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1 Introduction

Neutral hydrogen is one of the most important componentsetisible matter in the
universe. From the time of the theoretical predictions ef2h-cm line, by the Dutch
astronomer van der Hulst (1945) up to today, observationth@meutral hydrogen
emission help to expand the knowledge in the field of Radiodkstmy. Almost five
decades ago, Oort et al. (1958) for the first time broughtgietlihe large scale mor-
phology of our Galaxy, the Milky Way, using thel line. Today the Hline is utilized
in various fields, as a tracer to study the dark matter comtktite galaxies, and as a
probe of the physical conditions pervading through thergtédlar medium (ISM). In
the future, with the arrival of the Square Kilometer Arré&8K(A), studies of neutral
hydrogen will give us the opportunity to understand Galaxglation and enable us to
probe the epoch of re-ionization giving new insights in themological evolution of
the Universe (Carilli & Rawlings, 2004).

In Galactic astronomy, the 21-cm line plays a vital role indsing a variety of astro-
physical phenomena from AU scales, up to scales of hundifekisco This is due to
the widespread distribution of the neutral hydrogen in tladagy, and its transparency
which allows a detection even in areas where optical obsensare very difficult
(e.g., regions obscured by dust). Especially the neutrdtdgen in the Milky Way
disk has been studied in great detail. l.e, large scal®lb$ervations probed thor-
oughly the vertical structure of the disk, revealing an aswtric warp reaching in
height more than 4kpc above the plane at distances of 17kgpoaasuring the flar-
ing of the H disk (Nakanishi & Sofue, 2004; Levine et al., 2006a; Kalaest al.,
2007). More recent studies detected a distant spiral arfreiotiter part of the galaxy
(McClure-Giriffiths et al., 2004) and found evidence for d#ion in the H disk in the
form of giant bubbles and super-shells (McClure-Griffithsak, 2006). On smaller
scales, regarding the structure of the ISM in Milky Way digks known for some
time that the diffuse neutral hydrogen resides in two phatesvarm neutral medium
phase with a temperatufe< 8000K and a cold dense neutral phase Witk 80K as-
sociated with discrete smallikstructures, detected in absorption line studies (Heiles,
1997).

Furthermore, high above the Milky Way disk, another clasasifonomical objects
has been detected in the 21-cm line in 1963, the high-vgtatituds (HVC), a pop-
ulation of H clouds incompatible with Galactic rotation having a dewiatvelocity

v > 90km s 1(Wakker & van Woerden, 1991). An estimate regarding thestatice
gives a lower limit of 5kpc £>3.5kpc) for Complex C (Wakker et al., 1999) and for
Complex A a distancd=4kpc, implying a height above the plane between 2.5kpc and
7kpc (van Woerden et al., 1998).

Above the Milky Way disk, moving with high velocities, laygapulation of old, low
metalicity stars, Globular Clusters and remnants of thesdion from Dwarf compan-
ions of the Milky Way. This layer of stars surrounding the kjiMay disk forms what
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is known as the Halo. Similarly in the case of dark matter grigposed that it forms
a dark matter halo surrounding the disk and dominating theigttional potential of
the Galaxy.

The question then arises, if there exists a stellar and datkemHalo of the Milky
Way Galaxy, is it possible that there exists also a similaegas layer surrounding the
Galactic disk? If this is true, what is the origin of such ade® Is it the result of an
interaction between the Galaxy and the intergalactic me@ius it the result from an
accretion? Is it the product of other physical processebanGalaxy like supernova
explosion?

The answer to the first question is positive. Even from théydiiies, it was Spitzer
(1956) who proposed that there exists a semi-static hobgadayer which surrounds
the Milky Way disk. The vertical extent of the Galactic coaowould be approxi-
mately 8 kpc with a temperature reachind®¥0and a total mass of fOl\/I@. The
existence of such a layer was proposed mainly to explaintdi@lisy of high latitude
clouds but also to facilitate the equilibrium of spiral armsthe presence of strong
magnetic fields. Interestingly the idea of a Galactic conoaa partially inspired from
the claim of Pickelner (1953) for the existence of a homogesesubstratum of rel-
atively cool gas, with a density of 0.1 crh supported from turbulent motion with
velocity 70 km s,

The first observational confirmation of the hot galactic carbypothesis was given by
Minch & Zirin (1961). Using absorption lines of distant stautside the Milky Way
disk, evidence was found for gas clouds at heightsl kpc above the Galactic disk.
From these clouds they found that the acceptible temperéduthe Galactic corona
is the one postulated by Spitzer of®1K.

Shapiro & Field (1976) proposed the mechanism of the “Galdountain” in or-
der to explain the presence of coronal gas and to introdugceaegs to cool the gas
through convection and radiation. According to the mecdranihot gas, produced
by supernovae explosions in the disk, is buoyant. It streapwgards with a veloc-
ity perpendicular to the disk smaller or equal than the spdesbund. The outcome
of this motion may have the following results: a) if the cogliis inefficient, the hot
gas bubble reaches great heights above the disk, formindg@taiming part of the
Galactic corona of the disk, in hydrostatic equilibrium b)fdhe cooling mechanism

is efficient, at height. the hot bubble cools rapidly and undergoes a phase tramsitio
forming cool dense Hclouds. These clouds are not buoyant and so beyond this point
they follow a ballistic motion under the influence of gravityich will bring them
again at heightc. It was the latter result of this mechanism that promptedyBran
(1980) to associate the galactic fountain mechanism weHdhmation of the HVC.

A few years later there was observational evidence thatrmbyioe hot coronal gas
surrounding the disk, there possible exists neutral ganeitg high above the Milky
Way disk. Lockman (1984) detected the 21-cm emission fraeedtpatches of neutral



gas located in the inner Galaxy at heights greater tHa1000 pc. He proposed that
the neutral gas in this region is following Galactic rotatend that this gas may form
a layer that can not be solely thermally supported nor caa tdnsidered as a single
component isothermal layer.

While these were the first indication for the presence ofraétiydrogen as an extra-
planar gas, more robust evidence was discovered later tisengll sky 21-cm Bell
Labs survey (Stark et al., 1992). Lockman & Gehman (1991)amed 21-cm line
emission spectra over large angular scales at high lasifuidtecting faint broad wings
surrounding the main Galactic line. The estimated veladigpersion was 35 knts and
the wings were attributed tolksurrounding the disk and it was proposed that the neu-
tral hydrogen is forming a thick layer around it with a sca@gmt of 1.5 kpc. The
authors estimated that turbulence plays an important rotke maintenance of this
layer in equilibrium configuration. The presence of extlapr H was further veri-
fied from the study of absorption lines of ionized titaniumAipert et al. (1994). They
utilized ionized titanium as a tracer the neutral intetataihedium and from the ob-
servations towards six halo stars wjth> 1 kpc they were able to verify the presence
of a significant neutral gas phase. Although they were un@btietermine the scale
height accurately, they speculated that it can be well ovgrcaand of the same order
of magnitude as the scale height of hot gas.

All the above gave evidence that the disk of our Galaxy isaurded by hot coro-
nal gas and patchy neutral gas, forming a gaseous equivalém stellar halo. The
more robust evidence for the existence of a thick gaseoes sayrounding the Galac-
tic disk and the real breakthrough came with the completiothe 21-cm emission
line Leiden/Dwingeloo/Survey(LDS) (Hartmann & Burton, 919 and the analysis
of the %kev and%kev diffuse soft X-ray background in the ROSAT all sky survey
Kalberla et al. (1998) used a version of the LDS correctedrfstrumental effects to
search for velocity wings of the main Galactic line in the ssion spectra. They found
solid evidence for the presence of the dis with a velocity dispersion of 60 km’
The discrepancy between the LDS velocity dispersion andligpersion velocity es-
timated from the Bell-Labs survey was attributed to the fiicient corrections of the
instrumental baselines of the latter. Fig. 1.1 shows a coisgabetween the average
spectrum of the LDS and the average spectrum of the Bell-cabgey for the same
position. In the same publication a vertical scale height.dfkpc was derived for the
observed diffuse Hcomponent, assuming of course that the distributions osraad
pressure perpendicular to the plane are in hydrostatidiequm with the Galactic
potential. Regarding the hot gas surrounding the Milky Wrigtz et al. (1998) ana-
lyzed the intensity distribution of thgkeV andzkeV diffuse soft X-Ray background
of the ROSAT all sky survey using the 21-cm LDS. The intenslistributions can
be then described as the superimposed result of the exdigaX-ray background
and an isothermal X-ray Galactic Halo. The latter was matibkssed on hydrostatic
equilibrium considerations, and it was found that the hatrggponsible for the X-ray
halo, described earlier as coronal gas, must have a tempefl = 1.5-10°K and
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a scale height of 4.4kpc.
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Fig. 1.1: A comparison of the averaged spectra of the LDS and the Béi$ sairvey. The
black line shows the spectrum of the Bell Labs survey. Thdinecdepicts the spectrum of the
LDS. The dotted line depicts the weights applied to the Balid. baseline. Finally the dashed
line shows the broad Gaussian component in the LDS.

The last two results regarding the neutral medium and thg&®in the halo gave the
drive for the proposal of a gaseous Halo surrounding the yAllay disk in hydro-
static equilibrium (Kalberla & Kerp, 1998). According tashthe thick gaseous layer
has a vertical scale height of 4 kpc. This layer is highly tlebt, with turbulence
most likely described by a Kolmogorov spectrum and pro\gdire necessary support
against the gravitational potential of the Galaxy. The gaseHalo is composed by
two constituents, each having 50% of its total mass, a) thga® which is a plasma
with a temperature of of = 1.5-10° K and b) the neutral medium phase. Assuming
pressure equilibrium between the plasma and the neutraliglas a filling factor for
the latter by around 10%. The prediction for the patchindgsheneutral gas agrees
well with earlier observations by Albert et al. (1994) and&ge & Sembach (1996).
Fig. 1.2 is a simple sketch showing the Galactic disk edgauoiognded by the differ-
ent components of the gaseous Halo according to the Bonnlr(i¢alberla & Kerp,
1998) for the halo.

A vertical structure similar to the Milky Way with a thick lay of gas surrounding
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Fig. 1.2: A sketch of the vertical structure of the Milky Way disk as posed from the Bonn
model. The different black thick lines correspond to thdestaight of each layer. The disk is
surrounded by the diffuse ionized component and the hohalasith a temperature a0° K.
Embedded in it there are patches of neutral gas while higheathe disk there are the HVC'’s.

the disk was also revealed a few years later in an externakgdly Fraternali et al.
(2004). In the spiral galaxy NGC 2403 deep interferometryantations with the Very
Large Array (VLA) detected the presence of a low densitykhéyer of neutral gas
following Galactic rotation but rotating slower by 25-50knt, surrounding the thin
“cold” disk. Chandra observations also revealed a diffusedas component with
a temperaturd ~ 10°K. Similar findings were reported in other spiral galaxié®|i
NGC 891 and NGC 6946.

While evidence for the presence of the gaseous layer sutiogithe Milky Way disk

is significant, there are a number of fundamental questlatgequire a more detailed
discussion in order to establish the presence of such alayeiso help us to answer
various problems connected with the surrounding envirariraeour Galaxy such as
the HVCs, the interaction with intergalactic gas mategalaxy formation etc. Most
important of all is the creation mechanism of the gaseous &atl its origin. Does

the gas have extra-galactic or Galactic origin? What suppbis layer to reach great
heights? Is turbulence support enough? What is the roleeofithgnetic field and
cosmic rays? The second question has to do with the physicalitton of the gas

in the Halo. Is it possible for example, to have a stable twasgh(cold and warm)
configuration of the neutral gas or will all the gas evengubl driven to one of the
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Fig. 1.3: The 21cm emission as measured by GBT at 1=1&rey scale shows emission below
2K and contours are a factor 2 from the peak. The verticaldiri85km s*marks the terminal
velocity. Two clumps are identified in this map. (Taken by kman (2002))

two phases? What are the cooling and the heating procestesgaseous halo?

All these fundamental questions are intermingled and td §ight to one means find-
ing answer for all others. The investigation of the spatisiribution of the halo was
firstly undertaken since there was already evidence for #hehmess of the gaseous
layer. Lockman (2002), using the 100-m Robert C. Byrd GreankBlelescope(GBT),
discovered the first direct evidence for the clumpy natute@fjaseous halo. He found
in the inner Galaxy~ 1kpc above the Milky Way a number of discreet ¢louds at
terminal velocity following Galactic rotation. In Fig. 1tBe H clouds can be seen.

These were barely resolved with the GBT telescope, they stimarrow line-widths
and a significant number showed a two component core-erestopcture. Since they
were observed at terminal velocity he could estimated fhesitions accurately in the
lower layer of the galactic halo. A few years later a similapplation of clumps
towards the Galactic anti-center was discovered with th@r80Arecibo telescope
(Stanimirovt et al., 2006). These clumps showed fairly similar charésttes as the
ones detected with the GBT, although their location makescanrate distance deter-
mination a very difficult task. In Fig. 1.4 ailltmission temperature brightness map is
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Fig. 1.4: An 21cm line emission map observed with Arecibo at a regi@selto the anti-
center. All pixels withTg >12 K have been masked out. Three small clumps can be seen at
b=18,1 =186—188 atu,y =-21 km s*(Stanimirovt et al., 2006)

shown with the detectediltlumps above the Milky Way disk.

If these H clumps form the building blocks of the neutral componenthef §aseous
halo then inquiring more about them will help us infer moreaththe fundamental
guestion regarding the nature of the gaseous halo. As aameatchanism for the
clumps it was proposed by Lockman (2002) that a Galactictanaomay play that role,
thus opening the possibility that they are the low velocaymterparts of the HVCS. It
was also suggested that thesedimps are related to the formation of super-bubbles
and are part of the caps of a super-bubble (McClure-Grifithal., 2006). Another
possibility is, as suggested earlier, that they are thdteestia large scale turbulence
due to the shear bulk motions which form and maintain the@ashalo of the Milky
Way (Kalberla & Kerp, 1998).

Since the study of the patchy structure in the neutral gassdBialactic halo is still at an
infant stage, | undertook the task to study it with the helfaaje single dish telescopes
and interferometer arrays. The aim of my study is to gathemapte of H clumps
belonging to the Galactic halo and to determine the phygicglerties, with the hope
to gain knowledge of their physical condition of the fornoatiand maintenance of
these clumps and thus learn more about the nature of thet{éajaseous halo.

This thesis is organized in the following way: Chap. 2 ddsesithe aim of the thesis,
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the method followed to make the necessary analysis and the used to determine
the observational parameters. In Chap. 3, | discuss my ptteto model the Galac-
tic spiral structure using the linear density wave theorgrnder to improve the Bonn

Milky Way Mass model. The results from observations using 100-m Effelsberg

Radio telescope are discussed in Chap. 4. In Chap. 5, | disbadollow-up obser-

vations with two synthesis arrays, the Very Large Array (VLakd the Westerbork
Synthesis Radio Telescope (WSRT). In Chap. 6, | presentfidatea different Galac-

tic quadrant, taken by Arecibo telescope where both exttiatel narrow emission
can be traced. In the next chapter, Chap. 7, after presetitengata from various
telescopes and extracting their physical parametersglgssthe possibility of thermal
equilibrium between the broad warm and the cold narrow pbésiee neutral gas in

the lower Galactic halo. From the Arecibo data a good oppdtstarises to study the
importance of turbulence in the Halo ISM, so | present thalte®f a statistical analy-

sis of the density field in the Arecibo maps in Chap. 8. In Clabdiscuss the nature
of uncertainties affecting our physical parameter esgésand try to determine if there
can be a correlation between the ¢lumps and the Galactic fountain mechanism in
order to provide an explanation for their origin. Finally@hap. 10, | summarize my
thesis and discuss future prospects and work in the field.



2 Method

2.1 Aim

During the last decade new observational discoveries hawehed our understanding
of the environment surrounding the Galactic disk. The Galdwlo emerged as one
of the important building blocks of the Milky Way. One impant component is the
gaseous layer surrounding the Milky Way disk (Spitzer, 1%&8berla & Kerp, 1998),
composed partially of hot plasm@ ¢ 10° K) and partially of neutral gas. Still there
are a lot of unanswered questions. What is the origin of #yer? What mechanism
provides the energy to support the layer reaching at suet gegghts (2 4 kpc) above
the disk? Is it possible for a thermal equilibrium betwesrcimponents to exists and
how important is the role of turbulence? Understanding nada@ut the gaseous halo
will help us gain new insight to problems connected withikig lthe nature and origin
of the HVCs, the interaction with the infalling intergal@atnedium (IGM) or the large
scale feature of the Galactic disk like the asymmetric wahctvdominates the outer
parts of the disk.

Lockman (2002) discovered a population of compactidmps, residing in the lower
parts of the halo. This was the first direct evidence of thdllgiglumpy nature of
neutral ISM in the halo of the Milky Way at scal&®<1.2 kpc. The sample is limited
to the inner part of the Galaxy. It shows a mix of one and two ponent structures
with the line widthAu;, range spanning from a few km$ up to 20 kms?. It
was proposed that a significant amount of the gaseous hale imasthis state. To
explain their origin, it is considered that the eElumps are the late stage evolution of a
Galactic fountain, where hot gas becomes a cool condengegpg¢looses it buoyancy
and follows a ballistic trajectory finally impinging on thealactic disk.

Since a significant part of the gaseous Halo should be intidis,sa sample of Hclumps
similar to the ones detected with the Robert C. Byrd GreerkB&0m Telescope(GBT),
but in different parts of the sky, could give us a better insig their nature and their
origin, thus helping us to better understand the neutralpmmant of the Halo. In or-
der to do this | undertook the task to detect and predominyastddy the part of the
Galaxy outside the Solar circle, in order to gather a samipteuonps for further study
and comparison with the detections made by the GBT.

2.2 Properties of the HI clumps

Under the assumption that tha Elumps are part of the gaseous Galactic halo, they
should have a number of intrinsic properties. These priseasite used to discern them
from HVCs, IVCs and gas without Galactic origin. Possibleaion of these prop-
erties within a sample can be attributed to different cogathechanisms or different
conditions in the Halo.
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The hydrostatic equilibrium model for the gaseous Halo fi€da & Kerp, 1998) pre-
dicts that its two constituents, the neutral Halo medium tredhot plasma, must be
co-rotating with the disk or alternatively rotating slowmrt still following the disk
rotation (Bregman, 1980). So tha Elumps should also co-rotate or follow the Galac-
tic rotation. In comparison, the HVCs by definition are ingatible with Galactic
rotation (Wakker & van Woerden, 1997), having a velocityidéon v>|90| kms?.

According to Kalberla & Kerp (1998), pressure equilibriumtlween the hot and the
neutral gas implies a filling factor of 10% of the H gas with a column density of
10-10'8 cm~2. Due to the clumpy nature of the neutral gas, one of the magesties
of the H clumps is the small angular size, a property already obdervéhe GBT
sample.

Kalberla et al. (1998) found that velocity wings, which aetatted when Hspec-
tra are averaged over large scales, have an average val@pgrsion of 60 kms'.
The wings are attributed to the neutral component of the,lsddhe H clumps are
expected on average to show similar velocity dispersion.

Finally depending on the prevalent physical condition ie @alactic halo, a mix of
cold neutral and warm neutral medium is expected to be ptesemething which is
also detected in the Lockman (2002) sample.

To summarize, | will observe a number of fields in 21-cm, tonkifg coherent struc-
tures. Using their size, their velocityy (velocity with the local standard of rest as
reference) and line width, I will build a sample of Elumps to study their properties.

2.3 Detection of Hi clumps

As discussed earlier, the neutral component of the Halo Hakng factor of 10%,
while the angular size of the clumps is a few times thdo®am of the GBT telescope
(Lockman, 2002). In order to detect clumps of this size witlirgle dish telescope of
similar resolution and sensitivity, either a high resaatfull sky survey or observa-
tions of regions with a high probability to detect Emission from the Galactic halo
are needed. The first option is time consuming, even whergwsielescope with a
multi-beam receiver, so | planned my observational stsategording to the second
method.

With the help of the Leiden/Argentina/Bonn (LAB in this wQil sky survey (Kalberla
et al., 2005a), | identified regions where thedtnission has higher probability to orig-
inate from the Galactic gaseous halo. This method is firstrde=d in Kalberla et al.
(2005c). It uses a mass model of the Milky Way (Kalberla, 208&cussed in section
2.5, to separate thellemission in the LAB survey into three different regions:

1. emission originating from the Milky Way disk as defined bg iodel
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2. emission originating from a high dispersion componem@@) with an average
velocity dispersion of 60knTs associated with the gaseous Galactic halo.

3. emission originating from HVCs.

Blanking the disk and HVCs emission, the end results is acialb@ of the LAB survey
with regions presumably containing mostly Halo emission. A colum density map
is then produced, seen in Fig.2.5, which charts the digtabwof the halo emission
in longitude and latitude. The GBT IHhalo clumps (Lockman, 2002) are detected
in a region withl=29* andb=8°. In Fig. 2.5, this area is found within the region
where Halo emission is expected. This is an independerfioaion that, using the
aforementioned method, we can successfully confine therdes-space in position
and velocity.

Still even in Fig. 2.5 halo emission covers a large area oskye Therefore | need to
identify smaller regions to probe foritlumps. The region where the GBTIi Halo
clumps (Lockman, 2002) are detected, is associated with d#fuse emission in the
LAB survey. So within the parameter-space of the halo, |dete regions which
showed similar characteristics.

2.4 Distance determination

Assuming an H clump has a distance kpc and subtends an anglefrom the ob-
server. The clump diamet& is given approximately by the simple formula for the
arch length.D = A-d . Now knowing the size of the clump, physical parameters like
density and pressure can be estimated. It is easy to conthati¢he knowledge of
distance is fundamental to estimate any physical quastiiel any failure to calculate

it correctly will lead to large error in the outcome of theaahtions (Chap. 9).

The most direct method to estimate a distance is from thedirsggght velocity with
respect to the local standard of regt . Assuming circular motions of the neutral gas
around the center of the Galaxy and that angular vel@&2{f) is a decreasing function
of Galactocentric radius R, the line of sight; is given by

Vie = Ro[Q(R) — Q. sinl (2.2)

Using this equation, each measured velocity along a lineghit $s attributed to dis-
tance. Generally an a priori knowledge of the velocity fislth¢eded.

As discussed in Section 2.2,1 Hlumps follow Galactic rotation. Measuring their
Ui and using the equation 2.1 should be enough to estimatediseanced from the
Sun. But the fact that we are also part of the Galaxy impogbsrea limitation or
an advantage depending on which part of the Galaxy theltinps are positioned
with respect to the Sun. In case the ¢lumps lie in the inner Galaxy, with distance
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Galactic Longitude

opnirje’] oljoelre]

Fig. 2.5: A column density map of thieli emission most probably associated with the Galactic
Halo. The integration limits are defined by the Bonn modele @lsk emission is masked and
its emission has not been taken into account in the integratiVCs are still visible in this
map. Atl =2%andb ~-8, in a region marked by a red box, the first samplédofclumps
have been detected.
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R smaller than the distand®. of the Sun from the Galactic Cent®k R.), Ui IS
not useful due to the distance degeneracy. In diagram 2djrtle-of-sight velocity
Ui Versus distancd is plotted for the inner Galaxy, for’@l<90°. It is obvious that
two different distances have the same veloojty since the line of sight intercepts an
inner orbit two times. But there is a position in which theeliof sight is tangential
to a Galactocentric circle. This point is called tangenipaind the velocity of this
point the terminal velocity. The degeneracy at this poibtreken and the distance can
be determined unambiguously if the distarfite of the sun to the Galactic center is
known. To measure distances at the tangential points a letyslof the total Galactic
velocity field is not required only the terminal velocity atineé corresponding distance.
Lockman (2002) utilizes low latitud®CO(1 — 0) studies to derive the terminal veloc-
ity and determines accurately the distance of the co-rgath clumps in the inner
Galaxy.

