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ABSTRACT 
We have found and cataloged 118 isolated structures that appear both in H i and in infrared (60 and 100 

/mi). In the inner Galaxy, these correspond to the “ H i worms ” detected by Heiles. The worms are thought to 
be the walls surrounding superbubbles which have broken through the thin gaseous disk inside the solar 
circle. Among 118 structures, 52 are possibly associated with H n regions. The structures associated with H n 
regions have a higher probability for association with superbubbles. Upon analysis of the catalog, we found 
that (1) the 100 /mi emissivity, I10o/NHh increases systematically toward the Galactic interior, which is consis- 
tent with the increase of the general interstellar radiation field, (2) the 100 /mi emissivity of the structures 
associated with H n regions is larger than that of the structures without associated H n regions, and (3) the 
60-100 /tm ratio is large, 0.28 ± 0.03, which may indicate that the grains associated with atomic gas have a 
relatively large population of small grains. Among 118 structures, 35 appear in the 408 MHz continuum. 
About 70% of the 35 structures are possibly associated with H n regions. The infrared and the radio contin- 
uum properties suggest that the 408 MHz continuum emission in those structures is very likely thermal The 
thermal emission probably originates from the gas ionized by photons from stars located in the same general 
region that produce the H n region. Some individual objects are briefly described. We discuss implications of 
our results on the ionization of gas far from the Galactic plane. 
Subject headings: catalogs — H n regions — ISM : bubbles — radio continuum: interstellar — 

radio lines: atomic 

1. INTRODUCTION 

Stellar winds and supernova (SN) explosions from the OB 
association can produce a gigantic hot bubble surrounded by a 
dense shell, superbubble, and supershell. If the injected energy 
is large enough, the superbubbles can break through a thin 
gaseous galactic disk and “punch” holes in the interstellar 
medium. Indeed, in nearby galaxies, e.g., M31, M33, M101, the 
broken-through superbubbles have been observed as holes in 
H i gas (Allen, Goss, & van Woerden 1973; Allen et al. 1978; 
Brinks & Bajaja 1986; Deul & den Hartog 1990; Kamphuis, 
Sancisi, & van de Hulst 1991). 

In our Galaxy, the detection of such structure is very difficult 
because of the background emission. However, if we can detect 
such structures in our Galaxy, then we can also obtain detailed 
information because of their proximity. Heiles (1984), in his 
pioneering study of H i shells and supershells, found interesting 
features in the inner Galaxy, “H i worms”: By applying a 
median filter, which enhances small scale structure, to the H i 
channel maps near the Galactic plane (|h| < 10°), he found 
that the filtered structure appears to be random in the outer 
Galaxy, while in the inner Galaxy it tends to run perpendicular 
to the Galactic plane and individual features tend to persist 
over a large velocity interval. He interpreted these vertical 
structures, or H i worms, as the walls surrounding 
superbubbles which have broken through the thin gaseous disk 
inside the solar circle. Other than their morphological sugges- 
tions, however, there is no other evidence for this interpreta- 
tion, mainly because no more studies have been done on these 
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objects after Heiles’s work. In this series of papers, we would 
like to pursue these studies. 

The study of the worms has some importnat implications if 
they are really the walls of broken-through superbubbles. First, 
the study of individual worms may tell us how the 
superbubbles break through the thin gaseous disk and even 
how they blow out the thick gaseous disk. (We follow the 
nomenclature of Heiles [1990] who used the words “break- 
through” and “blow-out” to distinguish the phenomena 
related to the thin disk and the thick disk, respectively. As far 
as the phenomena do not refer to a specific disk, we used them 
interchangeably.) The dynamics of superbubble blow-out has 
been studied numerically by many authors (Tomisaka & 
Ikeuchi 1986; Tenorio-Tagle, Bodenheimer, & Rozyczka 1987; 
Mac Low & McCray 1988; Mac Low, McCray, & Norman 
1989; Tomisaka 1990), but a detailed comparison with real 
objects could not be made because of the lack of observations. 
The high-resolution observations of individual worms at 
multifrequencies will provide invaluable information for the 
study of superbubble blowout phenomena. Second, the dis- 
tribution of the worms in the Galaxy may tell us about the 
filling factor of the hot ionized gas. If the worms are really the 
walls surrounding superbubbles which are filled with hot gas, 
then the distribution of the worms in the Galaxy should be 
directly related to the filling factor of the hot ionized gas. 

In this paper, we present the catalog of 118 “worm 
candidates ” and study their statistical properties. Preliminary 
results have been presented by Koo, Heiles, & Reach (1990). 
Individual candidates will be studied in subsequent papers. 
The 118 structures are found and cataloged by an unbiased 
technique using the H i 21 cm map, and IRAS 100 and 60 gm 
maps. We call them worm candidates because, if we define the 
worms as the structures perpendicular to the Galactic plane 

108 

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



19
92

A
pJ

. 
. .

39
0.

 .
10

8K
 

GALACTIC WORMS. I. 

regardless of their origin, many (about f ) of candidates do not 
satisfy this morphological definition. However, as will be seen 
later in this paper, they can be used to derive some global 
properties of our Galaxy. We also searched for the similar 
structures in 408 MHz radio continuum emission. Among 118 
objects, we have found that 35 have a corresponding structure. 
In § 2 we summarize the data base and how we search for the 
worm candidates. The catalog of 118 structures and also the 
catalog of 35 structures that appear in radio continuum are 
given in § 3. Some basic statistical properties of these objects 
are studied in § 4.1. By cross-correlating the catalog of worm 
candidates with the catalogs of known H n regions, we have 
found that 52 structures possibly have an associated H n 
region. The list of those 52 structures is given in § 4.2. The 
correlations among various physical properties are examined 
in § 4.3. Some individual candidates of particular interest are 
briefly described in § 5. The implications of our results are 
discussed in § 6, and, finally, in § 7 we summarize our results. 

2. OBSERVATIONS AND DATA ANALYSIS 

2.1. Observations and Data 
We made H i 21 cm maps of the Galactic plane ( | h | < 10°) 

from both available surveys and a new observation. Between 
/ = 10° and 350°, we used the Galactic plane survey of Weaver 
& Williams (1973) and of Kerr et al. (1986). The Weaver- 
Williams survey was done by stepping through in Galactic 
latitude at a given Galactic longitude. The beam spacing was 
0?5 in longitude and 0?25 in latitude. The Kerr et al. survey has 
been done by drift-scanning through in right ascension at a 
given declination. The beam spacing was 0?33 in right ascen- 
sion and 0?5 in declination. The coverage in Galactic longi- 
tude, beam size, velocity coverage, velocity resolution, and the 
sensitivity of the two surveys are listed in Table 1 (see Burton 
1988). From overlapping regions, we found that the antenna 
temperature scale in the two surveys is related by WW/ 
Kerr = 0.84 + 0.06, which is consistent with 0.85 ± 0.01 
obtained by Kerr et al. We used the main beam efficiency of 0.8 
to convert the observed antenna temperature of the Weaver- 
Williams survey to the brightness temperature, and 1.0 for the 
Kerr survey. 

We obtained the H i data near the Galactic center 
(350° < / < 10°; \b\ < 10°) during 1989 and 1990 using the 
Hat Creek 85 foot (26 m) telescope. The observations were 
made on the Galactic longitude-latitude grid at half-degree 
spacing. The area below ô = —40°, which occupies ~4% of 
the mapping area, was unreachable by the Hat Creek tele- 
scope. Both circular polarizations were observed simulta- 
neously with two 512 channel correlators, each with a total 
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bandwidth of 5 MHz. Spectra were obtained by frequency 
switching to higher frequencies of 5 MHz and by integrating 
for 240 s (ON + OFF). The observing parameters are listed in 
Table 1. Again, we used the main beam efficiency of 0.8 to 
convert the observed antenna temperature to the brightness 
temperature. 

We created the infrared 100 and 60 fim maps of the Galactic 
plane from the IRAS Zodiacal Observation History File 
(1988), which contains the time-ordered list of infrared sky 
brightness observations. The outputs of all detectors in the 
IRAS focal plane were averaged together (separately in each of 
the four wavebands), and the data were smoothed in time, in 
order that the effective resolution is 0?5. We created our all-sky 
maps using only IRAS scans made with solar elongations 
between 80° and 100°, so that the contribution to the infrared 
background by the zodiacal emission was smooth. There are 
two strips on opposite sides of the sky, each ~ 5° wide and 60° 
long, that are not observed (IRAS Explanatory Supplement 
1988). Near the Galactic plane, they are located at l = 85° and 
265°, and their widths are less than 3° and 2°, respectively. The 
unobserved area occupies 0.9% of the total area between 
b = —10° and +10°. 

