution of H 1 brightness temperature from the latter
survey for the part of the complex relevant to this paper.

Cram & Giovanelli (1976) used complex A to show the
presence of two-component velocity structure in the profiles
of HVCs. One component with a FWHM of about 23 km
s~! was seen in all directions, while a second component
with FWHM 7 km s~ ! was observed toward the cores. The
presence of fine structure was attributed to fragmentation
after shock compression, possibly following the passage of a
supernova shock (Giovanelli & Haynes 1977). Early high-
resolution mapping with interferometers by Schwarz, Sulli-
van, & Hulsbosch (1976) at 2' resolution showed bright
concentrations (25 K) in A 0, with densities of order 30/D,
cm~3 (here Dy, is the distance in kpc). Schwarz & Oort
(1981), Wakker (1991c), and Wakker & Schwarz (1991)
mapped A Iand A IV at 1’ and 2 or 1 km s~ ! resolution.
Structure was found on scales down to the resolution of 1'.
Gaussian fits to the profiles gave a typical FWHM of 5 km
s~ 1. The volume density was found to be between 50 and
200/D,,, cm .

Wakker & Boulanger (1986) examined the IRAS 100 ym
emission in the region around the A IV core and found no
far-infrared emission associated with the HVC. They con-
cluded that this implied either a dust abundance at least 3
times below the normal value for low-velocity gas or that
the dust was too cool. The latter is possible if the cloud is
more than 10 kpc above the Galactic plane.

Many characteristics that are considered general proper-
ties of HVCs have actually been derived from observations
of complex A, as it is one of the brightest and largest HVCs.
A determination of its distance may therefore set the scale of
the whole HVC phenomenon, although for a full under-
standing, it will be necessary to derive a distance for each
HVC separately.

Attempts at deriving the distance to HVC complex A
have a long history. The first list of possible probes was
published by Kepner (1968), who selected 17 B8—AS stars
between 8th and 13th mag at distances up to 1.5 kpc. Some
of these were included in the samples of Songaila, Cowie, &
Weaver (1988) and Lilienthal, Meyerdierks, & de Boer
(1990), who derived a firm lower distance limit of 500 pc for
complex A based on main-sequence A stars. Songaila et al.
(1988) further claimed a tentative detection of absorption
due to complex A in the spectrum of the AQ V star SA 12
391 (distance about 1.7 kpc), but Lilienthal et al. (1990)
conclusively showed this line to be stellar. The reinterpreta-
tion of the Songaila et al. (1988) spectrum therefore sets a
lower distance limit of 1.7 kpc for HVC complex A.

The star PG 09054626 has an estimated distance
between 3 and 4.5 kpc and at first appeared a very useful
probe. M. Pettini (1986, private communication) reported a
nondetection of the Ca 1 K line toward this star. However,
a subsequent Westerbork map (Wakker & Schwarz 1991)
illustrated the problems associated with H 1 fine structure.
They showed that this star falls within an area of depressed
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FiG. 1—Combined gray-scale and contour map of the brightness temperature distribution of HVC complex A, based on the survey data of Hulsbosch &
Wakker (1988). Contour levels are at 0.04, 0.30, 0.60, 1.5, 2.0 and 3.0 K. The main concentrations A III, A IV and A VI are indicated (A V does not show up
well in this survey). The star symbols indicate the positions of the three probes discussed in this paper, as well as three probes from previous papers (see §§ 2.2
and 6). Around the five probes observed at Westerbork, the diameter of the Westerbork primary beam (FWHM 36') is indicated. Also, the boundaries of the
Westerbork maps are shown. For the three probes discussed in this paper, these are the same boundaries as shown in Fig. 3. For the A IV field, it is the
boundary of the box in Fig. 1a of Wakker & Schwarz (1991), and for PG 0832+ 675, it is the box of Fig. 7c in Schwarz et al.(1995). The orientation of these
boxes is such that the highest declination is to the left-hand side, and the highest right ascension is to the bottom side.

H 1 emission. The nondetection of absorption is therefore
not significant.

Brown et al. (1989) and Schwarz et al. (1995) reported a
nondetection of Ca m H and K absorption for PG
0832+ 675 (with velocity resolutions of 40 and 26 km s~ %,
respectively). Schwarz et al. (1995) derived that Ca*/H
toward this star is <12 x 10~° (3 o). By comparing this to
the value of 17 + 6 x 10~° found toward the Seyfert galaxy
Mrk 106, they tentatively concluded that the HVC is behind
the star. The detection toward Mrk 106 was recently con-
firmed at higher signal-to-noise ratio (S/N) (van Woerden et
al. 1996). If PG 0832+ 675 were an sdO star as classified by
Green, Schmidt, & Liebert (1986), its distance would be of
the order of 2.5 kpc (Schwarz et al. 1995 prefer 1.6 kpc,
using the faint end of the range of absolute magnitudes).
Brown et al. studied PG 0832+ 675 in more detail and
concluded that it is a Population I B star at a distance of 31
kpc (z =18 kpc). However, there are now indications
that the distance is only a few kiloparsecs (Hambly
et al. 1996). For a discussion of the phenomenon of

high-z stars that mimic early-type main-sequence stars, see
Sasselov (1993).

We will now discuss how we arrived at the selection of the
probes discussed in this paper.

2.2. Stellar Probes

The process of selecting probes of HVCs is described in
detail by Schwarz et al. (1995). In principle, main-sequence
A stars are useful. However, at high Galactic latitudes, they
are too faint when at large distances. Blue horizontal
branch (hereafter BHB) stars and subdwarfs are the pre-
ferred kind of probes, as they have reasonably well-
determined absolute magnitudes, are comparatively
numerous at high Galactic latitudes and can be seen to
distances of several kiloparsecs at an apparent magnitude of
16 (the limit of current instrumentation at the required
velocity resolution of 20 km s~ ! or less). To find probes of
HVC complex A, the most important survey for our pur-
poses is the Palomar-Green (PG) list (Green et al. 1986), in
which 14 candidate probes can be found. Newer surveys of
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faint blue objects also exist (mainly the HK survey of Beers,
Preston, & Schectman 1988, and Beers et al. 1996). Few of
these surveys overlap with complex A, however, and for
most probe candidates, only rough information on the spec-
tral type and distance is available. Using the same tech-
niques as employed in these newer surveys, it will be
possible in the future to expand the sample of candidate
probes for complex A and other HVCs.

To select the best probes from the PG list projected onto
complex A, we first estimated their distances. For sub-
dwarfs, absolute magnitudes of M, (sdO) = 1.8-3.2, and
M, (sdB) = 2.9-3.9 were assumed. These values are based
on the determinations of T, and log g for stars in the PG
sample given by Moehler, Heber, & de Boer (1990a),
Moehler et al. (1990b), Dreizler et al. (1990), Theissen et al.
(1993), and Beers et al. (1992). For BHB stars, the poly-
nomial fit to the shape of the horizontal branch from globu-
lar cluster color-magnitude diagrams obtained by Preston,
Schectman, & Beers (1991) was used, which allows one to
estimate the absolute magnitude given a B—V color. The
relation is valid over the color range B—V = —0.2to +0.2,
corresponding to M, = 2.9-0.6. If no color is given, we
assumed a most likely color of B—V = 0.05, or M,, = 0.85.
For a 15th mag star this means that the distance will be
estimated as 6.8 kpc but could range between 2.6 and 7.6
kpc.