In the outer part of the Galaxy, wheRR> R, as seen in 2.6y;y (R) is defined
uniquely with distance, so no terminal velocity exists. cg@my study is focused on
the outer part, | use a different method to estimate the mistdromu,s . | utilize
the equation 2.1 to convert thgy directly to distancel. The assumed Galactic ve-
locity field is derived from a Milky Way mass model (Kalber2003), described in
subsection 2.5 while according to I.A.U stand&sg = 8.5 kpc. It is obvious that the
Galactic model is a major source of systematic uncertaftiethe measured physical
parameters of the Hclumps. In Chap. 9 | give some examples of different estimate
of the distance for different Galactic model.

The kinematic determination of the distance has two addilidrawbacks. It can be

used only if the clumps follow the Galactic rotation whils@asmall peculiar velocities

of the clumps can not be taken into account, increasingduitine systematic uncer-

tainties. More importantly, as discussed in Chap. 3 and€{a888), there are regions
in the Galactic velocity field wher%’ is very small and therefore it is not feasible to
get a reasonable estimate for the distance. These positierevthere is the so called
velocity crowding are region with longitude close to thetegmnd anti-center but also
with | ~ 75°andl ~ 285,

To avoid determining the distance kinematically one cowdd pressure equilibrium
considerations. This method is used in Stanimitati al. (2006) to derive distances
for HI halo clumps detected near the anti-center. The propertiéseoH clump-
lets show similarities with the CNM clouds in the Galaxy. stknown that in the
Milky Way CNM and WNM clouds can co-exist in pressure equiliin in an isobaric
environment, with thermal pressure within a well definedyeof Pyin andPrax (more
detailed study by Wolfire et al. (2003) ; Chap. 7). Wolfire et(2D03) determined
the Pyin and Prax in the Galactic midplane for several Galactocentric radiso for
Hi clumps the volume density is 0 Ny, xd~1 (sub-section 2.6) wherly, is the
column density and is the distance while the pressure is givenmbyl nTy, where
the kinetic temperaturg;, can be measured by the line widkb /,. Using the above
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Fig. 2.6: Inner Galaxy degeneracy: A plot of line-of-sight velocity; versus the distance
d to the observer. The red line show the change,@fwith the distance in the inner part of
the galaxy for longitude G<I<90°, while the green line show the change of the with the
distance in the outer part of the galaxy for longitudé<de180'.

relations and the pressure range within which the two pheaesco-exist (Wolfire
et al., 2003), an upper and a lower limit for the distance camlérived. The major
caveats are the ad-hoc assumptions that the metalichedpist-to-gas ratio and FUV
field are known in the Halo, and similar with the disk. Wolfiteak (1995b) shows that
the range of pressures where equilibrium can exist betweetwio phases may change
dramatically depending on the condition of the Halo ISM.tRar measurements are
needed to find the exact distances of the clumps. Thus thisauédias a limited
use to the anti-center region and more generally regionsemnocity crowding is
important, and therefore thgg can not be converted directly to distances. In Chap. 9
| compare distance estimates for detected clumps usingitisod and compare them
with the kinematical distances.

2.5 Milky Way mass model

An accurate Galactic model is necessary to disentangldrdiskhalo H emission and
to determine the distance. | used the Bonn Mass model desciibKalberla (2003)
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and Kalberla et al. (2007).

It is a model where the Galactic mass distribution is descrity a number of isother-
mal components that are in equilibrium with the gravitasilppotential. The different
components are: an isothermal stellar disk with a thin anck ttomponent, a bar, a
bulge and isothermal gaseous disks for molecular gas, @ltal medium (CNM),
warm neutral medium (WNM), diffuse ionized gas (DIG), a hatized gas and cold
neutral halo. Surface densities and scale heights of altdneponents are adjusted
according to observational constrains (Table 2.1). Thiibdigion of visible mass can
be supplemented by any dark matter distribution matchirgeoiational constrains.
According to Kalberla et al. (2007) the distribution fittitige flaring of the Milky Way
best has a spherical halo, a dark matter disk and a dark matjeat 13kpcR<18kpc.
The rotation curve of the model, used also to estimate dist&im the Milky Way, is
shown in Fig. 2.7. What is important to note is that while thedel assumes that
the gaseous halo of the Milky Way follows the rotation of thal&gtic disk, the halo
does not co-rotate with the disk but it is lagging behind tlsk.dImportant aspects
that a Galactic model should also take into account, arestige Iscale features of the
Galaxy like the Galactic warp and the spiral arms. This igemly important for the
distance estimate since features like spiral structure atay the velocity field of the
Galaxy. In the Bonn mass model the Galactic Warp is takenaotmunt (Kalberla
et al., 2007). Regarding the spiral structure | try to motleking the linear density
wave theory. This effort is thoroughly discussed in ChapAlBin all the Bonn mass
model described a self-consistent solution which agreds wiposed observational
constrain such as the observed flaring in the LABsHrvey (Kalberla et al., 2007).

2.6 Measuring the observational properties of the clumps

In order to study the Hhalo and the clumps initially the 100-m Effelsberg Radio
telescope is used to observe a number of fields withreékolution at 21-cm (Chap.
4). The selection of the observed regions is based on theokimn density map
of the LAB survey given in Fig. 2.5. Further selection is darsgng a number of
criteria: 1) since the aim is to study the outer Galaxy, tlggores must have a longitude
90r<1<270, 2) in the LAB survey the region must have faint &mission (up te-2K),
similar to the regions observed with GBT, 3) finally, since tiy is used for distance
determination, areas where Wh%@w 0 should be avoided in order to prevent large
uncertainties in the distance determination.

The observed Hclumps are specified by a number of physical properties, itetik
temperaturély,, the average volume density n >, the spatial diametdd, and the
thermal pressur®. | will determine these properties for each clump from a det o
guantities measured with a radio telescope.

Independent of the specific type of observations, whethegtedish or interferometry,
the final result after the application of the data reductsoe3-dimensional array called
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P h, 2 o
cn 3 | pc | (My/pc? | kms?
Gaseous disk:
Molecular gas 0.66 | 75 3.0 3.5
Cold neutral medium{ 0.30 | 150 2.8 6.0
Warm neutral mediump 0.10 | 400 2.5 14.8
Diffuse ionized gas | 0.024 | 950 1.5 26.8
Neutral halo medium| 0.0012| 4020 0.3 60
Hot halo medium | 0.0013| 4020 0.3 60
Stellar disk:
Thin disk 1.3 325 18.6 14.3
Thick disk 0.3 630 8.7 24.3
Dark Matter disk 0.69 | 4240 129 105

Tab. 2.1: A table showing the different isothermal components ctutitiy the Milky Way
Mass Model.p is the mid-plane density at the position of the Sunis the local exponential
scale height perpendicular to the Galactic planreis the local surface density ara the
isothermal velocity dispersion. The table is taken fromb€ala (2003)

image cube. This holds information about the brightnesgtgatureTg or the flux
density S distribution of the H emission of the sky for each channel, that is for a
specific velocity with respect to a reference velocity. dsinvisualization software,
for example the package KARMA (Gooch, 1996), | inspectedrtiege cube of each
observed field searching foritlumps. Their identification was done according to
the premises discussed in section 2.2. In case of a detdctian then extract the
spectrum of the Hclump. In case it is unresolved, it would be the spectrum feom
single position (pixel), while in case the clump is resoltkd spectrum is from the
central position.

Ideally, the H atoms of the clump have a Maxwellian velocity distributiardahe
spectrum is best described by a Gaussian (Fig. 2.8). Thawwly information can
then be extracted from it:

1. The peak brightness temperatiige

2. the line-of-sight velocity,s of the peak of the line, measured by the Doppler
shift with respect to the rest frequency of H

3. theline widthu, ;, which is connected with the velocity distribution of Btoms
in the clump, causing the broadening of the line due to thepgBshift and

4. the total area enclosed by the line.
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Fig. 2.7: Rotation curves for the Milky Way mass models(Kalberla et2007). The dashed
black lines give the rotation curve for the initial dark neattlisk, and the dotted lines the curves
for the dark matter disk including a ring according to de Beteal. (2005). The thick red lines
show the rotation curve for the model used to convgytto distance. To the rotation at= 0
(top thick curves) the authors display in each case thelairstreaming velocities & = 1 to

5 kpc(from top to bottom).

Using the line-of-sight velocity,y (kms™1), as described in subsection 2.4 and as-
suming that the clump follows the Galactic rotation | carneate its distance from the
sund (kpc), their Galactocentric radiu® (kpc) and the height above the disk plane

(kpc).

Using the line widthAu, ;o(km s 1) and making the good assumption that theisl

behaving like an ideal gas and has Maxwellian distributiarah then estimate the
o . Av?
kinetic temperature of the gdgn, from the formula% =22 kqu//é. In case turbulence

is important this is the upper limit for thk;, of the gas, since turbulence is the cause
of the line broadening.

Assuming the neutral gas is optically thin with an opticgbther << 1, the total area
A can be converted to the peak column density of they&k by using the following
formulaNy, = 1.8224-108. Acm2.

For an ideal spectrum like the one seen in Fig. 2.8 we canaxtia above quanti-
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Fig. 2.8: A ideal spectrum of akli line which has a Gaussian shape.

ties simply by fitting a Gaussian function. Unfortunatelystivas only true in very
limited cases in the observed sample af ¢lumps. A typical clump spectrum is
similar to the one shown in Fig. 2.9. A two component struetisr present. The
narrow component which is the detected ¢lump and the more extended underly-
ing component which is the envelope. As seen in Fig. 2.9 hsualt not necessary,
the broad line component is part of the extended wing of thiem i@alactic line. The
Hi clump has a very small angular extent, at adjacent positinlyghe broad extended
component is present. A Gaussian fit, in the two componem®, ci®ws no conver-
gence since the broad component surrounding the clumpsardiybe described by
a Gaussian. In such a case the envelope/background emisggirbe removed man-
ually in order to determine the properties of the clump. Dué¢he low intensity of
the extended envelope, bad baselines in the image map $ectka uncertainty in
the measured quantities. Assuming the clump (narrow coemdmhas a temperature
T. and the warm extended component has temperdirthe radiative transfer is:
Tm=Te-€ T4+ Te(l—€") — Tn= Tex + Tnar WhereTy, is the total measured bright-
ness temperatur@ey is the brightness temperature of the extended compaodhRgnt
andT, is the brightness temperature of thedtump. Thus it is simple to derive that
the total area measured is the sum of the area of the clumpharektended compo-
nent. To remove the extended background at the positioredfiticlump | measured
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Fig. 2.9: A typical spectrum of arHi clump. The clump is located &t112.96, b=-
12.44 andug ~-50km st on top of an extended Galactic wing.

for a specific velocity range the total area, then for the sashacity range | measured
the area for an adjacent position where there is no narrowriission. The result
gave me the areA under the clump (narrow line) thus estimating the columrsign
for that position. Thayg of the clump is easily determined from the position of the
peak. TheAuy, is measured at the half maximum of the peak.

The H image cube is used to measure the angular diameters ofitckips. For
Hi clumps which were unresolved or resolved in one axis thelangiameter is esti-
mated using their angular widthand the angular lengthaccording tes= (w-| )1/2(in
arc-minutes). In the case where the clump is resolved, dfdteircular Gaussian and
estimated thédvy, of the H clumps which was defined as the angular diameter

If the distance from the Sun is known, the diameter of the @lisD = d-s whered

is measured in parsec anth radians. Assuming now that tha Elump has a circular
cross section and that the density is constant in the clurcplculated the average
volume density of the clump as n >= % (in cm23 whereNy, is the column
density andD is the diameter respectively. The error in the calculatibthe volume
density in this case depends on the deviation of the actaglesbf the clump from the
assumed cylindrical shape. In reality the error in the distadetermination is more
important and influences the uncertainty of the density oreasent.

Finally, knowing the density and the temperature, | camestie the Pressuf@ from

the formuIaK.CFr’n,S = % and the mass of each clump in solar masses. It is
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important here to note that both the pressure and the massést depend on the dis-
tance a® ~ d~1 andM ~ d?. Uncertainties of the distance determination influences
the estimates for these physical parameter.
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3.1 Introduction

In an H brightness temperatuiig distribution map of position versus velocity , like
the one at Fig. 3.11a, the neutral gas can be described byridarmental equation of
21-cm structure analysis:

Ve = Rs[Q(R) — Qo ]sinl (3.2)

whereV. is the radial velocityQ is the angular velocity at radiuR, and Q. the
angular velocity at the position of the SuR;,. It is easily discernable in this map,
that Tg does not have a smooth distribution. Large scale featukesttie warp,
deviations from circular rotation like the spiral arms, frature fluctuations and a
non-isotropic density distribution, all alter the expelpeofiles. All these factors have
to be taken into account in order to construct an accurate dsdel with the aim
to use it to distinguish Hemission originating from the Galactic Halo. Large scale
features like the warp have already been incorporated imthatel. Fig. 3.11bis al-v
Hi brightness temperature map of the Milky Way modebat 0°with the inclusion
of the warp . It is obvious that Fig. 3.11b and Fig.3.11a affedint. The former
shows a smooth distribution of gas with velocity, while tatdr, the real data, shows
elongated filamentary concentrations, a lot of them thdtsestispiral arms structure.
In accordance, the spectra of the real data are the restittes atcumulating influences
of the temperature and density fluctuations of the neutrdidgyen in the disk as well
as kinematic irregularities of the gas deviating from threwdar rotation.

Although it is quite difficult to weight the importance of theo former effects, asitis
shown in chapter 7 of Crane (1988), the kinematic irregtiéiplay a dominant role
in the morphology of the spectra. This is apparent in thearmgixvhere‘é—‘r’ ~ 0, for
example at=0°, 180", 75°, 285". There, since varies slowly with radius, the profiles
contain a contribution from a long path length and thus eoimgnthe measured .
Quite similarly kinematic irregularities alter the Galiactelocity field. As a result,
gas from different regions of the disk with similayy velocities, appear as large scale
structure features which can be interpreted wrongly asderesity variations. Such
structures represent mostly deviations from circulartrota The most important kine-
matical irregularities are induced by the spiral arms wlahpresent on a large scale
in Fig. 3.11a. So, in order to test the effect of spiral suuein the Milky Way model,

| have tried to implement the spiral structure in it. | usegllihear density wave theory
to predict the perturbation velocities and then createdh&fit data cubes to compare
them with the LAB survey to test the parameters of each maujedge its success.
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3.2 The model of the Galactic spiral structure

First of all | assume the Galactic spiral structure exhilbitgrand design which is
supported by a density wave. The second important assumigtithat the line pro-
file characteristics are caused mainly by kinematics andstmgture as spiral arms
should be attributed to kinematical irregularities duei®presence of a density wave.
To model the Galactic spiral structure | used the linear tigngave theory. It was
proposed to solve the winding dilemma of grand design spaatl was outlined in a
series of papers by Lin & Shu (1964, 1966); Lin et al. (1969¢cdrding to this the-
ory, the spiral arm is considered as a quasi-stationary ocesspn zone of interstellar
matter. So, while the zone is not disrupted and follows dotidy rotation, matter can
stream through it. The advantage of this idea is that botlacialdifferential rotation
of Galactic matter and the solid body rotation of the Gataatms can co-exist. The
application of this theory to the motion of neutral hydrogess first described by Yuan
(1969).

To model the spiral arms | followed Burton (1971).
For a gravitational potential of an axisymmetric disR""
Ua, we assume that the spiral arms create a perturbg-
tion Ug, so the total gravitational potential of the disk
isUq = Ua+Us. Therefore if the gas moves in regular
circular orbit with angular velocitf2(R) at distance

R from the Galactic center, it has a circular velocity
V(R) and a radial velocity with respect to the local
standard of rest o¥.. In the presence of spiral arms,
the perturbation of the gravitational potentf{ in-
duces in the gas a peculiar motion. In the radial di-
rection towards the Galactic center and the position of
the gas this potion has velocity while the tangential
induced velocity ivg. Fig. 3.10 shows the direction
of the induced motions. Taking into account the abov
considerations the total radial velocity with respect {9, . .iic
the local standard of rest (l.s.r) is given by: Centre

Fig. 3.10: Coordinate system
for the calculation of the velocity
perturbations. 6 is the azimuth

wherel is the galactic longitude anfl is the galacto- measure clockwise from the ra-

centric azimuth, measured clockwise from the radigé/s connecting the sun with the
passing through the Sun. galactic centey, s, is the radial
velocity, u; , Ug is the perturba-

Assuming that the spiral structure of the Milky Way igion velocities.
described by a logarithmic function, the radial phase
function is given by

Vig = Ve + Urcos(l + 6) + vgcos(90—1 —0) (3.3)
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1 R-tan(io)

b %9R; tan) (34)

where®(R) is the radial phase factor, m is the number of spirRsjs the radius
where the spiral structure starts, and the tangent of tih pitgle is given byan(i) =

a-R+p.

The phase of the superimposed gravitational potential is:

®(R)=—m-

X(R, 6) =mb — D(R) + Xo (3.5)

wherex, is the initial phase of the spiral arms.
The radial wave number is definedid®) = % and is related with the radial spac-

ing of the arms\ = %.

Assuming that the spirals are tightly wound, jtg(1)| << 1, according to Burton
(1971) the velocity perturbations are given by the follogiarmulae:

Uy = arcosx (r, 0) (3.6)

Ug = agsinx(r,0) (3.7)

The amplitude of the peculiar motions is a function of thewdagpattern speeQ,,
the average angular velocify(R), the surface density in the center of the spagky,
the surface density in the inter-arm regigg, and the epicyclic frequendy?.

:Umax—amim m
Omax + Omin  —K(R)

a (Q(R) - Qp) (3.8)

k? 1
=2 lar?-a0m) ™ &9

Using these formulas we can estimate the peculiar motioestalthe density wave
and thus the radial velocity(r, 9).

| used the Bonn mass model described in Kalberla (2003);&Hitet al. (2007) to get
the necessary values for the unperturbed circular veldgitgnd the angular velocity
Q(R) in order to produce a synthetic data cube, including the I@gcmotion from

the spiral arms. The data cube is then compared with theAB survey. The aim is

to identify the similarities in the morphology of the spieaims produced in the model
with the real spiral structure in the LAB survey. The lineandity wave theory model
from its conception does not provide an accurate descnjatithe real spiral structure.
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Therefore, while it is able to reproduce the morphologyait oot replicate exactly the
line profiles of the real data. As a result a direct compariseveen the brightness
temperaturdpg distribution for the two data cubes, the model and the re, ds not
feasible and does not produced any reasonable resultsefdreethe comparison is
done visually. A more accurate method would preferably drfitta model data cube
with the real data to extract the parameters of the spirabasndone e.g. to extract
the properties of the warp in external galaxies (J6zsa g2@07). Such a method is
beyond the scope of this work which has as main aim the studyeoH clumps in
the Galactic halo. In this Chapter my target is to show to vetxéént the linear density
wave can describe the spiral structure and how much the $aaje features in the disk
are a product of velocity perturbations.

3.3 Results

In order to compare the spiral structure in the LAB surveyhwifie model, | have
produced for each model a synthetic data cube. Each onescavegion in velocity
of |ujg [<250 kms?, all longitudes and latitudes betwegi< 15°. The following
parameters are kept fixed for all the models:

* the initial radiusR,. This marks the start of the spiral structure and the end of
the Galactic bar. It is considered to be 3kpc (Vallée, 2002).

* the pattern spee@,. This is the angular velocity with which the spiral arms
rotate around the Galaxy. Due to our unique position, it iy déficult to mea-
sure it for the Spiral arms of our own Galaxy. Lin et al. (1968@gd a guess
of Qp = 135kms tkpc~! which produced the most reasonable results when
comparing model with observations. The authors claimseatan higher values
could produce acceptable results. Recently Fernandez(208ll) observation-
ally determined the angular pattern spee@gt= 30km skpct from kine-
matical studies of two samples of HIPPARCOS data, one aointai0- and B-
stars and the other composed of Cepheid variables. Thigasfosall the mod-
els except in Burton (1971) where for consistefizy = 13.5km stkpct is
used.

* the initial phasex,. | assumed either the simple case that at the position of the
spiral armsy = 0 or the more valid one that at the central region of the spiral
arms bothyy| and bg| must be maximized. | utilized the plot from Vallée (2002)
which shows that at starting radius of the spif@isthe Crux arm ha§ = 20°.

All my model were tested for both values

To reproduce the spiral structure, according to the relatfche previous section 3.2,
| varied for each model the surface density contrast betweearm-inter-arm region,



3.3 Results 25

the number of spiral arms and the pitch angle In respect to the latitude dependence
the equations of the peculiar velocity do not take latitbdieto account. What varies
as a function of latitude is the angular velocity in the cakéhe lagging halo. The
surface density contrast is independent of the latitud&s shown later fofb|>4°, the
perturbations induced by spirals do not affect the brigbdértemperature distribution
of thel-v maps created with the models. In such a case only the Galeatplays a
dominant role, deviating from symmetry.

The first series of models to present were produced to testifieeence between the
kinematical and the density approach in the analysis ofkpiructure. Levine et al.
(2006b) observationally determined the spiral structa@ameters from the LAB sur-
vey. Firstthey transformed the brightness temperdfgiremission from a heliocentric
data set into a Hdensity grid with Galactocentric radius. For this convensa stan-
dard rotation curve was taken into account together withyefic corrections, but not
velocity perturbations due to spiral arms. Their secong gtas to apply an un-sharp
masking technique which enhances the contrast betweemdwigh surface density
features, emphasizing thus the spiral structure. Finayauthors fitted the observed
spiral features of the density waves using a logarithmicaggimilar to equation 3.4,
thus determining the number of spirals and the apparertt pitgles. A sum of their
parameters is found in Table 1 of Levine et al. (2006b). Thaxelfound 4 arms with
pitch angles of 24 24°, 25°, 21°at the Solar circle. It is obvious from the above
analysis that they considered spiral structure as densityfiations, not velocity per-
turbations, apparent in the density cubes. To test themat | used the pitch angle
values for a series of a synthetic model. Since in my modkisabpiral arms have the
same pitch values | used the average of 236Levine et al. (2006b). Assuming that
the spiral structure has indeed the morphology found intheeit al. (2006b) then the
syntheticl — v diagrams should reproduce some of the structure seen irahe—+ v
from the LAB survey. For the angular pattern | used@e= 30km s tkpc?! for rea-
son explained earlier while the surface density contrastsedto 4, a value extracted
from the LAB survey by Kalberla et al. (2007). The angulat@at speed and the sur-
face density do not affect significantly the positions of $p&al arms in the synthetic
cubes. This model was also modified to include either 2 or 4domdifferent values
of the initial spiral structure phasg.

In Fig. 3.12, 3.13 and 3.14 | present the comparison betweehést synthetic cubes
based on Levine et al. (2006b) and the real LAB data. A direntmarison between
these show that there exists no similarity between the ret dube and the syn-
thetic cubes with parameters based on Levine et al. (20Q&hi)g different values for
the initial phasey, still cannot reproduce the spiral structure with thesehp#ingles.
This pitch angles fail to reproduce even partially the pkxrsin the real data of the
LAB survey. This outcome is probably due to the conversion to density used by
Levine et al. (2006b). Besides considering the spiral fegtas density perturbation
only when converting the original heliocentric datagg{tv,s ,|,b) of the LAB survey
to a Galactocentric oney, (R,68,2), no correction for the spiral arm peculiar velocity
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was applied. This implies that different parts of the Gataelt with similaru;g due
to velocity perturbations will appear as density enhancgsmimicking spiral struc-
tures. These do not necessary trace neither the positiomarhology of the density
wave nor the actual position of the real surface density mcgraents induced by the
spiral arms. So a fit to a density data cube can provide onhapiparent values for
the spiral arms and cannot be taken as an accurate destptive position and mor-
phology of the spiral arms.