For the radio continuum map of the Galactic plane, we used 
the 408 MHz survey of Haslam et al. (1982). The survey was 
done using different telescopes with beam sizes ranging from 
37' to 51'. According to Haslam et al., the temperature scale is 
accurate to better than 10%, while the average zero level has 
an uncertainty of + 3 K. 

All the maps have a pixel size of 0?5 x 0?5. The pixels 
without data (see above) are interpolated to the inverse square 
law. A major problem in these surveys is the so-called 
“stripes,” which appear along scan directions due to either 
incomplete baseline removal or calibration errors. The stripes 
are most apparent in the H i map between / = 250° and 350° 
(see Figure 1 below). We found that the rms fluctuation in the 
H i column density between the scans is ~5 x 1019 cm-2, 
which is smaller than the average column density of the cata- 
loged structures but is not negligible (-^25% ; see Table 3). The 
IRAS maps also have stripes. According to Désert, Bazell, & 
Boulanger (1988), the rms fluctuation is ~0.5 MJy sr"1 at 100 
/mi, which is ~ 15% of the average 100 /mi surface brightness 
of the cataloged structures. In this study, we have not tried to 
remove these stripes. Our study is based on the correlation at 
different frequencies, and the stripes, which appear at different 
directions at different frequencies, are very unlikely to produce 
a correlated structure. However, it increases the error in the 
surface brightness of correlated structures, which might be 
greater than 30%. 

TABLE 1 
Observational Parameters of H i Surveys 

H i Survey y-Coverage ^-Resolution Sensitivity 
Longitude Reference3 Beam (kms-1) (kms-1) (K) 

10o-250°   1 36' v0± 125b 2.1 (6.3)c 0.4 (0.2)c 

240 -350   2 48 v0 ± U1 2.1 0.3 
350 -10   3 36 ± 528 4.1d 0.09d 

a—(1) Weaver & Willers 1973; (2) Kerr et al. 1986; (3) this paper. 
b Between / = 10° and 14° and b = —4° and +4°, they also obtained profiles between vLSR = 

+ 120 km s~1 and -I-240 km s~ ^ This data set has not been included in our analysis. 
c The velocity-resolution and the sensitivity values in parenthesis refer to end points of the 

profile. 
d After Hanning smoothing. 
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GALACTIC LONGITUDE 
Fig. 1.—The median-filtered H i, 100 /mi, and 408 MHz map (from top to bottom) of the Galactic plane. 
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Fig. 1—Continued 
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112 KOO, HEILES, & REACH 

2.2. Data Analysis 
We first applied a median filter of 3?5 x 3?5 to the H i map 

integrated between i;LSR = — 200 and + 200 km s ”1 (see note in 
Table 1), the 100 /mi map, the 60 /mi map, and the 408 MHz 
map. The median filtering is to subtract the median value of 
the surrounding pixels (48 pixels in our case) from a given pixel, 
and it enhances structures smaller than the filter size. Figure 1 
shows the median-filtered H i map together with the corre- 
sponding 100 /tm and 408 MHz maps. In Figure 1, several 
thing are to be noted. First we can see the Galactic plane near 
b = 0°. The Galactic plane outside the solar circle is warped in 
the sense that the plane defined by the maximum density of the 
H i gas layer is significantly above b = 0° between l — 0° and 
180° and is slightly below b = 0° between / = 180° and 360° 
(see Burton 1988). This is clearly seen in the median-filtered H i 
map, which integrates all the emission including that from the 
warped out Galactic plane. On the other hand, the warped 
Galactic plane in the first quadrant is not seen in the other 
maps, because they are strongly weighted by the emission in 
the inner Galaxy. In the case of the 100 /un emission, the 
emissivity increases toward the inner Galaxy due to the 
increase of the interstellar radiation field (Mathis, Mezger, & 
Panagia 1983; see also § 4), whereas in the case of the 408 MHz 
emission, the emissivity increases toward the inner Galaxy due 
to the increase of sources, e.g., supernova remnant and H n 
regions (Beuermann, & Berkhuijsen 1985). Second, we can see 
vertical structures rising from the Galactic plane in the inner 
Galaxy, which are the worms. There is a detailed correlation 
between the H i and the 100 /an map, which proves that most 
of these structures are real. 

In the median-filtered maps, an isolated structure is identi- 
fied by an “ unbiased ” computer algorithm, which searches for 
pixels with positive values and connected with each other. (For 
a given pixel, we consider only four nearest-neighbor pixels.) 
The central region of the plane (—l°<h< + l°)is excluded 
because those pixels have all positive values in the inner 
Galaxy. If the total number of connected pixels is greater than 
or equal to 5, we consider those connected pixels as a structure. 
We have identified a total of 342, 376, 409, and 359 structures 
in H I, 100 ¡im, 60 /im, and 408 MHz maps, respectively. The 
number of structures in the upper (b > 0) region is comparable 
to that in the lower (b < 0) region. 

The correlated structures at different wavelengths are identi- 
fied in the following way. We define a cross-correlation param- 
eter r(A, B) of two structures A and B at different wavelengths 
by 

r(A, B) = 
area (A n B) 

^area (A) x area (B) 
(1) 

where area (A) and area (B) are the areas occupied by the 
structure A and B, respectively, and area (A n B) is the area 
occupied by both A and B. We assume that two structures are 
correlated if r is greater than 0.5. By cross-correlating the H i, 
100 /¿m, and 60 /¿m maps, we have found 118 structures that 
appear in both H i and infrared maps, i.e., with r greater than 
0.5 in two of the three (H 1100 /¿m, H i 60 /¿m, and 100-60 /un) 
cross-correlations. The finding chart of 118 structures is given 
in Figure 2, where a number is assigned to each structure in an 
increasing order of l. In Figure 2, each structure is marked by 
blackening the total area, area (H i u 100 /un u 60 /an), and 
therefore the structures with different identification number 
can look as if they are connected. A noticeable thing in Figure 

2 is the lack of correlated structures in the upper region 
between / = 80° and 180°, and in the lower region between 
/ = 180° and 280°. This is because the Galactic plane is warped 
and the excluded the central region of the plane 
( — Io < h < + Io). In other words, in those regions where the 
Galactic plane is considerably warped, most pixels with posi- 
tive values are connected and two structures in different wave- 
bands rarely have r > 0.5. We will call 118 structures “worm 
candidates ” even though some of them are small and at high 
latitudes, so that they are certainly not the worms in the sense 
that they do not “ crawl out of the Galactic plane.” 

We determined the velocity of each structure by cross- 
correlating the final map (Fig. 2) with H i channel maps inte- 
grated over 4 km s-1. The cross correlation with H i channel 
maps is somewhat different from the above, because a structure 
generally persists over a large velocity interval, and we want to 
know the velocity center and the minimum velocity. We first 
identified isolated structures in each median-filtered channel 
map and then cross-correlated Figure 2 with each channel 
map. At a given velocity, we computed the cross-correlation 
coefficient r and the column density of each structure in Figure 
2. We plotted the column density weighted by a cross- 
correlation coefficient for each structure as a function of velo- 
cities. For most worm candidates, the plot showed a 
well-defined peak, in which case we fitted a Gaussian to obtain 
the central velocity and velocity dispersion. For some struc- 
tures, however, the plot showed double peaks, or even multiple 
peaks. In this case, we determined the velocity in the following 
way. First, if the cross-correlation coefficient at one peak was 
considerably larger than others, then we took the velocity of 
that peak. Second, if the peaks were close to each other, we 
fitted a wide Gaussian. Otherwise, we took the velocity of the 
peak corresponding to a closer distance. 

We also cross-correlated the final map (Fig. 2) with the 
median-filtered 408 MHz map. Among 118 structures, 35 have 
counterparts at 408 MHz. 

