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ABSTRACT

We have obtained high-resolution optical spectra toward nine stars in the direction of a high-latitude,
intermediate-velocity neutral cloud in Ursa Major in order to ascertain the distance to this complex.
This cloud is of interest for several reasons. It is an infrared cirrus cloud, shows a distinct X-ray shadow,
and turns out to be one of only three molecular clouds known to be well above the plane of the Galaxy.
Interstellar Na 1 absorption is detected in four of the nine stars, but only the most distant star in our
sample (BD 4 63°985) shows absorption at the velocity of the cloud as determined by the 21 cm and CO
observations of Heiles, Reach, & Koo. We use several Fe 1 and Fe 1 stellar absorption features to deter-
mine the spectral type and luminosity class of the three most distant stars. Using the spectral type—
absolute magnitude relationship from Schmidt-Kaler, and making no correction for extinction, we derive
a distance to the cloud of d = 355 + 95 pc, which corresponds to z = 285 + 75 pc. Estimating the effects
of extinction, we find that the true value could be as low as d = 240 pc. This distance puts the cloud
beyond the expected extent of the Local Bubble of hot (T ~ 10° K) gas, showing that the X-ray emission
behind this cloud arises in the Galactic halo. The cloud has dimensions ~15 x 50 pc, with a total esti-

mated atomic mass of ~1600 M. The molecular mass of the cloud core, G135.3 + 54.5,is ~0.1 M.
Subject headings: ISM: clouds — ISM: individual (G135.3 + 54.5) — ISM: molecules —

stars: distances — X-rays: ISM

1. INTRODUCTION

The ROSAT detection of X-ray shadows caused by
neutral clouds between the solar system and areas of diffuse
X-ray-emitting gas has opened up an important new
approach for studying the interstellar medium (ISM). Using
this technique, it has become possible to determine the
three-dimensional structure of the hot component of the
ISM and test various models for the origin of the diffuse soft
X-ray background. In particular, these shadows allow us to
determine if, and to what extent, X-ray emission comes pri-
marily from a Local Bubble (see Cox & Reynolds 1987) of
hot gas, assumed to extend 100-200 pc from the Sun, or
from hot gas in a Galactic halo (see Spitzer 1990). Mapping
the observed diffuse X-ray emission and correlating these
results with structures seen in other wavelengths is neces-
sary in order to piece together the hydrodynamical history
of the interstellar medium in the region of the Sun.

A key ingredient in interpreting these data is the determi-
nation of the distances of the X-ray shadowing clouds. The
most unambiguous method of determining the distance is to
look for interstellar absorption due to the cloud in the
spectra of stars of known distances. We have been successful
in setting both upper and lower bounds on the distance to
an X-ray shadowing cloud in Ursa Major (UMa). In § 2 we
summarize what is known about this cloud. In § 3 we
describe our observations and the results of our high-
resolution optical spectroscopy, and in § 4 we use the dis-
tance to the cloud to draw some conclusions about the
nature of the cloud and of the hot interstellar medium in
this direction.
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2. THE URSA MAJOR INTERMEDIATE-VELOCITY CLOUD

The UMa intermediate-velocity cloud (IVC) under con-
sideration here is of interest for several reasons. As well as
exhibiting an X-ray shadow, it is also a high-latitude molec-
ular cloud, and has been detected in infrared emission using
IRAS. In the following discussion, we summarize the results
of previous studies of this region.

Snowden et al. (1994a) have surveyed the region around
the cloud using the ROSAT PSPC in the 3 keV X-ray band
(~0.12-0.284-keV) and compared these results with maps
of the 21 cm H 1 emission. Both maps used a similar angular
resolution of 21! Figure 1 shows the 21 cm map of the UMa
IVC from this work, showing the column density of neutral
hydrogen in the velocity range —75 km s ™! < vy g < —25
km s~1. The locations of our target stars are also marked
on this map. The cloud is located next to a region of low
total H 1 column density (Lockman, Johoda, & McCam-
mon 1986; Johoda, Lockman, & McCammon. 1990) and
compared to this region shows a distinct X-ray shadow. The
low column density region with N(H 1) ~ 0.8 x 102° cm 2
has an X-ray count rate of Iy = (1200 + 30) x 10~ ° counts
s~ ! arcmin~? in the { keV band. Contrastingly, in the direc-
tion of the cloud, which has a typical neutral hydrogen
column density N(H 1) ~ 2.0 x 10?° cm ™2, the X-ray count
rate is 50% lower, with I, = (670 + 20) x 10~ ¢ counts s !
arcmin 2,