The next model is based on a set of parameters used by Bu@@d)(or a similar
analysis. In this paper it is assumed that the spirals haitelagngle of 8 at R=5kpc
which slowly decreases td’5at R=10kpc. Becaus®&.=10kpc, | rescaled the above
values to match the 1.A.U estimateRf=8.5kpc. Table. 3.2 gives tleeand3 param-
eter determine the corresponding pitch angle. For the seidansity contrast between
the arm-inter-arm region Burton (1971) varied the valuefrbat the Galactic Center
to 4.33 at R=10kpc. Since in my model the density contras¢ konstant through-
out the spiral arms | adopted the average value of 2.65 ferrtfudel. As a result it
is expected that for radii where the Burton (1971) model bagt density contrast, |
estimated peculiar velocities to be higher while in theiradiere the Burton (1971)
model has higher density contrast, | estimated lower pacuglocities. As a result,
the contrast between the arm-inter region will be sharpan iih the Burton (1971)
original model but also the positions will have small modifions.

Thel-v diagram of this model in comparison with the real data is sedfig. 3.15.
This comparison shows that the spiral structure is poodgmstructed with this set of
parameters. The main similarity is the position of the bumparked by a black circle
in Fig. 3.15b, at the terminal velocities witk30° andl=50°. The large arch which
lies at the fourth quadrant with a starting positiolaf60° up tol=0° is missing in
the synthetic model. And there is only a nearly faint recartgton of the arch at the
first and second quadrant, and of the outer arm startibhg 280,

| also compared the real LAB data with the synthetic data oflehd for b=3°, as
seen in Fig. 3.16. The application of the density wave thelmss not improve the
Bonn mass model much in comparison with the real data in #ss.cThe similarities
between the real emission and the synthetic data seen atdbedsquadrant between
[=60°- 180" is mostly due to the inclusion of the warp in the Bonn modele pbaks
of brightness temperatuiig located at the same position,|a75°, =180, are due to
velocity crowding expected in these areas (Chap.2). Inlosien model 4 has some
success in the inner part of the Galaxy but fails generallgpsoduce the large scale
features in the real data.

After the trials based on the Burton (1971) and Levine et20006b) models, | have
produced a number of synthetic data cubes trying to match-themaps of the real
LAB data. Numerous sets of parameters were tested. As alguader the chosen
values | used a meta-study of the Galactic spiral structyr&dilée (2002) which
summarizes the most recent results on the spiral paraméteom all this datasets |
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will present the 3 that most successfully reproduced theaksgiructure of the Milky
Way.

The first model has a number of spiral arms= 4 and a surface density contrast of
3. For the pitch angle | considered at the solar circle thatl2.5° which is the
estimated average in Vallée (2002). | used Burton (1971)sxidbe the change of
the pitch angle as a function of distance. Fig. 3.17,3.18vsh@ comparison of the

| —v maps of this model and the LAB data for0° andb=3°, respectively. In Fig.
3.17 the black ellipses mark the regions where there is veog gnatch between the
synthetic data and the real data. As can be seen this modaltes successful. It
reproduces the grand arch at the first and second quadraatsoltmatches nicely
the regions for terminal velocity and parts of the inner Ggldt even reproduces a
filamentary structure at 4180°-240° which seems to be connected with the outer
arm (McClure-Giriffiths et al., 2004). On the other hand itd&0 reproduce the small
arch at the fourth quadrant290’-330°) atb=0 and also the terminal velocity regions
for ug <0 kms and large filamentary structure fromujg =19°,-16.49 kms?)

to (I,u,g =70°,-74 km s 1) which seems to be not only a result of spiral structure but
additionally it is probably connected with the arch at thartb quadrant. For the
higher latitudes, Fig. 3.18 shows that the model is not ssfaé While it produces
structures, marked inside black ellipses, which morphokidty are similar to features
in the real data, the extent and the position of these feafaréhe synthetic data is
different from the real data.

The second model that produced successful results has eenofrdpiral armsn=4, a
surface density contrast of 4, and a pitch angtel1.7° at the solar circle. Fig. 3.19,
3.20 show thd — v brightness temperature maps fwsr0° andb=3" in comparison
with the real data. In Fig. 3.19 the black ellipses mark agdinctures which are
similar to the real data. This model reproduces at the saoatitm the great arch seen
in quadrants 1 & 2, the outer arms and also a structure locdtedgative velocities
in quadrants 1 & 2 . While it also produces a structure sintathe small arch at
the fourth quadrant, the location is different and posiibrcioser to the plane. At
|=-106" , it produces a spiral feature not seen in the real data. Atdstb=3°, shown
in Fig. 3.20, there are some morphological similaritiesthetpositions are different
from the real data. All in all this model also fails to proddeature similar to the real
data forb # 0°.

The last successful model has also four spiral arms and acgudensity contrast of
4. The pitch angle is= 12.5°and the initial phase of the spiral armsyis= 320° to
take into account that the Crux arm startdat 20° (Vallée, 2002). Fig. 3.21, 3.22
show thel — v diagrams as a comparison with the real LAB datalde®® andb=3°,
respectively. In Fig. 3.21 fab = 0° it is seen that this model reproduces the small
arch structure at the fourth quadrant as well as the bumpedetiminal velocity in the
inner Galaxy foll < |60|°. It fails to reproduce the large arch structurelfer0® and
the outer arms dt~ —170°. While it reproduces similar structures morphologically,
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Fig. 3.11: a) Top: AnHi emission map of longitude versugy along the Galactic equator
(b=0) from the LAB survey. (b) Middle: AHI emission map of longitude versug, of the
Milky Way model (Kalberla, 2003) which includes the warpthaut spiral arm ap=0.
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these are created at different velocity positions. I5=8° from Fig. 3.22 , it is again
obvious that while we have some structures similar to thied@a, marked with black
ellipses, the model fails to produce a more accurate picture

Table 3.2 summarizes all the parameters for the models gshisduhere, with the last
three sets being the ones creating synthetic data cubes tiothe real data.



3.4 Dependence on b 29

Glat: 2.6714742e—16
150

200

100

- 100
N
£
i)
> 0 a
=
3}
] 150
)
> —100
—200
0
180° 120° 60° 0° —60° —120°
Galactic Longitude
Glat: 2.6714742e—-16
150
100
n

Velocity (km/s)

450

IO

Fig. 3.12: A comparison of longitude versuss (I-v) emissionHi maps between the real
LAB data and the model based on Levine et al. (2006b)(a) TapdAemission map of along
the Galactic equatobEQ’) from the LAB survey. (b) Bottom: An synthetic emission map
from the model Model 1 withm=2, Contrast=4Q, = 30 km/sec/kpc,R,=3.0kpc, xo = 0°,
a=0,B8=0.435

Galactic Longitude

3.4 Dependenceonb

In Fig.3.23 twol — v maps are presented fbe-3°, one of the LAB real data and the
other of the non-spiral arms model. A comparison betweenwioeshows that the
non-spiral model has a very smooth distribution of theshhission, with an asymme-
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Fig. 3.13: A comparison of longitude versusgs (I-v) emissionHi maps between the real
LAB data and model based on Levine et al. (2006b) (a) TopHArmission map along the
Galactic equatorb&() from the LAB survey. (b) Bottom: An synthetic emission mapnh
the model Model 2 withm=4, Contrast=4Q, = 30 km/sec/kpcR,=3.0kpc, X, = 0°, a =0,

B =0.435
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try present between positive and negative longitudes duketavarp. This is quite
different from the patchy and filamentary structure showthareal data. This struc-
ture is reproduced, not always accurately, under the adgsumipat it is the result of
spiral arms. In the previous section the models presentesl et successful fdy £ 0.

In Fig. 3.24 model 8 is shown, which differs from model 7 in thaface density
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Fig. 3.14: A comparison of longitude versuss (I-v) emissionHi maps between the real
LAB data and the model based on Levine et al. (2006b). (a) PapHI emission map of
along the Galactic equatob¥£0°) from the LAB survey. (b) Bottom: An synthetic emission
map from the model Model 3 withn=2, Contrast=4Q , = 30 km/sec/kpcR,=3.0kpc,Xo = 6°,
a=0,(8=0435
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contrast withC=3 and the initial phase witk, = 69°. In Fig. 3.24b | overlaid the real
data with the model represented as contours. One can easéytain the presence of
similar structures, attributing them to spiral structurethe real data the filamentary
structure seems to be clearly presenthjg8°. Our models have only limited success
and show similar structure up tb|<4.5 .
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Fig. 3.15: A comparison of longitude versusg (I-v) emissionHI maps between the
LAB data and synthetic data. The black ellipses in the syigtlreaps shows region of good
agreement between the synthetic and the real data. (a) Topll #mission map of along the
Galactic equatorhe(?) from the LAB survey. (b) Bottom: An synthetic emission mapih
Model 4 withm=2, contrast=2.65), = 13.5 km/sec/kpcR,=3.0kpc,Xo = 0°, a = —1.2482

B =0.193.
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3.5 Discussion

In this chapter | have presented my efforts to model the Gialapiral structure using
the linear density wave theory. The purpose of this work isoa@roduce an accurate
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Fig. 3.16: A comparison of longitude versugs (1-v) emissionHi maps between LAB data
and synthetic data fdi=3. (a) Top: AnHi emission map fob=3from the LAB survey. (b)
Bottom: An synthetic emission map from Model 4 ko3’ with m=2, contrast=2.65Q, =
13.5 km/sec/kpcR,=3.0kpc,xo = 0°, a = —1.2482 3 = 0.193.

and complete model of the real Milky Way spiral arms. My airtoigest the possibility
of incorporating the spiral arms structure using the dgngitve theory in a Milky Way
model and to estimate the effect of the velocity perturlratidue to the spiral arms in
the overall apparent Horightness distribution in the all sky surveys.

For this reason | have assumed that kinematics are the omiinant factor shaping the
line profiles. Then | produced synthetic data cubes to véhify assumption. What is
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Fig. 3.17: A comparison of longitude versugs (I-v) emissionHi maps between LAB data
and synthetic data fdo=0".The black ellipses in the synthetic maps shows region otlgoo
agreement between the synthetic and the real data. (a) Toldi Amission map fob=0"from

the LAB survey. (b) Bottom: An synthetic emission map from déb5 for b=0"with m=2,
Contrast=3Q, = 30 km/sec/kpcR,=3.0kpc,xo,=0", a = —1.07010° 2 B=0.312.
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apparent is that even in the cases such as the models 2 ana&tivie is no accurate
match between observations and synthetic data, it is eaggciertain that kinematic
peculiarities, induced by the linear density wave, creasdures in the model of the
Milky Way which show great similarities with the spiral arrfieature seen in the real
data. For the more successful models, like 5, 6, 7, this @gbroan reproduce partially
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Fig. 3.18: A comparison of longitude versugs (I-v) emissionHi maps between LAB data
and synthetic data fdv=3". The black ellipses in the synthetic maps shows region otlgoo
agreement between the synthetic and the real data. (a) Todi Amission map fob=3" from

the LAB survey. (b) Bottom: An synthetic emission map from déb5 forb=3"with m=2,
Contrast=3Q, = 30 km/sec/kpcR,=3.0kpc,Xo = 0°, a = —1.07010° 2 B=0.312
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even the exact location of the spiral structure.

Therefore itis obvious that one should be really carefulmingerpreting the Hbright-
ness distribution. The kinematic peculiarities are tooonignt to be neglected and as
seen in the models they can create velocity structures tlagtlme erroneously in-
terpreted as true density structures. The partial sucdetsge anodeling also shows
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Fig. 3.19: A comparison of longitude versugs (1-v) emissionHi maps between LAB data
and synthetic data fdv=0°. The black ellipses in the synthetic maps shows region otlgoo
agreement between the synthetic and the real data. (a) Todi Amission map fob=0" from

the LAB survey. (b) Bottom: An synthetic emission map fromdéb6 forb=0" with m=4,
Contrast=4Q, = 30 km/sec/kpcR,=3.0kpc,Xo = 0°, a = —1.07010° 2 B =0.312
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that at least at a first approximation, the linear densityentdneory can be used to
introduce spiral structure in Galactic models. Not all thattires are reproduced ac-
curately but this is probably due to the simplicity of the ratlsdused here. More
complicated models with separate pitch angles for eaclalsgiurface density con-
trast depending on radius and multiple spirals should yielder results. However



3.5 Discussion 37

Glat: 3
150

100

150

Velocity (km/s)

0° -60°

Galactic Longitude

150

100
100

Velocity (km/s)

150
—100

—200

180° 120° 60° 0° -60° —-120°

Galactic Longitude

Fig. 3.20: A comparison of longitude versugs (1-v) emissionHi maps between LAB data
and synthetic data fdv=3". The black ellipses in the synthetic maps shows region otlgoo
agreement between the synthetic and the real data. (a) Tod1 Amission map fop=3" from

the LAB survey. (b) Bottom: An synthetic emission map fromdéb6 forb=3" with m=4,
Contrast=4Q, = 30 km/sec/kpcR,=3.0kpc,Xo = 0°, a = —1.24828" 2 B =0.312

this is beyond the scope of this work. The assumption of tlglan pattern speed
of Qp = 30km slkpc ! measured observationally (Fernandez et al., 2001) seems to
yield reasonable results.

Regarding the effect of the spiral structure on verticafrtigtion, our models do not
include an explicit dependence on latitude in the form ofialtpeculiar velocity per-
pendicular to the plane. Since the spiral arms are conslderee a perturbation from
the axisymmetry of the galactic Gravitational field such keiy affect the model
significantly. Nevertheless even without this inclusiomsivisible from our models
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Fig. 3.21: A comparison of longitude versugs (1-v) emissionHi maps between LAB data
and synthetic data fdv=0°. The black ellipses in the synthetic maps shows region otlgoo
agreement between the synthetic and the real data. (a) Tod1 Amission map fop=0° from

the LAB survey. (b) Bottom: An synthetic emission map from déb 7 for b=0°with m=4,
Contrast=4Q, = 30 km/sec/kpcR,=3.0kpc,Xo = 40°, a = —1.0701°2, B =0.312

that the spiral structure affects the kinematics and thstion of the H not only in

the Galactic plane but also at low latitudes. Although thelei® are not adequate for
latitudes higher thab=0°, it was clearly shown that the velocity perturbations a#ec
the spectra to latitude up t=4.5 in the synthetic cubes. In the real data the affected
latitudes seem to be up tw=8°. Taking into account the distribution of thel lgas
associated with the halo as depicted in Fig. 2.5, spiral aimasild have a stronger
effect in the inner parts of the Galaxy where gas is assatiath the halo even from
b=2°. For the outer part outside the solar circle, thegds associated with the halo
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Fig. 3.22: A comparison of longitude versugs (1-v) emissionHi maps between LAB data
and synthetic data fdv=3".The black ellipses in the synthetic maps shows region otlgoo
agreement between the synthetic and the real data. (a) Tod1 Amission map fop=0° from

the LAB survey. (b) Bottom: An synthetic emission map from déb 7 fobh=3with m=4,
Contrast=4Q, = 30 km/sec/kpcR,=3.0kpc,Xo = 40°, a = —1.0701°2, B =0.312

start abovén=8°, so it is expected that the spiral perturbation should haaféeat on it
in a limited vertical range.

Another effect, which was not taken into account but mighpriove the model, was
shock fronts. At a gas temperaturelof100K, for the cold H temperature, the veloc-
ity of sound is~ 1—2kms™1. A simple calculation shows that the peculiar velocities
induced by the spiral gravitational potential can be evetiri8s greater than this. So
the creation of shock fronts can affect the apparent postispiral arm features.

Finally, it seems that the value= 12° proposed for the pitch angle of the spiral
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Qp C |'m a B Xo
kmslkpct| - | -] 1072 - °
Model 1 30 4 |2 0 0.435| 0 | Levineetal. (2006b
Model 2 30 4 | 4 0 0.435| 0 | Levine etal. (2006b
Model 3 30 4 |2 0 0.435| 6 | Levineetal. (2006b
Model 4 13.5 2.65| 2 |-1.248|0.193| O Burton (1971)
Model 5 30 3 | 2]-1.071/0.313| O
Model 6 30 4 | 4]-1.248/0.313| O
Model 7 30 4 | 4]-1.071] 0.313] 320
Model 8 30 3 | 4|-1.071|0.313| 69

Tab. 3.2:A table with the parameters used in the spiral arms modRyss the radius where
the spiral start in kpcQyp, is the angular pattern speed of the spiral in kitkpc=2. C is the
surface density contrast between the arm inter-arm regidg,the number of spiral armsx
andp are the coefficients which define the pitch ariglg, is the initial phase of the galactic
spiral arms.

arms is the most reasonable one. Smaller or larger valuestdeetd any reasonable
results and at least in the case of the linear density waweythihey can not be used
to describe them.
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Fig. 3.23:a) Top: An longitude versusgs brightness temperatukd map of the LAB survey
at b=-3(b) Bottom: A longitude versus velocity brightness tempaia map o1 emission
from a Galactic model without spiral arms at b=-3
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Fig. 3.24:(a) Top:Model 8 m=4, Contrast=3Q, = 30 km/sec/kpcR,=3.0kpc, X, = —40,

a = —1.07012, B = 0.312 b= —3°(b) Bottom: A comparison between the Lab data and
Model 8 for b=-3*. Model 8 is overlaid as contours Them=4, Contrast=3,Qp, = 30
km/sec/kpcR,=3.0kpc,Xo = —40°, a = —1.0701°2, B = 0.312b=-3
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4 A searchforthestructure of the gaseous Hi halo
using the Effelsberg 100-m telescope

4.1 Introduction

According to the Bonn model (Kalberla & Kerp, 1998), the gase Galactic halo
has a number of physical properties. To study these pregebtit also to overcome
practical difficulties a simple search strategy was uselizing the new all sky H sur-
vey LAB (Kalberla et al., 2005a) as a finding chart. The aim teaslentify regions
with clumps that can be used to probe the halo. Although therg6olution of the
LAB survey is not enough to resolve such clumps, the data seéulito select a
number of regions to be observed with higher resolution. dilg two telescopes,
besides the Green Bank 100-m telescope (GBT) which are @aiplevide us with the
necessary sensitivity and angular resolution are the Boe800m telescope and the
100-m Effelsberg telescope. Due to the limited coverageétieeibo telescope could
not be used to map the initial sample of regions. | startecbtiservations using the
Effelsberg 100-m telescope. In the following chapter | \wtkrt by giving a brief de-
scription of morphological characteristics of the ¢lumps as detected by GBT from
Lockman (2002). Then I will discuss in more detail two detmtimade with the Ef-
felsberg radio-telescope which can serve as primary ex@sgilthe characteristics of
the H clumps. Then a less detailed description of all my detestisiti be given and
a summary of their physical properties as studied with thel&ferg radio telescope.
Finally I will compare my sample of clumps with the samplenfre.ockman (2002)
from the GBT telescope.

4.2 Technical details and selection criteria

As already discussed, high resolution is needed to detédtart resolving the neutral
component of the Galactic Halo. At 21-cm, the beam resatutiothe 100-m Effels-

berg radio telescope is 9,4imilar to the beam resolution of the GBT, and enough for

a detection of a clump. While the Arecibo telescope has bs#ssitivity and beam
resolution, it can only observe in a limited declinationganobjects within a belt of
-1°< dec <+39. This led me to use it as a secondary option.

Using the LAB H survey, a list of regions were selected, given in Table 11S26ce
the extended faint emission has a brightness tempergguréthe order of 0.3 K, the
parameter of the observations were chosen accordinglgde the extended emission
with the 100-m telescope and to have a good S/N ratio. Thenpeteas used in the
observations are given in Table. 4.3.

After the observing run with the Effelsberg 100-m radio $elgpe | tried to identify
the number of clumps in each of the observed fields. The halog$ as described
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44 telescope
Beam Size 9 Sampling 9
No. of Channels 2048 Int.time 60sec
Bandwidth 10Mhz Tyys 27K
Vel. Separation 1.03kms On 0.1K
No. of Polarization 2 Calibrator S7
Reference In-Band freq. Switch. Bas. Correction 1st order
Field size 3x 3 Stray Rad. correction Kalberla et al. (198

Tab. 4.3: The table describes the resources used during the obseatiampaign with
the Effelsberg 100-m radio telescope. The Backend useadig\kr90 auto-correlator. The
On given is the theoretical estimate for the above parameters.

by Lockman (2002) have properties quite similar to the cadtral medium (CNM)
phase clumps described in Heiles & Troland (2003a). Theyddfese and show ir-
regular shapes, thus the automated algorithms for theifb@tion of clouds did not
work in the observed fields, since these routines are codeddimpact molecular
clouds with well defined boundaries. The identification @fncps was done manually
using a number of criteria associated with the expectedgrtiggs of the clumps (Chap.
2.2) and the observations of the first Ralo clumps detected in the inner Galaxy by
Lockman (2002). The applied selection criteria are theofwihg:

1. Line-of-sight velocity Uy .

Since | am interested in IHhalo gas following

Galactic rotation | used the Bonn Milky Way mass model (Kdbet al., 2007)

to search for clumps in a4

region connected with a gaseous halo. Lockman

(2002), for comparison, observed close to terminal vejdoithe inner Galaxy.
More detailed analysis is given in Chap.2

2. BrightnesstemperatureTg ; Angular sizes. From Fig. 4.25, depicting Hspec-
tra of representative Halo clumps observed with GBT, one can make the fol-
lowing assertions. Firstly the clumps are either isolateghobedded in the wing
of the main Galactic line. Secondly they are very faint with reaching up to
~ 4K. Regarding their angular size, Lockman (2002) found #%&b are unre-
solved with GBT and appear as 1-to-2 pixel dots in low resotusurveys like
the LDS (Bur, 1998). As seen in Fig. 4.26 some of the clumpg laavangular
size as low as I5while others are more elongated and can reach up to more
than 2% in one axis. So as a selection criteria | search for strustuneesolved
in the LAB survey, i.e. structures with radius less thah 3&nce the H halo
gas is expected to be faint, thg must be less than 5-6K. Clumps can be either
isolated or embedded in a surrounding warm medium.

3. Line-width Avy/». As seen in Fig. 4.25 the typical GBT clouds hav&wg /»<

20 kms™1 , implying a kinetic temperature df;,~ 8200 K. So as a final criteria
| selected objects with a line-width less than 20 krh.s

0)
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Fig. 4.25: Hi spectra toward the center of representativehalo clouds observed with the
GBT telescope (Lockman, 2002).

4.3 The clump 116.20+23.55

| will describe in detail and give a thorough analysis of ohéhe most representative
Hi halo clumps detected with the Effelsberg 100-m Radio telesc This clump was
also a target of high resolution follow-up observations\ggshe Westebork synthesis
radio telescope (W.S.R.T) .

Using the criteria described in the previous section | hdeaiified a clump at Galac-
tic longitudel=116.20, galactic latitudé=23.55andu;y =-68kms™* . Fig. 4.27 is
the H spectrum towards the center of the clump and Fig. 4.28 shwagosition-
velocity maps around the Itlump. Using these three plots, | will describe first its
morphology which is typical also for the othen Hlumps. First of all, as can be seen
clearly in the spectrum of the clump (Fig.4.27) and the lardg-velocity diagram
(Fig. 4.28a), the very narrow line emission representirey i halo clump is sur-
rounded by a very extended (51 very broad emissionN,,~20 km s 1. Inthe
latitude-velocity diagram (Fig. 4.28b.), the clump is blig more elongated along lat-
itude and it is related in velocity with the clump 116.664&2.also surrounded by the
same extended emission. This morphology configurationriescbest most of the



46

4 A search for the structure of the gaseous Hi halo using the Effelsberg 100-m

telescope
T l T l T l T l T l T l
110-120 125-140 155-200
i ’ .
T |
oL |
L() — —
|
O N~
O | — —
E
S o | |
| . -
0‘7 L a
b
(@]
|
"
L ; |
| | | L | | |
29 28 29 28 29 28

Longitude (°)

Fig. 4.26: GBT Hi observation depicting the clumpy halo. TheHi emission is integrated
in each of the panel over the velocity range given above is. ititeresting to note the absence
of clumps at the extreme velocities. Taken by Lockman (2002)

clumps of my sample. There exists a broad, very extendetidairssion representing
the warm envelope. In it there are embedded one or more naoowact H clumps,
that can be slightly elongated along one axis. This streatanfiguration is more sim-
ilar to the two-component sheet-like clumpy structure ef@NM described in Heiles
& Troland (2003b) than the raisin-pudding model descrilvethe same paper.