3. CATALOG OF WORM CANDIDATES 

Some physical properties of 118 structures are listed in Table 
2. Column (1) contains the running number, which can be used 
to locate the structure in Figure 2. Column (2) contains the 
name, which specifies the longitude and latitude of the center of 
the structure. The central position is determined by averaging 
the positions of all pixels in the structure in three wavebands. 
Columns (3) and (4) contain the angular sizes in longitude and 
latitude, respectively. Columns (5) and (6) contain the 
minimum and the maximum velocities determined at the half- 
maximum of the Gaussian fitting, respectively. The velocities of 
those structures with double or multiple peaks are listed with a 
question mark. Column (7) contains the Galactocentric radius, 
calculated assuming RQ = 8.5 kpc and a flat rotation curve 
with ve = 220 km s_1. The velocities of some structures are 
fobidden by the flat Galactic rotation model, and for these the 
Galactocentric radius could not be determined. The Galacto- 
centric radii of those structures with uncertain velocities are 
listed with question marks, as also for the other distance- 
dependent physical parameters. Column (8) contains the dis- 
tance to these objects. For structures in the inner Galaxy, we 
always take the “near” distance. With our method in this 
paper, it is hard to detect structures on the other side of the 
Galaxy unless they are very large (see § 4.1; see also some 
possible exceptions in § 5). Columns (9) and (10) contain the 
minimum and the maximum heights above the Galactic plane. 
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Fig. 2.—Finding chart of the 118 worm candidates. Each structure is labeled in an increasing order of Z (Table 2). 

Column (11) contains the area of the structure in H i. Columns 
(12) and (13) contain the average H i column density with rms 
deviation, and the H i mass, respectively. Column (14) contains 
the area of the structure at 100 /un. Column (15) contains the 
cross-correlation coefficient of the structure between H i and 
100 ¡jm. Columns (16) and (17) contain average 100 /un and 60 
/un surface brightness with their rms deviations. Column (18) 
contains the median value of the 60 to 100 /un surface bright- 

ness ratio (obtained by the pixel-by-pixel comparison) with the 
rms deviation. Column (19) contains the median value of the 
100 jum emissivity, i.e., I10o/Nn i, with the rms deviation. 

Table 3 lists radio continuum properties of the 35 structures 
that have counterparts at 408 MHz. Column (1) contains the 
name. Column (2) contains the area at 408 MHz. Column (3) 
contains the average 408 MHz brightness temperature with the 
rms deviation. Column (4) contains the cross-correlation coeffi- 

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



19
92

A
pJ

. 
. .

39
0.

 .
10

8K
 

122 KOO, HEILES, & REACH Vol. 390 

TABLE 3 
Worm Candidates with Associated Radio Continuum Emission 

Name 
(1) 

Area 
(deg2) 

(2) 
(K) 
(3) (4) 

Tb/Nm 
(K/IO20 cm“2) 

(5) (6) 

TJ Iloo 
(K/MJy sr x) 

(7) 
r 

(8) 

Tbßeo 
(K/MJy sr“1) 

(9) 

GW 0.5 — 5.9 .... 
GW 6.5 —3.7 — 
GW 14.9-1.6 .. 
GW 16.4+6.4 .. 
GW 16.9-3.8 .. 
GW 24.7-7.1 .. 
GW 31.3 + 6.6 .. 
GW 31.6-5.9 .. 
GW 35.8-2.2 .. 
GW 44.8-1.8 .. 
GW 46.4 + 5.5 .. 
GW 68.4-2.2 .. 
GW 78.1-4.7 .. 
GW 89.7-2.4 .. 
GW 93.8 + 7.6 .. 
GW 103.6-3.9 . 
GW 123.4-1.5 . 
GW 131.3-2.2 . 
GW 132.6-9.0 . 
GW 167.3 + 6.2 . 
GW 175.8-2.5 . 
GW 253.9 + 2.6 . 
GW 260.9+ 6.1 
GW 274.7 + 2.7 . 
GW 289.0-6.6 
GW 294.2 + 5.1 , 
GW 310.3-4.7 , 
GW 310.4 + 7.8 
GW 328.7-7.0 
GW 336.5-2.0 
GW 340.0 + 4.8 
GW 342.5 + 6.4 
GW 346.5-7.0 
GW 353.5 + 2.0 
GW 358.0-5.3 

6.8 
3.5 
1.3 
4.0 
1.5 
3.5 
6.5 
8.8 
1.5 
1.3 

12.0 
3.8 
6.5 
2.0 
2.3 
8.5 
3.0 
4.5 
2.8 
1.0 

12.0 
6.3 
5.0 
1.8 
3.5 
8.3 

12.0 
1.3 
1.8 
2.5 
6.3 
5.8 
7.5 
1.3 
7.3 

2.2 + 1.6 
4.5 ± 2.4 

65.0 ± 56.0 
1.8 ± 0.9 
3.4 + 2.9 
2.6 + 1.8 
2.9 ± 2.1 
5.8 ± 5.9 

29.0 ± 30.0 
1.5 ± 0.8 
3.8 + 2.1 
1.6 + 3.3 
8.7 ± 9.5 
1.4 ± 0.5 
1.5 + 1.4 
2.0 ± 3.1 
1.6 ± 0.8 
1.0 + 0.5 
1.3 ± 1.2 
0.6 ± 0.5 
3.2 ± 3.5 
1.4 ± 1.0 
2.0 ± 1.2 
0.8 + 0.4 
1.4 ± 1.4 
2.0 ± 1.0 
4.5 ± 4.5 
0.4 ± 0.3 
1.0 ± 0.9 

19.0 + 12.0 
2.3 + 1.5 
2.2 ± 1.5 
3.0 ± 1.9 

100.0 ± 100.0 
4.0 ± 600.0 

0.80 
0.11 
0.30 
0.52 
0.46 
0.46 
0.75 
0.46 
0.11 
0.62 
0.71 
0.28 
0.00 
0.67 
0.21 
0.60 
0.82 
0.66 
0.75 
0.34 
0.71 
0.40 
0.51 
0.50 
0.61 
0.75 
0.53 
0.44 
0.12 
0.65 
0.52 
0.46 
0.56 
0.51 
0.32 

1.1 ± 5.6 
1.2 ± 0.0 
4.8 + 3.3 
1.4 ± 4.2 
0.2 + 0.2 
1.7 + 6.9 
2.3 + 3.8 
1.4 ± 2.1 
0.9 ± 0.0 
0.4 + 0.7 
2.1 ± 2.6 
0.6 ± 3.4 

0.2 + 1.4 
0.5 ± 0.4 
0.5 + 2.1 
0.9 ± 1.1 
0.4 ± 0.5 
1.8 ± 12.5 
0.9 + 0.5 
1.2 ± 6.3 
0.2 + 0.6 
1.3 ± 3.4 
0.5 ± 0.3 
0.7 ± 0.9 
1.6 ± 1.3 
1.1 ± 2.5 
0.2 ± 0.2 
0.1 ± 0.2 

10.0 ± 10.5 
0.9 ± 1.5 
0.9 ± 2.5 
1.6 + 7.5 
9.8 ± 4.7 
4.0 + 22.2 

0.74 
0.62 
0.63 
0.53 
0.61 
0.61 
0.66 
0.54 
0.55 
0.85 
0.73 
0.61 
0.00 
0.67 
0.45 
0.73 
0.69 
0.53 
0.59 
0.47 
0.56 
0.64 
0.83 
0.57 
0.66 
0.63 
0.67 
0.51 
0.39 
0.73 
0J4 
0.67 
0.74 
0.67 
0.51 

0.30 ± 0.33 
0.34 ± 0.30 
0.24 + 0.25 
0.66 ± 0.62 
0.03 ± 0.03 
1.00 ± 0.85 
0.72 ± 0.66 
0.27 ± 0.25 
0.30 ± 0.26 
0.05 + 0.05 
1.27 + 1.10 
0.11 ±0.10 

0.12 ± 0.10 
0.55 ± 0.51 
0.56 + 0.49 
0.37 + 0.33 
0.09 ± 0.09 
0.56 ± 0.50 
0.50 ± 0.55 
0.34 + 0.32 
0.63 ± 0.53 
1.61 + 1.42 
0.68 ± 0.69 
0.35 ± 0.33 
0.61 ± 0.62 
0.50 + 0.45 
0.09 + 0.09 
0.39 ± 0.36 
0.10 + 0.09 
0.16 ± 0.15 
0.38 + 0.34 
0.56 ± 0.54 
0.15 ± 0.15 
0.63 ± 0.54 

0.79 
0.40 
0.68 
0.71 
0.58 
0.52 
0.83 
0.67 
0.34 
0.60 
0.82 
0.61 
0.61 
0.67 
0.63 
0.83 
0.77 
0.60 
0.59 
0.63 
0.75 
0.80 
0.86 
0.71 
0.67 
0.48 
0.70 
0.51 
0.41 
0.73 
0.58 
0.74 
0.72 
0.79 
0.55 

