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Abstrakt. Kontext. Hr1 obélky jsou expandujici struktury pozorované v mezihvézdném neutralnim
vodiku. Nejvice jich je zndmo v Mlééné draze; pozoruji se vSak i v jinych galaxiich. Pfestoze byly ob-
jeveny jiz na pocatku druhé poloviny dvacdtého stoleti, jejich vztah k jednotlivym fdzim mezihvézdné
hmoty neni stéle plné pochopen. Cil. U vybranych H1 obéalek identifikovat protéjsky a diskutovat jejich
vzéjemny vztah; zvldsté moznost hvézdné tvorby indukované obdlkami. Metody. (1) Rozbor snimku H1
obdlek v ruznych oborech vlnovych délek. (2) Sdruzeni odpovidajicich si objektu z katalogu H1 obdlek
a z katalogu infracervenych smycek. (3) Hledan{ mladych hvézdnych objektu v blizkosti H1 obdlek po-
moci databiaze SIMBAD. Vysledky. Z 628 katalogizovanych H1 obdlek ma 52 potenciondlni protéjsky
v katalogu infracervenych smycek. Podrobngjs studium dvandcti H1 obédlek ukédzalo, ze (i) emise prachu
v jejich blizkosti je rozlozena velmi podobné jako emise neutrdlntho vodiku, (ii) HII oblasti se vyskytuji
zpravidla mimo H1 obédlky ¢i zdénlivé v jejich sténdch, (iii) molekuldrni vodik se vyskytuje zpravidla ve
fragmentech v okoli H1 obéalek nebo zdanlivé v jejich sténach. Studium také potvrdilo, ze emise horkého
plynu v rentgenovém oboru je zdporné korelovana s emisi prachu a neutralniho vodiku. Interpretace.
Vysledky podporuji teorii hvézdné tvorby spusténé expandujicimi H1 obalkami.
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Abstract. Context. H1 shells are expanding structures observed in the interstellar neutral hydrogen.
They have been found mostly in the Milky Way, but also in several external galaxies. Although they have
been observed since the second half of the twentieth century, their relation to other phases of interstellar
medium is still not fully understood. Aims. For selected HI shells, to identify counterparts and discuss
their mutual relation; especially the possibility of star formation triggered by the shells. Methods. (1)
Analyzing multiwavelength images of H1 shells. (2) Joining the corresponding catalogued H1 shells with
catalogued far-infrared loops. (3) Searching for young stellar objects in the SIMBAD database. Results.
From the 628 catalogued H 1 shells, 52 have a potentional counterpart in the catalogue of far-infrared loops.
Multiwavelength study of twelve selected H1 shells has revealed that (i) the dust emission in their vicinity
is distributed like the neutral hydrogen emission, (ii) H1I regions are generally found outside the H1 shells
or apparently in their walls, (iii) molecular hydrogen is generally found in fragments in the neighbourhood
of H1 shells or apparently in their walls. The study has also verified that the X-ray emission from hot gas
is negatively correlated with the emission from dust. Interpretation. The results support the theory of
star formation triggered by expanding H1 shells.
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Chapter 1

Introduction

The Milky Way is a barred spiral galaxy containing abundance of dust and gas, a prerequi-
site for star formation. But even though the medium is distributed throghout the Galaxy,
star formation takes place only in certain regions—in giant molecular clouds. These clouds
consist of cold and dense molecular hydrogen mixed up with dust. When the density in
such a cloud surpasses a critical value, the cloud begins to collapse and creates a ball of
plasma—a protostar.

But observations show that molecular clouds are in a state of virial equilibrium, indi-
cating that the spontaneous collapse itself would not keep the observed star-forming rate
so high. Therefore some triggering mechanisms are needed. Often considered mechamisms
are shock waves passing through these clouds. The shockwaves are generally driven by
supernova explosions and stellar winds of massive stars, but they can be also created by
collisions of two or more clouds, or by some other violent event appearing in the interstellar
medium.

Triggered star formation on scales up to a few tens of parsecs is observed in variety of
regions—for example in the Orion Molecular Cloud Complex. One of the most challenging
task today is to observe a large-scale propagating star formation.

Candidate objects for regions of large-scale propagating star formation are expanding
shells of neutral hydrogen—H 1 shells—most likely old remnants of former star formation.
They are thought to trigger or at least to support star formation in their vicinity. The
aim of this work is to explore the connection between observed H1 shells in the Milky Way
Galaxy and other constituents of interstellar medium, and to verify the theory they may
support star formation.
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1.1 Observation of Neutral Hydrogen

1.1.1 21 cm Emission Line

Neutral hydrogen emits due to the forbidden transition of the proton-electron spin orienta-
tion. The difference between the higher energy level—parallel spins—and the lower energy
level—antiparallel spins—is 9.4 x 1072 J or equivalently 5.9 x 1076 ¢V. The jump from
the higher energy level to the lower energy level generates a photon with the wavelength
of 21 cm, or equivalently the frequency of 1420 MHz.

Because this transition is forbidden, its probability is very small—only 2.9 x 107 s=1—
with the mean lifetime of about 10 Myr. Thus, for observing the 21 c¢m line, a large amount
of hydrogen atoms is needed. Also, the transition probability can be increased by collisions
of hydrogen atoms. However, as these conditions are met in most parts of the Galaxy, the
emission line is detected in all directions in the sky.

The first observations of the 21 cm line were made by Ewen & Purcell (1951) and by
Muller & Oort| (1951)), who have besides used the measurements to estimate the rotational
velocity of the Galaxy{] Many further studies have used the HT radio emission to explore
the structure of the Galaxy and, probably, many will.

1.1.2 Brightness Temperature and Column Density

Note This section is mainly based on the lecture notes of lde Boer| (2007) and [Palous
(2008).

Planck’s law, describing the spectral radiance—I,—of a black body, is written as a function
of frequency—v—as:
B 2hv? 1

I,
h )
¢ ert —1

(1.1)

where h is the Planck constant, ¢ is the speed of light in vacuum, k& is Boltzmann’s constant
and T is the thermodynamic temperature.
The long-wavelength approximation, called the Rayleigh-Jeans law, has the form:

2 2
I, = Cing. (1.2)

Propagation of radiation through a medium that does not scatter light is described by the
radiative transfer equation:
dl,
dl

=—,1,+¢,, (1.3)

! They have derived the rotational velocity near the Sun of about 270 km/s.
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where [ is the travelling distance of the beam, ¢, is the absorption coefficient and ¢, is the
emission coefficient. Defining the optical depth—r7,—and the source function—S,—as

% /%V 0d, 5, (1.4)

My

[en]

we can express a general solution of the radiative transfer equation in the form
Ty

I, =10 ™+S5, /e_ LdT;, (1.5)
0

where [, is the background emission (coming from extragalactic sources). Assuming that
the source function does not depend on the optical depth—r7,—we get:

I =Ige™+S5,(1—c). (1.6)

Consider now the emission of the Galactic neutral hydrogen at the 21 cm (1420 MHz) line.

Because the background emission is much fainter than the Galactic foreground, we can
neglect the first term—1, o—on the right-hand side of the equation [I.6jg. Then we sub-
stitute the spectral radiance—I,,—and the source function—S,—using the Rayleigh-Jeans

law (equation [1.2{m)):

203 202
Sui= kT, I= g kT, (1.7)

where Tg is the spin temperature of neutral hydrogen and Ty is the brightness temperature
of neutral hydrogen. The spin temperature is connected to the population of two energetic
levels of neutral hydrogen through Maxwell-Boltzmann statistics:

ny g ( hVQlcm)
— =2exp|—— |, 1.8
ny g kTs (18)

where nyy is the density of HI atoms in the higher energy state (parallel spins), n|; is the
density of HT atoms in the lower energy state (antiparallel spins), gy is the degeneracy of
the higher energy state and g|; that of the lower energy state. Note that the dominant
factor for the hyperfine excitation of neutral hydrogen is the pervasive cosmic background
radiation field with a temperature of about 3 K.

After the substitution of equation [1.7jg) in the radiative transfer solution (equation |1.5)g))
and changing frequency for radial velocity—uv—we can write

lo

70(v)
T (v) = / Ts (7 (v))dr (v) = /Tg (v,1) 5 (v, 1) dl. (1.9)

o
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Assuming that

» (v,l) = const. %, (1.10)

where n is the particle density of neutral hydrogen atoms, we can express the brightness

temperature as
lo

Ty (v) = 1.69 /n(v,s) ds. (1.11)

This equation connects the brightness temperature—71g—to the particle density—n—for
an optically thin environment (7 < 1).

The particle column density of neutral hydrogen atoms—N—can be expressed as

400 g

N = +/OON (v) dv = //n(v,l) dl do. (1.12)

Combining the expression for brightness temperature (equation |1.11jg) and the expression
for particle column density (equation [1.12)g,), we can write

+o00
N =1.823-10" /TB (v) dv [em™?] | (1.13)

—0o0

This final equation allows us to determine the particle column density of neutral hydrogen
atoms from measurements of the brightness temperature.

1.1.3 Radial Velocity

The change in frequency and wavelength as perceived by an observer, caused by the radial
velocity of the source, valid for velocities much smaller than the speed of light is described
by the Doppler effect:

Vobe = (1 _ %) Vems  em = <1 — %) Aobe, (1.14)

where v, 18 the observed frequency, Ao is the observed wavelength, v is the radial velocity
of the source, c is the speed of light, vy, is the emission frequency in the rest frame of the
source and Ae, is the emission wavelength in the rest frame of the source. Differentiation
of the formulas gives:

d d
dVobs - __U Vem, d/\obs ~ _U )‘em7 (115)
C C
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what yields that for the 21 cm (1420 MHz) emission line, one velocity channel 1km/s
wide will receive wavelengths from the interval of the width of 703.8 nm, or equivalently
frequencies from the interval of the width of 4.736 kHz.

For example, suppose a broad velocity channel between 200 and 400 km/s. It will receive
frequencies from 1418.511 to 1419.459 MHz, or equivalently wavelengths from 211.2019 to
211.3427 mm.

1.2 Hi1 Shells

1.2.1 Basic Properties of H1 Shells

H1 shellf] are expanding structures observed in the interstellar neutral hydrogen. They
have been found mainly in the Milky Way Galaxy, but also in several nearby galaxies
within 10 Mpc that can be observed in sufficient spatial resolution.

H1 shells in the Milky Way were discovered, for example, by Ehlerova & Palous (2005);
Daigle et al.| (2003)); Heiles (1984}, 1979, 1976)); Hu/ (1981); |[Katgert| (1969); in the Magellanic
Clouds by |Stanimirovic et al. (1999); Thilker et al. (1998), and in other galaxies by [Walter
& Brinks| (1999); [Thilker et al.| (1998)).

Their basic characteristics are:

e central hole—rarified medium—surrounded by a thin dense wall,
e diameter from 10 pc up to more than 1 kpc,

e expansion velocity up to about 40 km/s,

e age of several Myr to several tens of Myr,

e and embedded energy of about 10°° to 10°* erg.

Although the shells have been observed since the second half of the twentieth century,
their relation to other components of matter in galaxies (dust, gas, stars) is still not fully
understood. One of the first observers, Heiles (1979), has noted that “The H1 shells do not
seem to be significantly correlated with any other type of astronomical objects, ...”. This
statement was later confirmed in a more detailed study by [Hu/ (1981)).

Today, the following theories of the origin of HT1 shells are considered: They may have
been created by energy released by

1. stellar winds of OB stars in associations and explosions of corresponding supernovae,
2. infall of high-velocity clouds into the galactic disc, or

3. events that produce gamma-ray bursts.

2The symbol for neutral hydrogen—H 1—is used, traditionally, by astronomers. It symbolizes the lowest
level of “lonization”—mno ionization. Ionized hydrogen is then written as Hi1. Note that chemists would
use H for neutral hydrogen and HT for ionized hydrogen.
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An overview of these theories is presented further in this paper—section .

Another possibility is that they are just random fluctuations in the turbulent interstellar
medium. However, this process is regarded as highly improbable since it is unlikely to
produce a coherent shell expanding with velocities of tens of km/s as a random fluctuation
in turbulent medium.

An open question is what is the impact of expanding H 1 shells on the ambient interstellar
medium. The idea of induced star formation states that H1 shells may trigger formation
of new, often massive, stars. However, it is difficult to prove this theory by observations,
but numerical simulations, like that of |Ehlerova & Palous| (2002), show that H1 shells may
trigger star formation via fragmentation of their borders. Alternatively, the expanding
shells may trigger star formation via the shock wave interacting with a preexisting molecular
cloud. An overview of the impact of shells on their surroundings is presented further in

this paper—section [1.2.4yy).

In this work, I am going to address the following questions:

1. Is it possible, with current instruments and data archives, to find counterparts of H1
shells?

2. If we find some counterparts, what do they indicate about the relation of H1 shells
to other components of interstellar matter (stars and medium)?

3. And, are there any signs of star formation triggered by H1 shells?

1.2.2 Origin of H1 shells
Stellar Winds of OB Stars and Supernovae

Energetic analysis by [Tenorio-Tagle & Bodenheimer| (1988) has shown that the combined
energy of HII regions, stellar winds and supernova remnants from OB associations can be
sufficient to create an expanding shell of size up to 400 pc in radius and with embedded
energy up to 10°2 erg. The statistical analysis by [Ehlerovd & Paloug (1996) has shown
that most observed shells with the radius up to several parsecs are probably old remnants
of OB associations and their supernovae. The analysis has also determined the mean shell
lifetime of 50 Myr. Assuming that OB associations live less than about 10 Myr, H1 shells
as their remnants can archive the history of former star formation in the Galaxy.

A more detailed study of the supershell GS061+00+51 by Ehlerova et al. (2001)) has
supported this theory. The study has revealed that there are small, young shells around
some H1I regions. These minishells represent the very early stage of shell’s evolution.

Supershells with energies in the rage of 10°* to 10°* erg are probably not created only
by these processes, as there is not enough massive stars present in OB associations to
create such a large structure (Tenorio-Tagle & Bodenheimer, |1988]). Thus, several different
sources of energy are most likely acting to build up the largest shells.
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Collisions of High-Velocity Clouds With the Galactic Disc

The infall of a high-velocity cloud into the Galactic disc is a phenomenon in many respects
similar to the fall of a drop of water on the water surface. High-velocity clouds are clumps
of interstellar medium travelling at LSRH velocities more than 100 km/s. When they hit
the Galactic disc, their kinetic energy can be transformed into an expanding shell (like
waves on the water).