Three sections of this cloud, designated G135.5+51.3,
G137.3+53.9, and G135.3+54.5, have been selected for
study by Heiles, Reach, & Koo (1988, hereafter HRK), who
were attempting to compare the CO content, IRAS emis-
sion, and H 1 columns of isolated, degree-size clouds. As a
result, G135.3 4+ 54.5 was discovered to be a member of the
small class of high-latitude molecular clouds that have
anomalous radial velocities (see Blitz 1991). The IRAS
colors they determined for G135.3+54.5, I54/1,4, = 0.244,
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FiG. 1..—Map of N(H 1) in UMa intermediate-velocity cloud from
Snowden et al. (1994a). Contour levels are N(H 1) = 1.0, 1.5, 2.0, 2.5,
3.0 x 102° cm~2. The locations of our program stars are noted on the map.

I,s/l100 =0.120, I,,/1,90=0.036, with [I,5,=1.64
Mly sr™!, are typical of clouds in this velocity range
[ 1) = —47.0 km s7!; v (CO)= —45 km s~ !].
HRK measured the neutral hydrogen column density to be
N(H 1) = 1.28 x 10%° cm ™2, which disagrees with the H 1
column density of Snowden et al. (1994a) shown in Figure 1.
HRK’s column densities were obtained by taking the differ-
ence between on- and off-position observations, where the
off position was 1° to the north. From Figure 1, we note
that H 1 column density at the off-position observation was
~ 50% of the on-position value, causing HRK to underesti-
mate the total H 1 column; we thus believe the value should
be revised upward to N(H1) = 2.2 x 10*2°cm ™2,

There are two respects in which this cloud seems unusual.
First, the presence of molecular gas, while consistent with
the low internal velocity dispersion in this cloud, Avy; = 4.6

km s~!, is unusual given the anomalous velocity of the

cloud. With the exception of the Draco cloud (Goerigk et al.
1983), G211+ 63 (Désert, Bazell, & Blitz 1990), and this
cloud, intermediate-velocity clouds are not observed to
have a molecular component. Given its molecular com-
ponent, the ratio I,,,/N(H 1) for this cloud is also unusual.
HRK have claimed that this ratio is a useful diagnostic for
the evidence of molecular gas in a cloud. For purely atomic
clouds, they found that I,,,/N(H 1) = 1.3 MJy st~ 1072°
cm?, while the same ratio for molecular clouds was higher,
typically I,40/N(H 1) > 2.5. For this cloud, using HRK’s
column estimate of N(H 1) = 1.28 x 102° cm ™2, one finds
Ii0o/N(H1) = 1.28 MJy st~ ! x 1072 cm?, which is close to
the ratio of 1.3 they obtained for purely atomic clouds. We
find therefore that G135.3+54.5 does not show an infrared
excess as expected for molecular clouds.

Finally, this cloud appears to be part of a large angular
scale arch of H 1 that has been studied by Danly (1992), and
thus is potentially part of a large-scale infall of neutral
material in the northern Galactic hemisphere. Understand-
ing the spatial and velocity structure of this intermediate-
velocity arch is potentially important in understanding the
disk-halo interaction in the Milky Way.

3. RESULTS

3.1. Observations and Reductions

We have looked for evidence of interstellar Na 1 absorp-
tion at 5889.95 and 5895.92 A in the spectra of nine stars in
the direction of the UMa cloud (see Fig. 1). The basic stellar
parameters are given in Table 1. These stars were observed
either using the Sandiford Cassegrain echelle spectrograph
on the 2.1 m reflector, or with the coudé spectrograph on
the 2.7 m reflector at McDonald Observatory. Both instru-
ments were used with a spectral resolution of ~ 50,000 at
5900 A. Several hot (earlier than B2), rapidly rotating (v sin
i > 150 km s™!) stars were observed and used to cancel
telluric absorption features. For most cases, the atmo-
spheric correction was done using the spectrum of  UMa
(1 =100269, b = +65°32), which showed evidence of only
very weak interstellar absorption at vyg = +14.7 km s~ 1.
We experimented with different divisor stars and found we
obtained nearly identical results. Wavelengths were cali-
brated with a Th-Ar lamp and checked using telluric fea-
tures. The absolute wavelength calibration is accurate to
+0.03 A, or a velocity resolution of +1.5kms™ 1.