Using the assumptions detailed above, the most distant
probe of complex A in the PG sample is the BHB star PG
0859 + 593. Using the method outlined above, it appeared
to be at a distance of ~9 kpc, but we will show that it is
more likely to be at 4 kpc. The other 13 stars are subdwarfs
at distances between a few hundred parsecs and 4 kpc. For
our HST project, we selected the two most distant probes
for which reasonably strong absorption can be expected:
PG 0859 + 593 and PG 0906 + 597.

2.3. Extragalactic Probes

To determine the significance of a nondetection in the
spectrum of a stellar probe, a detection of HVC absorption
toward an extragalactic probe is required. Quasars and
Seyfert galaxies are the most suitable for this, although
Seyfert galaxies are usable only if enough flux comes from
the core. To find extragalactic probes, we have correlated
the catalog of Véron-Cetty & Véron (1995) with the data
from Hulsbosch & Wakker (1988). This yielded nine Seyfert
galaxies and three QSOs projected onto complex A. The
four brightest Seyfert galaxies (all having an NGC number)
are extended, so their cores are not sharp enough to func-
tion as good background sources. Two of the QSOs and
four of the Seyfert galaxies are projected onto a very low
column density part of the HVC. This leaves two possible
probes, of which the one more likely to yield detectable
interstellar absorption (based on the expected equivalent
width of the absorption) is the Seyfert galaxy Markarian
106.

3. STELLAR CLASSIFICATION

To derive reliable distances for our two probe stars,
Stromgren photometry was obtained at the KPNO 0.9 m
telescope, using the CCDPHOT system. Both stars are
rather faint for observations with this setup, and portions of
the nights were not absolutely photometric; however,
according to the observer (A. Sarajedini), there is no clear
reason for rejecting the data (i.e., standard stars observed

DISTANCE TO HVC COMPLEX A

close to the PG stars transformed to the standard system
well). Data reductions were carried out by B. Anthony-
Twarog, using procedures similar to those outlined in
Twarog & Anthony-Twarog (1995). Since the PG stars were
not part of the main program effort, the selection of stan-
dard stars was less than optimal, and the bluest standard
used had a color b—y = 0.2. For all of the above reasons,
we have doubled the formal errors given by the data
reduction process (see Table 1).

Interstellar reddening [ E(B— V)] in the direction toward
these stars was determined from the Burstein & Heiles
(1982) maps. This reddening was transformed to the Strom-
gren system using the standard relation E(b—y) = 0.74
E(B—V) (Crawford 1975). Interstellar absorption was cal-
culated by adopting A, =32 E(B—V). The m; and ¢,
indices were dereddened using the relations m, = m; + 0.3
E(b—y) and ¢, = ¢; — 0.2 E(b—y) (Crawford 1975). Green
(1980) also obtained Stromgren photometry for the star
PG 0906+597. His observations (¥ = 15.37 + 0.05,
b—y= —0.18 £ 0.02, m; = 0.08, ¢, = —0.21) are in excel-
lent agreement with our newly obtained values, within the
quoted errors.

Medium-resolution (2 A, 3 pixels FWHM) spectroscopy
over the wavelength interval 3700-5000 A was obtained for
both stars using the KPNO 2.1 m telescope and the
GoldCam spectrograph with a 600 line mm~' grating,
imaging onto the F3KC CCD detector through a 2" slit.
The spectra are shown in Figure 2. In order to calibrate
these spectra, observations before and after each program
object were obtained of the flux standard PG 0934+ 554
(Massey et al. 1988). Standard IRAF procedures were
followed to bias-subtract, flat-field correct, extract,
wavelength-calibrate, and flux-calibrate the data.

Estimates of surface temperatures were obtained for each
star by comparing the observed Strémgren color indices to
the Kurucz color calibrations calculated from Atlas 9 model
atmospheres (R. L. Kurucz 1992, private communication).
Colors from the solar metallicity models were employed
since both stars are hot enough that metallic-line blanketing
effects should not be important. The best simultaneous
match to the (b—y),, ¢y, and m, indices was found for each
star.

The spectrum of PG 0859 + 593 exhibits the broad and
deep Balmer lines and neutral He absorption of a medium-
to-late B-type star. The match in color indicates a tem-
perature of T,;; = 12,500 K and surface gravity log g = 3.5.
A comparison of the line profile of Hé with synthetic
spectra, following techniques discussed in detail by Wilhelm
(1995), suggests a similar temperature, but a surface gravity
closer to log g = 4.0. Unfortunately, log g cannot be used
as a luminosity class indicator because high-luminosity
main-sequence stars and the lower luminosity horizontal-
branch stars have similar surface gravities at this tem-
perature. Under the conservative assumption that PG
0859 + 593 is a horizontal-branch star, the distance was esti-
mated using the M, versus B— V calibration for horizontal-
branch stars given by Preston et al. (1991), after
transforming the observed (b—y), to (B—V),. This yields
M,, = 1.87, corresponding to a distance of 4 + 1 kpc from
the Sun (2.5 + 0.6 kpc above the disk). This distance is
much less than originally estimated because the star is as
much as 0.15 mag bluer than our original assumption.

In the case of PG 0906 + 597, the observed colors are too
blue to match the highest temperature (T, = 50,000 K)
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TABLE 1

OBSERVATIONAL PARAMETERS

OBIECT
PARAMETER Mrk 106 PG 0859 +593 PG 0906 + 597
RA. (2000) .eeuvrnrenennrneenennnnns 09 19 55 09 03 03 09 10 21
Decl. (2000) «.ouvvniinenninienennnnns +552137 +59 1118 +59 30 34
PPN 161.14 156.94 156.22
Do e 42.88 39.74 40.56

Stellar Classification

Photometry observing date .......

1995 Nov 16/17

17/18 Nov 95

Spectroscopy observing date...... 1995 Oct 29/30 15/16 May 96
..................................... 16.15 15.00 + 0.04 1543 + 0.18
B—VoOrb—y.ccceevnevivninnnnen —0.94 —0.02 + 0.06 —0.13 + 0.16
[ : 2N 0.39 . .
Ty it 0.08 + 0.08 0.04 + 0.06
€l trertrtinieiiei s 0.67 + 0.04 —0.21 £+ 0.07
EDB—p) coeveneiniiiiniiniininennnns 0.03 0.03
[N 14.89 + 0.04 1523 + 0.18
(D=3)peeveeeeeenenrneneenrennenenenns —0.05 + 0.06 —0.16 + 0.16
TG et eaeas 0.09 + 0.08 0.05 + 0.06
€O vremerennrarneiieiiiaeee e, 0.66 + 0.04 —0.22 + 0.07
P N 12,500 75,000
00 3.5-4.0 ~6.8
TYPE cuvveiiiiiiiiiiiiiiiieas Sey BHB sdO
Distance (KPC) «.vvvvevernennenenne. inf 441 0.7+ 0.2
Dwingeloo Survey Data®
v rDOW) (kms™1) i —157 —160 —153
T DW) (K) ceevininiiiiniiininennns 0.75 0.56 0.56
Effelsberg Observations
Observing date ...........oeevnenens 1988 Feb 4 1995 Jan 12 1995 Jan 12
Integration time (minutes) ........ 15 9 6
Beam (arcmin) ..........ocevenenn. 9 9 9
Velocity resolution (km s~ 1)...... 1.288 1.288 1.288
ms (K) .ooeiiiiiniiniiiiiens 0.02 0.09 0.09

Westerbork Observations®

Observation dates .................