High-velocity clouds were observed, for example, by Hulsbosch & Raimond| (1966));
Giovanelli| (1980) and reviewed by Hulsbosch| (1975); |Verschuur, (1975)). Their dimensions
are equal or more than 300 pc in diameter and masses from 10* to 107 M.

Numerical calculations of | Tenorio-Tagle (1980, [1981) have shown that collisions of high-
velocity clouds with the Galactic disc can create expanding structures. An observational
evidence was later given by Heiles (1984). Subsequent hydrodynamical simulations by
Tenorio-Tagle et al.| (1986, |1987) have also shown that the released energy can be rather
large—from 5 x 10°! to 3 x 10°* erg—and that the cloud-Galaxy interaction may be re-
sponsible for some of the most energetic H1 supershells. These supershells would be in all
cases missing some part of the remnant, creating open structures. This could be an useful
characteristic indicating the origin of observed shells.

The final statement of this theory may be that the energy injected per collision of
high-velocity cloud with the Galactic disc can be rather large compared to the total energy
produced by an OB association.

Gamma-Ray Bursts

Gamma-ray bursts are the most intensive events observed in the universe with very short
duration—only about a few seconds. The total energy of an event producing such a burst
is thought to be 10°! erg or more (Frail et al., |2001), depending on the beaming factor.
The first observations of gamma-ray bursts were published by [Klebesadel et al.| (1973).

In the 1990s there were two notable theories about the location of bursts. First—the
Galactic hypothese—has stated that gamma-ray bursts originate in the distant Galactic
corona, containing high-velocity neutron stars that have escaped from the Galaxy. These
neutron stars were thought to produce the observed gamma-ray burst. The Galactic theory
was supported, for example, by Lamb (1995).

Second theory—the extragalactic hypothese—has stated that gamma-ray bursts orig-
inate in cosmological distances. This theory was supported, for example, by Paczynski
(1995)). Further study by Waxman (1997) has also supported this theory. The study
was based upon the observations of gamma-ray bursts afterglows and revealed that bursts
originate in densities typical for galactic interstellar medium (=~ 1 cm™3).

Finally, the extragalactic hypothese was confirmed by observation of the burst GRB
050904 with high redshift published by Haislip et al.| (2006).

The theory that H1 shells may be remnants of gamma-ray bursts explosions were studied

3 LSR = Local Standard of Rest
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by (Efremov et al., 1998} Loeb & Pernal [1998)). It was shown that gamma-ray bursts may
create a supershell with the radius larger than =~ 1 kpc. The total kinetic energy injected
into the surrounding medium was assumed to be more than ~ 10°? erg.

1.2.3 Evolution of H1 Shells

Numerical simulations by [Efremov et al. (1999)) show that not only the total energy in-
jected into the interstellar medium but also the continuity of energy input determine the
sheel radius and expansion velocity. Figure shows results of simulations for shells
expanding in a homogenous medium with density of 1.4 cm™ and with either continuous
or abrupt energy input of 10°2, 10°3 and 10%* erg. The abrupt energy input may represents
a gamma-ray burst event or single supernova explosion, while the continuous energy input
represents the energy released by an OB association.

The most distinct results are that shells driven by an gamma-ray burst event would
reach lower expansion velocities and smaller radii that shells driven by an OB association.
This is a result of processes of energy transformation. Shells with continuous energy input
will finally transform more available energy into their kinetic energy, thus creating a larger
remnants expanding with higher velocities.

This conclusion confirms preceeding hydrodynamical simulations by [Bodenheimer et al.
(1984) that has shown that two spatially close supernovae exploding successively at different
times will create a larger remnant than a single supernova exploding with the combined
energies. This is also a direct consequence of the energy transform efficiency.

Another important factor affecting both the shape of shells and their final evolutionary
phase is their location in the Galaxy. While shells expanding in a homogenous non-
rotating medium remains spherical, real shells expands in the rotating Galaxy with strati-
fied medium.

Simulations by |Ehlerova et al.|(1997) show that a shell expanding in stratified medium in
a differentially rotating galaxy may develope a strongly non-spherical shape. Figure
shows the shape of such a shell for three different half-thickness of the Gaussian disc—>500,
200 and 100 pc—after expanding for a time of 20 Myr. The assumed Gaussian stratification
of the interstellar medium in the direction z, perpendicular to the galactic disc, was:

2
n (z) = ngexp <—Z—2), (1.16)
UZ
where n is the particle density, ng is the particle density in the middle of the galactic disc
and o, is the Gaussian half-thickness of the disc.

These simulations show that shells expanding near the edge of the Galactic disc can
burst and blow out its content. If the shell is large enough with respect to the disc thickness,
it can also create a hole through the disc. Consequences of these phenomena is discussed
in the next section—I.2.4gy—Impact of H1 Shells on The Ambient Interstellar Medium.
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Figure 1.1: Evolution of expanding shells obtained from numerical simulations. The shells
were supplied with the energies of 10°? erg (thin lines), 10°® erg (medium lines) and 10°* erg
(thick lines). Solid lines denote continuous energy input, while dashed lines denote abrupt
energy input. The density of surrounding medium was choosen to be 1.4 cm~3. Left: The
shell radius g, in kpc as a function of time. Right: The shell expansion velocity v, in
km/s as a function of the shell radius. (Efremov et al., 1999, Fig. 1)
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Figure 1.2: Shape of a shell expanding in medium stratified in the direction z (see equation
1.16{) ), perpendicular to the galactic plane, after expanding for a time of 20 Myr. Solid
line is for o, = 500 pc, long-dashed line is for o, = 200 pc and short-dashed line is for
0, = 100 pc. (Ehlerova et al, 1997, Fig. 4d)
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1.2.4 Impact of H1 Shells on the Ambient Interstellar Medium

H 1 shells may be responsible for supplying hot gas into the Galactic halo or even into inter-
galactic space. As most shells are created by OB associations, corresponding supernovae
explosions heat the sparse gas inside them to temperatures o< 10% K, besides they enrich
the gas with heavy elements. A shell expanding near the edge of the Galactic disc may
reach a region of steep pressure gradient which results in breakout of shell’s border allowing
hot gas to escape to the Galactic halo.

The Galactic fountain model by [Shapiro & Field (1976|) states that heated gas in the
halo will later cool down and condensate, resulting in creation of a high-velocity cloud,
falling back to the disc. Thus, HT shells may be respondible not only for replenishment of
the Galactic halo but also for creating high-velocity clouds.

Furthermore, H1 shells play an important role in triggered star formation. The borders

consist of collected interstellar medium ploughed from the central hole, offering a suitable

environment for star formation. As shell expands the mass of medium collected in a thin

surrounding layer increases, which can result in the collapse caused by medium self-gravity.
The Jeans instability in a homogenous medium occurs, when (Bonnor, [1957)

T dp 1/2
L —_ 1.17

where Lj is the characteristic linear dimension of the cloud—Jeans length, G is the New-
tonian constant of gravitation, p is the density of the cloud and p is the pressure. This
condition may be reformulated in the situation of expanding shell which keeps the den-
sity of the collected medium increasing. This process was proposed by [Elmegreen & Ladal
(1977) for expanding H1I regions. An analytical formula for the instability of expanding
layer was derived later by Whitworth et al. (1994) and |[Elmegreen| (1994). The simulations
of expanding H1I regions were performed, for example, by Hosokawa & Inutsuka (2007);
Dale et al.| (2007); Hosokawa & Inutsukaj (2006, 2005).

Studies of the collect and collapse scenario by Whitworth et al.| (1994)); Elmegreen
& Ladal (1977) show that this process can create more massive stars than spontaneous
collapse. As the HII region expands it collects medium in a thin layer between the shock
front and the ionization front. Cores of these fragments then collapse and create massive
protostars of future OB stars. Later, these massive stars create secondary expanding H 11
regions.

Note that the necessary condition for shell to keep the density of the collected medium
increasing is that the density of ambient medium does not decrease too fast—p > const. 7~ 2.

Triggered star formation has been observationally confirmed, for example in recent
papers by [Deharveng et al.| (2007)); Maheswar et al.| (2007); |Zavagno et al.| (2007); Karr &
Martin! (2003)).

Analytical studies and numerical simulations of expanding HT1 shells by [Ehlerova &
Palous| (2002)); Palous & Ehleroval (2002); Ehlerova et al.| (1997) have shown that a large-
scale variant of the collect and collapse process can be applicable to these shells tool. But
there is a lack of observational evidences.
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Figure 1.3: Concept of the closed circle of stellar evolution (“stellar ouroboros”). Note
the position of H1 shells in the lower segment. (Tenorio-Tagle & Bodenheimer, |1988)

Next way for H1 shells to trigger star formation is via their collisions. This interaction
compresses the interstellar medium making a better conditions for gravitational collapse
resulting in faster and more intensive star formation. Because expanding HT shells are
abundant structures in galaxies, their collisions may be common events.

Another possible way for H1 shells to trigger star formation is via compression of some
preexisting molecular cloud. Giant molecular clouds are observed to be in virial equilibrium,
thus some shock wave passing through them may induce their collapse and trigger star
formation—see review by Elmegreen| (1998)).

The role of HT shells in stellar evolution is shown on figure [1.3|g5 by Tenorio-Tagle &
Bodenheimer| (1988).
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1.2.5 Measuring the Properties of H1 Shells

Since HT shells are observed in the line emission of neutral hydrogen in radio domain, the
used unit of intensity is Kelvin. The line spectrum also allows us to measure the Doppler
shifts of the interstellar medium lines (see section ) to get the radial velocity of the
medium.

Hr1 data were traditionally available in the form of velocity spectra for particular di-
rection in the sky. Today, they are available in the form of data cubes, with two spatial
dimension—e.g. the galactic longitude and latitude—and one radial velocity dimension.
If we want to derive some not directly observed properties of the medium, we can use
equations presented in the section . Because the longitude, the latitude and the ra-
dial velocity dimensions are separated into a set of discrete channels—pixels—we need to
change integration for summation in these equations.

Particle Column Density

Let there be an ideal HT1 shell, discovered in the data cube, that has evacuated its interior
completely. Then the particle density in the vicinity of this shell—nj.,—can be derived

as
AN

ocal = ——, 1.18

Mlocal As ( )
where AN is the difference between the particle column density of the central hole and the
ambient medium, As is the characteristic length of the shell. The characteristic length can

be derived from the shell’s angular dimension as

As:2rsh:2\/§:2d\/§, (1.19)
m m

where 1y, is the shell radius, S is the shell area, €2 is the shell angular area and d is the shell
distance. Adjusting the formula [I1.13|g), describing the relation of brightness temperature
with column density, we obtain

k
AN = 1.823 x 10"} " 6Tj; 0, (1.20)

i=1

where N is the column particle density in [cm™], k is the number of consecutive veloc-
ity channels occupied by the shell, 673 is difference between the brightness temperature
of ambient medium and the brightness temperature of the central hole in the i-th ve-
locity channel, measured in [K] and dv is the width of one velocity channel, measured
in [km/s]. This can be also expressed using the temperature averaged over the velocity
interval (spanned by the HI shell):

AN = 1.823 x 10" Av (§T3 (v)), (1.21)
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where 0 (Tg (v)) is difference brightness temperature averaged over the velocity interval
occupied by the shell, Av is the velocity dimension of the shell. Having the brightness
temperature averaged over the velocity channels—(d7p;)—this can be rewritten to

A
AN = 1.823 x 10 5—: (6Ts.) | (1.22)

Combining the equations above, we can express the local particle density as
Av <5TB,1>
vdVTQ’

where, njoea [cm ™3] is the local particle density in the vicinity of the HT shell; Av [km/s]
is the shell extend in the velocity dimension; 6 (Tg;) [K] is the mean difference between
the shell central brightness temperature and the brightness temperature of the ambient
medium, averaged over the velocity channels; d [kpc] is the shell distance and Q [deg?] is
the shell angular dimension.

Nocal = 5.317 x 1072 (1.23)

Energy

The average particle density in the shell position can be inserted into the formula by
Chevalier| (1974)) to estimate the total energy of an expanding H1 shell,

3.12
Etot — 53 x 1043 (nloca1>1'12 rs_h ( ve;tp_1>1'4
erg cm—3 pc km s

where nioear is the local particle density of ambient medium, ry, is the shell radius and vy,
is the shell expansion velocity (half of the shell extent in velocity dimension). Note that this
equation assumes expansion of a spherically symmetric shell into a homogenous medium,
driven by an abrupt energy input. It was originally designed for expanding supernova
remnants, thus the computed value may differ from the real energy of the shell. It should
be interpreted as the energy of an equivalent explosion, that would create a similar shell.

(1.24)

Kinematical Distance

There are two methods of determinig the distances of HT1 shells for which we know their
radial velocities. First, we can compute kinematical distances from formulas describing
global galactic rotation. Second, we can read the distances from a graph of averaged
radial velocities plotted as a function of the distance in a given direction from the Sun.
The graph would be obtained from a large number of observations of different objects
with known distances and radial velocities. Because the first—analytical—way is actually
based on formulas with parameters obtained by fitting of a large number of individual
measurements, more accurate (more direct) is the second method.

To derive kinematical distances of studied HT shells, I have used the graph by
Brand & Blitz| (1993). The graph displays contours of measured radial velocities of a large
number of objects in the neighbourhood of the Sun with known distances.
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Figure 1.4: Contours of the observed radial velocities, projected onto the Galactic plane.
The Sun is located at the position (0, 0); the Galactic center is at (0, —8.5). The heliocentric
distance and the Galactic longitude are marked by points arranged in the concentric circles
with radius steps by 1 kpc and angular steps by 5 deg. (Brand & Blitz, [1993)
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1.2.6 Counterparts of H1 Shells

H1 shells are observed in neutral hydrogen, i.e at the wavelength of 21 cm. The question is
if there can be present some counterparts that we could observed at different wavelength.

Radio—CO Line

Carbon monozide, CO, is the molecule well mixed with cool molecular hydrogen (Hs)
condensed in clouds. Because molecular hydrogen is almost invisible to direct observations,
CO molecule is traditionally used as its traceif!}

Molecular hydrogen is required to form stars, thus its condensations are early signs
of possible future star formation. Following the concept of expanding HT shell collecting
ambient medium in its borders, we may expect to detect clouds of molecular hydrogen
along the borders of older shells.