0.9 + 2.7 
3.0 ± 3.5 
0.4 + 0.2 
1.8 ± 8.6 
0.1 + 0.3 
9.5 ± 17.8 
3.4 ± 3.0 
1.3 + 2.0 
0.1 ± 0.6 
0.2 + 0.9 
4.6 ± 9.9 
0.6 ± 1.0 
0.5 ± 1.1 
0.9 + 0.6 
2.9 ± 3.3 
2.0 ± 4.3 
0.7 + 2.3 
0.5 ± 1.3 
1.1 + 5.1 
1.0 ± 7.6 
0.9 + 7.4 
4.7 + 10.5 
3.8 ± 6.6 
1.9 + 2.7 
0.8 ± 2.8 
1.2 ± 1.3 
1.5 ± 2.0 
0.6 + 0.4 
1.0 + 1.3 
0.4 ± 0.2 
0.6 + 0.8 
1.4 + 6.8 
2.1 + 7.1 
0.3 ± 0.2 
2.3 + 13.1 

cient of the structure between 408 MHz and H i. Column (5) 
contains the median values of the ratio of the 408 MHz bright- 
ness temperature to the H i column density, and its rms devi- 
ation. Column (6) contains the cross-correlation coefficient of 
the structure between 408 MHz and 100 ¿un. Column (7) con- 
tains the median value of the 408 MHz brightness temperature 
to the 100 ¿¿m surface brightness ratio with rms deviation. 
Column (8) contains the cross-correlation coefficient of the 
structure between 408 MHz and 60 /mi. Column (9) contains 
the median value of the 408 MHz brightness temperature to 
the 60 jum surface brightness ratio with rms deviation. 

4. STATISTICS FOR WORM CANDIDATES 

4.1. Basic Statistics 
We first look at the selection effect due to our spatial filter- 

ing, which affects the statistics that will be discussed below. 
Figure 3 shows the distribution of the worm candidates in the 
(D, d) plane, where D is the characteristic linear size (square 
root of the area in H i) and d is the distance. In Figure 3, 
structures below the solid line, which is a stringent lower limit 
set by our requirement that a structure must occupy more than 
or equal to 5 pixels, cannot be detected. The structures above 
the dotted line, which is an upper limit set by our filter size, are 
generally difficult to detect unless they are thin and long. Most 
structures fall between these two limits. Hence, an obvious 
selection effect of our technique is to detect only small struc- 

tures at a closer distance, and vice versa. For structures 
between the two limits, the detectability with our technique 
depends not on their angular sizes but also on their brightness 
relative to the forground and background gas, which depends 
on their locations in the Galaxy. This incompleteness should 
be kept in mind in the following discussion of basic statistics. 

Fig. 3.—Plot of the sizes of the worm candidates vs. their distances. The 
solid line is a stringent lower limit set by our requirement that a structure must 
occupy more than or equal to 5 pixels. The dotted line is an upper limit set by 
our filter size. 
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Fig. 4.—The distribution of areas occupied by each structure in H i 

Figure 4 shows the distribution of areas occupied by the 
worm candidates in H i, where we can see that the number of 
worm candidates per unit logarithmic interval is roughly con- 
stant for areas smaller than ~ 10 square degree and decreases 
for larger areas due to our filter size, i.e., 3?5 x 3?5. The cutoff 
at 1.25 square degrees occurs because we neglected structures 
smaller than 5 pixels. The median value is 4.8 square degree. 
The distribution of areas at other frequencies is basically 
similar. 

Figure 5 shows the distribution of distances to the worm 
candidates. It has a relatively strong peak between 2 and 3.5 
kpc. The median value is 2.8 kpc. One expects the surface 
density of “ interstellar structures ” such as the ones detected in 
this paper to be either roughly constant in the inner Galaxy or, 
if they are associated with superbubbles, to peak in the 
“molecular ring” where the OB star formation rate is high, 
and then to decrease drastically in the interior “ hole ” of the 
Galaxy where there is not much interstellar gas. Therefore, the 
number of structures between d and d + Ad should rise with d 
until d & 5 kpc and should be more or less flat for larger d. The 
steep decrease at d > 3 kpc in Figure 5 then suggests that our 
detectability decreases sharply at d > 3 kpc, which is probably 
partly due to the decrease in intrinsic number of structures per 
unit size interval with increasing size. 

Figure 6 shows the distribution of the linear length, 
I zmax ~ zmin I • The number of structures per unit logarithmic 
interval is roughly constant. The median value is 160 pc. Using 

Fig. 5.—The distribution of distances to each structure 

Fig. 6.—The distribution of the linear length, | zmax — zmin |, of each structure 

the median values of the area and the distance, the character- 
istic width of the worm candidates is 70 pc. 

Figure 7 shows the distribution of average H i column 
density of the worm candidates. The median value is 
1.7 x 1020 cm-2. (The structures that has an exceptionally 
large average H i column density, 3 x 1021 cm-2, is GW 
28.5 + 3.9, which is possibly associated with the W40 complex 
region.) If we assume that the line-of-sight extent is roughly 
same as the width which is 70 pc, then the characteristic 
volume density of the structures is 0.8 cm-3. Figure 8 shows 
the distribution of H i mass, and it has a steep cutoff at 
~2 x 105 M0 and a tail toward the smaller masses. The steep 
cutoff at large mass is associated with the cutoff in the area due 
to our filter size. The median value of the H i mass is 1.0 x 104 

Ai0. 
Figure 9 shows shows the distribution of average 100 and 60 

jum surface brightnesses. The median value of the average 100 
and 60 jum surface brightness are 3.5 and 1.0 MJy sr-1, respec- 
tively. Table 4 summarizes the characteristic values of various 
physical parameters of the worm candidates. 

4.2. Correlation with H n Regions 
We cross-correlated our catalog with the catalog of H n 

regions, because, if a superbubble is young, it is expected to 
have an associated H n region. For northern H n regions, we 
used the catalog of Blitz, Fich, & Stark (1982), which lists 
parameters of Sharpless (1959) H n regions plus an additional 

Fig. 7.—The distribution of average H i column density of each structure 
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65 smaller (BFS) H il regions. For southern (260° < / < 350°) 
H ii regions, we used the catalog of Rogers, Campbell, & 
Whiteoak (1960). (There is also a comprehensive catalog of H n 
regions along the whole Galactic equator by Marálková 1974, 
which we found only after this work.) From the central posi- 
tions and the angular radii of H n regions is these catalogs, we 
first determined the H n regions that geometrically overlap the 
worm candidates using Figure 2. We also determined the H n 
regions that do not overlap but are located in the plane ( | h | < 
1?5) right below the worm candidates. Then we determined 
whether the H n region velocities overlap the velocity of the 

Fig. 9.—The distribution of {a) average 100 /mi and (b) average 60 /mi 
surface brightness of each structure. 

TABLE 4 
Characteristic Parameters of the Worm Candidates 

Parameter Characteristic Value Unit 

Angular area 
Length  
Width  
iVHI   

Mhi- 
Loo • 
Lo • ■ 

4.8 
160 
70 

1.7 x 1020 

0.8 
1.0 x 104 

3.5 
1.0 

square degree 
pc 
pc 
cm 
cm- 

Mg 
MJy sr 
MJy sr- 

i-2 

^-3 

worm candidates. (To be more specific, we determined whether 
the velocity range, pcenter - ApFWHm to pcenter + ApFWhm, of an 
H ii region overlaps the velocity range, vmin to t;max, of a worm 
candidate.) For northern H n regions, we used the Ha velocity 
of Fich, Treffers, & Dahl (1990), who observed Ha lines toward 
284 objects in the catalog of Blitz et al. Among 65 BFS H il 
regions, however, only 12 objects have been observed in the Ha 
line, and we used the CO velocity of Blitz et al. for the remain- 
ing BFS objects. For southern H n regions, we used the H109a 
recombination line velocity of Wilson et al. (1970). 

In this way, we have found 52 worm candidates that possibly 
have associated H n regions: 37 with geometrically overlap- 
ping H ii regions, and the remaining 15 with H n regions 
located right below them at the plane. They are listed in Table 
5, where column (1) lists the name of worm candidates, column 
(2) lists the H ii regions that geometrically overlap, and the 
third column lists the H n regions that do not overlap but are 
located right below the worm candidates at the plane. The H n 
regions whose velocity has not been measured by Fich et al. or 
by Wilson et al. are marked with a question mark. Among 
these 52 H n region-associated candidates, 24 have associated 
radio continuum emission and are listed in Table 3. 