1988 May 11 (36 m)

1993 Sep 17 (54 m)

1988 Mar 23 (72 m)

1993 Dec 9 (90 m)
40

1993 Sep 23 (54 m)

10

1993 Aug 27 (36 m)
1994 Mar 7 (72 m)
1993 Nov 30 (72 m)

2

Grating ring radius (arcmin)......
Velocity resolution (km s™%)...... 1.03 2.07 2.07
Velocity range (km s~ %) ........... 36,72: —221to +41 —250to +11 —250to +11
54,90: —250 to +11
Beam® (arcmin) ..........cocennennnt 344 x 3.13 3.62 x 3.60 1.78 x 1.77
K/(mJy beam™%) .....cooeninninnnns 0.0158 0.0129 0.053
rms® (mJy beam ™) ..........c..el 8.7 132 5.8
mS? (K) eovneniinineniiieneeenenns 0.14 0.17 0.30
HST Observations
Observing date ..........cooevnenens 1995 Mar 13 1993 Nov 7 1993 Nov 7
ApErture.......cooevveiiniiiniinnennes LSA LSA LSA
Grating.......oovevveeiinienninennnns G270M G270M G270M
Wavelength range (&) ............. 2777-2822 2777-2822 2777-2822
Number of subexposures.......... 68 32 28
Integration time (S) ................ 6963.2 3278.8 2867.2
Velocity resolution (km s~ Y)...... 10.6 10.6° 10.6°
Continuum counts @ Mg ...... 30 28 78
S/N continuum @ Mg .......... 50 45 89

Note—Units for night ascension are hours, minutes, and seconds, and units for declination are degrees,

arcminutes, and arcseconds.

2 Interpolation from the Hulsbosch & Wakker 1988 survey.

® For WSRT observing dates, the shortest baseline in meters is also given.

¢ The WSRT beam is the beam of the final map, shown in Fig. 3.

9 Noise in WSRT map at given resolution.

© The spectral spread function has a core of ~10km s~ ! FWHM and broad wings outto ~ +40kms~1.
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F1G. 2—Intermediate-resolution spectra for PG 0859+ 593 (left) and PG 0906 + 597 (right) showing that PG 0859+ 593 is a horizontal-branch star
(compare Fig. 6 of Beers et al. 1992). PG 0906 + 597 has a spectrum indicating a very hot sdO or hot white dwarf star.

Kurucz model, which suggests that this star might be an
sdO star with temperature in excess of 50,000 K. However,
its spectrum exhibits broad and shallow Balmer lines, and a
weak He 11 14686 feature, rather different than the hot sdO
stars of similar temperatures described in Thjell et al. (1994)
or Drilling & Beers (1995). A preliminary model atmo-
sphere analysis of this spectrum (U. Heber, private
communication) suggests that PG 0906+ 597 may be a
member of the small class of stars identified as DAO, some
of which appear to be the central stars of newly formed
planetary nebulae, while others are identified as spectro-
scopic binaries (see Heber, Dreizler, & Hagen 1996).

Heber’s spectral analysis yields T = 74,000 + 3000
K, log g = 6.8 + 0.09 (note that these errors are internal
estimates obtained from the spectral fit—external estimates
would certainly be higher). Such a surface gravity is higher
than that generally associated with sdO stars and is more
consistent with the low end of surface gravities for hot white
dwarfs. Adopting a mass of 0.5 M, Heber suggests an
absolute magnitude on the order of M, = 6.0. The resulting
distance estimate, 700 pc, is substantially lower than that
which would be obtained if the sdO classification were
adopted (1-2 kpc). If the mass of PG 0906 + 597 is as low as
0.3 M, the distance estimate drops to ~ 500 pc. Clearly,
more detailed spectroscopic information would be desirable
for PG 0906 + 597. In addition, it would be useful to search
for any evidence of binarity or nascent nebulosity associ-
ated with this object.

4. H1DATA

4.1. Summary

In order to derive the best estimate of the H 1 column
density toward our three probes, we obtained H 1 observa-
tions with both the Effelsberg telescope (9’ beam) and with
the Westerbork Synthesis Radio Telescope (2’ or 3’ beam).
The highest possible resolution is required, as previous
observations of HVCs have shown significant fine structure
(Schwarz & Oort 1981; Wakker & Schwarz 1991). In prac-
tice, we can reach a resolution between 1’ and 3’ with the
Westerbork synthesis telescope and still have detectable
signal. To estimate the total column density in a particular
direction, one has to keep in mind that the interferometer
data show only the H 1 fine structure. Extended emission is
filtered out by the interferometric process, because the zero

and short spacings are not observed. The Effelsberg observ-
ations provide some information about the missing spac-
ings. A full discussion of the need for high-resolution H 1
observations and of several other considerations is given in
§ 4 of Schwarz et al. (1995).

Below, we will describe in detail how we derived the best
estimates for the H 1 column density in the direction of the
probes. The final results are given in Table 2. These esti-
mates are the sum of three terms. The first term is the
brightness temperature measured with the 9’ Effelsberg
beam. From this is subtracted the contribution of smaller
scale structure found by smoothing the Westerbork map
from 2’ or 3’ to 9' resolution. Then the brightness tem-
perature observed in the Westerbork maps is added. The
errors in the final estimate are found from the measurement
errors in the Effelsberg spectrum and systematic errors in
the correction terms due to small-scale structure that is
fainter than the noise level of the high-resolution maps. For
the HVC components toward our three probes, the correc-
tions turn out to be small, while for the IVC component
toward PG 0906 + 597, the correction is more than a factor
of 2.

The percentage of the flux that is in the small-scale struc-
ture (< 10') relative to that in smoother structures (>20) is
only about 10%. These numbers are rough guidelines. A
more precise study is outside the scope of this paper.
However, they can be contrasted with earlier results on
other HVC cores where about 25%—-50% of the structure is
on small scales (Wakker & Schwarz 1991). Apparently,
there is less fine structure in the envelopes than in the cores
of HVCs. Since we do not have single-dish data with a 36’
beam available for the IVCs, we are unable to derive such
percentages for them.

4.2. Effelsberg Observations

The Effelsberg observations were done for us by P. Kal-
berla of the University of Bonn. The relevant parameters of
the observations are included in Table 1. The spectra were
calibrated using the standard field S7, according to the
method described by Kalberla, Mebold, & Reif (1982). They
have also been corrected for stray radiation (Kalberla,
Mebold, & Reich 1980). The final spectra are displayed in
Figure 4 in the panel labeled (Eff).