Infrared—Dust Continuum

Following the overviews of Sauvage| (1997); Boulanger| (1999), dust is abundant in discs of
galaxies. It emits mostly in the infrared domain. While the smallest dust grains—Ilarge
molecules of polycyclic aromatic hydrocarbons (PAHs)—emits nonthermally, emission from
large grains is well descirbed by a single Planck curve with the temperature of 17.5 K. This
temperature denotes how much do we need to cool down out telescopes to distinguish the
dust emission from the emission of telescope itself.

One source of dust heating is the global Galactic radiation field. This heating mecha-
nism produces widespread, faint and diffuse emission. Another source of heating is radia-
tion from star forming regions. This heating mechanism produces more compact, intensive
emission.

Because dust is probably mixed both with molecular hydrogen and atomic hydrogen,
we should observe its emission correlated with both CO line and H1 line. The type of
emission—diffuse or localized—would reveal the heating source, thus it may indicate early
stages of star formation.

The dust emission spectrum from the paper of Boulanger| (1999) is shown on fig-
ure . Note that the emission from large grains is between wavelengths of 100 to
1000 pm.

Optical—Hx Line

Because Hx emission is associated with H1I regions, it can serve as a direct tracer of very
recent or ongoing star formation.

4 CO molecule emits light as a result of rotational transitions. The lowest transition produces the
line centered at the wavelength of 2.6 mm, or equivalently frequency 115 GHz. Though this wavelength is
interacting with the Earth’s atmosphere, especially with water vapor, it is received by high-altitude ground
telescopes, located in dry environment.
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Assuming that the H1 shell has been created by an OB association, we can expect two
types of associated Ho emission. First, diffuse Hx emission apparently filling the shell
interior as a result of the original OB association that has created the H1 shell. Second,
more compact Hx emission from young H 11 regions apparently associated with shell borders
or around the shell as a result of star formation triggered by the shell.

The study of HT shells in the nearby galaxy IC 2574 by |Walter & Brinks (1999) has
shown that H 11 regions tend to be located on the rims of H1 shells—see figure [I.6|gg)—and
in only one case a diffuse Ho emission is observed inside an H1 shell. This study supports
the theory of star formation triggered by HT shells.

X-Ray—Hot Gas Continuum

Soft X-ray diffuse emission—photon energies about 0.25 eV—is associated with thermal
emission of hot gas. This gas has been found either in the Galactic halo or in the Local
Hot Bubbleﬂ(Cox & Reynolds, [1987; [Snowden et al., [1997).

Some H1 shells may contain hot gas, therefore we may expect to observe counterpart
X-ray emission.

5 Local Hot Bubble = a bubble in interstellar medium surrounding the Sun in a radius of about 100 pc.
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Figure 1.5: The dust emission spectrum from the near-infrared to millimeter wavelengths
normalized for a column density of 10?° hydrogen atoms per cm~2. At short wavelengths,
the emission is nonthermal, while at long wavelengths it is well fitted by a single Planck
function with temperature 17.5 K (dotted line). (Image published by Boulanger, 1999 with
using spectra by (Giard et al., |1994} Boulanger et al., 1996b; [Bernard et al., [1994; Boulanger
et al., |1996al.)



CHAPTER 1. INTRODUCTION 19

ssa6— ol Bl R BRG RE R e

DECLINATION

ag sl “Skpo _ Q o
| | | i | Ml i
10 25 30 15 00 2445 30 15
RIGHT ASCENSION

Figure 1.6: Ha emission (gray background) from the dwarf galaxy IC 2574 with overlaid
identified HT shells (ellipses). Note that almost all distinct H11 regions are located on the
rims of H1 shells. (Picture from the paper of Walter & Brinks, 1999, Rectangular areas A,
B, C were studied in a more detail.)
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Searching for Counterparts of H1 Shells

2.1 Data Sources

2.1.1 Radio—Neutral Hydrogen Line

As the basic source of 21 cm radio data, I have used the Leiden/Argentine/Bonn Galactic
Hi Surveyﬂ (Kalberla et al., [2005). See figure .

The survey merges two H1 surveys (Hartmann & Burton, |1997; [Bajaja et al. 2005;
Arnal et al.| 2000) to a full-sky data cube of neutral hydrogen emission in the Milky Way
Galaxy. The data are distributed in FITS files containing spatial maps for each LSR|
radial velocity channel in the range range —450 to +400 km/s. The width of a singe
velocity channel is 1.03 km/s. The maps are in equirectangular projectionﬁ. These radio
data of neutral hydrogen emission provide essential images of HT shells.

The used file is 1ab250h.fitf], containing the subset velocity interval of —250 to
+250 km/s. An overview of the whole sky in neutral hydrogen line is seen on figure [2.1izg).

L Website:  |http://www.astro.uni-bonn.de/~webrai/english /tools_ labsurvey.php; FTP archive:
ftp://cdsarc.u-strasbg.fr/pub/cats/VIIL/76/

2 FITS = Flexible Image Transport Sstem

3 LSR = Local Standard of Rest

4 Equirectangular projection is also called Cartesian projection.

® 1ab250h.fit: ftp://cdsarc.u-strasbg.fr/pub/cats/VIII/76 /lab250h.fit.gz


http://www.astro.uni-bonn.de/~webrai/english/tools_labsurvey.php
ftp://cdsarc.u-strasbg.fr/pub/cats/VIII/76/
ftp://cdsarc.u-strasbg.fr/pub/cats/VIII/76/lab250h.fit.gz
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Figure 2.1: Full-sky image of neutral hydrogen line (21 ¢cm). The intensity is measured in
units of brightness temperature, averaged over all 1.03 km/s wide velocity channels from
the interval £250 km/s. (Leidergentine/Bonn Galactic H1 Survey, Kalberla et al.; 2005)
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Figure 2.2: CO line emission (2.6 mm) near the Galactic disc. (Milky Way in Molecular
Clouds: A New Complete CO Survey, Dame et al., [2001)

2.1.2 Radio—CO Line

As the source of CO line emission (2.6 mm), I have used the Milky Way in Molecular
Clouds: A New Complete CO Surveyﬂ (Dame et al., 2001). This in an composite survey
consisting of 37 parts. It covers the whole Galactic disc and some adjacent regions. Because
this is not a full-sky survey data are available only for some H 1 shells. See an overview on
figure [2.2|z3).

The data are available in FITS files, containing spatial maps integrated over velocity
channels. The projection used is equirectangular with galactic coordinates. Because the
center of the map is shifted slightly from the Galactic center, I have reprojected the image,
so that its center corresponds to the Galactic center. This is more suitable for comparison
with other data.

The used file is Wco_DHT2001 . fits]

6 Website: http://cfa-www.harvard.edu/mmw/Milky WayinMolClouds.html
" Wco_DHT2001.fits: http://cfa-www.harvard.edu/mmw,/Wco_DHT2001.fits.


http://cfa-www.harvard.edu/mmw/MilkyWayinMolClouds.html
http://cfa-www.harvard.edu/mmw/Wco_DHT2001.fits
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2.1.3 Infrared—Dust Continuum

As the source of infrared continuum emission, I have used the IRIS—Improved Repro-
cessing of the IRAS Surveyﬂ (Miville-Deschénes & Lagache, 2005)). The survey provides
reprocessed images taken by the IRAS| satellite in 1983. It is an all-sky survey in four
infrared bands centered at: 12 pm, 25 pm, 60 um and 100 um. While the 12 and 25 pm
bands contain emission from the smallest dust grains—PAH{™—the 60 and 100 pm bands
represent thermal emission from larger grains.

I have used the 100 wm band, because it reveals both bright compact sources and faint
diffuse regions. Besides this band was also used for searching for far-infrared loops (see
section [2.1.7g1)).

The data are available in a set of FITS files, representing individual reprocessed IRAS
plates, with angular dimension about 12.5 x 12.5 deg. The used coordinates are right
ascension and declination in tangent projection. I have reprojected and mosaicked these
plates into the large maps in equirectangular projection with galactic coordinates. See the
figure for an overview of all-sky continuum emission at 100 pwm.

The used file—package containing individual plates—is IRISNOHOLES_B4HO. tar. ng].

8 Website: http://lambda.gsfc.nasa.gov/product /iras/
9 IRAS = InfraRed Astronomical Satellite
10 PAHs = Polycyclic Aromatic Hydrocarbons, the smallest discovered dust grains.
11 TRISNOHOLES_B4HO.tar.gz:
http://www.cita.utoronto.ca/~mamd/IRIS/data/IRISNOHOLES_B4HO0.tar.gz


http://lambda.gsfc.nasa.gov/product/iras/
http://www.cita.utoronto.ca/~mamd/IRIS/data/IRISNOHOLES_B4H0.tar.gz
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Figure 2.3: All-sky continuum dust emission at 100 pm. (IRIS—Improved Reprocessing
of the IRAS Survey, [Miville-Deschénes & Lagache], 2005])
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Figure 2.4: All-sky Ha line emission (656 nm). (H-alpha Full Sky Map, [Finkbeiner; [2003)

2.1.4 Optical—Hx Line

As the source of Ha line emission (656 nm), I have used the H-alpha Full Sky MapH
(Finkbeiner| [2003). This map is assembled from the following three surveys, together
covering the full-sky: The Wisconsin Hx Mapper Northern Sky SurveyF_g](Haffner et al.,
2003)), The Southern H-Alpha Sky Survey AtlasEf](Gaustad et al., 2001) and The Virginia
Tech Spectral-Line Survey™ The data are available in FITS file. They are represented in
equirectangular galactic projection, so no reprojection was needed. See figure for
an overview.

The used file is Halpha_map. fitsIT_GI.

12 Website: http://www.astro.princeton.edu/~dfink /halpha,/

13 WHAM website: http://www.astro.wisc.edu/wham/; The Wisconsin H-Alpha Mapper is funded by
the National Science Foundation.

14 http: / /amundsen.swarthmore.edu/SHASSA /; The Southern H-Alpha Sky Survey Atlas is supported
by the National Science Foundation.

15 http:/ /www.phys.vt.edu/~halpha/; The Virginia Tech Spectral-Line Survey is supported by the Na-
tional Science Foundation

16 Halpha_map.fits:
http://www.astro.princeton.edu/~dfink /halpha/data/v1_1/maps/Halpha_map.fits


http://www.astro.princeton.edu/~dfink/halpha/
http://www.astro.wisc.edu/wham/
http://amundsen.swarthmore.edu/SHASSA/
http://www.phys.vt.edu/~halpha/
http://www.astro.princeton.edu/~dfink/halpha/data/v1_1/maps/Halpha_map.fits
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2.1.5 X-Ray—Hot Gas Continuum

As the source of X-ray emission, I have used The ROSATX-Ray All-Sky Survey. The survey
is based on the data taken by the German satellite ROSAT["| which was operating between
the years 1990 and 1999. Its instruments were sensitive to X-ray radiation in the energy
range 0.1-2 keV and extreme ultraviolet radiation in the energy range 0.042-0.21 keV.

I have used the second band, R2, from the data release 12’ Maps of the Soft X-ray
Diffuse Background(Snowden et al., [1997). It covers energies between 0.14 and 0.284 keV
in soft X-ray domain and belongs to the thermal emission of hot gas with temperatures of a
few MK. This band is further referred as 0.25 keV band. See figure for an overview.

For each band, data are available in six FITS files, covering the whole sky. The projec-
tion used is Zenithal Equal Area in galactic coordinates. I have reprojected and mosaicked
the individual maps into a single all-sky map. See an overview on figure |2.5|gg).

The used files are: gOOOm90r2b120pm.fits@, gOOOpOOr2b120pm.fits[:g],
g000p90r2b120pm. £its?, g090p00r2b120pm. fits?l g180p00r2b120pm. fits?]
g270p00r2b120pm. fits|

Note The FITS files from the data release “12’ Maps of the Soft X-ray Diffuse Back-
ground” by [Snowden et al.| (1997)) contain wrong astrometric records in their headers. See

appendix for details.

17 ROSAT = Rontgensatellit; Website: http://www.xray.mpe.mpg.de/cgi-bin /rosat /rosat-survey
18 ¢000m90r2b120pm. fits:
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g000p90r2b120pm.fits
¥ 2000p00r2b120pm. fits:
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g000p00r2b120pm.fits
2V g000p90r2b120pm.fits:
http://www.xray.mpe.mpg.de,/rosat/survey/sxrb/12/g000m90r2b120pm.fits
41 ¢090p00r2b120pm. fits:
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g090p00r2b120pm.fits
44 £180p00r2b120pm.fits:
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g180p00r2b120pm.fits
43 g270p00r2b120pm.fits:
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g270p00r2b120pm.fits


http://www.xray.mpe.mpg.de/cgi-bin/rosat/rosat-survey
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g000p90r2b120pm.fits
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g000p00r2b120pm.fits
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g000m90r2b120pm.fits
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g090p00r2b120pm.fits
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g180p00r2b120pm.fits
http://www.xray.mpe.mpg.de/rosat/survey/sxrb/12/g270p00r2b120pm.fits
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Figure 2.5: Soft X-ray continuum (0.25 keV) revealing hot gas in Galactic halo. (The
ROSAT X-Ray All-Sky Survey, Snowden et al., [1997)




CHAPTER 2. SEARCHING FOR COUNTERPARTS OF HI SHELLS 29

2.1.6 Catalogue of H1 Shells

The essential source of data for this work is
the catalogue of H1 shells in the Milky Way

Galaxy, presented by [Ehlerova & Palous 3 % PR
(2005). For an overview, see the figure E e ':'...:" _
2.6gg). The catalogue is based on the =2 g
Leiden-Dwingeloo H1 survey@ (Hartmann o

& Burtonl 1997)), made between years 1989 (_%

and 1993 with the Dwingeloo 25 m tele- © g,

scope in the Netherlands. The H1 data were 180 90 0 270 180

searched for expanding H1 shell by a com- Galactic longitude [deg]

puter program. There are 628 expanding
Hr1 shell found in the Milky Way Galaxy,
distributed acros the sky, with a gap around
longitude 300 deg. Because at that time ho-
mogenous H 1 data were available only for northern sky, the gap in the catalogue is present.

The used file is ‘tablel.dat@ containing the whole catalogue in ASCII@ format. The
H1 shells are displayed on figure . A simplified plot containing only shell’s positions

is on figure [2.6|gg).