The resultant spectra corrected for atmospheric absorp-
tion and divided by a smooth fit to the continuum are
shown in Figure 2, where the velocity scale was translated

TABLE 1
STARS TowARD Ursa MAjor CLOUD

d d,

Spectral d, R - Z4

Star %2000 42000 ! Type® |4 (po) (o) (po) (pe)

HD 102355........ 11247™0830 +61°24'49” 135299 54207 FOV 6.62 61 + 10 61 4+ 10 58+ 10 49
HD 101150° ...... 11 38 49.0 +64 2049 135.31 51.00 A5 1V 6.46 108 + 15 108 + 15 100 + 15 84
HD 104436........ 12 01 37.6 +64 5622 131.07 51.71 A3V 7.27 143 + 20 108 + 15 139 + 20 112
HD 104087........ 1159 15.5 +61 2004 133.73 54.69 A3V 7.6 166 + 25 166 + 25 160 + 25 135
HD 107273........ 12 19 40.1 +62 2132 129.25 54.38 A3V 7.8 182 + 25 112+ 15 179 + 25 148
HD 103718........ 11 56 43.9 +60 3120 134.74 55.33 A3V 8.0 200 + 30 123+ 20 192 + 30 164
HD 101714........ 11 42 41.0 +62 3500 13593 52.78 A7 IV 9.1 302 4+ 40 164 + 30 295 + 60 240
HD 101075........ 11 38 22.3 +64 1036 135.50 51.13 A2 1V 7.9 240 + 35 191 + 30 223 + 35 187
BD +63°985...... 11 55 24.1 +62 3104 133.74 53.42 A5V 9.9 389 4+ 60 266 + 60 374 + 60 312

2 See text for discussion of spectral classification.
b Double star; see McAlister et al. 1989.
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F1G. 2—Plots of detected Na 1 absorption detected in four of our
program stars. HD 101075, HD 102355, and HD 107273 all show absorp-
tion at —10 km s™* to —20 km s™!. BD +63°985 shows broad stellar
features centered at —20 km s™*, but also a clear interstellar absorption
lineat —47kms™ 1.

to the local standard of rest reference frame (vygz). We con-
sider a feature a true detection if absorption is observed in
both Na 1 lines, and the measured velocities agree to within
1 km s~ 1 (0.02 A). Where possible, the equivalent widths of
both components are measured. The results are given in
Table 2. Although four stars in our sample show evidence of
interstellar Na 1 absorption, only the most distance star in
our sample, BD +63°985, shows evidence for absorption at
the velocity of the cloud. The measured velocity, vy =
—449 + 0.7 km s™!, is in good agreement with the H 1
(v s = —47 km s™1) and CO detections (v g = —45 km

BENJAMIN ET AL.

Vol. 464

s 1) measured by HRK for G135.3+54.5. This absorption
feature was observed at the same heliocentric velocity in
both June and July, despite a shift of 4 km s~ ! between June
and July due to the Earth’s motion, thus eliminating the
possibility that it is telluric in origin and making it less
likely that it is a transient stellar feature. The spectra for
both epochs along with the star used for atmospheric divi-
sion are shown in Figure 3.

3.2. The Distance to the Cloud

The distances to our target stars given in Table 1 are
calculated from the star’s spectral type and the spectral
tvpe-absolute magnitude relation of Schmidt-Kaler (1982).
No luminosity classes have been determined for our target
stars (see SIMBAD database). We assume they are all dwarf
stars, but for the three stars most important in constraining
the cloud distance we determine the stellar properties from
a classical model atmospheres analysis. Distances are then
determined by comparing the absolute magnitudes to the
observed magnitudes. Assuming no error in the spectral
class of the stars, this distance should be accurate to within
15%. The principal source of uncertainty in measuring the
distance comes from the uncertainty of 0.3 mag in the absol-
ute magnitude calibration (see Schmidt-Kaler 1982 and ref-
erences therein). These distances, uncorrected for the effects
of interstellar extinction, are given as d, in Table 1. The
corresponding vertical distances from the Galactic mid-
plane are given as z,,.

We make two estimates for the extinction correction.
First, we calculate the color excess Ez_, = (B—V) — (B
— V), for each star using B and V values from the SIMBAD
database, and taking the intrinsic color from Schmidt-Kaler
(1982). This is converted to visual extinction assuming
Ay/Eg_, =32 (Mathis 1990). Although this value of
Ay/Eg_y is determined for disk gas, and a lower value may
apply in the halo, it is sufficient to provide a rough estimate
of the extinction. The resulting distances are given in Table
1 as dg. For those stars with a negative color excess, we set
Ay = 0. Since small uncertainties in the relative values of B
and V translate into large uncertainties in the extinction
correction (except for HD 102355 and HD 104436, for
which more accurate photometry was available), these
values are useful only in estimating the possible effects of
extinction. For our second extinction estimate, we take the
total H 1 column density and assume the standard relation
(NH 1/Eg_y> =493 x 10*! cm~2 mag~! (Diplas &
Savage 1993). Since some fraction of the 21 cm emission