Gaussian fits were made to each of the components dis-
cernible in the Effelsberg spectra. These fits were done in a
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TABLE 2
RESULTS
. FWHM Ty, pesk NMHLEff) NHyfina) W (2796F W (2803 N Mgn)® A (Mgm)
Object (km s~ %) (km s~ %) (10'® cm™%)  (10'® ¢cm~2) (mA) (mA) (1013 cm~%)  (1078)
Mtk 106 ............ —1572+01 295403 067+001  384+05 38*24 526 +22 490 + 26 >5 >130
—386+03 329409 041+001 262+06 26+23 319+ 14 321414 >4 >150
—37+01 153401 605+001 1800 + 0.3 213+2:2 355+ 15 359 + 16 >3 >14
—68+01 27401 634+002 332401
PG 0859+593...... —1659+05 239+11 073+003 338+14 34*37 0+32 0+ 32 <023 < 68
—516+02 190+04 196+003 722+1.1 53134 400 +12 372+ 14 >4 >75
—03+01 115401 11.69+004 260.8 + 0.9 250+3:2 478 +17 429+ 19 >4 >16
PG 0906+ 597...... —1526+04 235+10 080+003 365+14 2934 0+16 0+16 <0.12 <41
—535+01 60+01 386+007 449 +08 110*¢1 0+16 0+16 <0.12 <11
—482+03 275407 159+004 848 +21
—07+01 133401 1071+007 2763 +18 341+38 364+15 352+ 14 >2.5 >7
—26+01 28+01 458+010 249405

Note—For the three cases in which a broad and a narrow component are seen in the H 1 spectrum, the two have been combined for the derivation of

abundance limits, because they cannot be separated in the Mg 11 spectra.
2 Errors are 1 ¢ fitting errors.

® Mg 11 column density lower and upper limits derived from the 12803 line; upper limits are 3 ¢ limits.

piecewise fashion, i.e., three velocity ranges were separately
fitted. A single three-, four-, or five-component fit to the full
spectrum gives the same results for most components, but in
a few cases such a fit diverged. We preferred the result of the
piecewise fits, which usually yielded a single Gaussian com-
ponent but sometimes required a combination of a broad
(FWHM ~ 15km s~ ') and a narrow (FWHM ~ 3 kms™?)
component. For PG 0859 + 593, the intermediate-velocity
component appears non-Gaussian, but the fitting algorithm
did not converge on a two-component fit, and a single
Gaussian was used as an approximation. The final results
are given in Table 2, with peak brightness temperatures of
0.67,0.73, and 0.80 K for the HVC components toward Mrk
106, PG 0859 + 593, and PG 0906 + 597, respectively.

4.3. Westerbork Observations

The descriptions of the Westerbork observations of fields
around our three probes are included in Table 1. For PG
0906+ 597 and Mrk 106, observing and reduction pro-
cedures are similar to those described by Wakker (1991c). In
the case of Mrk 106, an earlier version of this map was
presented by Schwarz et al. (1995), based only on the
observations with shortest baselines of 36 and 72 m. Of
several observations of the PG 0859 + 593 field, only one is
usable. It has a shortest baseline of 54 m. The other observ-
ations suffer from interference and other technical diffi-
culties. The reduction for this field is therefore more
difficult. However, a single Westerbork observation with 54
m as the shortest baseline has the special feature that the
beam is flat within the radius of the first grating ring. So, a
usable map could still be extracted.

For all fields, the original data had a longest baseline
corresponding to a resolution of 0.5. However, the signal-
to-noise ratio is too low at those scales, and the longer
baselines were not included in the mapping, so that the final
maps have resolutions of 2'-3’ (see Table 1). Only faint
continuum sources are present in these fields, none bright
enough to allow the detection of H 1 absorption due to the
HVC. The continuum was subtracted, and then the maps
were cleaned, using the Multi-Resolution Clean algorithm
(Wakker & Schwarz 1988). Delimiting boxes were chosen
around all apparent emission features. The cleaned maps
were then checked for remaining sidelobes, and the process

was repeated if necessary. Usually this procedure works
well. However, for the low-velocity emission in the Mrk 106
field, not all sidelobes could be fully removed. Also, in the
PG 0859 + 593 field, it was not always possible to separate
sidelobes from real signal because of the small (10') radius of
the inner grating ring. For these problematic cases, the
structures visible in the final maps may not always be
reliable.

To construct total column density maps, the cleaned
maps were first smoothed to a resolution of 5'. Areas in the
smoothed map where the signal is above 2 ¢ then define a
mask. This mask is applied to the channels at the original
resolution to select the areas containing signal. The signal
was then summed and converted to column densities, using
the relations N(H 1) = 1.823 x 10'® | Ty(v)dv and T(K) =
594 S [mJy beam™']/(AaxAd) [arcsec’], where S is the
flux, and A« and AJ are the spatial resolutions (FWHM) in
right ascension and declination, respectively. The maps
were corrected for the primary beam attenuation by divid-
ing them by a Gaussian with an FWHM of 36/, allowing a
maximum correction of a factor 8, corresponding to a field
of view with a diameter of 1°. Figure 3 presents the final
column density maps of the fine structure for the three
fields. In these maps, the position of the optical probe is also
indicated, as are the FWHM of the Effelsberg beam and the
FWHM of the Westerbork primary beam.

4.3.1. Final Column Densities toward the Probes

To derive the hydrogen column density in the direction of
our probes, we have to combine the Effelsberg and West-
erbork data. The main problem is the uncertainty in the
Westerbork results due to the missing short spacings. This
information can be recovered only by using an interferome-
ter with smaller dishes, by mapping the whole field with a
single-dish telescope with a diameter larger than the 25 m
dishes used in Westerbork, or by using an interferometer in
a mosaicking mode. Without this information, we can still
make a fair estimate of the column density in the direction
of the probes in the following manner. First, find the bright-
ness temperature in the direction of the probe as measured
with the Effelsberg beam [Fig. 4, panel (Eff)]. Second,
smooth the Westerbork map to the resolution of the Effels-
berg beam (9') and find the brightness temperature in the
direction of the probe [Fig. 4, panel (WSRT/Eff)]. The dif-
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Fi6. 3—Small-scale HVC structure measured at Westerbork around the three probes. The contours of column density are at 0.2, 1,2, 5, 7.5 and 10 x 10°
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low-velocity gas. The velocity ranges that were summed to get the maps are indicated at the top of the panels.

ference between these two values is the part of the flux that
is on scales that are filtered out by the Westerbork beam.
To this value must be added the brightness temperature in
the direction of the probe that is found at the highest pos-
sible resolution [Fig. 4, panel (WSRT)]. A final com-
plication is that structure on scales small enough to be seen
by Westerbork can be too faint to detect, which results in an
overestimate of the amount of flux on large scales.

To measure the flux recovered within the Effelsberg
beams on the probes, the Westerbork maps were smoothed
to a beamwidth of 9’ and scaled by 2.08 K Jy~!. The
resulting profiles toward each of the probes are shown in
the panel labeled (WSRT/Eff) in Figure 4. No obvious
signal is visible at the velocity of complex A, except at the
0.14 K (4 o) level toward PG 0906+ 597. Elsewhere in the
maps, there are concentrations with brightness tem-
peratures of 0.44, 0.36, and 1.06 K for Mrk 106, PG
0859+593, and PG 0906+597, respectively (when

smoothed to a 9’ beam). Unfortunately, we do not cover the
field fully with Effelsberg beams, and thus we do not know
what percentage of the flux would be recovered in those
directions.

For the intermediate-velocity clouds in the directions of
the probes, the situation is similar to that for the high-
velocity clouds. Toward Mrk 106, the IVC is not seen at all
in the WSRT maps, but it is also faint (0.41 K) at Effelsberg.
Toward the two stars, the IVCs are brighter (1.9 and 5.5 K
peak brightness temperatures), and about 20% of the flux
within the Effelsberg beams is recovered.