Figure 2.6: Positions of all H1 shells from
the catalogue |[Ehlerova & Palous (2005).

24 Note that the Leiden-Dwindeloo survey is part of the Leidergentine/Bonn Galactic H1 Survey (section
2-1.1jpm))-
tablel.dat: ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/437/101/tablel.dat
26 ASCII = American Standard Code for Information Interchange


ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/437/101/table1.dat
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Figure 2.7: H1 shells from the catalogue of |[Ehlerova & Palous (2005).
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2.1.7 Catalogue of Far-Infrared Loops

Far-infrared loops are structures very simi-
lar to Hr shells. The catalogue is based on

IRAS all-sky far-infrared data—hence the 3 % TSR R :

name—of dust emission at 100 and 60 pm. 5 45 " i e LT

The loops were searched for by eye in the ;‘é 0 kgt o

ISSA plates—data release of IRAS. The S . B

catalogue contains 462 far-infrared loops (_% 450 . o ..
identified in the Milky Way Galaxy. Dis- ©

tance estimates based on associated objects 180 90 0 270 180

are given for 73 loop. Galactic longitude [deg]

The all-sky catalogue of far-infrared
loops is available in two consecutive data
releases: [Kiss et al| (2004)F7] and [Kényves
et al. (2007)%]

The used files are

Figure 2.8: Positions of far-infrared loops
from the catalogue (Kiss et al., 2004; Konyves
et al., 2007).

o Kiss et al.| (2004):
‘tablea.dat P’} —positions, shapes
‘table2n.dat P9 distances

e Konyves et al.| (2007):
‘appenb.dat '} —positions, shapes
‘appenc.dat 2} —distances

For an overview of the catalogue projected to the equirectangular galactic coordinates see
figure [2.9|z —ellipses—or figure [2.8|gy—only positions.

Note There is a bug in data description in the file ReadMe by Konyves et al. (2007):
The position angle of the ellipse is defined here as ...relative to the Galactic lon-
gitude main circles, from E to N. But—following the original images of recognized
far-infrared loops available online at http://kisag.konkoly.hu/CFIRLG/—the position an-
gle is from N to E. (Assuming that the galactic longitude is increasing eastwards.) This bug
is manifested also in the paper (Konyves et al., 2007, fig. 1). For the correct visualization,

see figure [2.9z7).

2T FTP access: ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/418/131
28 FTP access: ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/463/1227


ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/463/1227/ReadMe
http://kisag.konkoly.hu/CFIRLG/
ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/418/131
ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/463/1227
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Galactic latitude [deg]

180 90 0 270 180
Galactic longitude [deqg]

Figure 2.9: Far-infrared loops from the catalogue of Kiss et al.| (2004)); [Kényves et al.
(2007).
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2.2 Counterpart Far-Infrared Loops

Because dust is well mixed with both neutral and molecular hydrogen some far-infrared
loops should be associated with H 1 shellls.

Besides the general correlation between dust and gas, there are two additional possible
physical connections of H1 shells and far-infrared loops:

e Through the first generation of stars: A far-infrared loop is in this case dust collected
and heated by the original OB association, that have also created the H1 shell.

e Through the second generation of stars: In this case, triggers formation of new stars.
These young stars heat up the ambient dust and the dust emits infrared radiation.
Because the second generation of stars is arranged in the area formed out of the
original shell, we would observe the dust as a far-infrared loop. Therefore far-infrared
loops may serve as indicators of early stages of star formation.

In the first case, IR dust emission would be faint, diffuse and rather uniform, while in the
second case, emission would be stronger with hot spots and point-like sources of emission
excesses.

The global layout of H1 shells and IR loops (figure [2.10jgs) and ) shows significant
differences between the two sets: H1 shells are concentrated towards the galactic disc, while
IR loops cover the sky quite uniformly. Far-infrared loops are much more local compared to
H 1 shells, which is due to the dust extinction preventing us to see the distant infrared dust.
On the other hand, in H1 radio emission we can detect even very distant H1 structures at
the opposite parts of the Milky Way Galaxy. Therefore in order to search for counterparts,
only those HT shells should be taken into account that are close enough to observe their
corresponding infrared emission.

The process of searching for counterparts was divided into the following consecutive steps:

1. automatic searching by the findcan program,
2. manual checking the list of H1 shells—IR loop pairs.

The program findcan—written in the C programming language—outputs a list of pairs
of Hr shellls and IR loops that are apparently associated. The input is the list of H1
shells, the list of IR loops and three threshold parameters—thres_dist, thres_area_ratio
and thres_hi_dist_cut.

thres_dist is the H1 shell-IR loop center-to-center relative distance threshold. To be-
come a candidate pair for counterparts, the angular distance between the H1 shell and the
IR loop have to be less than or equal to the thres_dist value. The angular distance on the
celestial sphere is computed using the haversine formula (equation )

thres_area_ratio is the area ratio threshold. The ratio of the angular areas of corre-
sponding HT shells and IR loops have to be in the interval from thres_area_ratio™! to
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thres_area_ratio. The angular area is computed on the celestial sphere—for IR loops di-
rectly as the area of an ellipse (area = wab)—for H1 shells using reprojection from equirect-
angular coordinates onto the sphere and then by numerical integration.

thres_hi_dist_cut is the distance threshold in kpc for the HT1 shells. Only the shells
with kinematical distances less than or equal to the thres_dist are taken into account. The
purpose of this criterion is to throw away these H1 shells that are too far away to observe
a corresponding IR loop. The kinematical distance is computed from equation ,
using the rotational velocity of 220 km/s and the galactocentric distance of 8.5 kpc (IAU
recommended values). When the kinematical distance of a sheel can not be determined—
see further text—the shell is not thrown away.

The threshold parameters used for the search are in table .

The candidate pairs for counterparts are shown in figure [2.12{g7 and overviewed in
table . The pairs selected for multiwavelength study are shown in figure [2.13|z7).

On kinematical distances When using the equation to determine the kinematical
distance, we need to know the rotational velocity—#y,—and the galactocentric distance of
the Sun—Ry. I have used the canonical values of IAU (R = 8.5 kpc, 6y = 220 km/s), but
measurements show that the real values may be significantly different, for example:

e Ry =7.940.8 kpc, 0y = 200 £+ 10 km/s (Merrifield, |1992));

e Ry =7.6640.32 kpc, Oy = 237 £ 12 km/s (Metzger et al., [1998);
e Ry =7.94 4 0.42 kpc (Eisenhauer et al., 2003));

e Ry =7.62 4 0.32 kpc (Eisenhauer et al., 2005)).

An interesting determination of the galactocentric distance was done by [Reid| (1993))
who had used several at that time publicated values to estimate the most likely one:
Rg = 8.0 0.5 kpc.

Kinematical distances of H1 shells located in the I. and IV. Galactic quadrant have
ambiguous solutions. This is a consequence of the symmetry with respect to the sub-
central pointlﬂ Ambiguity is reflected by the plus-minus sign in the equation .
Moreover there are HI shells manifesting peculiar radial velocities with respect to the
ideal—cylindrical—rotation of the Galaxy. For these shells kinematical distances are not
derived.

33 subcentral, or tangent point = the closest point to the Galactic center for a given direction
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Table 2.1: Settings of the threshold parameters in the findcan program.

Parameter Value
thres_dist 0.5%2/3
thres_area_ratio 3.0
thres_hi_dist_cut 3.5

90

N
o

Galactic latitude [deg]
o

45

180 90 0 270 180
Galactic longitude [deq]

Figure 2.10: Hr1 shells from the catalogue |[Ehlerova & Paloug| (2005) (red ellipses) versus
far-IR loops from the catalogue [Kiss et al.| (2004)); Konyves et al| (2007) (blue ellipses).
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Galactic latitude [deg]

0 270 180

Galactic longitude [deqg]

Figure 2.11: H1 shells from the catalogue

Ehlerova & Paloug (2005) (red points) versus

far-IR loops from the catalogue |Kiss et al.

(2004); [Kényves et al| (2007) (blue points).

Note the different distribution of loops and

shells with respect to the Galactic disc. The

gap in the catalogue of H1 shells between the longitude 0 and 270 deg is a result of using a

non—full-sky data to build the catalogue up.
Loops—for further discussion.

See section [2.2jgz)—Counterpart Far-Infrared
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Figure 2.12: The pairs of HT1 shells (red ellipses) and far-infrared loops (blue ellipses),
candidates for counterparts.
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Figure 2.13: The pairs of H1 shells (red ellipses) and far-infrared loops (blue ellipses) that
were selected for multiwavelength study. The labels with arrows belong to the H1 shells.
The pairs were selected to cover various positions in the sky.
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Table 2.2: Candidate pairs of H1 shells-IR loops for counterparts. H1 shells selected for
multiwavelength study (section ) are in boldface. dia! is the shell kinematical dis-
tance derived by findcan progam analytically. Note that for some shells it was not possible
to determine their kinematical distances. For shells having a counterpart far-infrared loop
with known distance —dz— the kinematical distance—d& ™" was also determined from

the graph [1.4|g5). See discussion in section [2.2gg) for more details.

H1 shell ol A5 IR loop dir
[kpc] [kpc] [kpc]
IGS016-094-011| 15.12 | 1.40 GIRL G016-08
GS028+64-004 36.58 GIRL G032+64
GS036-054-015 12.73 | 1.17 GIRL G035-05
GS054+144018  8.73 | 1.56 GIRL G053+13
(GS062-42+004]  9.85 | 0.71 GIRL G062-40
GS064+16+013 629 | 1.50 GIRL G064+13
GS073-014-007 3.88 | 1.15 GIRL G073-00
IGS074-52-004) 8.91 GIRL G074-51
GS075-17+013 2.38 1.0 25 | GIRL G075-15  0.335
IGS075-09-005 5.12 <0.2 | 4.8 | GIRL G074-08  0.770
GS077-054015 1.89 GIRL G076-06
GS092-014016 GIRL G092-02
GS096-024-000 GIRL G096-03
IGS097-03-029| 3.97 GIRL G096-03
GS098+25-+004 GIRL G098+22
GS100-13-038 4.73 GIRL G098-12
GS102-09-069 7.71 GIRL G101-08
GS103+04+-001 GIRL G102+06 0.620
GS107+15-000 0.03 GIRL G107+15
GS116+13-114 16.05 GIRL G116+10
IGS116+02-+006| GIRL G117+00 2.500
GS119+05-074 7.57 GIRL G118+05
GS124-27-031 3.37 GIRL G126-29
GS125+23-016 1.59 GIRL G123+22
GS126-04-076 8.23 GIRL G128-03
GS131-12-002 0.20 GIRL G132-12
GS132-19-051 5.56 GIRL G137-19
IGS133-66-013| 7.24 GIRL G132-66
GS133-314-008 GIRL G134-27
IGS134-01-028| 2.42 1.5 GIRL G133400 2.400
GS135-54-005 1.15 GIRL G134-53
GS138-09-003 0.21 GIRL G135-08
(continuing on the next page)
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Table 2.2: (continued)

H1 shell ol A5 IR loop dir
[kpc] kpc] [kpc]
GS138+20-006 0.54 GIRL G141+18
GS144+07-020 1.84 1.5 GIRL G143+07 0.900
GS150+15-003 0.27 GIRL G148+14
GS151+30-007 0.86 GIRL G152+30
GS160-38-002 0.44 GIRL G157-39
GS162-01-002 0.30 GIRL G164-02
GS164-314+011 GIRL G164-29
GS175+00+-016 GIRL G175400
GS176-29+016 GIRL G175-30
GS183+03+008 14.69 GIRL G183+03
GS192+08+-008 1.73 GIRL G193+07
GS193+17-008 GIRL G193+17
GS197-11-000 <02 | GIRL G195-11  0.400
GS202+19-019 GIRL G203+18 0.405
GS206-17+013 1.57 2.0 GIRL G206-17  0.305
GS218-05+031 3.06 GIRL G218-05
GS231-154047 4.69 GIRL G231-15
IGS231+38-+003] 0.36 GIRL G231+37
GS293+35+001 8.44 GIRL G295+31
GS323+34-021 2.24 | 14.20 1.5 GIRL G318+32 0.630
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2.3 Multiwavelength Study of Selected H1 Shells

From the list of H1 shell—far-infrared loop pairs of possibly associated counterparts (ta-
ble [2.2|gg) and figure [2.12]g7)), I have selected twelve H1 shells for multiwavelength study
(figure 2.13|.). These shells were selected from different parts of the sky in order to ex-
plore various conditions for the evolution of shells, especially the density and homogeneity
of the ambient medium. They also represent all basic types of shells:

e fully enclosed/open,

e with homogenous border/inhomogenous border,
e close to elliptical shape/more deformed,

e with slow/fast expansion,

e with faint/distinct border.

I have preferentially chosen smaller shells because they are more appropriate for detailed
study and for searching for their counterparts. The disadvantage of this selection is that
they make a bad statistical sample.

Note that all these shells are assumed to be closer than the distance limit defined in
the findcan program—thres_hi_dist_cut parameter. Note also that kinematically derived
distances are vague and it is, generally, not a good practice to compare them to other
distances without further analysis or discussion.

The images of H1 shells are extracted from the large data cube of HT line emission—
see section . Because the expanding H 1 shells span three dimensions in this data
cube—the longitude, the latitude and the radial velocity—I have prepared their images
by averaging the HT emission over several velocity channels centered at the mean radial
velocity of particular shells. This practice should highlight the shells and the medium in
their vicinity. The interval of velocity channels for averaging was chosen to represent half
of the shell’s span in the velocity dimension.

For each studied shell, I have prepared multiwavelength images of its vicinity, repre-
senting different phases of interstellar medium—see section for an overview. The
images are cut from all-sky maps of

e far-infrared continuum emission at 100 pm,

e optical Hx line emisson at 656 nm,

e X-ray continuum emission at 0.25 keV;
and partial-sky maps of

e CO line emission at 2.6 mm.

See section [2.1jg7) for desciption of data sources.
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If there were any signs of correlation between H 1 emission and the corresponding image
at a different wavelength, I have also prepared composite images of contours overlaid on
the H1 data. The contours are smoothed to adjust for the lower resolution of H1 images.

I have also searched the SIMBAD databasd®]| for young stellar objects identified in the
direction of studied H1shells. These objects could provide valuable kinematical information
and, of course, they are a clear sign of ongoing or recent star formation.