Regarding the physical properties of the ¢lump itself, | follow the method outlined
in Chap. 2.6. The line of sight velocity igs =-68kms™t. As discussed earlier, since
the gas is following the Galactic rotation, | can estimatadistance using thg g and
the velocity field of the Milky Way. The Bonn mass model (Kalbeet al., 2007),
described in Chap. 2, gives a distance for the clump of 7kpmraingly it is located
at Galactocentric radiuR=12.7 kpc and at a height above the plas€.8 kpc. To
estimate the uncertainty in the distance determinatioitized three Milky Way mod-
els. All the three are assuming that the gaseous Milky Wag tsato-rotating with
the Galactic disk, in contrast with the Bonn Mass model whisbkumes a lagging halo
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Fig. 4.27:Hi spectrum towards the center of the clump 116.20+23.55 tekinthe 100-m
Effelsberg Radio-telescope. The peaKigfat velocityu,s =-68km stcomes from the cloud.

(Kalberla et al., 2007). This assumption for the kinemastate of the gaseous Galac-
tic halo imposes an uncertainty between the non co-rotatiodel and the co-rotating
models since the translation of the veloally to distance will be intrinsically dif-
ferent. The first model, which is a modified Bonn mass modeht¢tude co-rotation,
gives 17% higher value for the distance estimate of the clurhfs result can account
for the intrinsic difference in the distance estimate betwva lagging halo model and
a co-rotating model. The second model uses a Brand & Blit®3%) 9otation curve
giving 24% higher value than the Bonn standard model. Firta# third model from
GoOmez (2006) results in a 7% smaller distance. The Brand & B1i993) rotation
curve is the most widely used rotation curve for the Milky VWagrefore | will utilize
as a measure of uncertainty for the Bonn-model distancerdetation.

The total brightness temperatdiig at the central position of the clump is 2:80.06K.
The diameteD of the H clump is defined as the square root of the diameter along
the latitude and longitude. For 116.20+23.55 the diameder lwe taken from the
position-velocity plot and it is=25+9. The uncertainty in the diameter is due to
the 9 sampling in the observing strategy. Using a Gaussian degsitign | extracted
the different parameters for thel ldlump and the surrounding warm envelope. For
the narrow component the peak temperaturécs1.8+0.1K and the column den-
sity is Ne=11+2- 10'® cm=2 while for the broad envelope the peak temperature is
Tw=0.7140.1 K and the column density iy=25+4- 108 cm2. The ratio ofT¢ over

Tw Is more than 2.5 while the ratio of the column densitiesandNy over the total
column density is 0.3 and 0.7 respectively. This implies Wizle the broad envelope

is indeed very faint it seems that a significant fraction eftleutral gas mass is associ-
ated with it. From the Gaussian decomposition the line wadithe clump is estimated

to beAv; ,=3.0+1 km s 1, implying a kinetic temperature @f;,=200+70K while for

the broad envelope the kinetic temperature is as highgs7200+400K. Since both
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Fig. 4.28: A latitude-velocityH1 brightness temperature map of the clumps 116.20+23.55
taken by the Effelsberg 100-m telescope. Bheis 0.1K. The color-bar displays the transfer
function. The contour are at the level of 0.1K 0.3K 0.6K 0.9 2K.

of these estimated temperatures do no take into accounffdet ef turbulence, the
thermal temperature should be significantly lower thanvhlse.

Since | have an estimate of the distance and the diameteedlitielump | can also
calculate the spatial dimensions of the clump, its volumesdg and thus its pressure
and its mass. For a distance of 7kpc, the spatial diametéedafltmp isD=51+17pc.
The volume density of the clump is then estimated tecie>=0.07+-0.03 cn7 3. Thus
the visible H mass associated with the narrow component, the clump,imatsd to
beM=120+80 M« and the pressure of the clump equedsl4+8K - cm 3. According
to Rohlfs & Wilson (2004) the virial relation is:

M = 250-Av2-R

where M is the mass in M, Av? is theAv; , inkms™ andR is the radius in pc. So
for the clump 116.20+23.58/ir = 57400M-, which is orders of magnitude larger.
This means that the clumps is not self-gravitating but mastdnfined by an external
medium. This confining element can take the form of the suming extended warm
envelope. Assuming that the clump is surrounded by an epgadd gas of the same
size, then the volume density of the envelopecis >=0.16+0.07cn 3 implying

a pressurd=1151+507K - cm~3. It is obvious that the clump is under-pressured in
comparison with the external warm envelope.

A comparison between thgs measured in the Effelsberg spectrum andTgefrom
the LAB survey at the same position is a measure of the presafremall scale sub-
structure in the clump. At the center the brightness tentpezdg in the LAB survey
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Fig. 4.29: A longitude-velocityH1 brightness temperature map of the clumps 116.20+23.55
taken by the Effelsberg 100-m telescope. Bheis 0.1K. The color-bar displays the transfer
function. The contour are at the level of 0.1K 0.3K 0.6K 0.9K ZK.

is 0.9K. The ratio between the clump peak temperaldrethe peak temperature of
the warm componenly and the brightness temperatufg in Effelsberg over the
Tg inthe LAB survey is 2.020.11, 0.78&0.11 and 3.2%0.11 respectively. Since
the ratio of the warm component temperatiyg over the LABTg is 0.78+0.11, it
seems that the warm extended enveloped is resolved withftakslierg telescope.
If the clump is considered an isolated point source then #tie of the brightness
temperature in Effelsber@g over theTg in LAB should be close to 16. This is far
from the ratio of 3.25 found here. Still this does not excltide presence of small
scale sub-structure as explained in Chap. 12. If theltdnp is constituted of Hcores
bathed in an extended medium with lower source temperatereduch low ratios are
to be expected. In such a case the cores would be denseratfing l higher pressure
which could counterbalance the pressure from the surrogneiiedium. To resolve
this issue, follow-up high resolution observations weraalasing the W.S.R.T array.

4.4 The clump 115.00+24.00

In this section | will give a description of the propertiestbé second typical Hhalo
clump. Initially it was detected using the Effelsberg 10Qetescope and later follow-
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Fig. 4.30: Hi spectrum towards the center of the clump 115.00+24.00 tekénthe 100-m
Effelsberg Radio-telescope. The peaKigf at velocityu,y =-84.5kms' comes from the
cloud.

up observation were done using the Very Large Array (VLA)tbgsis telescope.

The clump 115.00+24.00 was detectetkdt15.00 andb=24.00 atu;g =-84.5kms?* with
peak brightness temperaturg =1.94+0.04 K. Fig. 4.30 shows the spectrum towards
the center of the Hclump. Fig. 4.31, 4.32 are brightness temperature maps\adise
with the Effelsberg 100-m telescope. A comparison betwkesd two figures and Fig.
4.29, 4.28 show that clumps 115.00+24.00 and 116.20+2&%® & similar morphol-
ogy. While the clump 115.00+24.00 is fainter, it is still sbituted by a narrow cold
compact component with a non isotropic shape slightly edtedjtowards the latitude
axis. The broad envelope of 115.00+24.00 is similar, it ismvanore extended than
the clump itself and it seems to be part of a very broad andchdetdwarm component
which forms a common envelope around a lot of clumps. Thigomalogical evalua-
tion agrees very well with the Clumpy Sheet model for the ®lHy Heiles & Troland
(2003b). A more elaborate discussion of the two models agid tonnection with the
Hi will follow in Chapt. 9.

The physical properties were estimated from the obsemvalimethod described in
Chapt.2 and in the previous section. With a line-of-sighteity ujg =-84.5 kms?,
the H clump following Galactic rotation, lies even further oueadistancel=9+2 kpc
with a Galactocentric radiuR=14.5 kpc and at a heiglz of 4 kpc. The uncer-
tainty in the distance in comparison with the Brand & BlitA9B) is 26.3%. The
mean angular diameter &22+44.5, implying a spatial diameter of the klump

of D=60+20pc. The Gaussian decomposition shows that the peak tataperof
the clump isTc=0.73+0.1 K while the peak temperature for the warm envelope is
Tw=0.8+0.1 K. The estimated column density for the clumpés=15+3 108 cm~2 while
for the warm extended envelope it reachgg=20+4 10'® cm~2. This implies a ratio
of column density between the ldlump and the total column density of 0.42, showing



Glon: 114.99933

Galactic Latitude

4.5 Effelsberg sample of HI halo clumps. 51

24.20

24.10

ol

24.00

W o~ O

23.90

—

Q Q
2380F
Velocity (km/s)

Fig. 4.31: A latitude velocityH! brightness temperature maps of the clumps 115.00+24.00
taken by the Effelsberg 100-m telescope. Bheis 0.1K. The color-bar displays the transfer
function. This map is the result of follow up observationwibe same telescope done with
full sampling. Each pixel represents 4.5

that an important percentage of the mass is in the warm eatesiavelope. Regarding
the kinetic temperature of the cluniin, a Avy/>=3.3+1km s 1 implies a temper-
ature of T;,=240+70 K while for the surrounding envelope the kinetic tempanet
for Avy/»,=15+1 km st is Tyn=4950+330 K. For an average volume density of the
Hi clump of < n >=0.08+0.03 cnt 3, | estimated a pressure BE19+7 K -cm~2 and

a visible H mass ofM=220+140 M. For the extended envelope the pressure is
P=535+211K -cm~2, showing that also this Hlump is significantly under-pressured.

A comparison between the Effelsberg spectrum and the LABtsj® towards the
115.00+24.00 clump shows that the ratio of brightness teatpees is 3.27 yet again
lower than the ratio of 16 expected for point sources. As teefthe presence of an
extended envelope and the necessity of higher pressfwe the clump to be stable
points towards the presence of sub-structure in the clurogstddy this | have made
follow-up observation of the clump with the VLA telescopeiathare going to be
presented in Chap.5

4.5 Effelsberg sample of Hi halo clumps.

The examples in the two previous sections give a charattedisscription of the phys-
ical properties and the morphology of the kalo clumps. | will discuss here the gen-
eral properties of the Hclumps detected with the Effelsberg 100-m telescope and |
will compare them with the observation of the clumps by Loekn{2002) who used
the GBT 100-m telescope.

In total | have observed 22 fields, in a velocity range frop =-200 kms?® up to
Ug =150 kmsl. The total area covered is 204 degFrom these fields we have
detected Hobjects which can be identified as halo clumps in 8 fields, Goge total
area of 86 de§ which constitutes 42% of the total area covered by thedefes. In
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Fig. 4.32: A longitude-velocityH1 brightness temperature map of the clumps 115.00+24.00
taken by the Effelsberg 100-m telescope. Bheis 0.1K. The color-bar displays the transfer
function. This map is the result of follow up observationwihe same telescope done with
full sampling. Each pixel represent 4.Bhe contour are at the level of 0.1K 0.3K 0.6K 0.9K
1K 1.5K.

the two fields in the inner galaxy | detected very extendeut @diffuse structures with
line width of Auy ,>20km s 1. For the fields with longitudegreater than 130there
was nho detection of Hclumps, only very extended and bright emission Wighv~12K
associated with high velocity clouds.

Using the selection criteria described earlier, | havetidied 26 H objects as Hhalo
clumps in the observed fields. If we define as coverage of cdymep fieldw the ratio
between the number of clumps found in the field over the ar¢leofield in degrees,
| find that the average coverage of clumpsis0.30 deg?. The lower coveragev
observed in a area is 0.11 dégwhile the highest is 0.66 ded. No specific associa-
tion is found between the position of the observed field aediimber of H clumps
detected.

In Fig. 4.33, a selection of the most typical spectra of thenbdo clumps is shown.
The rest of the spectra are found in Appendix 11. The obs&ryvameters of all the
Effelsberg sample Hclumps are given in Table. 4.4. The error in the measurement
is of the order of 2%. The physical properties are given inldald.5. For all the
properties, except the kinetic temperatdigwhich is independent of the distance,
the accuracy is determined by the uncertainty in the digtaletermination which is
maximum of the order of 30% (9).
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s Tc Auyyp S N
kms! K kms?! arcmin 188cm?

113.33+27.0Q, -40 1.0 7.0 13 16(2)
113.16+25.49 -32 1.1 ~4 9 6(1)
116.20+23.55 68 1.8 3.0 25 11(2)
116.66+22.80 -81 25 5.1 27 25(3)
116.50+21.45 -42 3.2 54 13 36(4)
115.00+24.00, -84 0.7 3.3 22 15(3)
115.35+22.35, -66 1.7 10.0 18 35(3)
117.32+24.00, -71 2.0 8.1 27 36(3)
118.01+2459 -71 1.3 5.0 18 20(3)
117.97+24.000 -72 1.8 211 18 74(4)
117.51+25.19 -74 2.1 11.6 18 60(4)
114.50-15.85] -38 1.2 ~4 18 10(2)
113.57-12.44| -85 20 ~4 13 16(2)
112.96-12.44| 55 2.6 6.7 18 41(3)
112.96-13.03|| -40 2.7 4.4 9 28(3)
113.26-14.07]| -57 3.5 4.9 39(4)
113.57-13.48| -50 3.9 7.0 68(5)
114.32+21.74) -75 0.7 9 7(-)
128.84-18.48|| -58 4.8 4.8 54(6)
130.98-19.22|| -72 3.6 54 49(5)
130.65-19.51|| -68 2.7 6.0 35(3)
112.10+27.79 -39 0.7 53 9 6(1)
113.84+28.7Q0, -69 05 ~6.0 18 9(2)
112.45+29.90 -65 0.6 ~20 9 4(1)
114.71+29.6Q| -89 1.8 3.6 19(3)

Tab. 4.4: Observational parameters of obsert¢dhalo clumps. vy is the line-of-sight
velocity. Tc is the peak temperature of the clumu, , is the line width.s is the angular
size and\y, is the observateH column density of the clump

First of all, as estimated from theaifs all the clumps are located at a Galactocentric
radiusR>8.5 kpc. As seen in their spectra but also from Table. 4.5eirtphys-
ical properties, about 84% of the clumps show narrow linethgidvith Av, /<10
kms1 while the remaining clumps have larger line width Wiy, , up to 21

kms1 . This implies that in most of the clumps the kinetic temparats less than
2200K, so the gas must be associated with the cold neutralumedGenerally the
warmer clumps are more massive with a total visiblentrass of up to 700 M. All
the clumps seem to be rather diffuse with average volumeittens. n > not ex-
ceeding 1 cm?3. A striking detail in all the spectra of theiltlumps is that they are



Tab. 4.5:Physical parameters of the obser¥gdhalo clumpsd is the distance from the Sun.
R is the galactocentric distance. is the height above the plan® is the spatial diameter.
Tuin iS the kinetic temperaturez n> is the volumeHi density.P is the pressure of thed! gas.
My;i is visible HI mass of the clump.

not truly isolated. In Fig. 4.33 the narrow line associatethwhe clumps is “embed-
ded” in a more broad line which is connected with the main Galdine. This broad
emission is associated with a very extended, very diffuselepe which seems to
surround the clumps. Such an extended component couldtdtgplay the role of
a surrounding envelope which would confine and stabilizéthelumps. Since stray
radiation correction removes all spurious emission froewmtings of the Galactic line,
the presence of such an extended wing in the spectra is veal fer Lockman (2002)
GBT observations.

4.5 Effelsberg sample of Hi halo clumps. 55
d R Z D Tkin <n> P Mu;i
kpc kpc kpc  pc K cm? K.cm3 Ma
113.33+27.00| 4.0(2.0) 10.5 1.8 16(7) 1080(150) 0.33(0.15) 360(170) 2h(2
113.16+25.49 3.0(1.0) 10.0 1.4 8(5 350(90) 0.23(0.14) 80(50) 3(4
116.20+23.55 7.0(2.0) 125 2.8 51(17) 200(70) 0.07(0.03) 14(8) 120(80)
116.66+22.80| 9.0(2.0) 145 3.5 70(19) 570(110) 0.12(0.04) 68(26) 770144
116.50+21.45 4.0(2.0) 10.5 1.5 14(6) 650(120) 0.70(0.30) 455(210) 45(39
115.00+24.0Q 9.5(2.0) 14.5 3.9 60(20) 240(70) 0.08(0.03) 19(7) 220(140)
115.35+22.35| 6.5(1.5) 12.0 2.5 34(12) 2200(220) 0.33(0.12) 730(275) (280
117.32+24.00) 7.5(2.0) 13.0 3.0 58(18) 1440(170) 0.20(0.06) 290(90) Z90)
118.01+24.59 7.5(2.0) 13.0 3.1 40(15) 550(110) 0.16(0.07) 87(40) 200)15
117.97+24.0Q| 7.5(2.0) 13.0 3.0 40(15) 9800(460) 0.60(0.22) 5800(214®0(550)
117.51+25.19| 7.5(2.0) 13.0 3.0 40(15) 2960(260) 0.48(0.18) 1449(550) 0(440)
114.5-15.85| 3.5(1.0) 10.5 -1.0 18(7) 350(90) 0.18(0.08) 62(31) 20(16)
113.57-12.44| 9.0(2.0) 145 -1.9 35(14) 350(90) 0.14(0.06) 50(25) 120§10
112.96-12.44| 5.5(1.0) 12.0 -1.2 28(9) 987(150) 0.49(0.16) 470(170) 286}
112.96-13.03| 3.5(1.0) 10.5 -0.9 9(5) 425(100) 1.02(0.32) 435(170) 1%(16
113.26-14.07|| 5.5(1.0) 12.0 -1.3 510(100)
113.57-13.48| 5.0(2.0) 115 -1.3 1080(150)
114.32+21.74| 8.0(2.0) 135 3.0 21(12)
128.84-18.48| 6.0(1.0) 14.0 -1.9 510(100)
130.98-19.22| 8.5(2.0) 15.0 -2.8 640(120)
130.65-19.51| 7.5(2.0) 14.0 -2.5 780(130)
112.10+27.29| 4.0(2.0) 10.5 1.8 10(6) 620(120) 0.20(0.12) 126(80) 4(9)
113.84+28.7Q, 7.5(2.0) 125 3.6 39(14) 790(130) 0.08(0.03) 61(25) 90(70)
112.45+29.90 7.5(2.0) 125 3.7 20(11) 80(40) 0.07(0.04) 6(5) 11(1B)
114.71+29.6Q0| 11.0(3.0) 15.0 5.4 285(80)
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Assuming the clumps were isolated, the internal motion éxdlumps should be bal-
anced by self-gravity. Using the virial relation from Rah& Wilson (2004) which
connects the virial mass with the radiR# pc of an object and the line widtku, /> in
kmst:

M = 250-Av?-R

| estimated a range of virial masses for my clumps frorf WO up to 67- 104 M@,

at least one order of magnitude higher than the estimateblerimass. Therefore
the clumps cannot be gravitationally bound and in abseneayfactor to balance the
internal motion they would disperse in a titap = D /Av, /» Which for the H clumps

is on average 6Myrs. But the detected ¢lumps are not isolated, so self-gravity is
not necessary and support in this case can be provided bytreiading envelope.
In this case there must exist pressure equilibrium betweertolder H clumps and
the warmer envelope for them to be confined. In addition, adllexplain later in
chapter 7, there is a specific range of pressure and volunmstgevhere the two
phases can co-exist in thermal equilibrium. Comparing #tiemated pressure for the
Hi clumps (Table. 4.5) with the pressures expected for thendetd warm envelope
according to Table. 3 from Wolfire et al. (2003) and the Bonrdeti¢Kalberla et al.,
2007) for the estimated Galactocentric distarRekfind that almost all the clumps,
except 117.97+24, 117.51+25.19 an 115.35+22.35 whe{g>10 km s, are over-
pressured by the surrounding envelope (Chap. 9). This gsiuti is supported also by
observational evidence, in the study of the two clumps 13:623.55 and 115+24.00.
As mentioned in the previous two sections, the pressureesduirounding medium is
71+ 41 times larger for the former and around 67 times for thefatince pressure
is given as a product of the volume density by the temperatocerding taP/k =<

n > -Tyn, the above result can have one of two following consequendé® first
possibility is that the detectediHlumps exhibit sufficient small scale-substructure
which cannot be resolved by thé ®eam of the Effelsberg telescope. This would
mean that the constituents of the clump would have small éiars, thus they would
be denser and then in equilibrium with the envelope. Thersgmssibility is that
while the H clump detected with the Effelsberg and the GBT beam is a cohgral
resolved object, it exists in a dynamical state where theeftnom the external medium
will compress it until it will be dense enough to counterlpala the external pressure.
Since the detected clumps are not spherical objects bugaied along one axis, this
scenario would finally also lead to the fracturing of the ghutm smaller denser objects
which would also be unresolved with the Effelsberg beam.

A first glance to estimate the presence of sub-structuresinlthmps was done by com-
paring the measured brightness temperatures from thesbéfej telescop& with the
measured brightness temperature form the LAB $dirvey,T_ g, at the same position.
For an unresolved, isolated point source, the ritiof the Tz over theT ag should
be 16. In Table. 4.6, | give the ratk of the brightness temperatures and the r@tio
of the column densities for each of the detected clumps. Alieg to the Table. 4.6
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the ratioK for my clumps ranges between 2.0 up to 10.8 with the mean ateh8 an
average of 3.92. This implies that the distribution of thigorés slightly skewed pos-
itively towards the lower values. Even taking into accouna &rror of 3%, the ratios
are significantly deviating from the expect ratio of 16 foruammesolved point source.
While this could imply that the clumps are resolved, one bdsetcareful to interpret
this ratio. The observed clump, in case that it has sub-4streicwill be a collection of
cold cores in pressure equilibrium with an extended warmiumed Thus the single
dish beam observes a mix of cold and warm.Hf the filling factor of the cold gas
is sufficiently low then the resulting ratio will be rather aiin(Chap. 12). Thus the
low brightness temperature ratigsfound imply a low filling factor of the small scale
structure.

Regarding the column density ratio between the Effelsleegtope over the LAB sur-
vey, the values range from 1.13 up to 4.1 with a mean value2® &nd an average of
2.22. In comparison with Wakker et al. (2001), who did a simdalculation between
the LDS and the Effelsberg telescope, our ratio is highen tha mean ratio of the
estimate for low-velocity gas in that paper. My sample als® & wider range of ratios,
both in comparison with the HVC/IVC results from that paper.

In relation with the clumps 117.97+24, 117.51+25.19 and 33:622.35 withAvy >
10 kms ! the pressures which are 5833 &n 23, 1436 K-cm 2 and 730 k.cm—3
respectively, are within the range of values expected bywtaen medium at such
distances (Kalberla et al., 2007; Wolfire et al., 2003). $®possible to have pressure
equilibrium between the clumps and the surrounding enesopgNo assumption of
small scale structure is necessary here to assume stabiliggdition, by comparing
their volume densities which are 0.597, 0.485, 0.334%mespectively, so the allowed
density for the warm medium from Table 3 Wolfire et al. (20@33 evident that these
three clumps are associated with the warm medium.

