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Abstract—This paper describes an algorithm making it possible to construct images of three-dimensional
supershells of neutral hydrogen in the plane of the sky in different velocity channels. A broadening of the 21-cm
line due to chaotic motions in the gas and the finite angular resolution of the radio telescope are taken into
account. Taking account of the broadening of the spectral line proves to be of fundamental importance in mod-
eling observations of shells. Criteria usually applied in the preparation of catalogs of regions deficient in HI in
nearby galaxies are analyzed, using several model supershells for the galaxies M31 and Holl as examples.
It is shown that three of these criteria—the observation of a “hole” in no fewer than three neighboring velocity
channels, immobility of the center of the “hole,” and a sharp contrast between the “hole” and the background
in all relevant channels—are well satisfied for supershells located close to the galactic node line, and are more

poorly satisfied for supershells located far from it.

1. INTRODUCTION

This paper continues a series of articles dedicated to
the development of numerical models for the creation
and evolution of giant expanding shells of interstellar
gas [1-7]. Numerical schemes based on the thin layer
approximation [1, 8, 9] have proved to be especially
fruitful in the study of the morphology and dynamics of
these complex three-dimensional objects, which arise
through the collective action of supernovae concen-
trated in a modest spatial region on the surrounding gas.
The development of these schemes and the addition of
complexities to them makes it possible, in our opinion,
to turn from a discussion of the main characteristics of
the phenomenon under consideration to a more detailed
comparison of theoretical models and observational
data at radio and other wavelengths. In [6, 7], we devel-
oped a procedure for projecting three-dimensional
shells, making it possible to calculate maps of the HI
surface density distribution in the plane of the sky and
to take into account the effects of projection on the
shell “image.” The study of a number of details in the
behavior of the shells (their expansion velocities,
identification against the general galactic background,
etc.) requires modeling of “images” of these objects at
different frequencies and comparing these models
with observations. The extreme complexity of the
observed distribution of neutral hydrogen made clear
the necessity of developing a set of intuitively clear
criteria permitting identification of real regions defi-
cient in HI against the general galactic background
with maximum certainty; these criteria should operate
under conditions of insufficient resolution and a rela-
tively high noise level. As a rule, the following four cri-
teria are used in the analysis of observational data:

(1) The HI hole should be clearly visible in no fewer
than three consecutive velocity channels.

(2) The center of the hole should not move spatially
in any of these channels.

(3) There should be a clear contrast between the
region deficient in HI and the surrounding gas in the
relevant channels.

(4) The shape of the hole should be close to elliptical.

These criteria were applied to the galaxy M31 in
[10]. Deul and den Hartog [11] used these same criteria
to compose a catalog of holes in the galaxy M33.
A somewhat less strict set of criteria (3 and 4) was
applied to the galaxy Holl in [12].

The selection criteria presented above do not have a
rigorous basis, but rather are founded on intuitive con-
cepts about how an expanding shell should appear.
In this paper, we analyze them from the point of view
of our results of numerical modeling of shell evolution.
Apart from the projection procedure described in [7],
we develop a procedure for constructing maps of the
column density of HI in different velocity channels,
taking the spatial resolution of the radio telescope into
account. We will show below that, in this analysis, a
fundamental role is played by the chaotic motions of
the interstellar gas. We will also consider the role of
the criteria listed above in the identification of real
objects. Section 2 describes the algorithm for the pro-
jection of three-dimensional shells onto the plane of
the sky in different velocity channels. In Section 3, we
discuss the observational manifestation of numerically
projected supershells in models for the galaxies M31
and Holl. In Section 4, we formulate the main results
of this work.
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2. THE NUMERICAIL SCHEME

We used the algorithm described in [2, 3, 6], based
on the thin layer approximation, in modeling the evolu-
tion of supershells. We used the models for the galaxies
Holl and M31 described in [7]. We have modified the
procedure for projecting the shells onto the plane of the
sky so that it is possible to obtain the distribution of the
column density of HI in different velocity channels
instead of the integrated HI concentration distribution.

For an optically thin layer of neutral hydrogen in
thermodynamic equilibrium, the column density of HI
atoms is directly proportional to the brightness temper-
ature of the gas [13]. We will therefore work directly
with the number of atoms along the line of sight, which
is found straightforwardly from the numerical model.
We may write the number of atoms of neutral hydrogen
in a column of unit cross section along the line of sight
with radial velocity in a unit velocity interval around U,
allowing for chaotic motions in the interstellar medium,
in the form

s
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Here, (x', y', Z') is a coordinate system fixed to the planc
of the sky (the Z' axis is oriented along the line of sight
toward the observer); V(z) and n(z') are the radial
velocity and number density of the gas; and o, is
the one-dimensional velocity dispersion for chaotic
motions of the HI, taking account of the contribution of
both turbulent and thermal motions of the ncutral
hydrogen atoms. We assume here that O, 1S constant
along the line of sight.