TABLE 2
DETECTED INTERSTELLAR Na I ABSORPTION LINES

Date Observed Vrsr EW D, EW D,
Star (UT) S/N (km's™Y) (mA) (mA)

HD 102355........ 1993 Mar 14.3 170 —120+05 31 15.2
HD 101150........ 1993 Mar 14.2 120
HD 104436........ 1993 Jul 05.2 110
HD 104087........ 1993 Mar 14.4 60
HD 107273........ 1993 May 052 220  —17.1 +04 11.2 6.5
HD 103718........ 1993 Jun 14.1 100 .
HD 101714........ 1993 Jun 14.1 60
HD 101075........ 1993 Mar 14.3 130 —99+03 227 190
BD +63°985...... 1993 Jun 12.1 70 —449 +0.7° 20 9.7

1993 Jul 05.2 130

* Absorption feature too blended with broad stellar feature to allow reliable measurement

of equivalent width.
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F1G. 3.—(a) Detection of interstellar Na 1 absorption in the spectrum of BD + 63°985 taken on 1993 June 12. Top spectra is that of # UMa, the star used to
divide out telluric features in the spectrum of BD +63°985. The interstellar feature is marked with a dotted line. Also noted are the locations of cosmic-ray
spikes removed during data reduction. (b) Same as (a), but for spectra taken on 1993 July 5.

used to estimate the total H 1 column densities may arise in
gas beyond the stars, this value should be an upper limit,
and the distance corrected for this value, dy, is actually a
lower limit. However, we find that the extinction estimated
by using the N(H 1) measurements is significantly less than
that using the color excess. This is probably due to the fact
that there is some additional extinction due to refractory
elements in the ionized gas along the path length to the
cloud. Pending accurate photometry for these stars, we will
use the distances uncorrected for extinction, but note that
the distances to the three farthest stars in our sample could
conceivably decrease by as much as 120 pc.

The three most important stars for bracketing the dis-
tance to the cloud are the background star BD + 63°985,
which sets the upper limit on the cloud distance, and the
two most distant foreground stars, HD 101075 and HD
101714, which provide the lower limit. [Although it is pos-
sible that these two stars lie behind holes in a patchy dis-
tribution of Na 1, the fact that there are two such stars
makes this seem less likely. Moreover, the column density of
N(H1) in the direction of HD 101075 is a factor of 1.8 higher
than that toward BD +63°985; therefore, it seems less
likely to lie in a hole.] While we have not obtained low-
resolution spectra to reclassify these stars, we have checked
to see whether the stellar features observed in our high-
resolution spectra are consistent with the assumed spectral
classifications, or whether modification of the spectral types

is necessary. For each of these three stars, we measured
the equivalent widths of several stellar absorption lines of
Fe 1 and Fe m (typically about 10 lines of each ioniza-
tion species). An LTE model atmospheres analysis
of these features using Kurucz ATLAS9 models (Kurucz
1979, 1991) gives the following stellar parameters: HD
101714, T, = 7800 + 400 K, log g = 3.5 + 0.3, { (micro-
turbulence) =4+ 1 km s~ !, and [Fe]=0.0+0.2; HD
101075, T¢ = 9000 + 400 K, log g =35+04,{=3+1
km s~2, and [Fe] = 0.2 + 0.2; BD + 63°985, T = 8200
+400 K, logg=42+4+04, (=241 km s}
[Fe] = 0.0 + 0.2. Using these parameters, we have esti-
mated the luminosity classes, and modified the spectral
types. These revised spectral types are listed in Table 1.
With these accurate temperatures and surface gravities,
uncertainty in the spectral classification is no longer a
major source of uncertainty in the final distance estimates.