As already mentioned, Lockman (2002) has detected clumipgimner Galaxy using
the GBT for observations close to terminal velocity. ThesEfberg and the GBT tele-
scopes have similar angular resolutions, so itis reaserialsbmpare the two samples.
In Table 4.7, | compare the median values of the two sampléeifirst two rows and
the range which includes 90% of all the values in the secomd Fsom the Table, it

is easy to ascertain a good agreement between the propsrtiestwo samples. The
difference in the absolute heiglat between my sample, where the Galactocentric dis-
tance iR>8.5 kpc, from the inner Galaxy GBT data f&x8.5kpcc can be attributed to
the flaring of the Galactic disk (Kalberla et al., 2007). Mysa&stimates are slightly
higher, also the range is wider but this comes from the faattttie range of diameters
probed in my sample is also wider since | detected largecltimps. All in all, the
similarities inT_, Nyi , diameter, density and mass show that the two samples €onsti
tute the same population of clumps, located at differenioregyof the Galaxy. The
only big difference is in the line widtu, ,. My sample shows more narrow lines
than the GBT sample, thus implying smaller kinetic tempeexTk;,. This can be an
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Te  Tias ﬁ Neft NLag %
K K 108cm=2  10%¥cm2
113.33+27.00/ 1.68 0.305 5.5 36 12 2.9p
113.16+25.46| 2.20 0.860 2.55 32 23 1.39
116.20+23.55 2.89 0.89 3.25 36 22 1.683
116.66+22.80, 2.95 0.49 6.02 47 12 3.89
115.35+22.35 1.7 0.60 2.83 35 20 1.72
117.32+24.0Q0 2.0 1.75 2.04 36 32 1.14
115.00+24.0Q 1.93 0.59 3.27 34 16 2.20
117.97+24.00, 1.99 0.98 2.03 74 30 2.48
118.01+24.59 2.22 1.11 2.00 43 32 1.3
117.51+425.19 2.18 0.64 3.40 60 43 1.40
114.50-15.85/| 3.06 1.04 2.94 45 40 1.18
113.57-12.44| 1.97 0.42 4.69 16 5 3.2b
112.96-12.44| 44 15 2.93 90 36 2.49
112.96-13.03|| 4.56 1.76 2.5 65 37 1.7y
113.26-14.07| 4.97 1.27 3.91 70 29 2.36
113.57-13.48| 5.28 1.66 3.18 102 41 2.44
114.32+21.74| 1.32 0.33 4.125 21 10 2.12
130.98-19.22|| 3.63 0.7 5.18 49 18 2.7
130.65-19.51|| 2.7 0.25 10.8 35 9 4.1
128.84-18.48| 5.97 1.01 5.94 107 36 3.01
112.10+27.79, 1.59 0.43 3.69 19 10 1.78
113.84+28.7|| 0.97 0.23 4.12 20 7 2.6\
112.45+29.90| 1.09 0.20 5.42 9 4 2.09
114.71+29.6Q0| 2.62 0.87 3.01 40 27 1.5D

Tab. 4.6: The Effelsberg brightness temperatilieis the peak values at the given position.
The LAB brightness temperatuiigag is the extrapolated value from a nearby position. The
column density is calculated over the same range of vedaciti

intrinsic property of the Hclumps outside of the solar circle which may differ from
the clumps in the inner Galaxy. For now, assuming that it issnalfficult for cold gas
to survive at highez distances, one would expect our sample not to show thesawarr
lines, and thus this difference could be attributed to selecriteria affecting the two
clump samples. But as will be discussed further in Chap. & poissible to have cold
Hi beyondR>10kpc and thus it is quite reasonable to detect caldltimps also in the
outskirts of the Galaxy.
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T FWHM N |z] Diameter <n> My
K kms1 10®cm? kpc pc cn3 Mao
Median
GBT 1 12.2 20 940 24 0.25 50
This work 1.74 5.2 17.80 2.65 31 0.2 105
90% range
GBT 0.4-2.70 5.4-26.3 7-63 640-1210 <19-35 0.1-0.9 12-290
Thiswork || 0.62-2.66 3-11.6 5.87-59.88

0.96-3.7 9-58 0.073-0.7 4-Y66

Tab. 4.7: 1 compare the properties of thél clumps for R>8.5kpc, as calculated from the
Effelsberg Telescope with the propertied-bfclumps in the inner Galaxy from GBT detection.

The first two row give the median while the second two rows % @f the range. The values
for the GBT are taken from Lockman (2002).
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5 Synthesis Observations of Hi clumps

5.1 Introduction

In Chap. 4, | presented my sample of Kalo clumps detected with the Effelsberg
100-m telescope. The clumps which are composed mostly fdec gas are sur-
rounded by a warmer more extended envelope. ThHee@m of the Effelsberg tele-
scope is enough to trace the extended emission but it is fffatient to detect small
scale substructure in the clumps. This small scale morgiyaimplied by pressure
equilibrium considerations and is not excluded by the campa between the Effels-
berg and the LAB spectra. Higher resolution images of thenpkiusing a synthesis
telescope can provide the answers regarding the presemscd-@tructure. A general
limitation when using interferometers is that they canretiedt structures on angular
scales larger than the fringe spacing formed by the shdvtestline. Therefore, in
this follow up observations it is impossible to measure thiereded emission which
surrounds the clumps. The follow-up observations were niadisvo clumps. Using
the ASTRON Westerbork Synthesis Radio Telescope (WSRBséved the position
of the clump 116.20+23.55. Using the NRAO Very Large Arrdgseope, | observed
clump 115.00+24.00. In this chapter | will discuss the obasgons done with the two
interferometers and present my results.

5.2 W.S.R.T observations
5.2.1 Technical Details

| made follow-up observations with the WSRT of the clump 208-23.55 which was
one of the first and most typical detections of a ldlump. The WSRTY array is
composed of fourteen 25-m dishes with an east-west orientaen dishes have a
fixed mounting while there are also two pairs of movable distre rails. The array
has a variety of configurations and its baselines extend 86m up to 2.7 km. To
choose the proper configuration of the array for the observaif the H clump
116.20+23.55, | took into account its diameter, the, , of its spectrum and the
brightness temperature it exhibits. The exact configunaifahe array is seen in Table.
5.8.

| reduced the interferometry data using the software paehalRIAD (Sault et al.,
1995) which is able to handle the WSRT data.

IMore information about the Array is found on:http://wwwiras.nl/p/WSRT2.htm
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Configuration Maxi-short| Velocity Separation 0.5knTs
Field of view 36 Time on source 12 h
Synthesized beam 13 Calibration time 2h
Bandwidth 2.5MHz Calibrators 3C286 & 3C48
Channels 1024 Tyys 27K
Channel Separ. 2.5kHz On 2.25mJy/beam

Tab. 5.8: The table describes the configuration used to observe aptitqm 116.20+23.55
with the WSRT. More information about the configurationsaarfd in WSRT quick guide
Theo, given is the theoretical estimate for the above parameters.

5.2.2 Results

The image cube of the follow-up WSRT observation was smabitith an 60 Gaus-

sian beam. The H halo clump 116.20+23.55E20'47M22, 5=829563@) as de-
tected with the Effelsberg telescope has a cenfgak-68km s 1. At the same position
and velocity | searched in the WSRT image cube for l¢mission. Fig. 5.34 is an
a-6 map of the H emission as observed with the WSRT telescope at~= —68
kms™L. In this region a number of compact Hbjects are detected. Tlg, ~= —68
kms! translates to a distance of 7 kpc according to the Bonn méa@gbérla et al.,
2007) with an uncertainty of 24%. The deconvolution proceas not optimal in the
map, so a part of the Hobjects present in the map can be attribute to the influence
of side-lobes. In the following study only 11 of these obgeaith S/N more than
50, and an angular radius>s60° were considered as real structures and constituents
of the H clump 116.20+23.55. Their observational parameters asngn Table. 5.9.

To estimate their physical properties, given in Table 511@ed a similar procedure
as for the Effelsberg observations. The cores show verywaine-widths with an
average of\v; ,=3.3+0.5 km s Y(Tkin=240+40 K). This implies association with the
Hi clump which in the Effelsberg observations haAw ,=3.0+1 km s 1. The av-
erage core angular size is”"#314’, corresponding to an average spatial size of just
2.5+0.8 pc (Kalberla et al. (2007) for distance calculation).e ®mgular size of the
cores agrees with the hypothesis of Chapt. 4, which asssdia¢ stability due to pres-
sure equilibrium with small scale structure of the clumpthmform of cores with arc-
minute sizes. The average volume density of the cores igiftmbe< n >=2.4+0.8
cm 3, 30 times larger than the volume density indlump 116.20+23.55. The average
pressure for the cores is found to Be= 613+ 230 K-cm~2 which is approximately
40 times larger than the pressure found for the clump 11&2®5 as observed with
the 100-m Effelsberg telescope. In comparison the presdute envelope from Ef-
felsberg observations B=1151:507 K-cm~3 . So within the errors it is possible to
have pressure equilibrium between the cores and the extamdelope. In this case
the envelope provides the necessary confinement to seathkzH cores. Regarding
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Fig. 5.34: An RA-DEC map ofHi emission observed with WSRT telescope centered
at a=20'51"00, 56=83F01"52, vy =-68.72kmsl. Hi  emission below the B, of
2.2mJy/beam have been blanked out.

the thermal stability, a comparison with the range of pressand volume densities
for R=11kpc-15kpc from Table 3 from Wolfire et al. (2003) stsows will be discuss
more thoroughly in Chap. 8, the cores are either undergopitae transition towards
the cold gas or contain a significant amount of molecular dgein which is difficult
to trace.

Using my estimates of the volume density and diameter foctres in Table 5.10 |
found an average mass o3 M. The total mass of the 11 cores~$3 M. For
comparison the mass of the EHlump 116.20+23.55 from the Effelsberg observations
is 120 Mx,. The 11 cores cover a total area of 15archivhile the clump in the
Effelsberg observation covers an area of 625arémgingle dish observations trace
both the extended warm envelope plus the cold compact phhie the synthesis
observation traces only the compact cold component. Toeré&fom the above | find
that the 11 cores cover only 2.4% of the area while they corgtleast as much as
30% of the total visible Hmass in this area.

| have also detected in the same WSRT image cubgat-84 kms !, separated
kinematically from the previous collection of cores, a few ¢bjects with size up
to a couple of arc-min. The channel map of thebightness temperature emission
for this region is given in Fig. 5.35. The co-ordinates of tireghtest objects are
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Fig. 5.35: An RA-DEC map ofHi1 emission observed with WSRT telescope centered
at a=20"43"48, 5=8304"44, vy =-84.18kmsl. Hi  emission below the B, of
2.2mJy/beam have been blanked out.

a=20"43"46,5=83F10"20 atu;s =-85.2kms?* anda=20"43"49,6=8301"29 at
Ug =-84.1kms?. In Fig.5.36, a spectrum from the Effelsberg observaticshiswn
from the location of the WSRT Hobjects. As seen there aty =-68 kms! the peak
emission from the clump 116.33+23.55 is detected. At dighigher line-of-sight
velocity, approximately a ¢ =-84 kms™1, a second peak is detectable which hag a
=~ 0.9 K. This feature shows up at a single pixel in the EffelsbeagpnThose objects
that represent Hcores have properties similar to the cores of the clump Bk&23.55
and since they are spatially and kinematically close thegtrbe surrounded by the
same warm medium. According to they and the Bonn model (Kalberla et al.,
2007) they are located further out, at a distance of 9.5 kpiclwborresponds to a
Galactocentric distande of 14.6 kpc and a height of.8 kpc.

In table. 5.9 and 5.10 their observational and physical gnogs are given. The
Hi cores at g =-84 kms! have an average angular sgel14+14", which implies
an almost double size from the corewgat =-68 kms™! since their average diameter
iss=4.2+1.1 pc. The cores are also very cold witilig,~300 K but they have a
smaller volume density of n >= 1.4+ 0.4 cm 3. According to Table 3 from Wolfire
et al. (2003) the range of pressuresistl5 kpc where thermal equilibrium is possible,
is 487-1400 Kem~3. The average pressure of the coreB3430+140 K-cm~3 which
agrees within the errors. On the other hand the volume deiss#tomewhat smaller
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a o Uy Avy/p S Ny

hh:mm:ss dd:mm:ss km$ kms?! 7 108 cm2
a |l 20:52:29 82:49:53 -69.8 3.1 74 24(4)
b | 20:52:00 82:50:37 -69.8 2.9 12(2)
c || 20:47:29 82:47:15 687 3.7 78  24(3)
d | 20:47:31 8255127 687 25 78  16(3)
e || 20:45:52 82:51:28 -68.7 3.0 96 19(3)
f 20:43:21 82:51:28 -66.7 3.3 61 15(2)
g || 20:43:19 82:57:58 -67.7 3.2 59 15(2)
h | 20:41:44 83:04:13 -68.7 3.8 103 32(4)
i 20:42:18 82:58:52 -68.7 3.9 61 14(2)
i || 20:43:21 82:54:14 667 33 62  15(2)
k || 20:43:19 82:57:58 -67.7 3.3 58 15(2)
| 20:43:46 83:10:20 -85.2 3.4 102 19(3)
m| 20:43:49 83:01:29 -84.1 4.0 127 28(4)

Tab. 5.9: Observational parameter of cores observed with WSRJT. is the line-of-sight
velocity. Avy, is the line width of the clumps is the angular sizeNy, is theH1 column

density.
d R z D Tin <n> P Mhi
kpc  kpc kpc pc K cm®  K.em3 Mg
a| 72) 13 25 2.5(0.7) 215(30) 3.1(1.0) 670(240) 4(4)
b| 720 13 25 190(30)
c| 72 13 2.5 2.6(0.8) 300(40) 2.9(1.0) 880(325) 4(4)
d|| 7200 13 25 2.6(0.8) 140(30) 1.9(0.7) 270(115) 3(3)
el 72 13 2.5 3.3(0.9) 200(30) 1.9(0.6) 380(130) 5(4)
fl 72 13 25 2.1(0.7) 240(40) 2.3(0.8) 560(215) 2(2)
gl 720 13 25 2.0(0.7) 225(35) 2.4(0.9) 530(215) 1(1)
h| 72 13 2.5 3.5(1.0) 330(40) 3.0(0.9) 980(320) 10
i | 720 13 2.5 2.0(0.7) 340(40) 2.1(0.8) 710(280) 1(1)
i | 72 13 2.5 2.1(0.7) 240(40) 2.3(0.8) 560(215) 2(2)
k| 72) 13 2.5 1.9(0.6) 245(40) 2.4(0.8) 600(220) 1(1)
| | 9.52) 15 3.8 4.7(1.3) 250(40) 1.3(0.4) 320(110) 11(
m| 95(2) 15 3.8 5.9(1.6) 350(40) 1.6(0.5) 540(180) 24(

9)

10)
D1)

Tab. 5.10: Physical Parameter of cores observed with WSRT ardayis distance from the
Sun.R is the galactocentric radiuz. is the height above the plane. is the spatial diameter.
Tuin IS the kinetic temperature< n > is the volume densityP is the pressure in the clump.
My Is the visibleH| mass.
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Fig. 5.36:An average spectrum of the positibnl16.3 ,b=23.7 from the Effelsberg observa-
tions. The arrow abs =-84km s points to the location of the WSRT object while the arrow
atug =-68kms? points to the location of clump 116.33+23.55.

than the minimum 1.9 c? allowed for the cold phase of the gas. So these cores
are undergoing phase transition towards the cold phaselerahsignificant amount of
molecular gas (Chap. 8).

5.3 V.L.A observations
5.3.1 Technical Analysis

| made follow-up observations of theltlump 115.00+24.00 which is the second
typical clump detected with the Effelsberg telescope. Idutbee Very Large Array
(VLA) telescope located in New Mexico. The VLAis a 27-element array. Each
antenna has a diameter of 25 m. The antennas are positioe¥ shape and there
are four different possible configurations of the antenmdsch gives a size of the
array up to 36 km, obtaining the superb resolution of 4t4 =20 cm . To choose the
proper configuration to observe the clump 115.00+24.00n$ictered the angular size
of the clumps , itsAu; , and the resolution needed. The configuration of the array
used for the observation of the clump is given in Table 5.1bréMnformation about
the possible VLA configurations can be foun in the telescogiige summary.

To reduce the VLA interferometric data | used as softwareNRAO Astronomical
Image Processing System (AIPB)l followed the standard data reduction procedure

4More detailed information about the Array is found on:hftpww.vla.nrao.edu/genpub/overview/
Shttp://www.vla.nrao.edu/astro/guides/vlas/current/
Shttp://www.aips.nrao.edu/aips_faq.html
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Configuration DnC Velocity Separation 0.64kn7s
Largest Ang.Scale ~15 Time on source 6-h
Synthesized beam 125 Primary Calibrator 3C286 & 3C43

Bandwidth 0.78 MHz|| Time on Pr. Calibrators 1-h

Channels 256 Phase Calibrator 2344+824
Channel Seper. 3.05kHz Time on Ph. Calibrator 40min
Observing Band 21-cm On 2.25mJy/beam

Tab. 5.11:The table describes the resources and configuration uséxb¢ove at the position
115.00+24.00 with the VLA. The, given is the theoretical estimate for the above parameters.

as described in details in the appendix B of the AIPS cookBook

5.3.2 Results

The image map from the VLA observations was smoothed usingussian beam of
60". The final dimension are 4242, is centered aw=20"29"00fs,5=82908"00' and
cover a velocity range from -93 kmi$ up to -78 kms®. A channel map from the
image cube abjg =-84.50 kms? is given in Fig. 5.37.

At Uy =-84.5kms?! the Effelsberg telescope detected adtump. The VLA ob-
servations in the same region have identified 18oHjects which are associated with
the clump 115.00+24.00. The average size of the corss@&+-11". Theug ~-85
kms1 corresponds to a distance of 9.5kpc, at Galactocentrics&il4.5 kpc and
heightz=4 kpc. Therefore the cores have an average siZe—df3+1.1 pc. The av-
erage kinetic temperature of this sample of core§ig=430+60 K. This is slightly
higher than th;, found for the sample of the previous section. The sampleeasfeh
cores is also denser, with an averaga >= 3.9+ 1.1cm 3. As a result, the pressures
of the clumps are also higher with an averdye 1590+ 490K-cm~2. While this is
higher than the pressuR=535+23K - cm~3 estimated for the extended envelope from
the Effelsberg data, it agrees with the range of allowedsures for thermal equilib-
rium from Table 3 in Wolfire et al. (2003), which f&=15kpc is 487-140Q - cm 3.
So the cores are in thermal equilibrium with the extende@lepe. Regarding the vis-
ible mass of the Hcores, their total mass is 10741 The visible H mass measured
with the Effelsberg radio telescope in the case of the clutfpd0+24.00 is 222M.
So the cores contain 48% of the visible clump Hnass while the remaining 52%
should be associated with the extended warmer componenhwdnot detected with
the VLA telescope. Still, despite carrying a significant amioof mass the total area
covered by the cores is only 3% of the correspondimgldmp area of 484 arcmfin

"http://www.aoc.nrao.edu/aips/cook.html, Appendix B
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Fig. 5.37: An RA-DEC map ofHi emission observed with VLA array centered at

a=20'29"00, 5=8208"00, u;g =-84.50kmst. HI emission below the &, of 3Jy/beam
have been blanked out.

a o Ulsr AU]_/Z S NH|
hh:mm:ss dd:mm:ss km$ kms?® 7 108cm2

a| 20:23:58 82:15:13 -87.7 4.3 124 45(6)
b| 20:22:24 82:15:49 -87.1 4.7 102 76(9)
c| 20:21:36 82:13:46 -84.5 4.3 88 68(8)
d| 20:21:34 82:10:35 -85.1 2.8 57 43(6)
e| 20:26:38 82:09:48 -85.8 5.8 82 32(4)
f | 20:26:11 82:02:27 -83.2 4.0 105 33(4)
g || 20:25:56 82:04:57 54 29

h| 20:25:07 82:05:25 84 37

Tab. 5.12: Observational parameter of cores observed with VLA is the line-of-sight
velocity. Avyj, s the line width. s is the angular sizeNy, is the observedii column
density.

5.4 Summary of Interferometry Results

The WSRT and the VLA high resolution observations confirntesl éxpected pres-
ence of small scale structure in the ¢élumps 116.33+23.55 and 115.00+24.00. These
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d R z D Tkin <n> P Mu;i
kpc  kpc kpc  pc K cm®  Kem?2 Mg
10.0(3) 150 4.0 6(2.0) 410(60) 2.4(0.9) 1010(410) 19(20)
10.0(3) 150 4.0 5(1.0) 490(70) 5.0(1.1) 2440(570) 32(20)
9.5(2) 145 3.8 4(1.0) 410(60) 5.7(1.6) 2360(750) 25(20)
9.0(2) 145 25 2(0.7) 170(40) 5.6(2.1) 950(420)  7(4)
9.5(2) 145 3.8 4(1.0) 730(80) 2.7(0.7) 2000(560) 12(9)
9.5(2) 145 3.8 5(1.0) 350(60) 2.2(0.5) 780(220) 12(8)

- D QO T D

Tab. 5.13:Physical Parameter of cores observed with the VLA ardays the distance from
the Sun.R is the distance from the Galactic centreis the height above the plan® is
the spatial diameterly;, Is the kinetic temperature< n > is the volume densityP is the
pressureMy; is the visibleH1 mass.

Hi clumps, when observed with high resolution, are resolveglarcollection of cold
Hi cores, surrounded by an extended warm envelope undeteatatble interferom-
etry observations. Since the cores have a small angularndioe when observed
with Effelsberg together with the surrounding extendingssion, they appear as an
Hi clump. Despite their low filling factor the cores carry a sfgant amount of visi-
ble HI mass since they seem to be up to 30 times denser thani tfeatdre observed
with Effelsberg. As a result they are in a pressure equilirivith the surrounding
extended envelope. Itis also possible that these two coemsmre in a thermal equi-
librium (Chap.7). So the cold cores reside inside the warrdiome as stable entities
without dispersing or undergoing phase transition.

Stil et al. (2006) have detected a population oichimp at peculiar velocities using the
D configuration of the VLA array. These clumps are locatechminner Galaxy and
lie very close to the Galactic plane. Stil et al. (2006) prsgabthat they are part of the
same population of clumps detected by GBT Lockman (2002)espread throughout
different locations in the Galaxy. A comparison between iy gle of H cores and
their sample shows that:

 my sample is composed of colder gas since it has lower ligghsv, /5.

* the Stil et al. (2006) sample hag times large size and3 times greater volume
densities. Since the terminal velocity is used for the disteestimate, the dis-
tance uncertainty is small and cannot account for the @iffee with our sample.

» The visible H mass in Stil et al. (2006) ranges from @M up to 2500Ms),
compared to 1-32M, in my case.

» The derived volume densities afi@,, temperature for the Stil et al. (2006)

sample imply also pressures which range from 1862 up to 1¢ K-cm3,

in most of the cases higher than the pressure of our sample.
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These are not necessary contradictory results. Stil e28Dg) considers data in
the inner Galaxy while my sample in the outer galaxy. Whiler@spure as high a
10° K-cm~23 in their sample must be attributed to turbulence, accortbrifpble 3 of
Wolfire et al. (2003) the smaller the Galactocentric diséeRds, the higher the pres-
sure and the volume density of the cold gas are expected fheeefore cores which
are located in the inner Galaxy, as in the case of Stil et 802 are expected to be
denser than the cores in the outer part of the Galaxy, as oes eoe.
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6.1 Introduction

Although the 100-m Effelsberg telescope can provide mais good resolution and
sensitivity to detect Hclumps, the mapping process is slow and high resolution is
needed to confine the physical parameter of theldmps. An interferometer is ap-
propriate only for follow up observations of specific clungnsce it is not sensitive to
extended emission. The only other single dish telescopehnlins increased resolu-
tion, sensitivity and mapping speed is the 305-m Arecibaordelescope. So | used

it to map a region of the sky to search for clumps taking intwoaat the limited dec-
lination range. | will discuss here the technical detailshef observation and present
the results.