N(U)

Let there be given a set of spectral filters with a nor-
malized sensitivity curve W(U),j=1, 2, 3, ..., where j
numbers consecutive channels. In this case, we may
express the column density of HI atoms in an arbitrary
spectral (velocity) channel in the form

J-N(U)W)-(U)a‘u. )

—oa

The sensitivity curve for the spectral filters is given in
the form of a gaussian with dispersion oy
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where the V; are the central velocities for the corre-
sponding ﬁ]lLI‘S After substituting (1) and (3) into (2)
and integrating the resulting cxpression over U, we

obtain a formula for the column density of HI in the jth
channel:
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where we have introduced the notation

Oy = f0f+0; (5)

We may write the total column density of HI atoms in
the jth channel, allowing for the contribution of quies-
cent gas and elements of the supershell, in the form

Ni(#,y) =

+ j;n(,r',
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where we have taken account of the fact that the veloc-
ity dispersion in the cold dense shell 6, is substantially
smaller than the width of the spectral filter, 6, < o
The index [ numbers the shell elements intersected by
the line of sight, N, is the contribution of each clement
to the total column density in the spherical segment
approximation [7], and V, is the radial velocity of the
corresponding element.

Formula (6) shows that observations of interstellar
gas allowing for chaotic motions (o, # 0) are equivalent
to observations of HI with zero velocity dispersion, but
with a wider filter—with half-width o rather than o,

In the case of very large chaotic motions (CT — = 00),
modeling the results for different velocity (.hdnm,]s
becomes identical to modeling the integrated number of
atoms along the line of sight. It follows from formula (6),
however, that this is true only for the quiescent gas. The
contributions of shell elements in different velocity
channels are always different.

In order to allow for the finite spatial resolution of
the radio telescope, the distribution of the column den-
sity of HI obtained from (6) must be smoothed:

Nsm,_j(xls }l)

= j JN;(x", y")!’[a‘/&_r'_—x”}z + (,v‘—_\"')zjd.r"d_v". B

Here, F(r) is the smoothing function, r is the distance
from the point at which we calculate the column den-
sity to an arbitrary point in the plane of the sky, and
Nm j(x', ¥') 1s the smoothed value of the column density
in the jth velocity channel. The integration is conducted
over the entire region considered. We have used a
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spherical two-dimensional gaussian as a smoothing
function (see, for example, [14]):

1 ’
5€Xp| ~— | (8)
2no, 20,

where G, is the dispersion of this gaussian. The resolu-
tion of the radio telescope is usually characterized by
the full width at half maximum (FWHM) intensity of
the beam. Using (8), we may express G, in terms of the
FWHM:

F(r) =

_ FWHM
2.2In2

)

3. CALCULATION RESULTS

We considered two cases of supershell evolution; in
the Ealaxy M31, with an energy source with power L =
10*% erg s ' ata distance of 10 kpc from the center, and
in the galaxy Holl (UGC 4305), with an energy input
rate to a cavity of L= 10?7 erg s! at a distance R = 4 kpc
from the center of the galaxy. The energy source was
turned off after 30 Ma, and we assumed that by this
time all massive stars in OB associations had exploded
as supernovae. The shells were projected onto the
plane of the sky in different velocity channels after
25 Ma of evolution in M31 and 40 Ma of evolution in
Holl, taking account of the finite angular resolution of
the radio telescope [sce (7)]. We chose the distance
between the centers of channels AV to be the same as
in [10, 12]: AV= 8.2 km s! for M31, and AV =

2.58 km s ! for Holl. The half-width of the filters o/

was assumed to be equal to half the spectral resolu-
tion. For M31 and Holl, o; = 4.1 and 1.29 km 57,
respectively. Taking account of the FWHM of the tele-
scope beam, equal to 100 pc for M31 and 66 pc for
Holl, the dispersions of the spherical gaussian of the
beam core 6, (9) are equal to 42.3 and 28 pc, respec-
tively. The one-dimensional dispersions for the cha-
otic gas velocities o, were taken to be 8.1 km s™ for
M31 [15] and 6.8 km s! for Holl [12]. The image of
a shell in the plane of the sky depends on the polar
angle O of the parent OB association (which is mea-
sured from the node line of the galaxy); this depen-
dence is more pronounced for galaxies with large
inclination angles. We therefore carried out the pro-
jections for several angles 0: 0°, 30°, 60°, and 90° for
M31 and 0°, 45°, and 90° for Holl.