Note that images are in galactic coordinates, with the latitude increasing northwards
and the longitude increasing eastwards. This implies that when using some standard
projection—galactic cartesianf’|in this case—and standard orientation—galactic north pole
up, the east is on the left side of images, while the west is on the right side.

In the analysis of HT shells, I am using the following expressions to describe the nature of
their counterparts in this meaning:

diffuse for faint sources covering larger areas, especially for faint dust and Ho emission;
compact for smaller, stronger sources, especially for compact H 11 regions;

fragment for small fragments of medium, especially molecular clouds and small dust
clouds;

filament for filamentary structures, built up from several fragments;

condensation for larger, denser and brighter sources.

The angular area of HT shells is provided as a byproduct of the findcan program. The ex-
pansion velocity—vexp,—1is simply half the shell extent in velocity dimension; the distance—
d—is determined from the graph [1.4|g), see section for the discussion on distances;
the shell radius—rg,—is equivalent to the shell characteristic length (equation );
the local particle density—njoca—is obtained from the equation [I.23|z); and the shell
embedded energy—Fi,—is obtained from Chevalier’s formula (equation |1.24jmg)).

To determine the mean difference brightness temperature used in the equation for local
particle density, I have used the following method: For each studied shell, I have mea-
sured the brightness temperature in the central hole, then in four points outside the shell
(northwards, southeards, eastwards and westwards). (Tp;) is then defined as

W+ T+ 15+ T,
(Tps) = — * 21_ R Thole; (2.1)

where T} 4 are temperatures outside the shell, T} is the temperature in the centeral hole.
The four reference surrounding points should represent the ambient medium, therefore they
have been located off the bright pixels showing only local excess in emission.

Basic properties of the studied H1 shells are summarized in table .

34 The SIMBAD database provides basic astronomical data for objects outside the solar system. See
the website http://simbad.u-strasbg.fr.
35 galactic cartesian projection = equirectangular projection with galactic coordinates


http://simbad.u-strasbg.fr
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2.3.1 GS016-09+011

This HT shell is an example of low-latitude
H1 line (21 cm) shells, with a hole in its center fully enclosed
: by a dense wall—see figure [2.14)g5. The
shell angular area is 11.6°%, the kinemati-
cal distance is 1 kpc, the radius is 33.6 pc,
the local particle density is 0.35 cm™2 and
the expansion velocity is 4.1 km/s. The es-
timated embedded energy is relatively low,
only about 6.89 x 10*8 erg.
The southeastern shell wall is slightly
fainter than other parts, which indicates

that a break out may evolve here in the fu-

24,000 22,000 20.000 18.000 16.000 14.000 12,000 10.000 ture.
Galactic longitude [deg]

Galactic latitude [deg]

20 25 an 35 40 45 a0

Counterpart infrared emission (figure
and [2.16@ag@g)) The counterpart
Figure 2.14: (GS016-09+011. Neutral hy- IR emission reveals a broken, slightly frag-
drogen emission with the identified expanding mented dust wall in the southwesternf? di-
shell (green dashed ellipse). rection and a hole in the center.

Counterpart Hx emission  (figure h

and [2.16p@s)) The counterpart Hoe emis-
sion around the central hole is diffuse with

a topology similar to the topology of dust. The border is apparently open in the south-
western direction from the center too.

Counterpart X-ray emission X-rays show faint increase of intensity in the central part
of the shell, that does not differ significantly from the surroundings.

Summary Both infrared and Hx emission show central hole apparently associated with
the H1 hole. No distinct features in X-rays possibly associated with the shell are present.
No catalogued young stellar objects in the direction of the shell were found. Radio data of
the CO line are not available.

With the kinematical distance of 1 kpc and the galactic latitude of —9.1°, the shell is
expanding inside the Galactic disc. While the H 1 emission shows fully enclosed homogenous
border, infrared and Hoa emission show an open border. Considering the low latitude—
where the medium is abundant and rich in features—we are probably observing overlapping
structures. The larger structure surrouding the central hole with an open border may

36Note again that the galactic longitude is measured eastwards, what means that—assuming the standard
orientation of image—east is on the left while west is on the right side of the image!
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not be associated with the H1 shell, while the smaller and fainter structure consisting of
fragmented dust aroung the hole may be associated with the shell.
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(a) IR continuum (100 pm) (b) He line (656 nm)
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Figure 2.15: GS016-09+011. Multiwavelength images of the vicinity of the H1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: H1 line (21 cm)
contours: IR continuum (100 pm) contours: Ha line (656 nm)
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Figure 2.16: GS016-09+011. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified H1 shell (green dashed ellipse).
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2.3.2 GS062-424-004

This shell is an example of mid-latitude

Hr line (21 cm) shells with strongly nonuniform borders—
see figure [2.17|z5. There are two dis-
tinct bright areas—larger in the eastern
border and smaller in the western border.
The excess in H1 emission may be the re-
sult of several nearby expanding shells that
have caused the medium to collect in these
areas—see the holes around. The collec-
tion process and collisions of several shock
fronts of expanding shells would also make
the H1 transition probability higher, result-

" 75000 70000 65000 60.000 55000 50000  ing in increased emission.

Galactic longltud [deg] The expansion velocity of the shell is

oo e m 8.8 km/s, the angular area is 44.7°%. Its
kinematical distance is ambiguous: either

Figure 2.17: G8062—42+004 Neutral hy_ 0.4 kpC or4.5 kpC, which results in ambigu—

drogen emission with the identified expanding ©"8 §hell radius 26.3 or 296.2 pc, particle
shell (green dashed ellipse). density 1.60 or 0.14 cm— and embedded en-

ergy 5.07 x 10 or 6.41 x 10°! erg. If the
shell is closer (0.4 kpc) it would be expand-
ing in the southern part of the Galactic disc. If the shell is farther (4.5 kpc) it would be
expanding below the Galactic disc.

Galactic latitude [deg]

Counterpart infrared emission (figure|2.18apg) and [2.19a@g)) The counterpart infrared
emission (figure 2.18agg)) shows structure very similar with the H1 line emission: a hole

inside bordered by two clouds of condensed medium. There are also smaller fragments
found along the shell border, especially along the southern part.

Counterpart Ho emission  (figure [2.18bg) and 2.19bg)) Ha emission reveals one dis-

tinct H1I region in the southeast border indicating advanced star formation, but no cat-
alogued young stellar object is here. Note that the Hx hot spot in the southwest part of
the shell’s interior is, probably, an observation artefact.

Counterpart X-ray emission (figure and @)) Diffuse X-ray emission ob-
viously correlates negatively with both HT line (figure @)) and infrared emission.
The most intensive is in directions where no dust or neutral gas is observed, especially in
the nearby area beyond the western dust-gas condensation.

Summary The X-ray emission is apparently filling the shell interior. This is probably an
example of the shadowing effect. Assuming the shell is close (0.4 kpc), it would represent
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a foreground object with respect to the Galactic halo. Then it will result in the observed
correlation between the soft X-ray diffuse background and the emission of dust and gas,
because the dust and gas would absorb incoming X-rays. Note that not only the shell itself
but also the medium in its vicinity is shadowing.

The only observed Ha structure is a compact region with no obvious counterparts in
other multiwavelength images. No young stellar objects were found in SIMBAD and CO
radio data are not available for this region.
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(a) IR continuum (100 pm) (b) Ho line (656 nm)
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Figure 2.18: GS062-42+004. Multiwavelength images of the vicinity of the H1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.19: GS062-42+004. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified H1 shell (green dashed ellipse).
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2.3.3 GS074-52-004

This shell is another example of mid-
H1 line (21 cm) latitude shells with open borders. H1 emis-
sion reveals a gap in the southeastward
direction (figure [2.20|5g)), a possible way
for its content to escape. The expansion
velocity of the shell is 7.4 km/s, angular
area is about 6.8°2, and the ambiguous
kinematical distance is either < 0.1 kpc or
3.0 kpc. It the latter case—distance of
3.0 kpc—the shell would be expanding be-
low the Galactic disc in a medium with
the density of about 0.34 cm™2. The shell

Galactic latitude [deg]

$2.000 80.000 78.000 76.000 74.000 72.000 70.000 68.000 diameter would be 77.1 pc and the en-
Galactic longitude [deg] 50
S - ergy 1.93 x 10 erg. In the former case—
" " * K] " ® “ distance of < 0.1 kpc—the shell would be
K

located inside the Galactic disc, near the

Figure 2.20: GS07/-52-004. Neutral hydro- Solar system and may be in touch with the

gen emission with the identified expanding chal HOt. Bubble. The d.ensity of the am-
shell (green dashed ellipse). bient medium was determinend to be about

10.16 cm ™3, the diameter of 2.6 pc and the
energy of 2.15 x 10%7 erg.

Counterpart infrared emission (figure [2.21]agEy and [2.22pagz) Counterpart infrared
emission shows nearly the same topology as HT emission and reveals fragments of vari-

ous sizes aroung the central hole.

Counterpart Hx emission (figure [2.21b gy and [2.22bgg)) There is one compact Hir
region inside the shell, shifted slightly in the northeastward direction from the center. Also

several other, small H1I regions are observed eastwards from the shell. Large region with
diffuse Ha emission is apparently touching the eastern border of the shell.

Counterpart X-ray emission (figure [2.21cgy) [2-22c@g) There is a well distinguished
structure in the X-ray emission negatively correlating with dust and gas emission. This is
probably another example of the shadowing effect caused by absorption of the soft X-ray
diffuse radiation in the foreground medium.

Summary There is a distinct correlation between the soft X-ray diffuse background emis-
sion and the emission of dust and gas. The Hx emission seems not to be correlated neither
with neutral hydrogen or dust. No SIMBAD young stellar objects are present in the direc-
tion of the shell. CO radio emission is not available for this region.
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(a) IR continuum (100 pm) (b) Ho line (656 nm)
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Figure 2.21: GS074-52-004. Multiwavelength images of the vicinity of the Hr1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm)
contours: IR continuum (100 pm)
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Figure 2.22: GS074-52-004. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified HT shell (green dashed ellipse).
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2.3.4 GSO075-09-005

This shell is one of the smallest shells from

the catalogue, having an angular area of HT1 line (21 cm)
only about 2.9°2. Its expansion velocity
is 9.3 km/s and its ambiguous kinematical
distance is either < 0.2 kpc or 4.9 kpc. In
the former case—distance of < 0.2 kpc—
the shell would be located in the Galac-
tic disc, in a medium with density of
6.02 cm™3. Its radius would be 3.4 pc and
embedded energy about 3.91 x 107 erg. In
the latter case—distance of 4.9 kpc—the
shell would be located at the edge of the ,
Galactic diSC, in a medium with density of 82.000 80.000 78.000 76.000 74.000 72.000 70.000 68.0
0.25 cm 3. Its radius would be 82.3 pc and —Gahctlc tongtude [desl ‘
embedded enegy about 2.34 x 10% erg. " » e ooomom s »

The shell is located in the direction of [K]

the Cygnus Loop, a supernova remnant. Rjoure 2.23: GS075-09-005. Neutral hydro-

The distance to the Cygnus Loops was de-  gon emission with the identified expanding
termined by Minkowski| (1958) to be about g e (green dashed ellipse).

770 pc, but latter studies have revealed that
the remnant is closer. Blair et al.| (1999) de-
termined the distance to be 4407150 pe.

Galactic latitude [deg]

Counterpart infrared emission (figure [2.24aFs) and [2.25aFg)) [nfrared emission of the
region shows long filament of dust located along the eastern border. Western part is open.

Counterpart Hx emission (figure b Es) and b)) Ho emission reveals the shape
of the Cygnus Loop. The loop is open in the soutwestward direction and the H1 shell is

located on its eastern part. Note that Hx emission of the eastern part of the Cygnus Loop
is available only in lower spatial resolution.

Counterpart X-ray emission (figure and @6)) X-ray emission shows clearly
the shape of the Cygnus Loop and reveals significantly stronger intensity from the eastern

part, where the HT1 shell is apparently located.

Counterpart CO emission (figure|2.24d@s)) Counterpart CO emission shows no correla-
tion with the H1 shell. No molecular clouds are found near the eastern part of the Cygnus
Loop. The dark spherical hole in the center of the shell is probably an observational
artifact.
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Summary This shell is probably connected to the Cygnus Loop, a supernova remnant,
observed in both Hx and X-ray emission. Infrared emission shows only a partial arc. CO
emission shows no distinct features near the shell. No catalogued young stellar objects
have been found in SIMBAD.
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Figure 2.24: GS075-09-005. Multiwavelength images of the vicinity of the Hr1 shell.

(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.25: GS075-09-005. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified HT shell (green dashed ellipse).
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2.3.5 GS097-03-029

This H1 shell (figure[2.26{g7)) is an example
of shells with highly elongated shape. It is

located in the southern part of the Galactic
disc, expanding with a velocity of 13 km/s.
Its angluar area is 9.4°? and the correspond-
ing kinematical distance is about 2.1 kpc.
The shell radius is 63.4 pc, the density of
ambient medium is about 1.80 cm™ and
the total embedded energy 1.54 x 10°! erg.

The shell is elongated in the longitudi-
nal direction with the central hole shifted
westwards from the center. In the north,
the shell is bordered by a condensation of
neutral medium.

Hr line (21 cm)

CCLrT

‘.--- I....’
¢ (]
5 .

', +
ol T —

Galactic latitude [deg]

104.000

100.000 96.000 92.000

Galactic longitude [deg]

10 20 30 40 50 B0

K]

Counterpart infrared emission (figure

2.27aEg) and [2.28apg)) The infrared emis-

sion shows no obvious counterpart struc-
ture, but there are several dust fragments

Figure 2.26: GS097-03-029. Neutral hydro-
gen emission with the identified expanding
shell (green dashed ellipse).

located in the northern and western border
and a faint hole inside the shell with a shape
similar to that of the H1 shell.

Counterpart Hx emission (figure 2.28bgg) and [2.28bgg)) There are two distinct Hi
regions near the norhern border of H1 shell. The inner part of the shell shows slight

depression in the Ho emission, but it is not clear if it is connected to the H1 shell. A
drop-like diffuse prominence penetrated the northern border.

Counterpart X-ray emission (figure @3)) X-ray emission shows no correlation with
H1 emission. This indicates no hot gas in the vicinity and strong absorption of the X-ray
emission from the halo.

Counterpart CO emission (figure [2.27dEg and @) Counterpart CO emission

reveals several condensations of molecular clouds, mainly around the northern and western
border of the HT shell.