The smallest scale at which structure would get lost in the
noise of the Westerbork map can be estimated by means of
simulations. Thus, artificial Gaussian sources were con-
structed, each with a peak brightness temperature of 0.7 K,
i.e., approximately the measured value for the HVCs in the
Effelsberg beam. For a given fraction p of recovered flux, a
fraction (1 — p) of the 0.7 K is on filtered-out scales. The
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integrated over the full 36’ beam; the scale is 1/10 of that of the “ (Eff)” profile. “ (WSRT)”: Westerbork profile on the probe, at full resolution. “ (Mg 11 2796)”
and “(Mgu 2803)”: HST spectra of the probes, normalized by the local continuum.

artificial sources were convolved with the actual dirty beam
of the Mrk 106 observation. For a circular source with
FWHM 9, the observed peak would then be 0.52 K. It
would be 0.33 K for a source with FWHM 15’ x 15,0.15K
for 20" x 20’, 0.45 K for 9’ x 15, 0.41 K for 9’ x 20/, and
0 K for a source with FWHM 36’ x 36’. When smoothed to
a resolution of 9’, the noise level in the Westerbork maps
is 0.04 K. So, assuming a 3 ¢ detection limit, the smallest
filtered-out scale is that for which the peak brightness tem-
perature observed with the dirty interferometer beam is less
than 0.12 K. This corresponds to structure on scales of
about 20'; i.e,, any structure in the missing flux that is on

smaller scales would have been detected. Thus, this implies
that the estimate of the brightness temperature of the
filtered-out large-scale structures can be at most 0.12 K too
high (3 o limits).

The final brightness temperature estimate toward a probe
is given by T = Ty — Ty g + Ty, where Ty is the observed
Ty at Effelsberg, Ty, is the observed Ty at the highest
resolution at Westerbork, and Ty is the Ty of the
smoothed Westerbork map.

We can give a 1 ¢ confidence level for the final value in
the brightness temperature as follows. First, we include the
measurement error in the fit to the Effelsberg spectrum
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[o(Tg)]. Next, we find the minimum possible brightness tem-
perature by subtracting the o(Ty, g) of smoothed small-scale
structure that could have been missed, as explained above.
Then we use our experience that the observed structure
does not show depressions in a smooth background, but
only superimposed bumps, to argue that the contribution of
the high-resolution map can only be positive. This implies
that the maximum possible brightness temperature is found
by adding the error in the high-resolution Westerbork map
[o(Ty)]. Thus, we find that the brightness temperature
toward Mrk 106 must be 0.67+3:31*3:14 K, toward PG
0859+593 0.73*3:03%5:37 K and toward PG 0906+ 597
0.66*5:93%5-39 K. The first term in these errors is the error
in the fits to the Effelsberg spectra, while the second term is
the systematic error.

To obtain the final column densities, we also take into
account the observational fact that the line width of the
small-scale structure is about 5-10 km s~ ! (Cram & Giova-
nelli 1976; Wakker & Schwarz 1991). Thus, while the actual
fitted line width is used to convert the fitting error and
downward systematic error to a column density, a line
width of 7 km s~ ! is used to convert the upward systematic
error. This yields the final adopted column densities listed
in Table 2.

A similar procedure is followed to derive the final column
density estimates for the IVCs and LVCs in the fields.

4.3.2. Flux in the Fine Structure

To determine what percentage of the flux is in the fine
structure detected in the Westerbork maps, the data in each
channel were summed and scaled with 0.13 K Jy~!, the
conversion factor from jansky to Kelvin for the 36’ primary
beam of the Westerbork telescope. The resulting spectra are
displayed in the panels labeled “(WSRT/Dwi)” of Figure 4.
They have a peak Ty of 0.04-0.07 K. Ideally, these values
should be compared to a single-dish observation with the
Dwingeloo telescope (which has the same beam size) with
the beam centered on our probes. However, we do not have
such data available, so we can only compare to values inter-
polated between the grid points of the Hulsbosch &
Wakker (1988) survey. This gives 0.75, 0.56, and 0.56 K for
Mrk 106, PG 0859 + 593, and PG 0906 + 597, respectively.
Thus, only about 10% of the flux in the Dwingeloo beams is
recovered. This is much less than the values of 25%—50%
reported for other fields in complex A (Schwarz & Oort
1981; Wakker & Schwarz 1991). It can be explained by a
combination of several effects. First, the current fields have
lower brightness temperatures (which was about 3 K for the
other fields); thus, any signal is more likely to be below the
noise level. Second, the other fields were toward cores of the
HVC complex, while the fields discussed here are away from
the cores. Apparently, there is less fine structure in those
directions.

5. HST DATA

Seven hours of Cycle 3 HST time were allocated for this
program. The two stars were observed on 1993 November
7, using side 2 of the GHRS and the G270M grating. Since
these observations were made 1 month before the HST
repair mission, the data suffer from the halo in the point-
spread function. The observation for the Seyfert galaxy was
deferred to the end of Cycle 4 and was done on 1995 March
13 with the same setup.

The setup employed the STEP-PATT 5 and FP-

DISTANCE TO HVC COMPLEX A

SPLIT = 4 routines. The former gives four substeps per
diode; the latter shifts each subexposure along the diode
array to minimize the effect of fixed-pattern noise and bad
diodes. The diode spacing was 0.092 A, or 9.84 km s~ . For
the stellar spectra the point-spread function has a sharp
core with 10 km s~ ! FWHM, containing about 40% of the
light. Superimposed on this are broad wings extending to
+40 km s~ !. The initial processing of the raw data
employed the standard calibration package CALHRS; this
procedure is part of the standard Space Telescope Science
Institute data pipeline and IRAF reduction packages. The
flux calibration includes conversion of raw counts to count
rates and corrections for particle radiation contamination,
dark counts, known diode nonuniformities, scattered light,
paired pulse events, and vignetting. The individual obser-
vations are merged into four FP-SPLIT spectra of 2000
points each (four samples per detector diode). Observations
of a Pt-Ne lamp, taken immediately prior to the science
observations at the same grating carousel position, were
used to determine the wavelength scale for the observations.
These lamp observations were processed using the standard
WAVECAL routine, which creates a lookup table that is
used by the CALHRS routine. A conservative error esti-
mate for the absolute assignment of wavelengths is +one
diode or ~10 km s~ !. For a detailed review and analysis of
the in-orbit performance of the GHRS, see Heap et al.
(1995).

The final steps of the reduction process were performed
using techniques and software developed and tested at the
University of Wisconsin—-Madison. The individual FP-
SPLIT spectra were aligned and summed. Linear continua
are sufficient to fit the regions immediately surrounding the
lines of interest. Scattered light removal is allowed for in the
GHRS by measuring the light to either side of the order
of interest (i.e., in the direction perpendicular to the
dispersion); the average of the two off-order measurements
is then subtracted from the spectrum. In our spectra, the
level of scattered light is low enough that we have not made
any additional corrections beyond those made in the raw
data calibration. Fixed-pattern noise, arising from imperfec-
tions in the photocathode window and from nonuni-
formities in the photocathode itself, can contribute
significantly to the noise level in GHRS data (see Cardelli &
Ebbets 1994). In our case, the signal-to-noise ratio of each
observation was not sufficient to allow a proper removal of
the fixed-pattern noise. However, because we used the FP-
SPLIT = 4 option, a simple averaging of spectra shifted
along the diode array will reduce the strength of a fixed-
pattern noise feature by a factor 4. Therefore, we are con-
fident that our results are not seriously affected. The final
spectra are shown in Figure 4.