Figures 1 and 2 show calculated maps of the distri-
bution of the column density Ny, ; for supershells in
M31 and Holl. The velocity channclb in which the hole
has the highest contrast are indicated in the figures.
When the HI hole is not observed, the channel corre-
sponding to the radial velocity of the shell center is
shown. We calculated each projection both without tak-
ing account of chaotic motions in the interstellar gas
[0, =0 in formula (5)] and taking account of the broad-
No. 1

ASTRONOMY REPORTS Vol 41 1997

enning of the HI spectral line due to turbulent and ther-
mal motions of the atoms (o, = 8.1 km s~ for M31 and
6.8 km s~! for Holl). Three levels are shown in the maps
of column density N, ; for holes in the HI distribution:

the minimum and maximum levels giving closed con-
tours NV;, and N, (thin lines), and a level correspond-
ing to half the depth of the hole Nspe, = (N + Nopax /2
(thick line). Analogous to [10, 12], the level Ny, is
identified with the hole boundary.

The distribution of the column density in the veloc-
ity channels for M31 shown in Fig. 1 leads us to con-
clude that taking account of chaotic motions in the
interstellar gas is of fundamental importance. It is clear
from Fig. 1 that there is not a single closed contour for
the case 6, = 0 (left panels) for the polar angles 8 = 30°,
60°, and 90°; 1.e., the shell does not manifest itself as a
hole in the HI distribution in any of the velocity chan-
nels. The effect of chaotic motions on the appearance of
the shell may be neglected only for polar angles close
to 0°. This effect is explained by the fact that, when
o, = 0, the width of the region corresponding to quies-
cent gas in the maps of the distribution of column den-
sity Ny is smaller than the size of the hole. The effect
of this on the possibility of detecting the shell observa-
tionally is discussed in [10]. For 6 = 0°, the quiescent
gas occuples a rather wide band, even without allowing
for the broadenning of the HI spectral line due to ther-
mal and turbulent gas motions.

In the case of Holl (Fig. 2), the chaotic motion of the
interstellar gas exerts a significant influence on the appear-
ance of the shell only for polar angles 45° < 6 < 90°.
Even for 8 = 90° in the case o, = 0, however, we
observe closed contours in the dl‘}[l‘lbUllOl’l of column
density N,

s, j*

We note a “two-humped” character in the spectrum
for many holes observed in the galaxy Holl (Fig. 10 of
[12], for example). This has been interpreted as contri-
butions to the total spectrum of the approaching and
receding shell walls [12]. Figure 3 shows theoretical,
calculated “spectra” for a supershell in Holl, located on
the node line (8 = 0°) at a distance of R = 4 kpc from
the center (these coordinates are close to those for
observed hole 35 in the list of [12]). Spectra calculated
for the cases (a) o, = 0 and (b) 6, = 6.8 km s™! are
shown. It is clear from this figure that the “two-
humped” character is seen when the chaotic gas
motions are taken into consideration (Fig. 3b), but not
in the case ¢, = 0 (Fig. 3a). This is because when the
broadening oﬁthe spectral line is not taken into account,
the relative column density of quiescent gas atoms in a
given channel in the shell region is greater than in the
case when ¢, differs from zero. This leads to a sharp
decrease in the relative contribution of the shell to the
total column density. Thus, allowing for chaotic
motions in the interstellar gas is important when com-
paring the numerical modeling results for Holl with the
observational data.



]
-2

MASHCHENKO, SILICH

P = - B —ne
—(jg:(}___\ezoo o,=8.1kms 0=0
TR

e —— i

e—tl ¥ D

;
i

=0 ;:fggiiifié 0 = 60° 1 0=60° ==
— T c=
e

e
=

—«
NN

0 =90°

.lll/ll.” |
/

i

—

=
&
|
\
|
1
|||
)

A

N

7
\
l\'l

\

-~

Eeere

—

—

il
]”MV /h K 00pe Z/

Fig. 1. Distribution of the column density Nqm, j for supershells in the galaxy M31 with different polar angles for two values for the
chaotic velocity dispersion in the gas: o, =0and G, = 8.1 km 51 (see text for a fuller explanation).