Summary In this case, there are no obvious features observed in multiwavelength im-
ages. However the shape of the H1 shell is irregular, which could be the result of dynam-
ical processes in its environment. Moreover, the shell is obviously expanding in an inho-
mogenous medium (see figure 2.26/F7 ). These two factors—external forces and medium
inhomogenity—could have led to distortion of the original spherical shape.
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Figure 2.27: GS097-03-029. Multiwavelength images of the vicinity of the Hr1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.28: GS097-03-029. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified HT shell (green dashed ellipse).
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2.3.6 GS1164-024-006

This H1 shell is located in the Galactic disc
H1 line (21 cm) and with its mean radial velocity, 6.3 km/s,

, | it is an example of a HT region with pecu-
10.000 8 B liar motion with respect to the Galactic ro-
' | tation. Thus, it is not possible to determine
the kinematical distance and other proper-
ties derived from it. The shell is expanding
with velocity 5.2 km/s; its angular area is
25.5°2,

The central hole is rather spherical,
[ i while the borders are inhomogenous, open
-10.000 | 8 in the northeastward and southwestward di-

o
e
5]
5]

Galactic latitude [deg]
(=]
=
=
=

o
e
5]
5]

130,000 125.000 120.000 115.000 110.000 105.000 rection.

Galactic longitude [deq]

N — ‘ The distance of the counterpart far-
v oo wm o w mw s % infrared loop, GIRL G117+00, is cata-

logued as 2.5 kpc.

Figure 2.29: GS116+02+006. Neutral hy-

drogen emission with the identified expanding Counterpart infrared emission (figure

shell (green dashed ellipse). and [2.31agz)) The infrared emis-
sion shows abundace of dust fragments ar-
ranged along the borders of the H 1 shell and
outside. The central hole is slightly shifted

eastwards. Two large condensations are bordering with the shell. One is located in the

northeastward direction and the second in partially surrounding the shell from the east.

Counterpart Ha emission  (figure |[2.30bEg) and 2.31pgg)) There are many compact H 11
regions of various sizes around the HT shell. They are predominantly located in the areas

occupied by large dust condensations, making possible heating sources of the ambient dust.

Counterpart X-ray emission (figure @) X-ray emission shows no obvious coun-
terpart features. The apparent line of increased intensity pervading the hole image may be
an observational artifact.

Counterpart CO emission (figure[2.30d @z and @)) CO emission reveals abundant

fragments and filaments of molecular gas in the vicinity of the shell. They are located
especially along the northern and western borders.

Young Stellar Objects (figure ) There are two young stellar objects discovered in
the direction of the H1 shell, located apparently in its borders: CPM 1 (IRAS 00211+6549)
and CPM 40 (IRAS 23390+6524). The kinematic measurements of CPM 40 are not
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available. The kinematics of CPM 1, by Wouterloot et al.| (1993), are: distance 7.1 kpc,
radial velocity (from CO measurements) —68.6 km/s. This implies that the CPM 1 is not
associated with the H1 shell.

Summary Because the H1 shell is located in the Galactic disc, there are many objects
and features, often overlapping, observed on the multiwavelength images, but association
of these features with the shell is not clear.

The dust emission is here well correlated with the Ho emission from H 11 regions, sug-
gesting that these H1I regions act as heating sources of the ambient dust.

Out of two young stellar objects found apparently in the walls of H1 shell, one is
kinematically far, and one is catalogued without radial velocity or distance measurements.
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Figure 2.30: GS116+02+006. Multiwavelength images of the vicinity of the H1 shell.
(green dashed ellipse).



CHAPTER 2. SEARCHING FOR COUNTERPARTS OF HI SHELLS 63

(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.31: GS116+02+006. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified HT shell (green dashed ellipse).
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Figure 2.32: GS116+02+006. Young stellar objects (blue points) in the direction of the
H1 shell (green dashed ellipse).
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2.3.7 GS133-66-013

This shell is an example of high-latitude
shells. Its expansion velocity is 9.3 km/s, Hr line (21 cm)

angular area is 47.4°? and kinematical dis-
tance is about 0.4 kpc. The shell is lo-
cated near the southern edge of the Galactic
disc, in a medium with particle density of
0.90 cm~3. The shell radius is 27.1 pc and
the embedded energy 3.13 x 10%° erg.

The shell consists of a hole fully enclosed
by the wall. There is a region of increased
intensity in the southern part of the wall in-
dicating a condensation of neutral material. _ :
The shell is expanding in a larger region of 160.000 150.000 140.000 130.000 120.000 110.000

Galactic longitude [deg]

accumulated neutral hydrogen spanning be- g |
tween the longitude 80 and 160°, around the  ° L L

radial velocity of —10 km/s.

Galactic latitude [deg]

Figure 2.33: GS133-66-013. Neutral hydro-
Counterpart infrared emission (figure gen emission with the identified expanding

2.34aws and [2.34awg)) Infrared emission  ghell (green dashed ellipse).

shows that dust is distributed similary to
the neutral hydrogen. There is large a dust
condensation along the southern border and
a smaller one is in the northern border. Several fragments are located outside the west

border.

Counterpart Hx emission  (figure 2.34p g and [2.34b@g)) Ho emission reveals a large,
but faint area of ionized hydrogen, touching the southern border of the shell. Very faint

increase in intensity is present around the rest of the shell’s border.

Counterpart X-ray emission (figure and @s)) X-ray emission is well neg-
atively correlated with the HT emission, clearly observable on the H1 image with X-ray

contours (figure @) There is a weakly increased emission in the center of the shell
and a more obvious depression in the shell’s border.

Summary Counterparts of both infrared dust emission and hot gas X-ray emission are
observable. The He line shows only unclear and faint increase in intensity along the shell’s
borders and one large H 11 region. No catalogued young stellar objects in the direction of
the shell were found in SIMBAD. CO emission is not available in this region.
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(a) IR continuum (100 pm) (b) Ho line (656 nm)
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Figure 2.34: GS133-66-0153. Multiwavelength images of the vicinity of the Hr1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.35: (GS5133-66-013. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified HT shell (green dashed ellipse).
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2.3.8 GS134-01-028

This shell is located in the Galactic disc,
H line (21 cm) near the well known star-forming regions
in the Perseus Arm of the Galaxy. The
expansion velocity is 8.3 km/s, its angu-
lar distance is 9.4°?, the kinematical dis-
tance is about 1.5 kpc and the shell ra-
dius is 45.4 pc. The density of the ambient
medium is about 2.37 cm ™ and the embed-
ded energy 3.93 x 10°° erg. The shell con-
sist of a hole partially surrounded by bor-
ders, open in the southern direction.

Galactic latitude [deqg]

138.000 134.000 130.000
Galactic longftude [deg] Counterpart infrared emission (figure
— nd E-38higy) The mérared emis
(K] sion shows bright and distinct condensa-

tion of dust in the areas of the H1I regions.
There is a hole in the center of the H1 shell,
observable better with slightly shifted im-
age contrast, and faint border, open in the
south.

First condensation is located in the
northern border of the shell, while the sec-
ond is outside the shell, in the northeastward direction. Both condensations contain a
small, spherical holes, indicating remnants of former star formation.

Figure 2.36: GS134-01-028. Neutral hydro-
gen emission with the identified expanding
shell (green dashed ellipse).

Counterpart Hx emission  (figure [2.37bm) and [2.38b@x)) Ha emission reveals two dis-

tinct H1I regions. One is located in the northern border and contains well known star
forming regions W 3 and W 4. Second region—W 5—is located northeastwardly off the
shell. Considering that the ellipse is only the interpolated shape of the HT shell, looking at
the HT line emission, we can assume that also the W 5 region is touching the shell border
in the northeast.

Counterpart X-ray emission (figure @) X-ray emission shows only an unclear
image with no obvious correlation with the H1 emission line.

Counterpart CO emission (figure [2.37d g and @) CO emission reveals a large

molecular cloud in the northern part of the shell’s border, partially surrounding the W 3
H 11 region. Smaller condensation are found also near the W 5 region.
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Counterpart Young Stellar Objects (figure ) The W 5 region contains tens of
associated young stellar objects. Several young stellar objects are also discovered in the
W 3 region.

The W 3, W 4, W 5 H1I regions are thought to be examples of triggered star formation
(Lada et al., [1978; [Karr & Martin), |2003|, see for example). In particular, the W 4 region is
considered as a trigger of star formation in the W 3 region.

The radial velocities of the W 3/W 4/W 5 complexes are in the range of —37— — 40 km /s
(Lada et al., 1978; [Karr & Martin, 2003); their distance is about 2 kpc (Hachisuka et al.,
2006, Xu et al., 2006} Karr & Martin, [2003)).

Summary Even though the ellipse describing the H1 shell does not border with the W 5
region, the original shell may have supported star formation, or at least condensation of
the medium. The interpolated ellipse may be shifted slightly (in both spatial and velocity
dimension) from its original center as a result of expansion in an inhomogenous medium
and dynamical processes such as the differential Galactic rotation and large-scale streams
of the interstellar medium.

Correlation of the dust condensation with H 11 regions suggest that these regions are
active heating sources of the dust. Note especially holes inside the dust condensations.
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GS134-01-028. Multiwavelength images of the vicinity of the HT1 shell.
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(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.38: (GS134-01-028. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified HT shell (green dashed ellipse).
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Figure 2.39: (GS134-01-028: Young stellar objects (blue points) in the direction of the
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2.3.9 GS202+19-019
This HT shell in an example of shells with

open and strongly nonuniform borders. The Hr line (21 cm)

border is open in the eastern part, with a 30,000 BT T T
brighter region in the northwestern direc-

tion, touching the larger, denser area in 25.000 B

the southwestern region. The neutral hy-
drogen in the neighbourhood suggests that
the shell is expanding inside an inhomoge-
nous medium with a gradient pointing west-
wards, and also with preexisting conden- _
sations of neutral medium in the vicinity. 10000
Its central radial velocity, —18.8 km/s, is

an example of peculiar motion of the neu- 215000 210.000 205.000 200.000 195.000 190.000
tral medium. Therefore its kinematical dis- _Ga'adic longitude [deg]
tance and dependent properties can not be ' : : ‘ i °
determined. The shell’s expansion velocity

is 10.8 km /s and its angular area is 26.6°%. Figure 2.40: (:S202+19-019. Neutral hy-
drogen emission with the identified expanding

Counterpart infrared emission (figure ghell (green dashed ellipse).

and [2.42p(7)) The infrared emis-

sion shows similar structure: a hole inside

with a broken border in the eastward direc-

tion. Most of the border consists of dust condensations in filamentary structures. The

distance of the catalogued counterpart far-infrared loop is 0.4 kpc.

20.000 8

Galactic latitude [deg]

15.000

Counterpart Hoe emission  (figure [2.41p) and [2.42bgs)) Hoo emission shows in this
case no similar structures. Only faint diffuse emission penetrates the shell and seems

apparently not associated to it.

Counterpart X-ray emission (figure @) The X-ray emission apparently penetrates
the shell but does not reveal any distinct features possibly associated to H1 emission. The
X-ray emission shows negative correlation with the dust emission.

Summary Counterpart infrared emission is observed, but no Hx or X-ray emission with
some features similat to the H1 emission. X-ray emission is more intensive in the direction
where dust emission is fainter. This is probably another example of shadowing, when dust
absorption prevents soft X-ray diffuse emission originating in hot gas in the halo. SIMBAD
contains no catalogued young stellar objects in the direction of the shell and CO emission
is not available for this region.
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(a) IR continuum (100 pm) (b) Ho line (656 nm)
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Figure 2.41: GS202+19-019. Multiwavelength images of the vicinity of the H1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: H1 line (21 cm)
contours: IR continuum (100 pm) contours: X-ray continuum (0.25 keV)

I

30.000 8

— 25.0008 — 25.000
o | o
Q Q
= I =2 E
] | ] | g W
3 20.0008 3 2o.ooo Il L 2
= | = X ]
5 3 _
= [ ] [ YamnE
g 15.000 9 $ 15.000 3 0 r
w i w i
© © %
10.000 | 10.000 |
215.000 210.000 205.000 200.000 195.000 190.000 215.000 210.000 205.000 200.000 195.000 190.000
Galactic longitude [deg] Galactic longitude [deq]
I 00 \ |
1 2z 3 4 5 B 1 z 3 4 5 B
(K] (K]

Figure 2.42: GS5202+19-019. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified H1 shell (green dashed ellipse).
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2.3.10 GS206-17+013

This H1 shell is expanding with a velocity of
H1 line (21 cm) 7.8 km/s, its angular area is 6.0°%, its kine-
-] 5 % matical distance is 2.0 kpc and the radius
is 43.4 pc. The shell is an example of mid-
latitude shells expanding near the south-
ern edge of the Galactic disc in a stratified
u. " I medium. The shell is fully enclosing the
Soy g central hole and is slightly elongated in the
1 ] longitudinal direction. The particle density
| of the ambient medium is about 0.99 cm =3

and the embedded energy 1.19 x 10% erg.
The shell is apparently located in the
Orion Molecular Cloud Complex, one of the

,--."l-.“

Galactic latitude [deg]

208000 204000  200.000
Galactic longitude [deg]

[ most active regions of stellar formation that

“ “ " * " ® " have been observed. The Complex consist
of several H 11 regions and associated molec-

Figure 2.43: GS206-17+015. Neutral hy- ular clouds. Notable are the Orion Nebula,
drogen emission with the identified expanding the Horsehead Nebula and Bernard’s Loop.
shell (green dashed ellipse).

" 212.000

Counterpart infrared emission (figure
and [2.45aGg)) The infrared emis-
sion reveals two large dust condensations
associated with the corresponding H 11 regions. One is partially covering the norther edge
of the shell, and one is located outside the southeast border. There are several other
fragmented filamentary condensations around the central hole coinciding with the shell’s
border but not associated with Ho emission.
Althoug the distance to the counterpart far-infrared loop is given as 0.3 kpc, the ar-
rangement of the dust fragments around the border suggest, that the HT1 shell and far-
infrared loop are associated.

Counterpart Hx emission  (figure [2.44b(rg) and [2.45bgg)) The Ha emission apparently
filling the eastern part of the shell’s interior is associated with the H 11 region IC' 434. This

region contains also the Horsehead Nebula.

Another H1I region is observed in the northern border of the shell as a compact He
emission. This is the Flame Nebula (also Orion B or W 12) associated with the cluster of
stars NGO 202/. Tt is a reflection nebula illuminated by Alnitakf’l—an 09.5 star.