4.3. Correlations among Physical Properties 
Figure 10 shows the correlation between the 100 pm inten- 

sity J100 and the H i column density iVHI, where the triangles 
and the circles represent the structures with and without an 
associated H n region, respectively. The structures that have a 
large dispersion, i.e., with an rms dispersion larger than 3 
times the average value, are marked by either open circles or 
open triangles. Figure 10 clearly shows that the structures 
brighter at 100 ^m have a larger H i column density. Also, it 
shows that most points lie above the solid line, which rep- 
resents the relationship in the solar neighborhood, i.e., 
Jioo/JVhi æ 1.0 MJy sr-1/1020 cm-2 (Beichman 1987; Heiles, 
Reach, & Koo 1988; Désert, Boulanger, & Puget 1990). We 
can think of at least three reasons for this apparent 100 pm 
excess: (1) the general increase of the 100 pm emissivity toward 
the Galactic interior due to the increase of the diffuse inter- 
stellar radiation field (ISRF), (2) associated H ii regions, in 
which case I10o/nhi increases because of dust heating by Lya 
photons and because some of the gas is ionized, and (3) associ- 
ated molecular gas. An increased I10o/^hi occurs because of 
the presence of molecular gas in isolated clouds in the Solar 
neighborhood (Heiles et al. 1988). If molecular gas is posi- 
tionally correlated with atomic gas, as it is likely to be for our 
linear resolution of these objects, then some of the infrared 
emission might well be associated with molecular gas. 
However, this effect is not expected to be very significant for 
most cataloged structures in the inner Galaxy, because we 
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TABLE 5 
Worm Candidates Near H ii Regions 

Worm Candidate H n Regions that Overlap H n Regions at the Plane Remarks 
(1) (2) (3) (4) 

GW 0.5 - 5.9  ... S17, S19, S20 
GW 6.5 - 3.7  S25, S29, S31, S32 S26, 28, S30, BFS1 
GW 12.3 + 1.8  S38, S42 S37, S39, S40? S41, S43, S44 
GW 14.9 -1.6  S45 S44, S47 
GW 16.4 + 6.4  S46 
GW 17.8 + 3.0  S49?, S54 S45, S47, S53 
GW 23.0-1.6  ... S56 
GW23.6+ 1.7  ... S57, S58 
GW 28.5+ 3.9  S64 
GW 31.3 + 6.6  S68 
GW 31.6-5.9  ... S66, S67, S69 
GW 35.8-2.2  S72 
GW 46.4+ 5.5  S78 
GW 47.9-1.8  S79 
GW 60.9 + 2.6  S91 S86, S87?, S88, S89?, S90 
GW 68.4-2.2  S109?, BFS2 S97 to S100 
GW 73.3+ 7.8  S109? 
GW 78.1 -4.7  S107, S109? S104?, S106, S108 
GW 89.7-2.4  S109?, S119 S121, BFS5 
GW 93.7+ 3.0  SI20, S121, S128, S131, BFS4, BFST S124, BFS5, BFS6, BFS8 

GW 103.6-3.9   S132 S134?, S135 
GW 107.4-3.3   S147, S148, S151 to S153 S144?, S146, S149, BFS12 
GW 112.7-4.0   SI42, S143, S157, S164, S166, S138?, S139, S147, S148, S156, 

SI68, S169 SI58, S161 to S163, S165, 
BFS14 to BFS17, BFS19? 

GW 118.6-5.1   S172, S173 
GW 123.4-1.5   SI85, BFS21 S179?, S180 
GW 131.3-2.2   ... S190 
GW 144.4 + 5.4   S202, S204 S203, BFS26?, BFS27 
GW 148.1-4.8   S203, S205, S206, BFS31 S209, BFS34 
GW 162.6 + 4.9   BFS44 
GW 175.8-2.5   S229, S230, S236 S234, S237, S242, BFS48 
GW 195.7 + 4.5   ... S266, S269 
GW213.4+1.4   ... S284, S285 
GW 216.6+1.3   ... S286, S287, BFS55 to BFS59 
GW 230.8 + 5.2   S299 ?, S300 S302, S305 
GW 247.9+ 4.6   S312 
GW 257.5+ 8.1   S312 
GW274.7+ 2.7   ... RCW42? 
GW281.5+ 1.5   ... RCW45?, RCW46 
GW 294.2 + 5.1   RCW59? RCW62 
GW 303.2-3.1   ... RCW75? 
GW308.8 + 4.2   ... RCW79, RCW80?, RCW82?, RCW83? 
GW 310.3-4.7   RCW83? RCW78 to RCW80, RCW82?, RCW85? 
GW322.0+ 5.7   ... RCW92 
GW336.5-2.0   ... RCW107 
GW 340.0 + 4.8   RCW113? RCW110, RCW111 
GW 342.5+ 6.4   RCW113? 
GW 344.9-2.8   RCW113?, RCW114? 
GW 346.5-7.0   RCW114? 
GW350.7-3.5   ... S8, Sll 
GW 353.5 + 2.0   S10, Sll 
GW 357.4 +5.4   S12, S13 
GW 358.0-5.3   S15 S12, S16? 

a Velocity of the worm candidate is uncertain. 
b Velocity of BFSs is based on CO observations of Blitz et al. 
c Velocity of BFS31 is based on CO observations of Blitz et al. 

excluded the central (—l°<h< +1°) portion of the Galactic 
plane where most molecular gas resides. The effect of associ- 
ated H ii regions can be seen in Figure 10, where the triangles 
are generally located higher than the circles. The average 100 
jim emissivity, Iioo/^hd °f the structures with associated H n 
regions is 7.1 ± 2.2 MJy sr_ 1/1020 cm-2, which is considerably 
larger than 3.1 ± 0.9 MJy sr-1/1020 of those structures 
without associated H n regions. 

The increase of the 100 /un emissivity toward the Galactic 
interior can be seen in Figure 11, where the ratio /ioo/^hi (c°l- 
[19] in Table 2) of only those structures without an associated 
H ii region is plotted as a function of the Galactocentric radius. 
In Figure 11, the open circles are again the ones which have an 
rms deviation larger than 3 times their median value, and the 
area inside the circle is proportional to the 100 /mi intensity 
(normalized by 25 MJy sr~1). Figure 11 clearly shows the trend 
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Fig. 10.—The average 100 pm surface brightness /100 vs. the average H i 
column density JVH l of each structure. The triangles and circles represent the 
structures with and without associated H n regions, respectively. For several 
structures, 1 <r deviations are shown. The structures with large error bars are 
marked by open symbols. The straight line represents the relationship at high 
galactic latitudes, i.e., Ii0o/NH, = 1.0 MJy sr" VlO20 cm- 2. 

such that the 100 /mi emissivity increases toward the Galactic 
interior, although there is a large scatter. The average values at 
2 kpc intervals (filled squares with error bars) are 7.6 + 5.3, 
3.7 ± 2.5, 2.5 ± 2.9, 1.1 ± 0.8, and 1.2 ± 1.0 at R = 4-6, 6-8, 
8-10, 10-12, and 12-15 kpc, respectively. It is not completely 
ruled out that the increase of /ioo/^hi partly due to the 
associated molecular gas, particularly for those structures in 
the “ molecular ring.” But, as we pointed out in the above, the 
contribution to the 100 /¿m intensity in Figure 11 from molecu- 
lar gas is not likely to be very significant because each data 
point is obtained from a pixel-by-pixel comparison of the 100 
/mi map with the H i map excluding the central 
(—10<¿<+1°) portion of the Galactic plane. Also, 
Bloemen, Deul, & Thaddeus (1990), who decomposed the total 
100 /mi intensity radially by cross-correlating with H i and CO 
emission, found a similar trend for grains associated not only 
with H i but also with CO. Hence, we conclude that the 
increase of the infrared emissivity in Figure 11 is due to the 
increase of the general ISRF, which is consistent with the result 
of Mathis, Mezger, & Panagia (1983) that the diffuse ISRF 
increases by a factor of ~ 7 at R = 4 kpc. 

R (kpc) 

Fig. 11.—The median 100 pm emissivity, /ioo/^hi» of each structure 
without an associated H n region as a function of Galactocentric radius. The 
open circles are again the ones which have a large rms deviation. The area 
under the circle is proportional to the 100 pm intensity (normalized by 25 MJy 
sr-1). The filled squares with error bars represent the average values at 2 kpc 
interval. 