Low-velocity Mg m absorption is clearly visible in all
three spectra. In the spectra of the two stars, this line does
not have the sharp edges expected for a saturated line, but
the line shape can be understood as a result of the degraded
pre-COSTAR point-spread function. At first sight, it is wor-
risome that the counts do not go down to zero. However,
the stars are very faint so that the total number of counts is
very low. The offset thus is within the error in the determi-
nation of the subtracted dark count. The latter is 0.011
counts s~ ! per diode, which corresponds to about 30 counts
per diode for the two star exposures (3279 and 2767 s) and
75 counts per diode for Mrk 106 (6960 s). This gives an error
in the subtraction of the background count of order 5 and 8
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counts, respectively. The total number of counts in the con-
tinuum is between 30 and 80, so that the error in the relative
flux due to the background subtraction is about 6%—20%.

The absorption lines were fitted to estimate equivalent
widths and lower limits to the Mg™ column density. The
results are given in Table 2. The Mg 11 absorption due to the
low- and intermediate-velocity gas overlaps. We assigned
absorption at v,z < —30 or —25 km s~ ! (for Mrk 106 or
PG 0859+593) to the intermediate-velocity clouds and
absorption at v > —30 or —25 km s~ ! to the low-velocity
cloud. These are the velocities at which the H 1 spectrum
shows a minimum. In the table, errors for detected lines are
1 o errors, while detection limits are 3 ¢ limits.

The spectrum of Mrk 106 suffers from the presence of a
bad diode, which gives rise to four spikes in the 12796 spec-
trulm (one for each substep), at velocities above +50 km
s

We will discuss the Mg* absorption in the next section.
Here we note the presence of a dip at a velocity of about
+80 km s~! in the spectrum of PG 0859+ 593 and the
42803 component of Mrk 106. We are unable to identify
this “absorption.” It is unlikely to be instrumental as it is
not seen toward PG 0906+ 597. The line ratio in the PG
0859 + 593 spectrum is the opposite of what is expected if it
were an Mg 11 line, and no H 1 counterpart is seen. If this
absorption had been seen only toward PG 0859 + 593, it
might have been possible to argue that it was a saturated
stellar absorption seen over only part of the stellar surface.
But that would leave the line toward Mrk 106 unexplained.

6. DERIVATION OF DISTANCE LIMITS

High-velocity Mg 11 absorption is clearly seen in the spec-
trum of Mrk 106. The line is strongly saturated, with an
equivalent width of 490 + 26 mA (42803 component). This
implies a column density >5 x 10’3 cm ™2 and an abun-
dance A = N(Mg m)/N(H 1) » 1.3 x 107° for Mg 1. The
standard solar abundance of Mg is 3.8 x 10~ * (Anders &
Grevesse 1989), while in low-velocity gas, the abundance of
Mg™ is typically 4.8 x 10~ 6 (Jenkins 1987).

High-velocity absorption is not detected toward the two
stars. To derive an upper limit to the equivalent width, we
use the errors that would result from fitting a Gaussian to

the line profile:
T J/hy
81n2 (S/N),

(Kaper et al. 1966). Here h is the grid spacing (9.84 km s~ 1!);
y is the estimated FWHM of the line, which we set to 10 km
s~1, ie., a line that would have an FWHM of one resolution
element; (S/N), is the signal-to-noise ratio in the contin-
uum. This yields 1 ¢ detection limits of 144/(S/N), mA, or 32
and 16 mA for PG 0859 + 593 and PG 0906 + 597, respec-
tively. Using the H 1 column densities, these limits corre-
spond to 3 ¢ upper limits to the Mg* abundance in front of
the stars of 6.8 x 10™® and 4.1 x 10~ 2. These upper limits
are obviously much less than the lower limit > 130 x 1078
found toward Mrk 106. Thus, we can confidently conclude
that the northern part of complex A is behind both stars. This
implies that complex A must be more distant than 4 kpc and
that its z-height must be more than 2.5 kpc.

For the mass of complex A, the distance limit implies
M > 15 x 10° M. The linear size (5° x 35°) must be
> 0.3 x 2.5 kpc. The total kinetic energy is more difficult to

A
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estimate, as we do not know the cloud’s tangential velocity.
It is reasonable to use the average deviation velocity as a
minimum estimate of the peculiar velocity of the HVC. This
is 125 km s~ ! (Wakker & van Woerden 1991), which corre-
sponds to a kinetic energy of >2.5 x 10*° J, equivalent to
> 25 supernovae.

The intermediate-velocity cloud at velocities around — 50
km s™' can be identified as the “Low-Latitude
Intermediate-Velocity Arch,” or LLIV Arch (Kuntz &
Danly 1996). From the nondetection in the spectrum of SA
12 391 (observed by Lilienthal et al. 1990), Kuntz & Danly
(1996) derived a lower limit to its z-height of 1.1 kpc (d > 1.7
kpc). SA 12 391 is very close to our two stars (see Fig. 1).
Toward PG 0906+ 597, the LLIV Arch is not detected in
absorption, either (abundance <1.1 x 10™%). Since it is
clearly detected toward Mrk 106 (abundance > 160 x 10~8)
and PG 0859 +593 (abundance »>75 x 10~ %), we can con-
clude that the LLIV Arch is between our two stars, as well
as more distant than SA 12.391, ie., 1.7 <d <4 kpc, or
1.1 <z < 3 kpc. The LLIV Arch was also detected in the
spectrum of PG 0832+ 675 (Schwarz et al. 1995). The dis-
tance to this star is uncertain, however (see § 2.3). Both
estimates of its distance (31 and 2.5 kpc) are consistent with
the detection of the LLIV Arch in its spectrum. The lower
estimate would constrain the distance of the IVC to
1.7 <d < 2.5kpc.

7. DISCUSSION

With a firm lower distance limit in hand for HVC
complex A and with a distance bracket now known for the
LLIV Arch, we can judge many of the models previously
proposed for HVCs and IVCs. The list of possible explana-
tions for HVCs given by Oort (1966) still remains the most
useful basis for this. Van Woerden, Schwarz, & Hulbosch
(1985) rediscussed most of the explanations for HVCs, while
Wakker (1991a) extended Oort’s list with later suggestions.
Kuntz & Danly (1996) give a summary of the interpreta-
tions for the northern IVCs, of which the LLIV Arch is one.
They found a distance bracket of 1 <z <2 kpc for the
larger Intermediate-Velocity Arch and suggested that the
LLIV Arch is a similar structure but somewhat more
distant. Our distance bracket supports this conclusion.

Many of the proposed origins for IVCs are the same as
those for HVCs. We will shortly revisit the possible inter-
pretations, as applicable to complex A and the LLIV Arch,
sorted in terms of ascending distance at which the complex
is placed. More thorough discussions can be found in the
aforementioned papers and in the papers referenced below.

1. Complex A is a ghost of nearby molecular clouds.
Verschuur (1990) suggested that for several HVCs, most
notably complex A, the contours of nearby CO clouds
reflects the fine structure. He concluded that the HVCs are
at distances similar to those of the CO clouds, taken to be
between 200 and 800 pc. This model clearly is inconsistent
with our results, and it can be put aside.