6.2 Technical details

| used the 305-m Arecibo telescope to observe a field seléctedthe fourth Galactic
guadrant at 21-cm. The position was selected with the helpay 2.5. | took into
account the restriction of the Arecibo telescope to obseitlen a declination range

of -1°20° up to 3802. Since all of the fields observed with Effelsberg are located
at the first and second quadrant, | decided to select a fiefd fhe fourth quadrant
to probe a different location of the sky. The field is centemed= 0805 M00”, 5=

02 945 M00” (1=219, b=17.58). The dimension of the map & a=1"10" and
AS=5930".

| mapped this region with the Arecibo L-band Feed Array (A)Evhich is a multi-
beam receiver with the capability to survey areas of the akydly. As a backend |
used the spectrometer GALBAvhich is an instrument dedicated for Galactic surveys.
It has a bandwidth of 7 MHz with a total number of 8192 chann&t1-cm this gives

a high spectral resolution of 0.18km’s | applied a smoothing to the velocity axis so
the final spectral resolution of the maps is 0.72krh s

| have conducted the observations in a typical GALFA maninged the basket weav-
ing observing mode (Stanimiravet al., 2006). In this modes the telescope observes
at the meridian, moving only in zenith angle at a given ratestcovering a zig-zag
pattern of the sky as the earth moves. On consecutive daftedsécans are obtained
so the whole region of interest in slowly covered. In Fig. 8.8n example of two
basket-weave scans is shown. The resulting map has almbblyfyuist sampling,
independent of the sampling rate. The most faintchimp detected with Effelsberg
has al. = 0.62 K. The expectedx for Arecibo would be more than 4 K. So | used the

8A description can be found in http://www.naic.edu/alfa/
9A detailed documentation is found in http://www.naic.edfa/galfa/docs/galspect/
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Fig. 6.38:An example of basket weave scans(Courtesy of Snezana Staviah

fast “gear”, that is the fastest speed for the mapping, whiels an integration time
2.4 sec per pixel. This results inca~0.6 K noise level for my map, enough to detect
the clumps.

The baseline calibration was done using the Smart Frequgnitghing method (Heiles,
2007) specially developed for the GALFA projects. For théad&duction | used a
pipeline of IDL programs developed by C. Heiles and J. Pepk@&ally for the reduc-
tion of GALFA Hi datd®. The final result is a Hdata cube with an angular resolution
of 3.83 and a velocity resolution of 0.72kms

6.3 Extended emission in Arecibo and Stray Radiation cor-
rection

Using a radio telescope with a total solid beam ar@}e we measure the antenna
temperaturdp, a convolution between antenna patt€rand the true brightness dis-
tribution of the sky T given by (Bracewell, 1956)

Tae / P(x—X) - T(X,y)dxXdy (6.10)

19More information in http://www2.naic.edu/alfa/galfatspipe_doc_aug06.pdf and Stanimifvi
et al. (2006)
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This equation includes radiation received from the maimbeéth a solid angle€y,

and from the side-lobes with a solid an@glg = Qa — Q. INn case of a strong source
with an angular dimension of the order of the main beam size,cbntribution in
the Tao from the side-lobes is not important. In the 100-m Effelgbilescope the
main beam efficiency), is more than 70% while in the Arecibo 300-m the average
main beam efficiency for the 7-pixel ALFA receiver syster-i§0%, so the radiation
received from the far side-lobes contributes very littld®T, we can therefore safely
consider thalg = Ta/Nmp- The radiation received in the first side-lobes may have the
effect of slightly deforming the source.

On the other hand the measurement of the true brightnes®tampelg distribution
of an extended source in the sky is far more complicated. Astgd out in Kalberla
et al. (1980) up to 50% of the observed profile area at higtuldgi can be attributed
to time variable radiation received from the far side lolf®s.a correction procedure
is needed where we separate the radiation received in theleam from the radia-
tion received from the residual antenna pattern. The cooreapplied to the 100-m
Effelsberg data is described in Kalberla et al. (1980).

As described in Heiles et al. (2001), the Arecibo reflectofixed with respect to
the ground while the feed moves with respect to the refledibus, as the source is
tracked, the antenna pattern characteristics of the twbescan change in a compli-
cated way. It is extremely difficult to apply a stray radiaticorrection in a similar
fashion as for the 100-m Effelsberg telescope. As alreadytioreed in the previous
paragraph, a source with a small angular size and in paati@H clump is unaf-
fected by stray radiation. In the case of the extended eamssince the correction is
not possible, | need to find a way to estimate the effect ofystdiation in the data.
Data from the Effelsberg 100-m Radio telescope were notaaifor the same po-
sition as the region observed with Arecibo. Instead the LAB/gy (Kalberla et al.,
2005b) was used to evaluate the effect of stray radiationarrecibo maps. LAB is
corrected for stray radiation with the residual errors ie grofile wings due to de-
fects in the stray radiation correction below 40 mK. Firsalbf smoothed the Arecibo
maps to the 36 resolution of the LAB survey. This is done using the task “®thd
in the MIRIAD software package, by convolving the maps withemm of Gaussian
shape. Then random positions of the maps were selected argpéttra were com-
pared between the Arecibo and the LAB survey, searchingnfmmisistencies between
the spectra in the wings of the main Galactic line.

From Fig. 6.39a-f the comparisons of the spectra for five sangositions are shown.
Fig. 6.39bis at a position close to the edge of the map. le®tily position where the
spectrum taken from Arecibo varies significantly from thedpum of the LAB sur-

vey, especially on the positive velocity wing. This is mostlpably an artifact of the
smoothing process, where there are masked pixels in theohtha Gaussian convo-
lution. The other spectra are nearly identical, showiny @nslight differences. Part
of it can be attributed to the difference of the data redunctioocess, like calibration,
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Fig. 6.39: A comparison between spectra from the LAB survey and thoserebd with the
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baseline correction etc., between the LAB survey and theiboedata. Part of it, is
caused by the scaling of the Arecibo data to the LAB survegluti®n and finally
stray radiation also increases thein the Arecibo data.

Generally, | concluded that, while there is some stray taahacontamination in the

Arecibo data, it does not affect my data significantly. Sitteevelocity morphology

of the velocity wing is identical, the extended structuretedted in the Arecibo data
are real and not caused by stray radiation. The only minecethe stray radiation
may have, is to increase the estimated columd density in teeildo data. Since the
two spectra show only small systematical differences, tieertainty is not expected
to be significant.

6.4 Results

The H emission map observed with the Arecibo 300-m telescopers@veegion of
17.5x5° with an angular resolution of 3.8 The central position i$=219.5 and
b=17.23 and theuy range covered is from 100 km$ up to -100 kms?t. No
major HVC complex is associated with this region. While narection for stray
radiation was applied to the maps, as discussed in sectyrnt@loes not affect the
spectral profiles.

Hi emission associated with the Galaxy should have positiiye, according to the
Bonn Mass model Kalberla et al. (2007). Abawg =89 kms ! there is no H emis-
sion and below~ 30 kms! Hi emission is starting to be associated more closely
with the disk. In this range df| s , a peak temperature map of Hemission is made,
shown in Fig. 6.40. Itis created by calculating the peak teraure for each position.
While it can be misleading regarding the actual size of thengs since there is confu-
sion between objects located in adjacent positions whietkarematically separated,

it gives a good overall view of the structure of the émission. In Fig. 6.40 within
this velocity range exists a very faint extended componénias already shown in
subsection 6.3 that this component is real and not an drtifiae to stray radiation.
The peak temperatuiie of the extended component is up to 3 K. The column density
betweenu;gy =60 kms! and 30 kms?® can reach up to 108 6- 108 cm~2. This
extended component is similar to the envelope surroundiagH clumps detected
with the 100-m Effelsberg telescope.

There are a number of positions with high peak temperatlisesand narrow line
widthsAu, », similar to the regions observed with the Effelsberg tedpscwhich can

be associated with Hclumps surrounded by the extended envelope. The observa-
tional properties of these clumps are seen in Table. 6.14 climps show narrow
line widths similar to the Effelsberg sample with an averaAge ,~4.9+0.7 km s
implying a Txin~530+75 K. 75% haveu;gs smaller than 50 kmst . According to

the Bonn mass model (Kalberla et al., 2007) their mean distest=4+0.6 kpc while
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Fig. 6.41: Spectra of the clumps detected with the Arecibo telescopespéctrum of the
clump a:) Top Left: An average spectrum of 217.5+15.16,at=78kms*. b) Top Right:
217.5+11.96) =68.1kms?t c) Middle Left: 220.28+15.16p,¢ =68.9kms* d) Middle
Right: 218.38+13.1Q) =69.6km s'e) Bottom Left:215.72+12.29 4 =46.0km s* f) Bot-
tom Right: 219.39+18.53)¢ =38.6kms*.
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Fig. 6.42: Spectra of the clumps detected with the Arecibo telescopg. Top Left:
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dle Left: 217.99+18.83u¢ =40.1 kms' d) Middle Right: 218.48+22.24py =36.4
kms?' e) Bottom Left: 217.83+21.03p,y =37.2 kms'f)Bottom Right:216.57+18.46,
Uy =32.8 kms?.
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their average distance is 5:6.8 kpc. For comparison, the Effelsberg sample has a
mean distance of 7.5 kpc and an average distance of 6.6 kgcafdular dimension

of the HI clumps has a mean of,6mplying a mean diameter of 8.5 pc. In comparison
the Effelsberg Hclumps have a mean diameter of 28 pc and the cores a mean diamet
of 2.5 pc.

In Fig. 6.41, 6.42, 6.43 the spectrum for each clumplet isswshdlable. 6.15 has the
estimates of the physical properties of thedtumps. As seen, the clumps are dense,
denser than the Effelsberg clumps and exhibit high pressuireve take into account
the angular and spatial dimensions of the clumps, it can biyeascertain that the
Arecibo sample shows more similarities with the ¢bres detected with the synthesis
Array than with the sample of Hclump detected with the Effelsberg telescope. A
comparison with Table 3 from Wolfire et al. (2003) shows tladltthe clumps except
clump 215.72+12.29 have pressures and volumes densities whe allowed phase
space for the cold neutral phase, so it is possible that thesxists with the extended
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a 0 U T AU1/2 S NH|
hh:mm:ss dd:mm:ss km$ K kms?1 7 108cm2
217.50+15.16] 07:53:43 02:55:00 78 4.2 3.2 6 50(8)
217.51+11.96| 07:42:24 01:26:00 68 3.2 <5 5 63(6)
220.28+15.16| 07:58:40 00:32:00 69 2.6 6.8 6 68(6)
218.38+13.1Q0| 07:47:56 01:12:00 70 2.8 ~10 7 76(5)

215.72+12.29 07:40:16 03:08:00 46 1.8 35 5 25(4)
219.39+18.53 08:09:00 02:57:00 39 44 4.2 5 50(6)
218.85+18.77 08:08:52 03:26:00 39 56 6.7 9 75(6)
217.90+19.07 08:08:16 04:22:00 39 3.2 34 6 42(6)
217.99+18.83 08:07:36 04:11:00 40 35 3.9 7 42(6)
218.48+22.24 08:20:36  05:20:00 36 23 6.3 7 30(3)
217.93+21.03 08:15:20 05:14:00 37 23 5.9 4 36(5)
216.57+18.4Q 08:03:36 05:11:00 33 3.7 44 4 51(6)
217.56+19.29 08:08:28 04:45:00 36 7.2 35 4 75(11
217.50+19.4 08:09:00 04:53:00 35 88 3.5 7 81(12
217.60+19.7 08:10:14 04:56:00 36 89 35 6 88(13

217.74+20.38 08:12:40 05:06:00 36 9.0 5.0 11 118(12)

Tab. 6.14:0bservational quantities of thél clumps detected with the NAIC Arecibo 300-
m telescope. Columns a & b are the equatorial coordinateBeotltimps. Column C is the
line of sight velocityus . Column D is the peak temperatufe. Column E is the line width
Auv,/p. Column F is the angular diameter of the clusagColumn J is the column density. The
uncertainty is given in the parenthensis.

envelope in thermal equilibrium (More Chap.8).

In the Table. 6.16, | compared the peak temperature of tmepdibetween the Arecibo
and the LAB spectra. The ratio K of the peak temperaturesasbgtween 2.27 up to
6.57, with a mean of 3.37. According to Appen.12 this doesrolude the presence
of small scale structure in the Arecibo clumps but unlikeElffelsberg clumps, this is
not necessary from the perspective of the stability of thengs. If we assume that the
Arecibo clumps break into cores of an arcmin in size, simtdahe Effelsberg clumps,
the small scale structure should be very limited to a a fewséor each clump. Thisis
different from the Effelsberg case where at least 10 corgs wieserved by synthesis
observations. In the case of the column densities the ratisden the Arecibo and the
LAB column densities ranges between 1.92 and 5.12. SincArabo observation
trace clumps which are undetectable with the LAB , the higiosashow that the
clumps carry a significant amount of visible khass at that position.

Table. 6.17 gives the mean value and the range of the meapuopdrties of the
clumps and compares them with the values for the LVC from i8tmavic et al.
(2006). The clumps in this paper are located close to thecantier region and since
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d R z D Tkin <n> P Mu;i

kpc  kpc kpc  pc K cm®  K.em?® Mg
217.50+15.16 13.5(2.5) 20 35 22(5) 220(50) 0.7(0.2) 160(60) 160(85)
217.51+11.96 10.0(1.5) 17 2.0 13(3) <550(80) 1.5(0.4) <825(250) 72(37)
220.28+15.16 9.5(1.0) 17 2.5 17(3) 1000(100) 1.3(0.3) 1320(330) 121(49)
218.38+13.10 10.0(1.5) 17 2.2 20(4) 2200(150) 1.3(0.3) 2820(680) 17B(75
215.72+12.29 5.5(0.5) 13 1.1 8(2) 270(50) 1.0(0.3) 280(80) 9(4
219.39+18.53 4.0(0.5) 12 1.2 6(1) 390(70) 2.7(0.7) 1040(300) 12(B)
218.85+18.77| 4.0(0.5) 12 1.2 10(2) 990(100) 2.4(0.4) 2370(550) 48(17)
217.90+19.07 4.5(0.5) 12 1.5 8(2) 250(50) 1.6(0.4) 420(130) 19(8)
217.99+18.83 4.5(0.5) 12 1.4 10(2) 340(60) 1.4(0.3) 480(130) 25(10)
218.48+22.24 4.0(00.5) 12 1.5 9(2) 870(150) 1.1(0.2) 980(320)  14(5
217.93+21.03 4.0(0.5) 12 1.4 5(1) 760(80) 2.2(0.7) 1680(420) 6(3)
216.57+18.40 3.5(0.5) 11 1.1 4(1) 440(70) 3.7(1.2) 1600(500)  7(4)
217.56+19.29 4.0(0.5) 12 1.2 4(1) 260(50) 5.6(1.8) 1480(510) 9(8)
217.50+19.46 4.0(0.5) 12 1.2 7(1) 270(50) 3.5(0.8) 950(260) 29(12)
217.60+19.76) 4.0(0.5) 12 1.2 7(1) 270(50) 4.1(1.0) 1085(290) 28(12)
217.74+20.38 4.0(0.5) 12 1.3 12(2) 540(80) 3.1(0.6) 1680(400) 112(36)

Tab. 6.15:Derived quantities of thell clumps detected with the Arecibo NAIC 300-m tele-
scope. Column A gives the distande Column B gives the Galactocentric radiRs Column
C gives the height. Column D gives the spatial diameter of the cluB\pColumn E gives the
Tkin- Column F gives the volume densityn >. Column G gives the pressure Column H
gives the visibleH1 mass

thedv/dR ~ 0, it is not possible to determine their distance using the-b6f-sight ve-
locity. The authors had to utilize thermal equilibrium amgents (described in 8) to get
an estimate of the distance. Therefore | do not compare gllysioperties depending
on the distance and | compare only the properties measurectlglifrom the observa-
tions. The comparison of the two samples shows the clump®ftbrk have a wider
range of properties. And in the region observed by me, | padreser and heavier
Hi clumplets. Still theAvy , and the similar angular size shows that it is possibly the
same population of clumps since it is part of the same gasphas

6.5 Clump at a=07"049M46.60', 5=04932M32.006'

Up to now all the detected IHtlumps do not show any velocity gradient, implying no
rotation or any other internal motions. In the Arecibo mapvénidentified a spherical
Hi object, which if an H clump, is the first one to show evidence for intrinsic motion.

Fig. 6.45 is a RA-DEC position map of the ldmission centered at= 07'49™46.60,
5=04932M32.006, vy =47.5 km s1(1=215.54, b=15.04). In the center of the map a
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Taree Tiag £ Narec NLaB %
K K 10¥cm=2 108 cm=2
217.50+15.16| 4.21 0.64 6.57 49.83 9.71 5.12
217.51+11.96| 3.23 0.79 4.08 62.54 12.55 4.98
220.28+15.1| 2.62 0.46 5.69 67.65 19.99 3.38
218.39+13.1Q] 2.85 0.98 2.90 76.12 27.72 2.74
215.72+12.29] 3.80 1.61 2.35 65.05 18.24 3.56
219.39+18.53] 5.35 1.47 3.63 80.31 21.06 3.81
218.85+18.77 5.65 1.49 3.77 115.86 42.81 2.71
217.90+19.07 490 1.89 2.59 92.10 47.79 1.92
217.99+18.83] 5.16 1.48 3.46 114.67 52.98 2.16
218.48+22.24] 3.11 057 5.45 57.37 13.05 4.39
217.93+21.03] 3.62 1.59 2.27 90.68 25.16 3.60
216.57+18.44| 6.09 2.17 2.80 148.26 62.93 2.35
217.56+19.29| 8.67 2.78 3.11 100.03 40.41 2.47
217.50+19.44| 10.36 3.15 3.28 110.65 44.38 2.49
217.60+19.7q4| 10.38 3.32 3.12 117.21 44.48 2.46
217.74+20.38| 10.54 2.81 3.75 146.87 41.21 3.56

Tab. 6.16:The Arecibo temperature is the peak temperature at thei@osif the clump.The
LAB temperature is the brightness temperaigeas interpolated from a nearby positions. The
column density is calculated over the same range of vedaciti
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Fig. 6.44: A map ofHI emission observed with the Arecibo telescope showing theng/
217.5+15.16. Emission belowd evel of 0.6K is cut off.
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T Avy/p NHi Angular Size
K kms1 108cm2 !
Median
StanimirovE et al. (2006) - 4.00 20 -
This work 3.6 4.71 56.84 6.255
Range
Stanimirovt et al. (2006)| 1.6-4.1 3-7.6 10-30 6-12
This work 1.82-9.04 3.2-10 24.77-117.51 4-11.28

Tab. 6.17:1 compare the properties of thé clumps for R>8.5kpc, with théll clumps at
the anti-center from Stanimiraviet al. (2006). Both observation were done using the Arecibo
300-m telescope. The first two row give the median while tlwesé of the two the range.

nearly spherical H object is detected. The spectrum at the peak is given in Fig.
6.46. TheAuv;, at the peak isAv;,=2.7+0.7 km s 1, which implies a kinetic
temperature offy;,=160+40 K, while averaging over the clump gives a line width
Avy/5=3.4km s, implying Tyin=250+50 K. When moving in radius from the center
of the object towards the edge the line width, ,, increases slightly.

The temperature at the peak is equal to T=11.5K. | have @tketdia zero moment map
to estimate the column density of the clump and the radiug. cbhumn density map
is seen in Fig. 6.48. The peak column density as extracted the map iNpeax =
63+ 12 10'® cm~2. Assuming that the center of the clump is at the position ef th
peak of the column density at=07"049"46.60, 5=04932M32.008, | have measured
the column densitiy; along the right ascension and the declination axis. In diagr
6.47, the plot of the average column density versus the sadipixels is given, where
one pixel equals’l From the diagram it is seen that the column density digtiobu
can be approximated nicely by a Gaussian function. A fit of assen function to
the diagram gave a full width at half maximum of 6.& his is considered to be the
diameter of the object.

| have calculated the first moment which is the intensityghiged velocity of the spec-
tral line as a measure of the mean velocity of the gas and tbeityefield of the gas.

| over-plotted the velocity field over the column densityloé bbject in Fig. 6.49. The
velocity field resembles a stable entity whose motions aagi@tionally bound, ro-
tating under the influence of gravity. Especially in the inpart it has equally spaced
parallel contours expected for a solid body rotation vejotield. The minor axis
around which the motion takes place has =47.7 kms?! while the average veloc-
ity dispersionus=0.47 kms. Itis also interesting to note that the minor axis has a
direction which seems to be almost perpendicular to thecBalplane.

A velocity field like this is not observed in the othen Hlumplets, which are most
probably supported by external pressure and they are nettegbto be gravitationally
stable. | have used the SIMBAD database to search aroundoigom of the peak
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Fig. 6.45: A RA-DEC map of theH! emission centered at positiom=07"049"46.60,
d=0432"32.006. Emission belovo,, of 0.6K has been cut.

12

10

8L

1 \M 7
0 Paphpis MaapiaAnA
y ey

\,\/v‘vvav\\[ VA“N

T(K)

I I I
-100 -50 0 50 100
Velocity (km/s)

Fig. 6.46: A spectrum of the clump 215.54+15.04 taken with the AreciborB telescope.
The peak of the clump is seenwat =47.48kms?.
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Fig. 6.47:A diagram of column densitidy, versus radius R of the clump in pixels. One pixel
represent the distance df The plot was generated by azimuthally averaging the iméayeep
data and producing a plot of average value versus radiusastthen fitted with a Gaussian
function.
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Fig. 6.48:A column density map of the clump 215.54+15.04. The unit areG® cnr2.
of the column density to a radius of Gor objects that have enoughi ldnd may be

associated with this position. No object was found at thisitgm. Since also the
velocity dispersion is very small | have excluded the paBsilof it being a galaxy.

Assuming that itis a Hclumplet as part of the gaseous halo and following the Gialact
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Fig. 6.49:A RA-DEC map of the column density of th# object. Overlaid as contours is the
first moment map of the HI object. The contour levels stannfthe min (lower declination)
of47.1 kms?* up to the max (higher declination) of 48 kmtswith a step of 0.1 kmst, half
of the velocity resolution of the cube. The units of the caofudensity are in 1§ cnr 2.

rotation, | can estimate the distance. | considered thecitglof the peak to be the
central velocity of the clump and fang =47.7kms?, | estimated a distance =
5.8+ 0.7 kpc, galactocentric radiuR = 135 kpc and heighz = 1.5 kpc. For this
distance the diameter of the Hlumplet is 10.8&2.1 pc. This implies an average peak
volume density ok n, >= 1.87+0.5-cm 3. Assuming the clump is spherical and
the volume density distribution is described by a Gaussiaction, the total mass of
the Hi in the clump isMy; = 70+ 30 Mp.

| will now try to calculate the mashl in a different way. If the object is stable, as

appears evident from its rotation, it must be gravitatinladbund. Then it is easy to

calculate the mass from the virial theoréviy ~ “%’R. Assuming that the virial radius

is 5.4 pc, and that the observed velocity dispersion is duettdion, then the mass
isM = 273+ 270 M. This is~4 times larger than the mass estimbtg =70+30
M. A simple error propagation analysis shows that the errdhénestimate oM,
depends strongly on the uncertainty of the velocity measarg. Since our velocity
resolution is coarse in comparison to the velocity dispersa possible uncertainty in
the determination of velocity is high. So itis difficult todde whether the assumption
of gravitational stability is true, whether the distanceéedmination is wrong and the
clump is further out, or whether the clump contains an imgra@ramount of additional
baryonic matter likeHo which it is difficult to detect. One possible model which can
explain the characteristics of an objects similar to thewaebserved was proposed
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by Kiguchi et al. (1987). In it, under the assumption that@udl is embedded in a
stationary extended medium and is axisymmetric, both ¢mmdi met for our object,
the equilibrium structure of rotating isothermal cloudsasculated. It is found that for

a stable configuration the central volume denpigymust be 30 times larger than the
boundary volume density, and the radial profiles are given for a number of parame-
ters such as rotational and angular velocity and mass. tmfately the Arecibo data
do not probe deep enough nor do they have the necessarytyetesolution to give
the necessary information regarding the boundary comditand the velocity field,
so more synthesis observation with high dynamical rangespedtral resolution are
currently underway to test the validity of this model.
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7 Thermal equilibrium of the neutral component
of the gaseous Galactic halo as inferred from
the study of the physical properties of Hi clumps

7.1 Introduction

In the previous three chapters | have presented the obsesraband physical prop-
erties of a sample of Hclumps detected with the Effelsberg and Arecibo telescope,
associated with the neutral component of the gaseous Haliblow~up observations
for two of the Effelsberg Hclumps were done using the WSRT and the VLA syn-
thesis array. A comparison of the physical properties ofsauimple with models for
the neutral ISM, like the model in Wolfire et al. (2003), camegus an insight into the
condition of the neutral gaseous Halo. The model in Wolfir@ g2003) describes the
balance between different phases of the neutral ISM asitamof the constituents of
the ISM (i.e., metalicities, dust-to-gas ratio, etc).