The average I60/Iioo worm candidates (excluding ones with 
a large dispersion) is 0.28 ± 0.03 (corresponding to the grain 
temperature of 27 ± 1 K using the /l-1'5 emissivity law), which 
is considerably larger than the 0.21 + 0.02 in the solar neigh- 
borhood (Boulanger & Pérault 1988; Heiles et al. 1988; Désert 
et al. 1990). Bloemen et al. (1990) obtained a similar value, 
0.27 ± 0.03. The 60-100 /¿m intensity ratio depends mainly on 
the grain size distribution. According to Draine & Anderson 
(1985), the ratio increases from 0.174 to 0.240 for the MRN size 
distribution (Mathis, Rumpl, & Nordsieck 1977; minimum 
grain radius of 3 Â) as the ISRF increases by a factor of 3 from 
its intensity in the solar neighborhood, whereas it increases 
from 0.234 to 0.287 for a grain size distribution with enhanced 
small-size grains. For comparison, in a recent empirical model 
by Désert et al. (1990), where very small grains (radius between 
12 and 150 Â) and PAHs both constitute 7% of total grains in 
mass, the ratio increases from 0.20 to 0.24. Hence, the average 
ratio 0.28 ± 0.03 seems to require a considerable enhancement 
of small-size grains in the worm candidates. 

We see neither a systematic variation of I60ßioo with Galac- 
tocentric radius nor a difference between the structures 
without H ii regions, 0.28 ± 0.04, and those with H n regions, 
0.28 ± 0.06, (see Fig. 2 of Koo et al. 1990). Both would be 
expected if this ratio depends on the ISRF to a significant 
extent. Thus, we conclude that the higher value of /6o/^ioo in 

the worm candidates is a result of the grain size distribution 
instead of the ISRF intensity. However, this conclusion is not 
absolutely certain because the data in Table 2 may have too 
large a dispersion to show the variation of the ratio with the 
intensity of the radiation field. 

Figure 12 shows the average 408 MHz brightness tem- 
perature Tb versus the average 60 /mi intensity of each struc- 
ture. For the structures with associated H n regions, there is a 
good correlation between the two, which suggests that the 408 
MHz continuum is likely to be a thermal emission. In Figure 12, 
the straight line is the expected relationship for a diffuse H n 
region by assuming that all the Lya photons are used to heat 
the dust grains. The brightness temperature of the thermal 
free-free emission at 408 MHz from an optically thin source is 
(Osterbrock 1989) 

0.5477°-35 EM , (2) 

where Te is the gas kinetic temperature and EM (cm-6 pc) is 

Fig. 12.—The average 408 MHz brightness temperature Tb vs. the average 
60 pm intensity I60 for each structure (see Fig. 10 for the explanation of 
symbols). The straight lines are the expected relationships for a diffuse H 11 
region for A -10 and A-2 0 emissivity law (see text). 
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Fig. 13.—Channel maps of some individual objects (see § 5). For each object, three channel maps are shown. Eachchannelmap.sobtainedbyintegratmg over 4 
km s“ \ and its central velocity, together with name(s) of the object, is shown above the picture. The contour intervals (in K km s ) are 2,5,10,20,50,100, and 200. 

the emission measure. If all the Lyoe photons are absorbed by 
dust grains and re-emitted as infrared emission, then the total 
infrared surface brightness integrated over frequency is 
(Osterbrock 1989) 

ÍQ° Uy 
/Vdv ^ ^ (ajj _ a|« ) EM 

= 1.27 x 1011 EM MJy Hz sr'1 , (3) 

where hvLya = 10.2 eV is the energy of the Lya photon, aB is the 
recombination coefficient excluding the ground level, and af|s, 
which has been subtracted to account for the two photon 
process, is the effective recombination coefficient for popu- 
lating 2 2S by direct recombinations and by recombinations to 
higher levels followed by cascades to 2 2S. At Te = 5000 K, 
<xB = 4.54 x 10~13 cm3 s“1 and ae//s = 1.38 x 10"13 cm3 s l. 
The fraction of the infrared emission emitted at 60 /mi depends 
rather sensitively on the infrared emissivity law. Using Td = 27 
K, we have I60/\ Ivdv = 2.3 x 10"13 Hz"1 and 17 x 10“13 

Hz"1 for 2"10 and 2 2 0 emissivity law, respectively. There- 
fore 

Tb Í0.93 for 2“10 emissivity law , ^ 
I60 - (0.13 for 2“2 0 emissivity law , 

where we used Te = 5000 K. In Figure 12, equation (4) is rep- 
resented by two straight lines, and seem to describe the trend. 
Faint sources, however, are generally brighter at 408 MHz 
than what we expect from equation (4). This may suggest that 
the 408 MHz emission in these faint structures is mostly non- 
thermal, as in the North Polar Spur (see Heiles et al. 1980). We 
are currently carrying out a radio recombination line observa- 
tion in order to find out the nature of the continuum emission. 

5. DESCRIPTION OF SOME INDIVIDUAL CANDIDATES 

5.1. GW 14.9 - 1.6, GW 16.9 - 3.8, and GW 19.5 - 6.4 
These three structures, in the Sagittarius arm, appear 

between Plsr = 5-20 and +44 km s 1, and are most clearly 
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GW331.3-4.3: -88, -84, -80 km s”1 
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Fig. 13.—Continued 

seen in channel maps centered at vLSR = + 24, + 28, and + 32 
km s~1 (Fig. 13). In Figure 13, we can see two prominent 
vertical structures in the lower plane (b < 0°); one at / ^ 16° 
and the other at / 20°. The latter has been cataloged as GW 
19.5 — 6.4, whereas the former has been cataloged as two 
separate objects; GW 14.9 — 1.6 and GW 16.9 — 3.8. These two 
vertical structures, facing each other, are separated by ~ 6°, or 
300 pc at d ~ 3 kpc. The lengths of the structures are compara- 
ble to their separation. The morphology and their sizes suggest 
that the two are possibly the walls surrounding a superbubble. 
A candidate for the energy source is Ser OBI association, 
which currently has eight O stars including one 04 and two 
05 stars between / = 15° and 19° (Humphreys 1978). 

There is 408 MHz continuum emission associated with both 
structures. (Fig. 13 is at the same scale as Figure 1, so that one 
can compare them directly.) The continuum emission associ- 
ated with GW 14.9 — 1.6 is very strong, and is probably the 
thermal emission associated with the H n region M17 (S45). 
Although it has not been cataloged, GW 19.5 — 6.4 also seems 
to have associated 408 MHz emission. 

5.2. GW 23.0-1.6 

There seem to be two distinct objects along this line of sight : 
one between vLSR = +80 and +120 km s-1 and the other 
between i;LSR = +44 and + 72 km s- L We shall call the former 
GW 23.0-1.6+100, and the latter GW 23.0-1.6 + 60. GW 
23.0—1.6 + 100 is very prominent, and is tilted to the plane by 
~40° (Fig. 13). In addition to the H n region S56 listed in 
Table 5, which is small ~7' and at somewhat different veloc- 
ities (/, b, vLSR) = (22?0, +0?0, +69 km s-1), there are two 
giant radio H n regions in this region (20° < / < 24°) : 
G22.9 —0.3 at i;LSR = +76 km s-1, and G23.5 —0.0 at t;LSR = 
+ 91 km s"1 (Downes et al. 1980). They have excitation 
parameters U of 120 pc cm-2 and 150 pc cm-2, respectively. 
Both are on the far side of the Galactic plane at the extension 
of the Scutum arm in the spiral pattern proposed by Georgelin 
& Georgelin (1976). If GW 23.0—1.6+100 is associated with 
these H n regions, then the distance to this object is more likely 
~ 10 kpc and the length of the structure would be almost 1.4 
kpc. 
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GW344.9—2.8, GW350.7-3.5: -28, -24, -20 km s 
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Fig. 13—Continued 

GW 23.0 —1.6 + 60 is vertical to the plane and forms a closed 
loop around l = 25° between vLSR = + 60 and + 68 km s"1 (see 
channel maps for GW 35.8 — 2.2 in Fig. 13). It is very inter- 
esting to see a corresponding loop structure at h > 0° between 
vlsr = +52 and +60 km s-1 because there is a very bright, 
U = 210 pc cm-2, radio H n region G25.4 —0.2 at vLSR = +59 
km s_ 1 (Downes et al. 1980). It is located on the far side of the 
Galactic plane at the extension of the Sagittarius arm. If the H i 
structure is associated with this H n region, then the distance 
to this object is ~11 kpc and its height above the plane is 
~ 800 pc. 