These two H 11 regions are probably responsible for heating ambient dust condensations,
observed in the infrared emission.

37 Alnitak is also the hostname of the computer I have used for this work.
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The H11 region located southeastwards is the Orion Nebula (also M 42), embedding an
associated cluster of stars—the Orion Nebula Cluster. The distance to the Orion Nebula
is 414 + 7 pc, and its radial velocity is 9.6 = 4.2 km/s (Menten et al., 2007).

Note that the Orion Nebula is observed in all multiwavelength images, even in X-rays
(see figure [2.44p—d ).

The intensity of the inner H 11 region is increasing in the outward direction, indicating
that the ionized hydrogen is distributed in a half-spherical region, open in the direction to
the shell’s interior.

Whole this complex is surrounded by an arc—Bernard’s Loop—see figure .

Counterpart X-ray emission (figure @) There is no obvious counterpart X-ray
emission in the direction of the shell. A localized increase in intensity is observed in the
direction of The Orion Nebula, suggesting there is hot gas in the nebula.

Counterpart CO emission (figure 2.44d g and @) CO emission reveals conden-

sations of molecular clouds associated with the H1I regions, making an ideal environment
for star formation triggered by expanding H 11 regions.

Note that the observed clouds of molecular hydrogen are in touch with the observed
H 11 regions—they do not merge. On the other hand, dust penetrates both H 11 regions and
molecular clouds.

Counterpart young stellar objects (figure [2.46|gy)) There are two groups of catalogued
young stellar objects. The first group, located apparently inside the HT1 shell, is the o
Orionis Young Group, a constituent of the Orion OB1b association. The group distance
is about 350 pc (Hipparcos catalogue: [Perryman et al.|[1997). Its mean radial velocity is
about 30 km/s (Burningham et al., 2005, |Kenyon et al., 2005; Muzerolle et al., 2003), some
measurements show even more (37.3 + 5.8 km/s, |Zapatero Osorio et al, 2002). The radial
velocity of the group is higher that the radial velocity of the shell, signing that the group is
more distant than the shell. On the other hand, the distance of the group is smaller than
the distance of the shell, suggesting that the group is a foreground object with respect to
the shell.

Moreover the measurements of the cited authors reveals, that some apparently asso-
ciated YSOs, excluded from the group, creates several smaller groups with lower radial
velocities, close to the velocity of the H1 shell.

Interesting phenomenon is, that if we average the radial velocities of all YSOs considered
by [Burningham et al. (2005), we get 13.8 km/s, what would make the group significantly
larger and would also put its kinematical center to the kinematical center of the studied
Hr1 shell. But—following the figure 6 in the cited paper—this is probably not the actual
configuration.

This discrepancy—radial velocity versus distance in context of the Galactic rotation—
may be a sign of peculiar motion of the group or even whole region.
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The second group, located apparently in the northern border of the shell, is associated
with the NGC 2024 star cluster, whose radial velocity measured by Fomalont & Weliachew
(1973) is 8.65 km/s. This value is in the velocity range, spanned by the H1 shell.

There is one more isolated young stellar object, published in the IRAS Catalogue as
IRAS 05399-0121, whose radial velocity and distance is not available.

Summary Comparison of the mean radial velocity of the H1 shell with the radial ve-
locities of the nebulae in the Orion Molecular Cloud Complex, and also with the mean
radial velocity of the identified young stellar objects, suggests that the observed HT shell
is associated with the Complex. We are probably looking at a young remnant of recent
star formation associated with the IC 434 H1I region. Another remnant of the previous
generation of stars and supernovae is Bernard’s Loop.

The infrared dust emission, compared with the Hx and CO emission, represents the
transition between ionized hydrogen and molecular cloud.

Because the Orion Complex is a region rich in objects associated with star formation,
it is likely that the studied HT shell is connected to the dynamics of the region. Taking
into account Bernard’s Loop, the HT shell is smaller by about one order of magnitude.
Therefore is is probably either a remnant of a consequent generation of stars, or a remnant
of a subgroup of the original group of stars that have created Bernard’s Loop.
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Figure 2.44: GS206-17+013. Multiwavelength images of the vicinity of the H1 shell.

(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: Hr line (21 cm)
contours: IR continuum (100 pm) countours: He line (656 nm)
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Figure 2.45: GS206-17+013. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified H1 shell (green dashed ellipse).
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Figure 2.46: (GS2006-17+015. Young stellar objects (blue points) in the direction of the
H1 shell (green dashed ellipse).
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2.3.11 GS218-054031

This HT shell is an example of shells with

H1 line (21 cm) an irregular shape and nonuniform borders.
The expansion velocity is 8.3 km/s, the an-
gular area is 82.11°? and the ambiguous
kinematical distance is 2.5 or 4.5 kpc from
the Sun. In the former case—distance of
2.5 pc—the shell radius is 223.1 pc, the lo-
. f cal particle density is 0.58 cm~3, the em-
f bedded energy is 1.18 x 1052 erg and shell
would expand in the southern part of the
Galactic disc. In the latter case—distance
f  of 4.5 kpc—the shell radius is 401.5 pc, the

240.000 230.000 220.000 210.000 200000 190.000 particle density is 0.32 cm ™3, the embedded

3
. o
¥

> .
rammas®

Galactic latitude [deg]

—Galmic longltude [deg] . energy is 3.82 x 10°* erg and shell would be
v w K] v located at the souther edge of the Galactic
disc.

Figure 2.47: GS218-05+031. Neutral hy-

drogen emission with the identified expanding Counterpart infrared emission (figure

shell (green dashed ellipse). and [2.49%s)) The counterpart
infrared emission reveals fragments of con-
densed dust surrounding the central hole.
There are several larger dust condensations,

especially in the Galactic disc (northwards off the shell). These bright clouds are obviously

associated with the ambient H1I regions (see figure [2.48p,bgg).

Counterpart Hx emission (figure [2.48bgz) Ha emission show no obvious correlation
with the H1 observations. Because the H1 shell is located in the direction of the Galactic
disc, there is abundance of bright H 11 regions in the shell vicinity. Diffuse Ho emission is
penetrating the shell, but does not seem to be associated with it.

Counterpart X-ray emission (figure ) There is no counterpart X-ray emission
observed towards the H1 shell. This may be a result of extinction in the galactic disc.
Assuming the shell is located 2.5 or 4.5 kpc away from Sun, any associated X-ray emission
of the shell would be absorbed by the galactic disc.

Counterpart CO emission (figure|2.48d g and b)) CO emission is well negatively

correlated with the Ho emission, suggesting ongoing propagated star formation. There
are also filamentary condensations apparently associated with the dust fragments. Note
especially the one located in the southern edge of the shell. This fragment is observed both
in the infrared dust emission and the CO emission, but not in the Hx region. This may
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be an example of a very young star forming region, in the stage before the HII region is
created.

Counterpart young stellar objects There are several young stellar objects found in SIM-
BAD. Notable is the group associated to the molecular cloud S287. The distance to the
cloud is about 2.3 kpc and its radial velocity is about 27.2 km/s (Williams & Maddalenay,
1996). The radial velocity is very close to that of the H1 shell.

Single young stellar objects are observed in the northern region of the shell, but kine-
matical data are missing in SIMBAD in all cases but one—the UYSO 1 object.

UYSO 1 (Unidentified Young Stellar Object) is a massive protostar, discovered by
Forbrich et al.| (2004, with an adopted distance 1 kpc. This suggests that the UYSO 1 is
probably a foreground object with respect to the Hr shell.

Summary Dust is arranged around the central hole of the H1 shell in filaments and larger
condensations. Also the molecular clouds are surrounding the central hole. One notable
condensation, located in the suthern border of the H1 shell, shows dust and molecular gas
contents, but no associated H1I region. This may be an early stage of star formation.

In the northern region of the shell’s edge, there is a group of young stellar objects
probably associated with the shell. Their creation may have been induced or at least
supported by the expanding HT1 shell.
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(a) IR continuum (100 pm) (b) Ho line (656 nm)
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Figure 2.48: (GS218-05+031. Multiwavelength images of the vicinity of the H1 shell.
(green dashed ellipse).
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2.3.12 GS231+38+003

This Hr shell is another example of a high-
H1 line (21 cm) latitude shell with a fully enclosed hole in
the center, but nonhomogenous borders. Its
expansion velocity is 4.1 km/s, the angular
area is 10.9°2, the kinematical distance is
0.2 kpc and the shell radius in 6.5 pc. The
shell is expanding in the northern part of
the Galactic disc in a medium with density
about 2.62 cm™3. The embedded energy is
about 3.85 x 10%7 erg.

Galactic latitude [deg]

§ i Counterpart infrared emission (figure
238.000 234.000 230.000 226.000 : :

Galactic longitude [deg] % and % ) The infrared emis-

[ — ) sion shows a distinct hole in the center sur-

rounded by several dust fragments. Large

dust condensation is bordering the shell

Figure 2.51: GS231+38+003. Neutral hy- from the eastern side, one fragment is lo-

drogen emission with the identified expanding cated in the southern border and one out-
shell (green dashed ellipse). side the northwestern border of the shell.

These fragments do not show obvious cor-
relation with the Ho emission. The largest
dust condensation shows obvious negative
correlation with the X-ray emission. It is another example of shadowing.
The eastern and southern condensations are apparently associated with excesses in the
H1 emission.

Counterpart Hx emission  (figure [2.52bg7)) Ha emission shows no clear counterpart of
the shell. Faint and diffuse emission is pervading the southwestern border.

Counterpart X-ray emission (figure and ®)) The X-ray emission corre-
lates negatively with the dust emission, suggesting that the dense medium in the foreground

absorbs it. An increased intensity in the central hole of the shell can be explained by the
shadowing effect too.

Summary Infrared emission reveals several clouds of dust aroung the central hole. These
clouds are probably responsible for decreased intensity of X-ray emission. No young stellar
objects were found in SIMBAD. CO emission is not available for this region.
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Figure 2.52: GS5231+38+003. Multiwavelength images of the vicinity of the H1 shell.
(green dashed ellipse).
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(a) background: H1 line (21 cm) (b) background: H1 line (21 cm)
contours: IR continuum (100 pm) contours: X-ray continuum (0.25 keV)
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Figure 2.53: GS5231+38+005. Contours of various wavelengths overlaid on the neutral
hydrogen emission, with the identified H1 shell (green dashed ellipse).



Chapter 3

Conclusion

3.1 Summary of Results

3.1.1 Counterpart Far-Infrared Loops

The catalogue of H1 shells of Ehlerova & Palous| (2005)) contains 628 shells. The number of
close shells—with kinematical distance equal to or less than 3.5 kpc—is 491. 125 HT shells
manifest peculiar velocities with respect to the galactic rotation, thus their kinematical
distances can not be derived from their radial velocities. There are 58 H1 shells with
associated far-infrared loop from the catalogue Kiss et al. (2004); Konyves et al.| (2007).
From these 58 H1 shells, 12 were selected for multiwavelength study.

3.1.2 Multiwavelength Study of Selected H1 Shells
The multiwavelength images of the vicinity of H1 shells were based on
e radio all-sky maps of the HI emission line—see section [2.1.1g7—
e radio non-all-sky maps of the CO emission line—see section [2.1.2|gz)—

e infrared all-sky maps of dust continuum emission—see section [2.1.3|zz—

optical all-sky maps of the Ha line—see section [2.1.4jz5—and

X-ray all-sky maps of hot gas continuum emission—see section [2.1.557).

I have also performed a search for associated young stellar objects catalogued in the SIM-
BAD database.

The multiwavelength study of twelve selected H1 shells presented in the section [2.3|zg) shows
that dust is well correlated with neutral hydrogen, at least for the studied shells. Note that
all the studied shells have a counterpart far-infrared loop. There are often condensations
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of interstellar dust and molecular gas found at the borders of H1 shells, suggesting that
they create environment convenient for star formation.

Comparison of the HT emission with the Hx emission shows that H 11 regions are located
outside the studied shells, with only one exception—HT1 shell [GS206-17+013] in the Orion
Nebula.

There are four H1 shells with apparently associated catalogued young stellar objects
(GS116+02+006], [GS134-01-028] |GS206-17+013), |GS218-05+031]).

The X-ray emission shows no significant counterparts. There are several cases of shad-
owing effect—for example H1 shells [GS062-42+004] and [GS074-52-004}—when the fore-
ground medium (dust and gas) absorbs X-ray emission from hot gas of the Galactic halo.

Estimated energies embedded in the studied HT shells with other properties are sum-
marized in table [3.T|gg).

The table contains a brief summary of associated counterparts of the studied
Hr1 shells. Avoid the misinterpretation of this overview. It describes apparently associ-
ated counterparts. For the discussion of possible physical association, see section —
Multiwavelength Study of Selected H1 Shells.

Table 3.1: Summary of the basic properties of twelve studied HTI shells. ey, is the
expansion velocity, d is the kinematical distance, rg, is the radius, and Fi, is the total
energy. See preface to the section 2.3|gg) for detailed explanation of these values.

Hr1shell  veyp d Tsh Nocal FEi
[km/s] [kpc] [pc] [em”?] [erg]
IGS016-09+011]
41 1.0 336 0.35 6.89 x 10%®
IGS062-42+004|
88 04 263 1.60 5.07 x 10%
4.5 296.2 0.14 6.41 x 10°!

[GS074-52-004

7.2 0.1 2.6 10.16 2.15 x 10*7
3.0 771 0.34 1.93 x 10

IGS075-09-005|

93 02 3.4 6.02 3.91 x 1047
4.9 82.3 0.25 2.34 x 10

IGS097-03-029
129 21 634 180 1.54x10%
IGS116-+02-++000|

5.2

|GSl33—66—013|

9.3 04 271 0.90 3.13 x 10%
IGS134-01-028|

8.3 1.0 454 2.37 3.93 x 10°°
(continuing on the next page)




CHAPTER 3. CONCLUSION

91

Table 3.1: (continued)

H1 shell Vexp d Tsh Nlocal Eiot
km/s] [kpc] [pe] [em™] [erg]
IGS202+19-019|
10.8
IGS206-17+013|
78 18 434 099 1.19 x 10
IGS218-05+031|
83 25 2231  0.58 1.18x 10%
45 4015 032 3.82x 107
IGS231+-38+003]
41 02 65 262 3.85x 10"

Table 3.2: Summary of observations of apparently associated counterparts of HT shells.
The column “Counterpart” contains type of the counterpart. The column “Observed” con-
tains YES/NO meaning if there were observed any features, possibly associated to the
studied HT shell. The column “Nature” contains the apparent nature of the features. See
preface to the section for explanation. The column “Position” contains apparent

position with respect to the H1 shell. Empty field (no value) means no data available.