In this chapter, | will first summarize the properties of dktdifferent sample of
Hi clumps detected with different telescopes and by diffeodrstervers. A short de-
scription of the model in Wolfire et al. (2003) will follow. Rally | will compare my
sample of the Hclumps with the model and discuss stability and evaporadfche
Hi halo clumps.

7.2 Summary of the Observational and Physical Properties
of the Hi clumps.

Before comparing the physical properties of my sample withthermal equilibrium
model for the neutral phase of the ISM, it is useful to make mgarison between
the samples of Hclumps observed using different telescopes in differertspa the
Milky Way. Besides estimating the effect of telescope reoh in measured proper-
ties of the clumps, it is possible to evaluate in what extdhtha samples are part of
the same population of Galactic material.

The 90% range of the properties of the¢lumps is given in Table.7.18, while in Table.
7.19 the median of the properties is given. The sample oftbi% is divided in four
parts, in the Effelsberg telescope sample, in the Arecilestepe sample, in the VLA
sample and in the WSRT sample. The tables also include thplsatatected with
the 100-m GBT telescope (Lockman, 2002) with a resolutiarilar to the one of the
Effelsberg telescope, the sample detected with the Arewlescope (Stanimiro®i
et al., 2006) and the sample detected in the VLA GalacticdBurvey (Stil et al.,
2006). Lockman (2002) and Stil et al. (2006) used the termielcity (Chap. 2) to
determine the distance since they probe the inner Galaanir8irovic et al. (2006)
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estimated the distance in the observed anti-center regimg yressure equilibrium
considerations. This is the only applicable method in taggan but shows the largest
distance uncertainty (Chap. 8).

As already discussed in Chap. 4 the Effelsberg and the GBPplsamespite origi-
nating from different parts of the Galaxy, generally shown&milar properties. For
comparison the samples from the VLA, WSRT, and Arecibo olz&ms, while mea-
suring column density of the same order, have detectedbiect which are denser,
smaller and possibly in equilibrium with their surroundéngThese objects are as-
sociated with the small scale sub-structure ofdiumps and defined as cores. This
difference in the observations, is the result of the telpsa@solution. The’Beam
resolution of the Effelsberg and GBT telescopes do notvesble~1" sized H cores.
They are measured as a single structure, acldimp, with a median size of 18in
case of the Effelsberg telescope. On the other hand VLA an&TM&ve the nec-
essary resolution to resolve these ¢dbres and as a result the sample has an average
angular size of 1/4and 1.2 respectively. In the case of the 300-m Arecibo telescope
with a resolution of~4’, the sample has a mean size 6f$o the size of the detectable
Hi object is between the size observed with the single disidbkéeg observations
and the interferometry observations. The effect of telpsaesolution can be proven
further by the comparison of the Arecibo sample (Stanim@@t al., 2006) with the
samples obtained by the other telescopes. The quantitietale unaffected by the
resolution of the observations, column density and the line widthAvy ,, show a
median similar to the GBT and the Effelsberg sample. The tfiEsmwhich depend
on the telescope resolution, have ranges similar to my Aocegbservations and close
to the interferometry observation. Therefore lower angréaolution tends to smooth
over the clumps, so that the conglomeration of colccbres surrounded by the warm
Hi envelope appears as a singledtump while high angular resolution observations
can observe these cores directly.

Regarding the properties, all samples besides Stil et@§R have column densities
of the order of 18°cm~2 independent of the distance. This is a range expected for bot
the cold and the warm neutral medium, l5r1(0° as measured from absorption studies
(Heiles & Troland, 2003b). Stil et al. (2006) probes a regaong the Galactic plane
with b<10°. According to Heiles & Troland (2003b) it is expected to shioigher
column densitiedNy; of the order of 18°%cm~3. For the line widthsAuv, /,, all the
different samples measure very narrow lines, as seen fremrttedian in Table. 7.19,
with the GBT sample skewed towards higher widths and the WS&Riiple skewed
towards smaller widths. Since the ISM is turbulent (Chaptt8 thermal temperature
of the clumps is expected to be lower than the one measured.

The similarity in these two properties, the column densitgd ghe line widths, and
additionally the similar angular size as seen in Table. pdi@ts to the fact that all
the H clumps in the different Hsamples belong to the same population which is
spread out at different heights. Regarding the Stil et I0@ sample, it has higher
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NHi Avy/p S D <n> Mui d R |Z]
108 cm 2 kmst ! pc cn 3 Ma kpc kpc kpc
Effls. 6-68 3.0-11.6 9-27 9-60 0.07-0.7 4-770 3.5-9.5 10.5-15 71-B.
Archbo. 30-88 3.4-6.8 4-9 4-20 1.0-41 7-160 4-10 17-12 2.54
VLA 32-68 28-58 09-1.7 26 22-57 732 9-10
WSRT 14-28 29-39 1-17 2-5 1.6-3 1-11
Lockman 7-63 5.4-26.3 19-35 0.1-0.9 12-290 0.6-1..
Stanim. 0.5-8 0.8-13 0.03-7 0.2-3 0.6-0
Stil 90-390 4.2-11.7 1.9-11 3.4-184 3-20 12-250 4.3-7.7 O-

Tab. 7.18: A comparison between the samplesHif clumps observed with different tele-
scopes. The table gives the 90% range of values oHthelumps for all cases except Sta-
nimirovic et al. (2006). Lockman (2002) was using the 100-m GBT anddtince was
estimated using the terminal velocity. In Stanimikoet al. (2006) the observations were done
using the 300-m Arecibo telescope and the distance wasastihusing pressure consider-
ations. In Stil et al. (2006) the clumps were detected udimg\VLA and the distance was
estimated using the terminal velocity. In Lockman (2002J &hil et al. (2006)H1 clumps
are located in the inner Galaxy. In Stanimirowt al. (2006) the clumps lie in the anti-center
region.

column densities for the same angular size of clumps atai@idlactocentric distance
R, therefore resulting in the other derived physical paransdtke the volume density
< n >, the diameteD and pressur® to have higher values in comparison with the
other samples. Taking into account the uncertainty in tiséadce determination in
my samples and that of Stanimirévet al. (2006) and the uncertainty in the size in
the sample from Lockman (2002), it is difficult to compare towl HI masses and
the diameters between different telescopes. The GBT anéffieésberg telescope
have similar resolutions, while the distance determimatbthe GBT clumps using
the terminal velocity is the most accurate method. The faattthe range of mass and
diameter is similar, indicates that also the estimate ferdistance with our method
is quite good, assuming of course that | detect a populatiaoods with the same
properties. For my Arecibo results and those from Staniniret al. (2006) it is diffi-
cult to compare the diameters and the mass and volume densitice the uncertainty
in the distance estimate through pressure arguments istge.| Finally the authors
in Lockman (2002), Stanimirogiet al. (2006) and Stil et al. (2006) do not specify the
density of clumps per degree, therefore it is difficult toedstine if there is a difference
between the inner and the outer Galaxy.

7.3 Thermal equilibrium in the neutral gas

In this section | will give a brief summary of the analyticabdel which gives a de-
tailed description of the physical conditions under whicis possible to have the co-
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Nyi Avyp, s D <n> My d R |z]
108cm2 kms? ’ pc cm?® Mg kpe kpe kpc

Effls. 25 5.2 18 34 02 120 75 125 25

Arcbo. 57 4.3 6 8 1.9 26 4 12 1.4

VLA 40 43 14 45 3.8 15 95 145 3|8

WSRT 16 33 12 26 23 4 7 13 256

Lockman 20 12.2 24 0.2 50 0.9

Stanim. 20 4
Stil 180 56 41 79 7 64 7.2 0.1

Tab. 7.19:A comparison between the median values oftthelumps observed with various
telescope. In Lockman (2002) the observations were domg wse 100-m GBT and the dis-
tance was estimated using the terminal velocity. In Staowit et al. (2006) the observations
were done using the 300-m Arecibo telescope and the distaaseestimated using pressure
considerations. In Stil et al. (2006) the clumps were detéaing the VLA and the distance
was estimated using the terminal velocity. Lockman (200@) &til et al. (2006) clumps lie in
the inner galaxy. In Stanimiro@iet al. (2006) the clumps lie in the anti-center region.

existence of the cold neutral medium (CNM) and the warm méuatedium (WNM)
(Wolfire et al., 2003, 1995a). The model was compared withdigved physical
properties of the Hclumps to test the possibility of thermal equilibrium beemehe
clumps and an existing envelope.

In the model itis assumed that the CNM and the WNM are heatgihbtoelectric pro-
cesses. This means that the energy induced by the far UV Feld) of the OB stars is
converted to heat by small dust grains and PAH’s (polycyatamatic hydrocarbons)
with a heat efficiency~3%. The major role of the X-ray background and the cosmic
rays is to regulate the efficiency of photoelectric heatifige primary mechanism for
the cooling of the CNM is through the CIl (15&n) while the primary mechanism for
the cooling of the WNM is through the lgyCll (158um) and OI (63tm) with the
electron recombination mechanism also playing an importaa. It is assumed that
the time of the cooling is smaller than the time between statkhe ISM.

The CNM phase of the neutral gas and the WNM phase of the hgasaan co-exist
in thermal equilibrium only in a very narrow range of pregsuand densities. The
authors calculated this range for different Galactocem#dlii. Table 3 of Wolfire et al.
(2003) gives an overview of the acceptable conditions. Asphdgiagram of thermal
pressure versus volume density of hydrogen nuclei can lupeal to show the range
of pressures and densities where the two phases can ce-exiphase diagram from
different Galactocentric radii is seen on Fig. 7.50. In tisgram gas can exist in
stability in regions where&P/dn > 0. In the unstable region gas will move either
towards the warm branch on the left or toward the cold bramcthe right.

It is obvious from the description of the model that the ranf@ressures depends
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Fig. 7.50: Phase diagram depicting thermal Pressure P/k vs hydrogeleusudensity n at
different Galactocentric radii. The curves apply for cotudensity of the order of 1008

cnt?(Courtesy by Wolfire).

strongly on the properties of the ISM and the strength of ti¥ Feld. Different dust-
to-gas (D/G) ratio and metalicity Z will affect the two brdmes of the phase diagrams.
For example a drop of the dust-to-gas ratio D/G from 1, assuiimrethe calculations,
to 0.3 will see a drop in thByin andPnax and an extension of the CNM branch to the
left. The dependence of the phase diagram on the consstoétite ISM is discussed
more thoroughly in Wolfire et al. (1995c).

7.4 Hi clumps and thermal equilibrium

In this section | will present the comparison of the derivedsgures and volume
densities< n > of my sample with the phase diagrams of the model and Tablen3 fr
Wolfire et al. (2003). It is important to note that the averagkime density< ny >

in the theoretical phase diagrams refers to the total deon$ithe hydrogen nuclei,
which isny ~ ny; + Nl Whereny is the volume density of the neutral hydrogen and
Nmol IS the volume density of the molecular hydrogen. From the ébservations at
21-cm | can estimate the average\lume densityhy; , while the molecular content
for the H clumps remains unknown. Based on data from the Far Ultravfepec-
troscopic Explorer (FUSE) satellite, molecular hydrogeaswletected in absorption
in an extended IVC, with a column density0.01:10'8 cm2 (Richter et al., 2003).
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Assuming, similar molecular hydrogen contents for theclhmps, there are two pos-
sibilities:

* The molecular hydrogen has the same filling factor as theltinp so the aver-
age density is very low and can be safely neglected

» the molecular hydrogen has a very low filling factor, implyia high density
which cannot be neglected in the calculation of the totakdgmf the hydrogen
nuclei.

The molecular content in my sample has not been studied @xeiyn The general
consensus is that in the latitudes where the clumps are fdbadnolecular content

is usually very low (Crane, 1988). Therefore | assume thé piossibility to be true

so thamy ~ ny; whereny is the total average volume density of the hydrogen nuclei
andny is the average volume density of the id the clumps.

Another important factor that needs to be taken into accasitihat the phase curves
of the model are calculated for the Galactic plane while noyngs reach heights up
to a few kpc above the disk. The authors in Wolfire et al. (20@3jume that the
FUV depends only on the surface density of the OB-stars aadgds as a function of
radius. But since the OB-stars have a scale height of up #tkpd(Reed, 2000), due
to dust extinction from the disk and the lack of UV from the apg@r of the Galaxy
and great distances, the FUV field is expected to be lower f{i#&att al., 1995c).
Depending also on the exact condition of the formation offihelumps, metalicities
and dust-to-gas ratio content, the phase diagram for tteerhay differ from the disk
phase diagram. Nonetheless from Fig. 1 of Wolfire et al. (tp%¥5appears that
a) only in the case of primordial gas which has low metalieity dust-to-gas ratio
the results vary significantly and b) for heights up to 4kpe pihase curve does not
deviate significantly from the disk curve. It shows sligtgiyallerPyi, andPnax values
resembling disk phase curves at higher Galactocentric radi

First I will compare to the phase diagrams the sample iofIdmps detected with the
100-m Effelsberg telescope. Fig. 7.51 is showing the corspambetween the phase
diagram and the Hsample. The plot includes also two points where the pressute
volume density were estimated for the broad extended epeealbthe H clumps. As
seen in the figures one of the envelope is located in the regitrermal stability for
the warm gas. It is also within the range of pressures whes@dssible for cold gas to
co-exist with envelopes. The second extended envelopevwsrae density expected
for the warm gas but the pressure is low. For theckimps, in Fig. 7.51, it is seen
that 60% of them are located well outside the region of théstadility and pressure
equilibrium, strongly violating isobaric conditions. Thieimps have volume densities
appropriate for the warm medium, with some of them havingguees even lower
than the extended envelopes. This result contradicts teeredd narrow line widths
Auvy/, of the HI clumps which imply low kinetic temperatuiigi, in agreement with



7.4 Hi clumps and thermal equilibrium

95

100000

10000

1000

P/k (Kem™)

100 [

10 | ]

0.01 0.1 1 10 100 1000
n(cm'3)

Fig. 7.51:A comparison between the Effelsberg samplelotlumps and the phase diagrams
depicting thermal Pressure P/k vs hydrogen nucleus demsityifferent Galactocentric radii.
The curves apply for column density of the order of 1B cnr2

the temperatures predicted for the corresponding Galewtac distances from the
model in Table 3 (Wolfire et al., 2003). As discussed in Chaph&above result points
to the presence of small scale sub-structure in the clumpshvigi found in the inter-
ferometry observation for two of them. For the lumps 117.94+24,117.51+25.19,
115.35+23.35, as discussed in Chap.4Aan,, greater than 10 kntdimplies an
association with the extended warm medium rather than tke domps. For the
remaining 4 H clumps, 112.-12.44, 116.5+21.45, 113.33+27.00, 112363] the
Table 3 from Wolfire et al. (2003) shows that for their respeedibcations, the volume
densities and pressures lie outside the range for isolbeioal equilibrium. The low
pressure can imply, as for the other clumps, a presence edtsutture while the low
column density may imply molecular gas. It cannot be exduidhat the clumps are
thermally unstable, either condensing or expanding.

The Arecibo sample of Hclumps gives a different result. In Fig. 7.52, the phase

diagram versus derived pressures and volume densitiesepieteld for a range of
Galactocentric radius from 11 kpc up to 20kpc. In comparisith the Table 3 of
Wolfire et al. (2003) and also in the phase diagram, the clunaye the necessary
pressure corresponding to the region of thermal equilibrilthe densities are gener-
ally smaller than the ones expected for the cold phase, sgirYF2 they clutter in the
thermal instability region. This implies that the clumpe ar a transition phase either
condensing, becoming colder or expanding and becominggbdiie warm compo-
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Fig. 7.52: A comparison between the Arecibo sample-ofclumps and the phase diagrams
depicting thermal Pressure P/k vs hydrogen nucleus demsityifferent Galactocentric radii.
The curves apply for column density of the order of 1@ 1¢nT?

nent. Of course the unknown molecular content cannot erdiuel possibility that the
clumps are actually in thermal equilibrium with the surrdings. The good agreement
of the Arecibo sample with the phase diagram as seen in th&’FH5g in contrast to the
strong deviation of the Effelsberg sample in Fig. 7.51 issalteof the different reso-
lution of the two telescopes. The Arecibo telescope as dtrekthe 3.3 beam can
discern better the substructure of the clumps while the@m of the Effelsberg tele-
scope is not good enough, as is evident from the interfenymobtervation, to resolve
the cold cores. As a result the properties of the Arecibo $ausipould be compared
with the interferometry samples and not with the Effelsisample.

Fig. 7.53 shows the comparison between the VLA/WSRT coreptesrand the phase
diagram. The Hcores of the VLA havék ~ 15 kpc, while the WSRT cores have an
estimated R from 13kpc up to 15 kpc. A comparison with the pldiagram corre-
sponding to the same Galactocentric radii shows that the WtSIRes withu,g =-68
km s~1are located barely within the range were thermal equilioris possible. For
the WSRT cores aty =-84km s, one is located in the thermal instability region,
the other core, while it has a volume density matching to tpeeted one for the
CNM, exhibits smaller pressure than the one expected foCtiel at R=15kpc. For
the VLA cores, while the volume densities are high enoughetanbthe cold phase,
they exhibit pressures higher than allowed for their Galeettric radius. This can be
explained assuming that the turbulence is dominant in thiemeof the core and it af-
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Fig. 7.53:A comparison between the WSRT & VLA samplestifclumps and the phase dia-
grams depicting thermal Pressure P/k vs hydrogen nuclexsstde at different Galactocentric
radii. The curves apply for column density of the order of 10#8 cn2

fects strongly thdyi, measured from the line widmul/z and thus the pressure. All
in all, it seems that the cores found with the interferomegar be in thermal equilib-
rium with the thermal gas, even without taking into accotwetpresence of molecular
hydrogen.

7.5 Stability and evaporation of the Hi clumps

The H halo clumps in this work detected with the Effelsberg 100etadcope are grav-
itationally unstable as discussed in Chap. 4. When obsemtida high resolution,
two of the H clumps are resolved in a number of cold cores. Using theioeld®2.75
from Rohlfs & Wilson (2004) to estimate the virial masseglgs values from 2500
M upto 11000 M; for the cores. This is three orders of magnitude higher than t
estimate of the total visible Hmass for the cores. Similarly, thel ldlumps detected
with Arecibo have virial masses from from 170Q:Mup to 125000 M, which is two
to three orders of magnitude higher than theirmlasses. Therefore even the cores
do not seem to be gravitationally stable. The single dislenfagions (Chap.3,6) have
detected a broad faint extended medium. The Areciboltimps and the Hcores can
be in thermal equilibrium with this envelope as seen in thevioaus section. In this
case it implies that the cores exist in isobaric conditisoghe envelope engulfs them
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and confines them. In the absence of such an envelopeiticerkl will disperse. In

the case of the VLA cores their lifetime igs, ~ 0.8Myrs while for the WSRT cores
their lifetime istgisp = 0.4Myrs. The Arecibo H clumps have a longer lifetime of
tyisp = 2Myrs. This absence of external support and self-graematnplies that the

clumps are dynamical entities constantly destroyed anaddrby the turbulence in
the ISM (Mac Low & Klessen, 2004)

The presence of an extended warm envelope plays an addiitaedor the cores.
It protects them from fast evaporation. Using equation #mfiVickee & Cowie
(1977) shows that in the absence of a warm envelope, for a &édium of 16K (tem-
perature of the halo plasma) the mass loss, in the case ofltAead WSRT cores
with an average diameter of 3.40 pcnisd.5- 10'8g-s~1. This in turn means that the
core with an average mass ©f10 M, will evaporate in 142 Myrs. If the cores are
embedded in a warm envelope with a temperature 800 K (average temperature
of the envelope in the thermal equilibrium region of the ghdsgrams Wolfire et al.
(2003)) then the mass loss due to evaporation &7 - 10'’g-s~1, an order of magni-
tude lower, and the core will evaporate in 1.5 Gyrs. Themfoseems that the warm
envelope provides the ideal environment for the formatibonadd condensations in
the form of H clumps which would be difficult to survive as isolated obgeict the
Galactic halo.
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8.1 Introduction

Turbulence was recognized early on to play an important irol#he astrophysical
processes (Chandrasekhar, 1949). Turbulence in the ISM®aten a dimensionless
number, the Reynolds number which depends on length st&e/elocity scale and
the kinematic viscosity, is greater than a critical valudchtis of the order of 10—
10%. In case of the interstellar medium (ISM), a typical Reysoldimber value is
10" — 108, so its nature is expected to be highly turbulent (Scalo7)19B this case,
turbulence defines the spatial distribution and affectpttysical properties of the gas.
In the H gas turbulent motions are one of the major causes for thdtimadening of
the spectral lines, dominating usually over thermal broatg In the case of the
Galactic Halo gas, turbulent motions seem to be especiajhprtant. As discussed by
Wolfire et al. (2003), the turbulence can define the spatidtamporal structure of the
thermal pressure. It can help to transfer energy and massthe disk to the Halo and
to re-distribute it. But more importantly it is proposedtthias the large scale turbulent
motion that provide the necessary support for the neutsalayeer of the Galactic Halo
(Lockman & Gehman, 1991; Kalberla & Kerp, 1998). Galactitatmn (Fleck, 1981)
is possibly generating the large scale motions. In this @rapwill use the Arecibo
data cube, which is able to probe different spatial scatestudy the turbulent nature
of the H gas in a statistical sense in the probed regions.

8.2 Analysis

Turbulence gives rise to stochastic random fields which gpeaed to be correlated
(Pogosyan & Lazarian, 2005). The best way to study turb@escising a statistical
description. The correlation function of the density figitk) depends only on the
distance r between two points and is given@y) =< p(X) - p(x+r) >. From the
Wiener-Khinchin theorem it is given that the Fourier tramsf of the auto-correlation
functionC(r) equals to the square of the Fourier transform ofglie), called power
spectrumP(k). Kolmogorov (1941) found that for an unmagnetized incoragitgde
viscous fluid the direction averaged 3D-energy spectrunivengoy the Kolmogorov
scalingE (k) ~ 41tk?P(k) ~ k=53 whereP(k) is the power spectrum. This means that
over the inertial range where neither energy injection margy dissipation is impor-
tant, the energy spectrum can be described by a single pawelhe power spectrum
of the Kolmogorov turbulence is described by a power R{k) ~ k¥ where the spec-
tral indexy is given byy = 1 — N (Pogosyan & Lazarian, 2005) as a function of the
correlation scaling and the dimensionality of space N. In the case of a Kolmogorov
power spectrunm = —2/3. Studying the power spectrum of a spatial distribution can
give us information about the nature of the turbulence.
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From an H observer’s points of view, anHlata cube is a collection of channel maps
with brightness temperatures which depend to the first adéne density distribution.
Each channel defines a position-position map which give eslémsity fluctuation at
a specificu|g . Since | have established in Chap. 2 that a speojfjctranslates to a
specific distance, we can assume that a channel maps givke dsiisity fieldo(x)

at this specific distance. Therefore, taking the squareefturier transform of the
map, we are able to calculate the spatial power spectrum) (@R&thus studying the
properties of the turbulence of tha Has.