5.3. GW 31.6—5.9 
This is an object at the tangential point of the Scutum arm, 

and it is not clear whether this is a single structure or is a result 
of two distinct structures overlapped by chance. Between 
vlsr = +68 to +104 km s_1, it appears as a very prominent 
and persistent structure at / = 30? 5 (Fig. 13). Between vLSR = 
+ 56 to +64 km s_1, on the other hand, the structure is cen- 
tered at / = 31?2 (see channel maps of GW 35.8 — 2.2 in Fig. 
13). The shift in position occurs rather abruptly, and we con- 
sider them as two distinct objects: GW 31.6 — 5.9 + 88 and GW 
31.6 — 5.9 + 60. The H n regions S66 and S69, listed in Table 5, 
have a rest velocity near ~ + 50 km s -1 (Fich et al. 1990), and 
they are probably not associated with GW 31.6 — 5.9 + 88. 

Instead, GW 31.6 — 5.9 + 88 is very likely to be associated 
with either one, or both, of two giant radio H n regions in this 
region: G29.9—0.0 at vLSR = +98.5 km s-1 and G30.8—0.0 
(W43) at vLSR = +90 km s_1 (Downes et al. 1980). They have 
excitation parameters U of 150 pc cm-2 and 200 pc cm-2, 
respectively. The relatively strong, 7J, ~ 6 K, 408 MHz contin- 
uum emission associated with this structure is likely to be the 
thermal emission. 

5.4. GW 35.8 — 2.2 
This is a long, ~9° (470 pc at d = 3 kpc) vertical structure 

between vLSR = +52 and +68 km s_1 (Fig. 13). Below 52 km 
s-1, the structure is not clearly defined. There is a Sharpless 
H ii region right on GW 35.8 — 2.2; S72 at (/, b, v^SR) = (36?4, 
—1?7, +62 km s"1). Its relatively high-5 position and the 
agreement both in position and in radial velocity almost cer- 
tainly indicates that the H n region S72 is physically associated 
with GW 35.8-2.2. 

There are also radio H n regions at somewhat different veloc- 
ities, vLSR ~ 45 km s-1, near / = 35°: G35.1 —1.5, G35.2—1.8, 
and G35.3 —1.8 (Downes et al. 1980). The strong 408 MHz 
emission listed in Table 3 as being associated with GW 
35.8 — 2.2 is located at / = 35° and is likely to be the thermal 
emission associated with these H n regions. The association of 
these H n regions with GW 35.8 — 2.2 and/or the other vertical 
structure at l = 34° should be examined. 

5.5. GW 46.4+ 5.5 
This is also a long, ~9° (360 pc at d = 2.3 kpc) vertical 

structure between vLSR = +28 and +40 km s-1 (Fig. 13). A 
unique thing for this structure is its associated 408 MHz emis- 
sion, only a small fraction of which is due to the small, ~ 12', 
H ii region S78 at (/, 5, vLSR) = (46.8, +3.9, +42 km s_1). The 
408 MHz emission is present along the worm’s whole struc- 
ture, generally at a slightly smaller (~0?5) Galactic longitude. 
This shift between the radio continuum emission and the H i 
emission is similar to what we observe in the North Polar Spur 
(Borken & Iwan 1977; Heiles et al. 1980). If we are looking at a 
case similar to the North Polar Spur, then the 408 MHz emis- 
sion is mostly non-thermal and the energy source might be at a 
smaller Galactic longitude. 
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5.6. GW 331.3-43 
GW 331.3 — 4.3 is a vertical structure appearing between 

vlsr ^ —100 and —76 km s-1 (Fig. 13). This line of sight 
crosses the tangential point of the Norma arm, and GW 
331.3 — 4.3 is probably in the Norma arm. There is a group of 
H ii regions at (/, z;LSR) = (331?7, —87 km s"1) (group 1 of 
Georgelin & Georgelin 1976), and the association of these H n 
regions with GW 331.3 — 4.3 needs to be examined. 

5.7. GW 340.0+ 4.8 
This vertical structure starts to appear at vLSR = — 60 km 

s-1 and persists to vLSR = 0 km s-1. The position, however, 
suddenly shifts from / = 340.5 to / = 340.0 near vLSR = — 40 
km s_1, and it is possible that the structure is a result of two or 
more overlapping structures. Here we consider only the struc- 
ture between *;LSR = — 60 km s-1 and —44 km s_1. It is inter- 
esting enough to note that there appears another vertical 
structure at / = 343° parallel to GW 340.0 + 4.8 in the same 
velocity range (Fig. 13). The two are possibly associated with 
each other. There is a very large, ~5°, H n region RCW 113 
centered at (/, b) = (342?7, +1?8) (Rodgers et al. 1960). The 
radial velocity of this H n region measured at (/, b) = (342?8, 
+ 0?0) is —24 km s-1 according to Geogelin & Georgelin 
(1976). However, since the H n region is large and considerably 
shifted to the upper region, it is not clear whether the measured 
velocity at the plane represents the systematic velocity of RCW 
113. The association of RCW 113, GW 340.0 + 4.8, and the 
enhanced 408 MHz emission along the structure should be 
examined. 

5.8. GW 344.9 — 2.8 and GW 350.7—3.5 
These two long vertical structures appear between vLSR = 

— 32 and —8 km s-1 (Fig. 13). Although it is not listed in 
Table 3, there seems to be enhanced 408 MHz emission associ- 
ated with GW 350.7 — 3.5. The 408 MHz emission is slightly, 
~0?5, shifted to smaller l. 

5.9. GW 357.4 + 5.4, GW 358.0-5.3, and GW 0.5-5.9 
These three structures, appearing around vLSR = 0 km s_1, 

are lying in a direction toward the Galactic center (Fig. 13), 
and the distances to them are very uncertain. The association 
of these structures with the activity near the Galactic center 
remains to be examined. GW 358.0—5.3 and GW 0.5 —5.9 
have 408 MHz emission along their structures. 

6. DISCUSSION 
What are the 118 structures cataloged in Table 2? And also 

the 35 structures in Table 3? The vertical structures in radio 
continuum emission, called “radio spurs,” have been known 
since the detection of the prominent North Polar Spur in the 
earliest days of radio astronomy (see Salter & Brown 1988). 
Sofue (1988), for example, applied a background-removal tech- 
nique to the 408 MHz whole-sky map of Haslam et al. and 
found numerous radio spurs, which are generally much larger 
and at higher Galactic latitudes than ours. (Between l — 330° 
and / = 30°, for example, structures with | b | less than 5° 
cannot be identified in his filtered map.) Sofue concluded that 
most spurs in the inner Galaxy (320° < l < 40°) are located at 
RG < 5 kpc, based on the local (—10 km s-1 < i?LSR < +10 
km s~A) H i distribution being smooth in contrast to the radio 
continuum distribution. He further claimed that the radio 
spurs do not seem to have a definite correlation with H i 

emission features. We can interpret the radio spurs detected by 
Sofue, and also the North Polar Spur, as objects that are 
similar to our worm candidates but which are much closer 
than our worm candidates. We would have missed Sofue’s 
spurs because they are so large that our filter would have 
rejected them and because our technique emphasized objects at 
low Galactic latitude. The point here is that there are numer- 
ous vertical structures in the Galaxy, particularly inside the 
solar circle, and that the structures detected either by us or by 
previous people mainly in radio continuum emission are 
biased samples of these structures, samples whose properties 
are limited by the selection technique. 

The above, of course, does not answer the fundamental ques- 
tion, namely the origin of those vertical structures. It is not 
likely that they all have a common origin: Some structures 
have both H i and 408 MHz emission, whereas the others have 
only either one of the two. The 408 MHz emission in some 
structures is probably nonthermal as in the North Polar Spur. 
It is “ common wisdom ” that the 408 MHz emission is mostly, 
if not all, nonthermal, and indeed, in Figure 1, we can easily 
identify well-known supernova remnants such as the Cygnus 
loop at (/, b) = (74?0, -8?5) or the Crab at (/, b) = (184?6, 
— 5?8). However, these supernova remnants do not necessarily 
have corresponding 100 fim emission, whereas the 35 struc- 
tures listed in Table 3 appear both in infrared and 408 MHz 
continuum. (Broadbent, Haslam, & Osborne 1989 separated 
the 408 MHz emission into thermal and nonthermal com- 
ponents by cross-correlating the 408 MHz survey of Haslam et 
al. with the IRAS 60 /mi map.) Our results (Fig. 12) suggest 
that the 408 MHz emission in those structures that have 
associated H n regions is likely to be thermal. In GW 
17.8 + 3.0, which is one of those with an associated H n region, 
we already know from Müller, Reif, & Reich (1987) that it is a 
thermal spur rising vertically from the H n region S54, which is 
located at 100 pc above the Galactic plane. The origin of each 
entry in our tables—and indeed, the reality and significance of 
each entry—can be found only by studying it in detail. 