—_—

The calculated characteristics of the holes in the dis-  distance of the jth channel from the central channel in
tribution of neutral hydrogen in different velocity chan-  units of AV: V¥ is the radial velocity corresponding to

nels and for different polar angles for the galaxies M31  the center of the given velocity channel (in which the
and Holl are presented in Tables 1 and 2. Here, Ajisthe  systematic motion of the galaxy V,, is taken into
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c,=6.8kms!

Fig. 2, Distribution of the column density Ny, j for supershells in the galaxy Holl with different polar angles for two values for the

chaotic velocity dispersion in the gas: g, =0andg,=68kms 1 (see text for a fuller explanation).

account; V.. =-315 km s~ for M31 [16] and 157 km s~

SY5
for Holl [12]). X, and Y, arc coordinates of the center
of the ellipse approximating the hole at the level Ny,
in the plane of the sky in a coordinate system with the

origin at the center of the galaxy and the X" axis along
the node line of the galaxy; DIAM is the diameter of

this ellipse, equal to ./ab, where a and b are the major
and minor axes of the ellipse. § = (N0 — Noin)/ Nsoe 18
the hole contrast, and A is the distance of the hole center
in the current channel from the hole center in the central
channel for the given polar angle.

Tables 1 and 2 show that the hole center in different
velocity channels may shift over a significant distance,
ASTRONOMY REPORTS

Vol. 41  No. 1 1997

which may be comparable to the hole diameter. This is
expressed most clearly for shells located close to the
node line (with the polar angle 6 > 0°). The diagram in
Fig. 4 offers a qualitative explanation of this. Let us
suppose that the observer is located in the plane of the
galaxy and observes the distribution of neutral hydro-
gen in very narrow velocity channels. Let the gas in
the galaxy be distributed uniformly, and the rotational
velocity not depend on distance from the galactic cen-
ter: n(x, y) = const, V(x, y) = const. In this case, in each
channel, gas located along some radius vector is
observed (sec the lines of sight /, and L, in Fig. 4).
Thus, radius vectors with different polar angles cor-
respond to different velocity channels. The hole in the
HI distribution will be observed in those channels
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Fig. 3. Schematic maps of the calculated prafiles of the HI spectral line near the supershell in the galaxy Holl: (a)o, = 0 and

(b)o, = 6.8 kms L

corresponding to radius vectors that intersect the cav-
ity from which gas has been swept out. It is clear from
the diagram that, if the region that is deficient in neu-
tral hydrogen is close to polar angle 8 = 0°, the centers
of the “hole” in the observed distribution of column
density will nearly coincide for all velocity channels in
which these “holes” are observed (zone B in the dia-
gram). For shells with polar angles 0 # 0°, the “hole”
centers in different velocity channels will be systemat-
ically shifted. In the limiting case 6 = 90° (Fig. 4), the
observed “holes” in the edge channels are located so
far from each other (zones A and A,) that there is no
overlap between them.

This diagram does not take into account the contri-
bution of the shell walls to the column density. In the
edge velocity channels in which the hole is still

Plane
of the sky

Fig. 4. Diagram illustrating the shift of the HI hole center in
different velocity channels (see text for a fuller explanation).

observed, however (it is precisely in these channels that
the shift of the hole center should be most strongly
scen), the contribution of the shell elements becomes
substantially smaller than that of the quiescent gas.
This is because the velocity dispersion (and the line
width) in the cold dense shell is significantly smaller
than in the surrounding interstellar gas. The diagram in
Fig. 4 illustrates the limiting casc of the galactic incli-
nation angle i = 90°. Qualitatively, it makes sense that
the shift of the hole center should decrease with a
decrease in the inclination {, and for the opposite limit-
ing case { = 0° this shift should approach zero.

Figure 5 shows the shift in the hole centers in differ-
ent velocity channels from our calculations for M31
and Holl. Figure 5a shows the results of calculations
for shells in M31 at a distance of R = 10 kpc from the
center, with the polar angle © = 30°. Figure 5b shows
the calculation results for shells in Holl; the center of
the shell is at a distance of R =4 kpe from the center of
the galaxy, and 6 = 45°. In each figure, the images for
the holes in three velocity channels—the channel in
which the hole diameter is largest, and the limiting
channels in which the hole can still be distinguished—
are overlaid. The thick line denotes the contour corre-
sponding to the central channel, while the thin lines
denote those corresponding to the two limiting chan-
nels. It is clear from these figures that the shift in the
hole center in different channels can be significant,
and can even approach the observed diamecter of the
hole. The images for the same hole in the limiting

ASTRONOMY REPORTS  Vol. 41
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Fig. 5. Position of the hole center in different channels for the supershells in (a) M31 and (b) Holl (see text for a fuller explanation).

channels are so distant from each other that they vir-
tually do not overlap.