H1shell Counterpart Observed Nature Position
IGS016-09+011|
Infrared YES condensations around the central hole
fragments around the central hole
Ha YES diffuse around the central hole
X-ray NO
CO
YSOs NO
IGS062-424-004|
Infrared YES condensations along the border
fragments along the border
Ha YES compact in the border
X-ray YES diffuse inside
CO
YSOs NO
(continuing on the next page)
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Table 3.2: (continued)
Hr1 shell Counterpart Observed Nature Position
|GSO74—52—004|
Infrared YES condensations along the border
filaments along the border
Hao YES diffuse bordering
compact inside
X-ray YES diffuse inside
CO NO
YSOs NO
IGS075-09-005|
Infrared YES filament along the border
Ha YES condensation  inside
X-ray YES condensation  inside
CO NO
YSOs NO
IGS097-03-029)
Infrared YES fragments along the border
Ha YES diffuse penetrating inside
condensations outside
X-ray NO
CcO YES fragments along the border
YSOs NO
|G8116+O2+006|
Infrared YES condensatios  bordering
fragments inside, along the border
Ha YES condensations bordering, outside
X-ray NO
CO YES filaments bordering
fragments along the border, inside
YSOs YES along the border
IGS133-66-013|
Infrared YES condensation along the border
fragments along the border
Ha YES condensation  borderinging
X-ray YES diffuse inside
CO
YSOs NO

(continuing on the next page)
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Table 3.2: (continued)

Hr1 shell Counterpart Observed Nature Position
(GS134-01-028|
Infrared YES condensation in the border, outside
Ha YES condensation in the border, outside
X-ray NO
CcO YES condensation  in the border
YSOs YES in the border, outside
|GS202+19—019|
Infrared YES fragments along the border
condensations bordering
Ho YES diffuse penetrating the shell
X-ray YES diffuse penetrating the shell
CO
YSOs NO
IGS206-17+013|
Infrared YES condensations around the border, outside
filaments along the border
Ha YES condensation  inside
compact in the border
X-ray NO
CcO YES condensation  in the border
YSOs YES inside, in the border
|GS218—05—|—031|
Infrared YES condensations along the border
filaments along the border
Ha NO compact around the border
condensation  bordering
X-ray NO
CcO YES filaments along the border
condensations in the border
YSOs YES along the border
(GS2314-38+003|
Infrared YES condensations bordering
fragments along the border
diffuse around the central hole
Ha YES diffuse pervading the border
X-ray YES diffuse inside
CO
YSOs NO
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3.2 Interpretation of Results

In all but one cases, the observed distinct H1I regions are located outside the HT shells,
often at their borders—see table and for a summary. Far-infrared loops and
thermal dust emission have revealed a perfect correlation with HI emission, suggesting
there are condensations of dust and gas at the borders of shells, potential precursors of
molecular clouds and further star formation. Molecular clouds, observed via CO emission,
are located predominantly at the borders of the studied HT shells.

Thus, the multiwavelength study of twelve H1 shells shows that these shells are most
likely connected to star-forming events. Especially, the study supports the theory of sec-
ondary star formation triggered by expanding H1 shells. The star formation may be trig-
gered either when a shock wave from an expanding shell hits some preexisting molecular
cloud, or when the shell begins to gravitationally fragment as a consequence of the collect
and collapse model. The collect and collapse model was originally proposed by |[Elmegreen
& Ladal (1977) for H11 regions but it can act also on larger scales typical for H1 shells—see
Ehlerova et al.| (1997).

Topologies of the studied H1 shells—having generally almost fully enclosed borders—
suggest that these shells were most likely created by processes connected to young massive
stars rather than the interaction of high-velocity clouds with the Galactic disc.

This study can not proove or disproove the concept that H1 shells are created by
the same process as gamma-ray bursts. One reason is that there is no gamma-ray burst
remnant described in the Milky Way. Considering the estimated gamma-ray bursts rate
about 0.025 per Myr per bright galaxy (Wijers et al., 1998), it is unlikely to observe a
gamma-ray burst in our galaxy during the whole span of Earth’s occupation by humanity.
Thus only indirect observations or statistical analysis can shed more light on the possible
link between gamma-ray bursts and H1 shells—their possible remnants.

Estimated energies embedded in the studied H1 shells and their expansion velocities—
see table table for a summary—also support the connection of H1 shells with star
formation. This implies that H1 shells are most likely old relicts of previous formation of
massive stars, that have inserted energy into the interstellar medium by stellar winds and
supernovae explosions. HT shells can be considered as successors of expanding H 11 regions,
as long-lasting footprints of star formation

The observed shadowing effect—background X-ray emission absorbed by foreground
interstellar medium—supports the concept of the Galactic halo filled with hot gas.

Finally, I propose answers to the introductory questions:

Is it possible, with current instruments and data archives, to find counterparts of
H1 shells? Yes, but the surveys of the galactic neutral hydrogen covering large portions
of the sky suffers from significantly lower resolution than all-sky surveys made in other
wavelengths domains. For example the Leiden/Argentine/Bonn Galactic H1 Survey has
the angluar resolution of 0.5°, while IRAS has made images with resolution of 2’ in the
100 pm band.
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A study of HT shells based on data with higher resolution are today available only for
a few shells. For example a study of the neighbourhood of the supershell GS0614+00+51
by [Ehlerové et al| (2001]) has revealed several small expanding H1 shells associates with
Hi1r regions. This suggests that there are much more expanding H1 shells smaller that
those already catalogued. These smaller shells are probably younger, therefore it could be
possible to detect the exciting stars.

If we find some counterparts, what does they indicate about the origin of H1 shells?
Counterparts indicate that shells were probably created by actions of massive stars or OB
associations and corresponding supernova explosions, rather than by an extreme violent
event creating a gamma-ray burst.

Expansion velocities and energies of the studied twelve H 1 shells support this conclusion.
(Based on the study of Efremov et al.| (1999), showing that abrupt energy input—such as
a GRB—would produce nearly static shell.)

Thus, it can be summarized that most HT shells with counterpart dust structure were
created by stellar winds from OB stars in associations and their supernovae.

Are there any signs of star formation triggered by H 1 shells? Yes. In four cases—shells
(GS116-+024006} (GS134-01-028] (G5206-174+013|and [GS218-054+031}—catalogued young stel-
lar objects were found to be apparently associated with shells. Generally, shells in most
cases are negatively correlated with ionized hydrogen and in several cases, where there are
CO data available, molecular condensations have been found at their borders.
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Appendix A

Geometrical Relations

A.1 Haversine Formula

The relation of sides and angles of an arbitrary plane triangle is described by the law of
sines and the law of cosines:

a b c

— == — & =a®>+b* — 2abcos, (A1)
sina  sinf  sinvy

where the symbols are as in the figure [A Tjgz. On a sphere, the laws take the form:

sina sinb sin ¢

— ==, cos7y = — cos a cos 3 + sin asin 3 cos c. (A.2)
sinaw  sinff  sinvy

Assuming the spherical law of sines and consines given above, we can express the great-
circle distance—Ao—(the shortest distance) between two points on a sphere as
Ao = arccos (sin by sin by + cosbycosbycos (la — 11)) , (A.3)

where 1y, by; 5, by are the longitude and the latitude of the two points (e.g. galactic coordi-
nates). For numerical computations, a more rounding-error robust solution is the haversine

Figure A.1: Sketch of a triangle. (Wikimedia Commons, 2008 Pythagoras of Samos
c. 572—c. 490 BC)
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formula:

by — b loy —1
Ao = 2arcsin <\/sin2( 2 5 1) + cos by cos by sin’ ( 2 5 1)) (A.4)

A.2 Parallax

The parallaz is the measure of the change of angle caused by the change in relative position
of the observer and the observed object. The relation between the parallax angle—p—and
the distance of the observed object—d—for small angles (small for linear approximation of
sine or tangent), is

1
d = —. A5
[pe] p [arcsec] (A.5)
The relation of the distance error—dd—to the parallax error—dp—is
)
5d =2 (A.6)

p2
A.3 Kinematical Distance

The relation of the kinematical distance to the radial velocity of an object can be expressed
by the formula (Brand & Blitz, |1993))

R

where Vi, is the radial velocity of the object relative to the local standard of rest| © is
the circular velocity of the object, R is the galactocentric distance of the object, ©g is the
circular velocity at the position of the Sun, Ry is the galactocentric distance of the Sun, [
is the galactic longitude, b is the galactic latitude.

Vie = <®R0 — @0> sinl cos b, (A.7)

The galactocentric distance of an object can be expressed—considering projection to the
galactic plane and the law of sines (equation [A.ljgz )—by the formula

R = (d*cos® b+ Rj — 2Rod cos beos 1) 2 (A.8)
where d is the heliocentric distance of the object.

Combining these equations (A.7|gg) and [A.8gg)) and assuming the simple rotation (© =
©p), we can express the kinematical distance of an object by the formula

2
dio = ROb cosl + sinl\/—l + ( S0 cos b ) . (A.9)

cos Vier + Ogsinlcosb

Ilocal standard of rest (kinematical) = a point in the vicinity of the Sun with the circular velocity
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Reprojection and Mosaicking

Because all multiwavelength images presented in this paper—especially in section [2.3|gg)—
are in equirectangular projection with the galactic coordinates, reprojection of some original

images was needed—see section [2.1)g7).

The equirectangular projection—also called plate carrée—is a projection of a general
two-dimensional surface from three dimensions to plane. When using the galactic coordi-
nates, it is described by a simple affine transformation:

t=Al+B, y=Cb+D, (B.1)

where [, b are the galactic longitude and the galactic latitude; x, y are pixel coordinates
and A, B, C, D are chosen constants. In this paper, B and D are zero. This means that
centers of images correspond to the center of the Galaxy. Constants A and B scale the
image.

The program MontagdTwas used for reprojection and mosaicking. The used FITS
header template is shown below. See papers of Greisen & Calabrettal (2002); |(Calabretta &
Greisen| (2002) for detailed description of coordinates representations if FITS files. Note
that the number of image pixels defined in the template (3601 x 1801) is derived from
the size of the spatial part of the data cube from the Leiden/Argentine/Bonn Galactic H1

Survey (721 x 361)—see section [2.1.1}gy).

1 ‘Website: http://montage.ipac.caltech.edu/
2 FITS = Flexible Image Transport System—a digital file format used to store, transmit and manip-
ulate scientific images. See website |http://fits.gsfc.nasa.gov/.
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FITS header template for the program Montage:

SIMPLE =T
BITPIX = -32
NAXIS =2

NAXIS1 = 3601
NAXIS2 = 1801

CTYPE1 = ’>GLON-CAR’
CTYPE2 = ’GLAT-CAR’
CRVAL1 = 0.000000000
CRVAL2 = 0.000000000
CDELT1 = -0.100000000
CDELT2 = 0.100000000
CRPIX1 = 1801

CRPIX2 = 901

CROTA2 = 0.000000000

END



Appendix C
Repaired FITS Headers

The FITS files from the data release “12” Maps of the Soft X-ray Diffuse Background” by
Snowden et al.| (1997)—see section —contain wrong astrometric records in their
headers. All files, even though each covers a different part of the sky, contain the same
astrometric header records:

CRVAL1

= 0
CRPIX1 = 256.500
CRVAL2 = 90
CRPIX2 = 256.500

Repaired records for all files from the second band are given below.

g000m90r2b120pm.fits

CRVAL1 = 0
CRPIX1 = 256.500
CRVAL2 = -90
CRPIX2 = 256.500

g000p00r2b120pm.fits

CRVAL1 = 0
CRPIX1 = 256.500
CRVAL2 = 0
CRPIX2 = 256.500

g000p90r2b120pm.fits

CRVAL1 = 0
CRPIX1 = 256.500
CRVAL2 = 90
CRPIX2 = 256.500
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g090p00r2b120pm.fits

CRVAL1 = 90
CRPIX1 = 256.500
CRVAL2 = 0
CRPIX2 = 256.500
g180p00r2b120pm.fits
CRVAL1 = 180
CRPIX1 = 256.500
CRVAL2 = 0
CRPIX2 = 256.500
g270p00r2b120pm.fits
CRVAL1 = 270
CRPIX1 = 256.500
CRVAL2 = 0
CRPIX2 = 256.500



Appendix D

List of Physical Constants

Fundamental Constants

The following list of fundamental physical constants (table |D.1|gog)) is a subset of the list
published by Mohr et al.| (2007)).

Table D.1: List of fundamental physical constants.

Quantity Symbol Numerical value Unit
speed of light in vacuum c 299 792 458 ms !
magnetic constant Lo 47 x 1077 NA-2

= 12.566370614... x 1077 NA™?2

electric constant 1/(poc®) &g 8.854 187817... x 1012 Fm™*
Newtonian constant

of gravitation G 6.67428(67) x 10~ m? kg~ !s72
Planck constant h 6.626 068 96(33) x 1073 Js

h/2n h 1.054571628(53) x 1073 Jg
elementary charge e 1.602 176 487(40) x 10719 C
electron mass me 9.109 382 15(45) x 10731 kg
proton mass mp 1.672621 637(83) x 10727 kg
proton-electron mass ratio  m,/m. 1836.15267247(80)
Avogadro constant Na, L 6.02214179(30) x 10?3 mol
molar gas constant R 8.314472(15) Jmol ' K™
Boltzmann constant R/Ny & 1.3806504(24) x 10723 JK!
electron volt: (e/C) J eV 1.602 176 487(40) x 1071 J

Stefan-Boltzmann constant
(72/60)k*/(R3c?) o 5.670400(40) x 1078 Wm2K™*
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Astronomical Constants and Units

The following list of astronomical constants (table [D.2}fos)) and units is adopted from IAU
(1987).

Table D.2: List of astronomical constants and units.

Quantity Symbol Numerical value Unit
astronomical unit au 0.149 598 Tm
parsec pc 30.857 Pm
solar mass Mg 1.9891 x 10%° kg
jansky Jy 10726 Wm2Hz !
erg erg 1077 J
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