2. Complex A and/or the LLIV Arch are part of a nearby
supernova shell. Oort (1966) considered this as one of the
first suggestions to explain HVCs, at a time when only
complex A and part of complex C were known. His original
argument to reject this model was that the mass of such a
supernova shell would be at least 10®> M, (for an assumed
distance of 300 pc). Our distance limit/bracket would
increase this to M > 2 x 10° and > 5 x 10* M, for the
HVC and IVC, respectively. These are too high to be pro-
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duced by a single supernova, and the presence of many
correlated supernovae at high z is unlikely. Further, in
order to see the shell, it would have to expand through a
low-density medium, a condition not supported by obser-
vations for the local ISM. This model is now definitively
excluded for complex A, as well as for the IV and LLIV
Arches (see also Kuntz & Danly 1996).

3. Complex A is a nearby result of a collision of an H 1
cloud with the disk. Meyerdierks (1991, 1992) proposed that
the H 1 data for the high-, intermediate-, and low-velocity
gas in the region around the lowest latitude core of complex
A (A 0), were consistent with the idea that a high-velocity
neutral hydrogen bullet fell into the Galactic disk at an
oblique angle, with a velocity of 325 km s~ 1. Since the IVC
in this region is part of the North Celestial Pole loop of
IVCs, a distance of order 250 pc is implied by Meyerdierks’s
model. Our distance limit is for a different part of complex
A, some 30° away from A 0. However, if one makes the
reasonable assumption that the complex is a single struc-
ture, Meyerdierks’s model can be saved only if complex A
points straight at the Sun and is about 16 pc wide at its tip,
but at least 1 kpc wide at the high-latitude end. This is a
very unlikely geometry, so we conclude that the signs of
interaction that Meyerdierks saw were not genuine.

4. Complex A and/or the LLIV Arch are part of a super-
explosion in the Perseus arm. Rickard (1968) analyzed H 1
and optical data of the region ¢ = 90°-150°, b ~ 0, v,z =
—100 to +20 km s~ ! and found that he could best explain
the velocities in the plane by a supershell expanding at
20-30 km s~ ! with its center toward £ = 120°, up to 100 pc
above the plane, at a distance of 3 kpc. He suggested that
this was the result of the cumulative effect of many super-
novae. He further suggested that the northern HVC com-
plexes A and C might be lower density clumps ejected to
large z-heights. This would imply a distance of order 1 kpc
for complex A. Verschuur (1993) constructed an elaborate
model for the velocity and space distribution of a supershell
originating in the Perseus arm, in which he tried to explain
both the large northern HVCs and the northern IVCs in a
unified way. Distances for HVC complexes A and C of a few
hundred parsecs are then suggested. Both these models are
incompatible with the strong lower distance limit that we
derive. The IVCs are included in this model, but the avail-
able data did not allow a comparison of the predictions
with observations. Kuntz & Danly (1996) present the neces-
sary data and point out that the model predicts an increase
in velocity with lower z, which is the opposite of the pattern
seen in the IV arch. The LLIV Arch is at constant Galactic
latitude, so we cannot properly judge this prediction for it.
The supershell models correspond to what Wakker &
Bregman (1991) term the “cannonball” model, in which
high-velocity gas is ejected from the disk in the form of
neutral clouds. The resulting sky and velocity distributions
are inconsistent with the observations when the whole sky is
considered. We conclude that an explanation in which
complex A is part of a supershell is no longer viable but that
it can not be excluded for the LLIV Arch.

5. Complex A and/or the LLIV Arch are partly primordial
intergalactic gas being accreted by the Galaxy while sweeping
up high-z neutral hydrogen. This hypothesis was one of
Oort’s (1966) original suggestions for the HVCs, but it could
also be applicable to IVCs. It is similar to the model pro-
posed by Meyerdierks (discussed above), except that the
implied distance is on the order of 1 kpc. Oort (1970) elabo-
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rated on this model and suggested that there is gas left over
from the formation of the Galaxy that is only now reaching
the disk. As it approaches the disk, it sweeps up high-z (1-2
kpc) cold, low-density coronal gas, is shock heated, and
cools again. About 70% of the HVC would consist of swept-
up gas, the rest being primordial. The high velocities are due
to an outside overpressure provided by the infalling cloud.
The signature of an interaction of an infalling sheet was
calculated from hydrodynamic models by Tenorio-Tagle
(1981) and Tenorio-Tagle et al. (1986). They find that single-
sided shells could be produced, which explains the fact that
only negative velocities are seen. Two problems with this
picture were identified by Oort (1970): could coherent gas
clouds survive for ~10 Gyr before impacting the Galaxy,
and would the gas cool quickly enough after being shocked
so that it would be visible at z-distances of order 1 kpc?

Oort & Hulsbosch (1978) and Hulsbosch (1979) used the
velocity and angular structure data then available for
complex A to make this their favorite model. They argued
that the erratic velocity jumps observed by Giovanelli et al.
(1973) imply a cloud that is less than 10 Myr old and that
these are the consequence of collisions with halo gas. The
steep edges observed (at 10’ resolution) would be shock
fronts. However, the Westerbork data of Wakker &
Schwarz (1991) show that the steep edges break up into a
random collection of clumps at higher resolution. A similar
study does not exist for IVCs. However, our Westerbork
data (Fig. 3) for the IVCs in our fields suggest that the same
breakup phenomenon may also occur.

This model requires the presence of cold low-velocity gas
at high z. Our distance limit implies that this model can be
retained for complex A only if such gas exists in sufficient
quantities at z-heights of at least 2.5 kpc. It is not clear
whether or not that is compatible with observations. Even
the so-called Lockman layer of high-z neutral hydrogen
(Lockman & Gehman 1991) does not reach much farther
out than 1 kpc.

6. Complex A is part of a galactic fountain. The idea that
has gained the most ground as an explanation of the HVCs
and IVCs in general, and complex A in particular, has been
that of the galactic fountain. It was first put forward by
Shapiro & Field (1976). In the fountain model, hot gas is
produced by the cumulative effect of supernovae in the disk.
Thermal expansion makes it rise to large z-heights, where it
becomes unstable; cool clouds condense and fall back to the
disk ballistically. In effect, this sets up a galactic-scale con-
vection. A similar suggestion was made by Suchkov & Sch-
chekinov (1974) and Schchekinov (1977), who instead
suggested spiral shocks as the heating mechanism. Oort
(1966) discussed a model in which the clouds form at similar
z-heights, but he did not indicate a mechanism to generate
the hot gas. The difference with the previous model is that
the clouds would form in the Galactic halo, instead of being
primordial objects currently reaching the Galaxy. Also, the
angular and velocity structure can be set up at formation,
instead of at the time when the cloud starts interacting with
the lower z gas.

The fountain model was first suggested as a possible
explanation for the HVCs by Bregman (1980). Further work
by Kahn (1990), Houck & Bregman (1990), and Li &
Ikeuchi (1992) showed that the energy input from super-
novae may be sufficient to set up a fountain, although the
maximum predicted vertical velocity is only of the order of
70-100 km s~ %, far less than the observed LSR velocities of
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many HVCs. Wakker (1991b) showed that accounting for
projection effects due to galactic rotation can reconcile the
observed velocities with the fountain model. Most HVCs
would lie at galactocentric distances between 10 and 20 kpc
and z-heights of 0-10 kpc. A possible problem may be that
the feeding of hot gas to the halo by means of superbubble
breakout might be prevented by magnetic fields (Tomisaka
1990, 1992).