One possible interpretation of these vertical structures, 
which might apply at least for some of the objects in this paper, 
is that they are the walls surrounding a superbubble produced 
by a combined action of stellar winds and supernova explo- 
sions in an OB association. This is almost certainly the case for 
the North Polar Spur, which is believed to have been driven by 
six to 10 supernova explosions in the Sco-Cen association (see 
Koo & McKee 1992 for a discussion). The 35 cataloged struc- 
tures in Table 3 are similar to the North Polar Spur in the 
sense that they have both H i and 408 MHz emission: ~1Q% 
of them are possibly associated with H n regions. Whether the 
408 MHz emission is thermal or nonthermal might depend not 
only on the age of the superbubble but also on the brightness 
of the central OB association, which decreases with time as the 
stars die off. Hence, the entries in Table 3, particularly the ones 
discussed in § 5, are the prime candidates for the ionized walls 
surrounding superbubbles. 

It has been known that one of the major components of the 
interstellar medium is the “warm ionized medium (WIM)” 
(Mezger 1978; Kulkarni & Heiles 1988; Reynolds 1989, 1991). 
Its detailed spatial distribution is not clear, but several obser- 
vations suggest that it is clumped and widespread throughout 
the Galactic disk (Anantharmaiah 1985,1986; Lockman 1980) 
and is extended to > 1 kpc (scale height of the volume averaged 
electron density <«*,» above the Galactic plane. Although it 
has been realized that the only source which can supply 
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enough ionizing radiation is O stars, it is not clear how the UV 
photons can escape from H n regions to maintain the wide- 
spread diffuse WIM, particularly at > 1 kpc above the Galactic 
plane. (Kulkarni & Heiles 1988; Cox 1989). 

We now propose that the WIM is very likely the ionized gas 
associated with the worms (see also Heiles 1991). As discussed 
in the above, our results suggest that some worms have associ- 
ated ionized gas, which is possibly the ionized inner surface of a 
supershell. The inner surface of a supershell is likely to be 
ionized by the ionizing photons from the central OB associ- 
ation because the interior of a supershell is relatively free of 
neutral gas. The vertical extent of the ionized gas in this picture 
will be a few times the scale height (~190 pc) of the thin 
gaseous disk, at which the supershell breaks out due to the 
Rayleigh-Taylor instability. This vertical extent of 400-600 pc 
is comparable to the exponential scale height ~430 pc of the 
ionized gas derived from the observed vertical distribution of 
the volume-averaged <ne> and (Kulkarni & Heiles 1988). 

In addition to the inner surface of supershells, the gas far 
from the Galactic plane but located right above large 
superbubbles might be ionized. After the break-out, the super- 
shell evolves to a cylindrical shell with the top portion 
“ transparent ” for UV photons except for the blocking due to 
some dense fragments of the shell. Hence, some fraction of the 
UV photons/uv from the central OB association can directly 
ionize the gas outside the thin disk. The fraction /uv can be 
estimated from the results of numerical simulations. For a 
cylindrical bubble of radius Rb, the fraction of the solid angle 
occupied by the top portion is 1 — (Zb/Rb)/[1 + (Zfc/Rfc)

2]1/2, 
where Zb is the height of the cylinder above the plane. (We 
consider only the upper or the lower half of the plane.) Accord- 
ing to the numerical results of Mac Low et al. (1989), the ratio 
ZbIRb seems to be between 1 and 2. Therefore, the fraction of 
UV photons that can be used to ionize the gas outside the thin 
disk is 

/uv ~/bl 
Zb/Rb 

yi+(zb/Rb 

0.1 (5) 

where/block is a numerical factor to account for the blocking 
due to the dense fragments and we arbitrarily set ./block = i- 
Using the factor /uv and the average Lyman continuum 
photon flux Fvw = 2.8 x 1050 photons kpc-2 s“1 in the Solar 
neighborhood (Abott 1982), we may estimate the emission 
measure perpendicular to the Galactic plane, EM^, due to the 
WIM far from the plane: 

1.0 cm“6 pc. (6) 
2ocb 

The factor 2 in the denominator of equation (6) accounts for 
the fact that half of the photon flux goes upward and the other 
half goes downward. This EM± is about half of the observed 
value ~2 cm-6 pc in the solar neighborhood (Reynolds 1984, 
1991; Kulkarni & Heiles 1988). (We used Te = 5000 K to 
convert the Ha intensity to the EM.) The other half of the 
observed EM± may be contributed by the WIM relatively close 
( I z I < 400-600 pc) to the plane, which is possibly the ionized 
walls of superbubbles. 

Hence, although a detailed study on the spatial correlation 
between the WIM and the worm is needed, the above dis- 
cussions seem to support the possibility that the UV photons 
from O stars not only ionized the inner surfaces of supershells 

but also escape vertically through the holes surrounded by the 
worms to ionize the gas outside the thin disk. 

If the worms are really the walls surrounding superbubbles 
which are filled with hot gas, then the distribution of the 
worms should tell us about the filling factor of the hot ionized 
gas. In a preliminary report (Koo et al. 1990), we derived a 
lower limit of -0.1 for the filling factor of hot gas by counting 
only those structures that appear to be vertical. The total mass 
injection rate to the halo by superbubbles was estimated to be 
greater than -0.2 M0 yr“1- Regarding the incompleteness of 
our search and the uncertain origin of cataloged structures, 
however, we want to postpone another estimation of these 
parameters to the future. 

7. SUMMARY 

The goal of this paper was to generate a catalog of candi- 
dates for the worms that are possibly the walls surrounding the 
superbubbles. We have identified 118 isolated structures that 
appear both in H i and in infrared (60 and 100 /un). Properties 
of the objects in our catalog are biased by the algorithm used 
to define the objects, so our catalog is not complete. Among 
118 structures, 35 appear also in the radio continuum (408 
MHz). Whether or not these structures are associated 
with superbubbles needs further study. We found that 70% 
of the 35 structures possibly have associated H n regions, and 
they have a higher probability for the association with 
superbubbles. Some well-defined individual candidates are 
described in § 5. 

The study of physical properties of these structures by cross- 
correlating maps at different wavebands is limited by different 
resolutions, different beam shapes, and different sensitivities. 
However, it is shown that the data in Table 2 can still be used 
to derive some useful statistical properties: (1) there is a sys- 
tematic increase of the 100 /¿m emissivity, IÍOo/nhi’ toward the 
Galactic interior, which is consistent with the increase of the 
general ISRF. (2) The 100 /mi emissivity of the structures 
associated with H n regions, 7.1 ± 2.2 MJy sr 1/1020 cm 2, is 
considerably larger than 3.1 ± 0.9 MJy sr 1/1020 cm 2 for the 
structures without associated H n regions. (3) The average 
60-100 /im intensity ratio of all structures is large, 0.28 ± 0.03, 
which may indicate that the grains associated with atomic gas 
have a relatively large population of small grains. (4) There is a 
good correlation between the 408 MHz brightness temperature 
and the 60 /mi intensity of those structures associated with H n 
regions. For bright structures, the correlation seems to be con- 
sistent with what we would expect for a diffuse H n region, 
which indicates that the associated 408 MHz emission is very 
likely thermal. On the other hand, the faint structures are gen- 
erally brighter at 408 MHz than what we would expect, which 
may indicate that the 408 MHz emission of these faint sources 
is mostly nonthermal, as in the North Polar Spur. 

For some worm candidates that are associated with H n 
regions, the observed correlation between the IR and 408 MHz 
radio emission possibly originates from the ionized walls of 
superbubbles by the same OB associations that create the H n 
regions. The interior of a supershell is relatively free of neutral 
gas, which allows UV photons to reach the shell walls (which 
are the worms) and to ionize the inner surface of the walls. In 
addition, the relatively open tops of large supershells should 
allow the warm ionized gas far from the galactic plane to be 
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ionized by the UV photons from O stars escaping through 
vertical holes above superbubbles. 
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