Using the distances derived for the background star,
BD +63°985 (d = 389 1 60 pc), and the most distant fore-
ground star, HD 101714 (d = 302 + 40 pc), we estimate a
distance to the cloud of d = 355 + 95 pc, where the uncer-
tainty in this distance comes from the range of uncertainty
in the distances to the two bracketing stars. We note,
however, that taking into account corrections for extinction
could lower this distance to a value as low as ~240 pc. For
the following analysis, we use the 355 pc value as the best
estimate of the cloud distance.
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4. IMPLICATIONS

4.1. X-Ray Emitting Gas in the Halo

The most important result of this study is the demonstra-
tion that an appreciable fraction of the X-ray emission seen
in this direction arises at a distance greater than 300 pc
above the Galactic plane, outside the main Galactic H 1
layer. This complements the Draco cloud results of Burrows
& Mendenhall (1991) and Snowden et al. (1991), adding
further evidence that there is T ~ 10° K gas in the Galactic
halo as would be expected in the Galactic fountain model of
Shapiro & Field (1976). Unlike the Draco cloud distance
determination of Lilienthal et al. (1991), however, we are
able to place both a lower and an upper bound on the
distance to the cloud, which greatly simplifies interpretation
of the X-ray shadow results. Snowden et al. (1994a) find that
the unattenuated halo X-ray flux from beyond the UMa
cloud is only 13% of the intensity calculated to arise behind
the Draco cloud. This indicates that the distribution of hot
gas in the halo is inhomogeneous. The extent of the inho-
mogeneity and an understanding of the physical origin of
the heated regions of the halo await the distance determi-
nation and analysis of additional X-ray shadowing clouds.

4.2. Local X-Ray Emission

This distance determination also allows us to assess the
physical parameters of the hot interstellar material in the
foreground of the cloud. We have calculated the soft X-ray
emission of a gas in the temperature range T, = 10%-°-106-2
K using the cosmic chemical abundances of Grevesse &
Anders (1989), and atomic data from Raymond & Smith
(1977) and Raymond (1987). The resultant emergent inten-
sity is then multiplied by the ROSAT PSPC effective area
curve (Snowden et al. 1994b), and converted to a 1 keV
intensity for comparison with ROSAT data. Matching our
calculated intensity to the observed X-ray emission in the
direction of the cloud, Iy =695 x 10"% counts s~ !
arcmin ~ 2, yields an emission measure for the gas between
us and the cloud of EM;,,,, = 4-5 x 1073 cm~° pc. If we
assume that the path length between Earth and the cloud is
filled with a uniform-density constant-temperature gas, our
distance estimate to the cloud allows us to derive an average
density for the X-ray-emitting gas of ny=3- 4 x 1073
cm 3. If only the fraction f of the path length is occupied by
X-ray—emitting gas, then the density estimate will increase
by a factor f ~'/* or more, since the intervening noncoronal
gas will introduce some absorption.

4.3. Physical Parameters of the Cloud

Our distance determination is also useful for constraining
fundamental parameters of the cloud itself. The mass of a
cloud is given by

~ NHD) )/ @ d Y
My =3 Mo (1020 cm“2><1 deg2><100 pc> '

The entire UMa cloud complex has a filamentary appear-
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ance, extending roughly 2° x 8°. At the distance derived in
this paper, this would correspond in linear dimensions
to ~13 pc x 53 pc. Assuming a mean column density
NMH 1=2 x 10*° cm~? yield a mass estimate for the
atomic component of the total complex of ~1600 M. The
radius and mass of the atomic components of the cloud
cores observed by HRK are as follows: G135.5+51.3,
R=4pc, M=30 My; G137.3+539, R=5 pc, M =50
Mg ; G135.3454.5, R =5 pc, M = 50 M. This does not
include the molecular gas also in the cloud. According to
Reach, Koo, & Heiles (1994), the CO line integral is
W(CO) = 09K km s~ !, and the CO emission is limited to a
region with an effective angular diameter 6;, = 4'. Assuming
a CO-to-H, conversion factor of xwco = N(H,)/W(CO) =
0.5 x 10° cm ™2 (K km s~ !)"! (de Vries, Heithausen, &
Thaddeus 1987), we derive My, = 0.1 M. Since there is a
large range of variation in the conversion factor xyco from
0.02 x 10*° (Herbstmeier, Heithausen, & Mebold 1993) to
2.3 x 10?° (Bloemen, Deul, & Thaddeus 1990), the mass
estimate is similarly uncertain. In all cases, we find that
these masses are less than the virial masses, and thus the
clumps are not self-gravitating.

4.4. Future Directions

In this work, we have shown how accurate distance deter-
minations to interstellar structures can provide important
information, allowing us to derive physical parameters for
the cloud and the surrounding interstellar medium. We
have shown that the UMa IVC cloud is located in the low
Galactic halo, that X-ray—emitting gas is located at even
greater distances, and that the cloud can serve as probe of
the physical conditions in the Galactic halo. Moreover, we
have identified a background source (BD + 63°985) which in
the future can be exploited to learn abeut the chemical
process occurring in this molecular cloud along this partic-
ular line of sight. We expect that future studies planned for
other interstellar structures should yield similarly inter-
esting and useful results.
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