If we combine the typical observed column density (10%°
cm~2), diameter (2°), and velocity dispersion of the
envelopes (25 km s~ !) of the clouds with a distance limit of
4 kpc, the implied volume density is n < 0.25 cm ™3, and the
pressure would be P < 3500 cm ™3 K. Such a cold neutral
cloud would be in pressure equilibrium with a hot (10° K)
corona if the latter has a density of <0.0035 cm 3. From a
similar calculation, but assuming d = 1 kpc, Oort (1966)
derived n = 0.025 cm ™2 for the hot corona. For an LLIV
Arch core, the typical column density is more like 3 x 10°
cm 2, while the size and velocity width are similar. Thus, at
a distance of 3 kpc, the density is 0.33 cm™3. A 10° K halo
would have to have a density of 0.0045 cm ™3 at z = 2.5 kpc
to be in equilibrium.

These density estimates can be compared with the data of
Snowden, MacCammon, & Verter (1993), who used
ROSAT observations of the foreground emission in the
direction of a nearby molecular cloud to derive a density of
0.006 cm~3 and a pressure of 12,500 cm 3 K in the plane
for the 10° K gas. So, while Oort (1966) concluded that the
observations of complex A were incompatible with the
assumption of pressure equilibrium with a hot halo, our
lower limit to the distance shows that such pressure equi-
librium can exist if the halo has a scale height of several
(>3) kpc. There is some observational evidence for this,
based on C 1v absorption lines of high-z halo stars
(Sembach & Savage 1992) and ROSAT shadowing data
(Herbstmeier et al. 1995).

7. Complex A and/or the LLIV Arch is a high-z spiral arm.
Davies (1972a, 1972b, and 1974) and Verschuur (1973a,
1973b, 1975) advocated a model in which the lower latitude
HVCs (b < 30°) are part of an extreme warp of the Galaxy,
with galactocentric distances of order 20 kpc, centered on
¢ = 130°. The HVCs would then be a disconnected contin-
vation of the Outer Arm (Habing 1966; Kepner 1970) but
would still be part of the spiral pattern. For the HVCs this
model is unlikely because of problems with the implied
geometry, morphology, and velocities (Hulsbosch & Oort
1973). Our distance bracket for the LLIV Arch places it
above the Perseus Arm, which suggests that this model may
be applicable. If this were so, then there would not be a
unified explanation for the HVCs and IVCs.

Several models for complex A place it at large distances
from the Sun. All of these are compatible with our lower
distance limit, although other arguments pro or con may
exist. To complete our inventory, we briefly summarize
them.

8. Complex A was ejected from the Galactic nucleus. If
between 80 and 150 Myr ago our Galaxy was a Seyfert
galaxy, the Galactic center might have ejected large
amounts of gas, which are only now falling back toward the
disk (Oort 1966; Kundt 1987). There is little supporting
evidence for this model, especially since a very low angular
momentum is predicted and the velocities have to be fine
tuned to get the current situation.

9. Complex A is part of a polar ring around the Galaxy.
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Haud (1988) suggested that the Magellanic Stream and
HVC complex C form part of a polar ring of neutral hydro-
gen around our Galaxy, at a distance of 90 kpc. Complex A
is problematic in this model as it is not in the ring.

10. Complex A was drawn out of the Magellanic Clouds
during a previous passage. This model was rejected by Oort
& Hulsbosch (1978) because it implies the gas stays together
for about 1 Gyr, which appears incompatible with the inter-
nal velocity differences unless the confining hot gas in the
Galactic halo reaches out to 50 kpc from the disk. Wakker
& Bregman (1990) also found that with any realistic orbit of
the Magellanic Clouds it was not possible to obtain gas at
the observed negative velocities in the sky quadrant of
complex A.

11. Complex A is a satellite of the Galaxy or connected to
globular clusters and nearby dwarf galaxies. This possibility
was included in Oort’s (1966) list. The option that complex
A is an independent satellite of the Galaxy was advocated
by Kerr & Sullivan (1969), while a connection with globular
clusters was favored by Lynden-Bell (1976). The model
implies a very large distance (> 20 kpc) and size (>1 x 10
kpc) but a very low volume density (<0.05 cm~3). Some
support was lent by Dyson & Hartquist (1983), who showed
that star formation can maintain the observed turbulent
velocity dispersion if the cloud consists of a collection of
cloudlets moving at random velocities. The level of star
formation could be low enough that few O and B stars are
produced. PG 0832+ 675 could be one of these stars if it is a
main-sequence star. In this model, the observed Ca and Mg
are produced by past star formation. It further predicts an
overabundance of old cool stars in the direction of the
HVC. This model might explain complex A, but it cannot
account for the velocity and sky distribution of all HVCs
(Wakker 1991b).

8. CONCLUSION

We derive a strong lower limit of 4 kpc (z > 2.5 kpc) to
the distance of HVC complex A. This allows us to exclude
confidently several of the proposed models that put this
HVC close to the Sun and close to the Galactic plane. This
does not necessarily exclude such models for all HVCs,
unless one assumes that they are all part of the same pheno-
menon, rather than allowing separate explanations for indi-
vidual HVCs.

For the LLIV Arch we derive a distance bracket
17<d <4 kpc (1.1 <z <3 kpc), which approximately
places it above the Perseus arm. This distance is compatible
with the suggestion of Kuntz & Danly (1996) that the LLIV
Arch is similar to the IV Arch, but somewhat more distant.

We can exclude that complex A is a ghost of nearby
molecular clouds. We can also exclude that complex A
and/or the LLIV Arch are a nearby supernova shell or
fragments of a superexplosion in the Perseus arm that are
now close to the Sun. We can further exclude an interaction
with low-z disk gas, although we can not exclude an inter-
action with a high-z extension of the gaseous disk.

From our distance limit and distance bracket, we derive
that the internal structure and volume density are compat-
ible with an interpretation in which complex A and the
LLIV Arch are several kiloparsecs above the plane, embed-
ded in a hot gaseous halo. This conclusion is independent of
whether or not they formed in the manner proposed in the
fountain model. A model in which the clouds consist of
primordial gas accreting onto the Galaxy could be saved if
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the presence of cool high-z gas can be proved or if a differ-
ent way can be found to set up the angular and velocity
structure. Differentiation between these two models would
be possible if we knew the intrinsic metallicity. The fountain
model predicts near-solar metallicity; the accretion model
predicts about 70% of that.

For the LLIV Arch, our distance bracket is compatible
with the idea that it is a high-z spiral arm. In that case, its
origin may be different from that of HVCs.

Our distance limit does not exclude any of the interpreta-
tions that place complex A more than 10 kpc from the Sun,
although these are less likely when secondary arguments
based on the sky and velocity distribution of HVCs are
taken into consideration.

The detection of an Mg 1 absorption in the spectrum of
the Seyfert galaxy Mrk 106 provides additional evidence
that HVCs are not made out of primordial material. The
advantages and disadvantages of using the Mg 1 lines for
this work are clearly shown. The advantage is that very
small amounts of Mg 11 will produce saturated absorption,
so that the interpretation of nondetections becomes more
clear-cut. The disadvantage of the Mg 1 lines is that we
cannot derive the Mg* abundance, and thus we cannot
distinguish between models that predict different metal-
licities for the HVCs.

In order to make further progress on the question of the
distance to HVCs, we need to find additional stellar probes
(ideally BHB stars) both in front and behind complex A. A
directed search for such probes will be necessary.
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