Of course, Fig. 5 shows a limiting, idealized case. In
the edge channcls, the contrast of the hole sharply

Table 1. Characteristics of calculated HI holes in different
velocity channels for the Galaxy M31

decreases (Tables 1, 2), and it may be difficult to distin-
guish it against the background of the surrounding gas.
Nonetheless, the variation of the position of the hole cen-
ter in different channels indicated by the calculations

Table 2. Characteristics of calculated HI holes in different
velocity channels for the Galaxy Holl
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must be taken into consideration when interpreting
observations and composing catalogs of regions that
are deficient in neutral hydrogen.

Figures 1 and 2 show that another criterion—close-
ness of the shape of the hole to that of an ellipsc (crite-
rion 4)—is satisfactorily fulfilled for all calculated pro-
jections of supershells both for M31 and for Holl. In all
the maps presented, the level Ngge describing the
boundary of the observed hole is a bulging closed
curve, well approximated by an ellipse.

Criterion 1—the requirement that the hole in the HI
distribution be observed in no fewer than three consec-
utive velocity channels—is not fulfilled only for super-
shells in M31 with polar angles 6 = 90” (Tables 1, 2).
We note a general tendency in both galaxies for a
decrease in the number of channels in which the holes
arc observed as the polar angle is varied from 8 = 0°
to 90°. This effect is more strongly manifested in gal-
axies with larger inclination angles. In M31, the num-
ber of channels decreases from 11 (for 6 = 0°) to 1
(for 8 = 90°). For Holl, the cffect is less significant—
the number of channels decreases from 8 to 5.

If we take account of the fact that the maximum con-
trast of a hole for a given polar angle as a rule decreases
with distance of the supershell from the node line
(Tables 1, 2), we conclude that three of the selection
criteria usually applied—observation of the hole in no
fewer than three channels, immobility of the hole cen-
ter in cach channel, and a sufficiently sharp hole con-
trast (criteria 1, 2, and 3)—best describe real super-
shells located close to the galactic node line. In the tran-
sition to polar angles close to 8 = 90°, identifying
analogous objects by these three observational criteria
is substantially more difficult.

We have studied here the observational manifesta-
tions of isolated supershells. The density of shells in the
central regions of irregular galaxies [12] and the possi-
bility of overlapping betwcen these objects in very
inclined galaxies may make identification of real shells
in these systems more difficult.

4. CONCLUSION

In conclusion, we present the main results of this
paper.

(1) We have constructed an algorithm permitting us
to obtain maps of the distribution of the column density
of HL in different velocity channels. Account is taken of
the finite angular resolution of the radio telescope and
of chaotic motions in the interstellar medium. The algo-
rithm developed makes it possible to compare directly
numerical models of the evolution of three-dimensional
shells with radio astronomical observations.

(2) Using scveral supershells in the galaxics M31
and Holl as examples, we have shown the fundamental
importance of allowing for broadening of the HI 21-cm
line due to chaotic motions of the quiescent gas in mod-
cling the observational manifestations of shells (the

presence of closed contours in the distribution of the
column density in velocity channels, “two-humped”
spectral lines).

(3) Analysis of our theoretically calculated projec-
tions of supershells reveals that the center of the
observed hole in the distribution of HI should be shifted
in different velocity channels. This is primarily caused
by the effect of differential rotation of the quiescent
gas, and is more significant for supershells located near
the galactic node line. The total shift in the edge chan-
nels may exceed the size of the hole in these channels,
and may be comparable with the diameter of the hole in
the central channel. In the edge channels, however, the
contrast of the hole drops sharply, making it more diffi-
cult to distinguish the hole against the background of
the surrounding gas.

(4) Our numerical calculations for individual shells
in M31 and Holl show that three of the four criteria
usually applied in the analysis of radio astronomical
data for the selection of regions deficient in HI are well
satisfied by supershells located close to the galactic
node line: these criteria are observation of the hole in
no fewer than three consccutive velocity channels,
immobility of the hole center in each relevant channel,
and sufficiently high contrast for the hole. Their appli-
cability worsens in the transition to polar angles close
to 0 = 90°. Identification of supershells using these cri-
teria in this case becomes significantly more difficult.
The fourth observational criteria (closeness of the
shape of the hole boundary to elliptical) is satisfactorily
fulfilled in all examples considered here.
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