Studies of the spatial power spectrum (SPS) of the Galaaticebulted in different
values for the spectral index. Crovisier & Dickey (1983) kg the statistical study
in a region along the Galactic planelat 52° using WSRT data and single dish data
from the Nancay and Arecibo telescopes. They covered aasfratjuency range from
100 to 6000 wavelengths{® ! to 35° 1) for the small spatial frequencies and found
a typical index of -2.0 for the single dish observations angpécal index of -3.0 for
the WSRT observation. Kalberla & Stenholm (1983), usingmglsi dish telescope
to study the H both in emission and in absorption, estimated an index df add
-2.5 respectively. Dickey et al. (2001) used the data froenSbuthern Galactic Plane
Survey and studied the SPS of the interstellar neutral lggtran the fourth Galactic
guadrant along the plane. The power spectrum of the warm gagound to steepen
with an index from~ —3 to 4 with the increase of the velocity binning. Since | had
the opportunity to map a large area on the sky using the hggiugon of the Arecibo
telescope, | will calculate the SPS from the Arecibo mapgudysturbulence in the
lower halo region.

| have calculated the two dimensional spatially averagaslepspectrum (SPS) for
each velocity range of the image maps. The Arecibo data cabealdimension of
990 by 330 with a pixel resolution of 1 So | can study the SPS from a scale of
16.5°down to the beam size of 3.35'he map is not corrected for self-absorption and
itinitially has 281 velocity channels with a channel widfe0.7km s™1. To calculate
the 2D SPS for a specific channel width, for each velogity, first of all | applied the
FFT algorithm from MIRIAD and calculated the amplitudeslué Fourier transform of
the image cube. Then the amplitudes were squared resuitihg uncorrected spatial
power spectrum of the image cub¥. For the Arecibo map the given temperature
Ta is the convolution of the brightness temperatligewith the Gaussian beam b of
3.38, Ta=Tg®b. Tg (X) is analogous to the density fietd x) of the image map. The
Fourier transform of the beatis B and the Fourier transform of tig(x) isF. Then
the uncorrected spatial power spectrhirhis given by :

H? =B?.F?

To calculate the corrected power spectrum of the imiagerhich is connected with
the true density distribution, we need to deconvolve theotnected SPS accordingly.
This is done for the SPS of each velocity by dividing the uncorrected SPS by the
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Fig. 8.54: The spatial power of theli emission in the Arecibo region. The x-axis is the spatial
frequency measured as the logarithm while the y-axis glvegower in units ody?. The plot
shows the SPS for a range of velocities from -12.15khup to 78km stwith different color.
The noise is the SPS of a channel where no emission is pré3eafunction f(x) represents a
power law with an index of -2.53 . The largest scale®iabile the smallest scale is the beam
size of 3.35

Fourier transform of the Gaussian be&mnOnce this is done, | estimated the average
power spectrum for each velocity range. In the Fourier plaaeeraged over 150
concentric annuli of equal widttik, wherek? = u? 4 v? andu andv are the coordinates
of the Fourier plane measured in wavelengithsThe average 2-D SPS is fitted with
a power law to extract the spectral indgxvhich is then compared between different
velocities. Since for different channel width the linesifht depths varies, | finally
calculated the 2-D SPS for different widths.

8.3 Results

Using the procedure described in the previous section | balelated the 2-D SPS of
the Arecibo image cube with a channel width of 0.7k dor the range obyg  from

-15 kms? up to 80 kmslwhere H emission is present. Also the power spectrum
for ujg <-20 kms1 was also calculated for channels were noefhission is present.
In Fig. 8.54 the SPS for a range of velocities from -12.15 ki sip to 78 kms?! is
shown. The plot covers two orders of magnitude in scale, fsondown to the beam
size of 3.35 This figure shows that the SPS at all velocities, expect tanicels
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Ulsr y A
kms™? (log(Jy?)
-12.15 | -2.83 2.71
-2.58 || -2.62 3.92

8.00 | -2.71 4.53
18.00 || -2.65 4.12
23.00 | -2.64 3.54
28.00 || -2.67 3.19
33.00 || -2.61 3.09
38.00 || -2.74 2.88
43.00 || -2.58 2.72
48.00 || -2.51 2.63
58.00 || -2.40 2.36
68.00 | -2.44 2.22
78.00 || -2.35 2.05

Tab. 8.20:The table gives the spectral index of the power law and theritsgn of the ampli-
tude A for differentu,y for a velocity resolution of 0.7knTs.

with no HI emission, can be fitted by a power law, over a range of angokles
from 5° down to~14. According to the Bonn Milky Way model this represents at
U =38kms? a length scale from 349pc down to 16.2pc. This can be integre
as the inertial range where there is a lossless transferesfgifirom larger to smaller
scales. A least-squares-fit is applied to the SPS of eackityeto estimate the power
law indexy. The results are given in Table 8.20. Considering only thasecities
with a well defined amplitudé > 3, fromujg =-2.58 kms* up toug =33 kms?,

we obtain an average indgx= —2.65. This has to be compared with the value -2.67
which is the expected index for a 2-D SPS of a Kolmogorov spatt Above 43
kms! the spectral index is shallower than -2.67 . This is evidé¢hatthe turbulence

in the ISM in this region of the sky can be described as Kolmogturbulence. The
spectral index found, ranging from -2.35 to -2.83 is shadibwhan the slope found
in Dickey et al. (2001) for the ISM in the inner part of the Galaand closer to the
index value of -3 found in Kalberla & Stenholm (1983). Thigies that smaller scale
fluctuations are important in this part of the Galaxy.

In the previous calculation | assumed that the measured galllat power spectrum
reflects the real spatial density fluctuations of the regjmmadbed. As discussed by
Lazarian & Pogosyan (2000); Pogosyan & Lazarian (2005) dadity is far more
complex, the resulting spatial power spectrum of arerission map depends both on
the density and the velocity fluctuations caused by the tartdield in the observed
region. As a result the measured power index of the SPS miffat tom the true
index of the power spectrum of the density fluctuations. Tleasared SPS will be
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more shallow depending on the relative strength of the Wgidluctuation and the
thickness(channel width) of the studied region. In otherdsahis means that the
velocity fluctuations can partially generate structureshim intensity maps at small
scales which can be erroneously identified as clouds or duifipis is a phenomenon
very similar to velocity crowding although the origin is tpidifferent.

To disentangle and study separately the effect of the wglacid the density fluctu-
ations a method is outlined by Lazarian & Pogosyan (2000yoBgan & Lazarian

(2005) where the 2-D SPS is estimated for slices of diffevefdcity thickness, that is
maps of different channel widths. Depending on the thickmes can infer the impor-
tance of the velocity fluctuations and then estimate theitlemslex. Unfortunately

different effects like the mixture of cold/warm gas, theogty gradient, the thermal
line-width etc make the interpretation of such a study a wemplex task. Neverthe-
less I tried to study the behavior of the power spectrum féiedint channel widths
and explain it with simple intuitive arguments. In order w b, | initially averaged

the image cube by different channel width from the origin@Bkm s up to 56.21

kms™L. Following the method described in the previous subsedtiben estimated
the spatial power spectrum for all the channel maps of eaahra width. | then fit-

ted the spatial power spectrum for each channel map andastinfior each channel
width the averaged slope over the range where there enkission. Finally | plotted

the average slope of the power law against the channel wittils. plot is seen in Fig.

8.55.

As seen from this figure, for channel width 0 krmtsup to 20 km s the power index
increase is steep from 2.6 to ~ 2.8. Above 20 kms?, the index stays consistently
within the range of 2.8-2.9. The spread of the values of thegodaw index in this
channel width range is due to averaging processes and thtb&ador channel widths
more than 20kms! each H data cube has very few channel maps. The behavior in
Fig. 8.55 is expected since, as we average over more velca#gnels the smaller
structures which represent different true scale rangessdifferentu, g ’s, are merged
together by averaging the maps. Thus the power in the sna#isis decreasing while
at the same time the power of the large scales is increasiigpwdsults in the steepen-
ing of the power index. After a specific channel width, whiohdur case is around 20
kms™1, the power remains constant. At this point the velocity flations have most
probably been smoothed out, so further velocity averagamnot lead to an increase
of the power index. The inertial range for the channel widtB@km s still goes
down to 11 but this cannot be interpreted as a specific scale due to @raging over
structures of different scales. According to Lazarian & ®a@n (2000), the indexis
then interpreted as the intensity power slope which is thelte of the index of power
spectrum of the density fluctuations n modulated by the pomdax of the velocity
fluctuations m according to the formuje= n+m/2. For the thinnest slice with an
intensity power index of~-2.6 and assuming that the velocity fluctuations exhibit a
Kolmogorov spectrum of a power index of 2/3, the index of tkagity fluctuations is
then -2.93, which is very close to -3 given as a universalesfop the turbulent spec-
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Fig. 8.55: Power-law slope vs channel width. The power law slope fohedannel width is
the average over all the individual slopes for each chanmagl where there il emission.

trum in Lazarian & Pogosyan (2000). In comparison to the lsinstudy of Dickey
et al. (2001) my results resemble the findings in region 2sastudy. This similarity is
superficial since as explained the behavior of the index aswél width in his studies
is affected by self-absorption due to the very low-latitofiéhe studies. For my study
on the other hand the region has relatively high latitude am Inot expecting it to be
affected by self-absorption. Also it is important to notehis section that Lazarian &
Pogosyan (2000) predicts that the changing of the veloegplution stops affecting
the SPS slope with channel width when it becomes larger tharthermal velocity
width. For my study this is close to 20km’ while this counts as high thermal veloc-
ity for cool gas, it can be considered to be the velocity ofwlaem extended medium
in the neutral gaseous halo.

As mentioned in the previous subsection, | have applied mlmarection to the FFT
map before calculating the average power spectrum. Tod@sthis correction affects
our results I have compared the SPS for the initial image euthea velocity resolution

of 0.73kms? attwou,4 ranges, for 28 kmstand 48 kms?. For the corrected and
uncorrected SPS | estimated the slope using a least squareofitthe uncorrected
spectrum | found in the case ofg =28 kms! a slope of -2.84 while fov;q =48
kms I got-2.58 kms?t. In comparison with the slope of the corrected SPS which
are -2.68 and -2.51 respectively, the uncorrected SPS haghdlyssteeper power
law. This is due to the beam correction which suppresseltblithe lower spatially
frequencies but enhances at the same time the high freqsertiill the uncorrected
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Fig. 8.56: A comparison of the SPS for the corrected and uncorrecteds rfeaga velocity
width of 0.7km st atuiy =28km s*. Red dots are the uncorrected SPS while green dots are
the corrected SPS. The red line is a fit to the former while the bne is the fit to the later.
The figure covers spatial scales fron? 1@own to 1.8.

slope is very close to the expected value of -2.67 for a 2D JR8.beam correction
cannot account for the difference between our results amdldpe range of -3 to -
4 estimated in Dickey et al. (2001). In Fig. 8.56 and Fig. 8/53ive the SPS for
g =28 kms! andug =48 kms?! respectively, including both the uncorrected
and the corrected SPS. Since | divided with the spatial pepectrum by the beam a
different power law is expected. What is strikingly diffatéetween the two SPS for a
specificu| is the inertial range. While in the case of the correctedtspetthe inertial
range ends at a spatial scale of 12;1d the case of the uncorrected spectrum the
inertial range appears to cover almost the total spatiglgahlligh spatial frequencies
however, are affected by beam smoothing and should be disted. As a final note |
have reached to two important conclusions, first of all agsgitinat the modulation in
the density fluctuation due to the velocity turbulent fielchimimal, then the density 2-
D spatial power spectrum exhibits a Kolmogorov like spauothehavior. Second and
most important is the realization that in case the velocitgttlations are important in
the study of the nature of the gaseous neutral Halo thiatdnsity channel maps have
to be interpreted with extreme care. All in all | do not claimstto be a complete
study of the subject of turbulence in the gaseous neutral Imnat a first analysis on
the possible implications of turbulence in the halo. Morerttugh analysis is needed
comparing different regions in different latitudes to fieagore robust results.
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Fig. 8.57: A comparison of the SPS for the corrected and uncorrecteds foaa velocity
width of 0.7kms' atuy =48km s*. Red dots are the uncorrected SPS while green dots are
the corrected SPS. The red line is a fit to the former while the bne is the fit to the later.
The figure covers spatial scales front? 16own to 1.8
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9 Discussion

9.1 Introduction

In Chap. 3 1 have discussed the determination of the obsenaiand physical quanti-
ties for the H clumps. In order to measure these, a number of assumptiemeaded
which impose uncertainties in the determination of the patars. In this chapter |
will discuss the importance of errors in the different meaments. A comparison of
various Galactic models used for the distance estimatéshalv that the uncertainties
in the distance determination greatly affect the resulisalfy | will present a simple
simulation which can correlate the observational parareetethe H clumps with the
Galactic fountain mechanism to answer the question if tlreeaeconnection between
the two phenomena.

9.2 Measurements and errors

In Chap. 2.6, | have discussed how to calculate the physaraipeters of the clumps
from observational measurements taken using a radioctgbes Therefore | can esti-
mate a range of parameters to describe the physical consliticthe neutral Galactic
halo and in the clumps themselves. After calculating thesay quantities, it is im-
portant to estimate the errors introduced during the measeint of the observational
parameters. Applying a simple error propagation, assumliwgys that the spectrum
of the H clumps can be described by a Gaussian, | find the followingdbeas for the
errors of each measure quantities:

ATiin = 2- OUyidth

whereATiin is the percentage error of tAg, andduyigh is the percentage error of
theAuy ),

for the linear size of the clumps:

AD =/ (As)2 + (8d)?

whereAD is the percentage error of the linear size of the clu®js the percentage

error of the angular size of the clump add is the error in the distance determination.

For the column density of the clumpd,

ANy = \/(ATB)2+ (OUwidth)?
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whereATg is the percentage error in the brightness temperdiire
for the average volume densityn >

ANwi = 1/ (ATe)2 + (BUyiqn)? + (58)2 + (Ad)?

and finally for the pressure/k

ANui = \/(ATe)2 43 (BUyiain)2 + (892 + (Ad)?

In my observations using the 100-m Effelsberg and the 300rexiBo Radio-telescope,
the calibration errors of measurement of ffige are in the range of 1%-2%. In the
determination of thédvy, in the spectra of the Hclumps, | consider the error to
be equal to the channel separation. Assuming that there ismo@rtainty in the dis-
tance determination and in the determination of the sizéefttumps then using the
formulas above, the error in the estimate of the physicalesakhould not be greater
than 10% on average. | have to note that in the case of the foedservations, as
discussed in Chap. 5 the baseline correction introduce® soroertainty to lowlg
spectra, furthermore the spectra are not corrected foy stidiation. From the com-
parison of the LAB and Arecibo spectra these effects seene tminimal, still they
slightly increase the error in the determination of the pdglgparameters. The error
contribution from the measurements is not greater than 5%

In the case of the VLA and WSRT observations, it is more diftibe ascertain the
error in the physical quantities. While the errors introgldichrough the calibration
process are again of the order of 2%, it is difficult to weidtd éffect of the CLEAN
processes in the measurement. A comparison between the fluxdifferent cut-off
levels of the CLEAN algorithm indicates a reasonable edgnod the uncertainty of
the physical values of the order of 20%.

The error estimates above do not take into account the @aicees introduce by the
distance determination. This is the more serious reasoarfoncreased uncertainty
in the physical parameters. As it will be explained in thetrexbsection, the deter-
mination of the distance through kinematical estimatetesnost secure method to
follow in the outer part of the Galaxy. Still it has two sersodrawbacks. | have to
assume that the IElumps follow closely the Galactic rotation, deviationstr it can
introduce an unknown uncertainty in the determination efdistance. Since as ex-
plained in Chap. 1 the clumps are part of the Galactic hakaksumption seems to
be valid. More importantly as seen in the next section fronommarison between
distances estimated using different Galactic velocitydfi@lodels, the uncertainty in
the determination of the distance ranges from 6% up to 36%.€fitors introduced by
calibration etc, as described earlier, have a minor effetite accuracy of the determi-
nation of the derived physical parameters, so the unceytairthe distance plays the
dominant role.
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Model 1 | Model 2 | Deviation | Model 3 | Deviation

d(kpc) | d(kpc) % d(kpc) %
113.33+27.00-40.5 4.0 4.9 22.5 5.2 30.0
116.20+23.55-68.0 7.0 8.2 17.1 8.7 24.3
114.71+29.60-89.5 11.0 14.0 27.3 15.0 36.3
217.50+15.16+78.4 13.5 14.7 8.8 16.0 15.6
216.57+18.40+32.8 3.5 3.7 5.7 4.0 14.28

Tab. 9.21:A table of comparison between derived distances from diffemodel for a random
selection of clumps. a) Model 1: Kalberla (2003) b) ModeVg: = 220km s™1, co-rotation c)
Model 3: Brand & Blitz (1993)

9.3 Distance determination

In Chap. 1, | have discussed the three different methods terrdene the distance.
As seen in the previous subsection 9.2, the uncertaintydrdistance determination
affects greatly the estimates for all the other differemapgeters of the clumps. The
determination of distances using the terminal velocityhis inost accurate method,
depending only on the knowledge of the rotation curve bubdaohately this is ap-
plicable only in the inner part of the Galaxy. The standardhoeé for determining
the distance kinematically, as applied in this work, depema the assumption of the
Galactic velocity field but has the advantage that it can h@iegh also to the outer
parts of the Galaxy. In my work | used the velocity field desed in Kalberla (2003).
To weight the uncertainty introduced to the distance detation using this method,
| compared for a random selection of clumps the distancestasaed using a) the
aforemention velocity field (model 1), b) a velocity field assng a constant rotation
velocity of 220km s1outside the solar radius and co-rotation with increasihgight,
c) a velocity field assuming a Brand & Blitz rotation curve éBd & Blitz, 1993), d)
and a velocity field model by Gomez (2006). For the last mduebistance of the sun
from the center is assumed to be 8kpc and the velocity fieldvengnly for b=0, so
in order to do the comparison | estimated distances fofiorte model 1 and | scaled
the distance result to correspondRg=8kpc.

In Table 9.21, | show the derived distances from differentiel®. The Bonn model, in
comparison with the model 2, has a deviation in the distastmate ranging from 6%
up to 22% depending on the position. This deviation can b#ated to the difference
between the lagging halo of the Bonn model and the co-rgdtaio of model 2. In
case of the Brand&Blitz rotation curve the deviation is l@ghranging from 15% up
to 36%.

In Table 9.22, | compare the Bonn model with the model of G6(2696). Since he

usesR,=8 kpc while our model haR,=8.5 kpc, | scaled up his distance estimates by

a ratio of 1.06. As seen from the table in comparison to thenBondel the Gomez
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Model 1 | Model 4 | Deviation
d(kpc) | d(kpc) %

113.33+0-40.5 3.9 3.4 -12.82
116.20+0-68.00 6.7 6.3 -6.97
114.71+0-89.5 9.6 8.68 -9.58

216.57+0+32.8§ 3.2 2.74 -14.37

Tab. 9.22: A table of comparisons between derived distances fromréiftemodels for a
random selection of clumps. a) Model 1: Kalberla (2003) b)lelel: Gémez (2006)

(2006) model gives smaller distances, deviating from 7%oulbe6 percent, affecting
the size of the clumps in a similar way. The Brand & Blitz (198®del is the standard
model to use for the kinematical distances in Milky Way, scséd it to define the
distance uncertainty in the clumps.

Despite the uncertainty of the kinematical method to detgerolump distances, it can
provide us with enough information to confine the physicalperties of the clumps
within a small range while at the same time making only a maliassumption about
their properties. Other methods, such as estimating dissansing pressure, yield far
greater uncertainties. In order to ascertain this, | hatenase the distance of the
clumps at 219.39+18.53 with a velocity of 38.6 krtsusing pressure considerations.
| used the model for thermal equilibrium between the coldthiedvarm neutral phase
as described by Wolfire et al. (2003). In order to use this rhbtlave to assume
that the gas in the Galactic Halo has similar metalicity anstdo-gas ratio with the
disk, with a FUV field of similar strength. Also this assungptiassumes that the
photo-electric heating and the cooling through the heagynehts, are the dominant
mechanism in the halo neutral gas. Following Stanimi@tial. (2006), the volume
density< n> is given byn ~ Ny, - D where D is the diameter of the clump equal with
D = s-d the angular size of the clump in rads times the distance otlimap. The
pressure of the clump is given Bs- n- T. Therefore | conclude th&ty, /s=n-d and
thusP-d = Ny - T/s. The clump 219.39+18.53 has a column density of 501648
cm 2, an angular size of 5.26and a kinetic temperatufg;,=388 K. Using the for-
mulas above, the produnt d equals 10.7cm?kpc, and the produd®- d equals 4158
Kem—3kpe. This calculation assumes spherical symmetry of theccl&rom Table 3
in Wolfire et al. (2003), the range of pressure where thermaili®rium is possible in
different Galactocentric distances, varies between a fwheshigh value. For the solar
neighborhood the range of pressures where thermal equitidbetween the CNM and
WNM phase is possible, is from 1960Kcrhto 4810KcenT3. Assuming the clumps
are located close-by using the prodBet implies a distance of the clump in the range
0.864kpc to 2.1kpc and a size from 1.32pc up to 3.2pc. For adBatentric distance
of 11kpc the range of allowed pressures is 995 K&no 2420 Kent3, in this case the
clump would have a distance within the range of 1.7 kpc up tpetiknplying a size
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from 2.6 pc up to 6 pc. As seen even for a specific Galactocenaitius the uncertainty
in the distance estimate is very high using the pressureidenagions. More impor-
tantly there is no physical reason to give a preference toGadactocentric radius R
over another one, since the clumps can reside at any distaomoeB.5 kpc up to 18
kpc according to the calculations of Wolfire et al. (2003) efidfore this method can
be used only to give an initial estimate as used in Staninretal. (2006) for a region
close to the anti-center. Despite the uncertainties, therkatical determination is the
best method to estimate the distance of the clumps in the patts of the Galaxy.

9.4 Galactic fountain

Lockman (2002) proposed that the Elumps are formed as a result of the Galactic
fountain mechanism. This implies that this phenomenongadayimportant role in the
creation and maintenance of the Galactic gaseous hald.féinsulated in Shapiro &
Field (1976) as a mechanism to explain the presence of a tizalent corona, it was
suggested by Bregman (1980) as a possible origin for the BVIEis a mechanism
which continually feeds gas to the Galactic Halo. Accordmthese two papers which
outline the principals of a Galactic fountain mechanismyiegfaseous bubble produced
by a supernova explosions streams upwards through theramemseof the disk due to
buoyancy. The velocity of a bubble perpendicular to the @lanis smaller or equal
with the sound speedwhich is estimated to be=170 km s 1(Shapiro & Field, 1976)
or 130 km s1(Kahn, 1981). Depending on the efficiency of the cooling ne@i$m of
the bubble (mainly radiative) and thus the cooling tiigine possible outcome for the
bubble can be one of the following two: a) if the radiative im@aism is inefficient and
thet. is large then the bubble expands adiabatically and ends apayer of gas with
similar temperature and density, exerting pressure on dlsebgneath and forming a
corona in hydrostatic equilibrium, b) if the radiative ciogj is efficient and thé; is
sufficiently small, then before reaching great heights,lihieble undergoes a phase
transition, cools, becomes denser and looses its buoyakicthis stage the formed
cool cloud follows a ballistic motion, with initiab, ~ ¢, bringing them back to the
plane. Itis proposed that the llumps constitute exactly this late stage of the Galactic
fountain mechanism where the cool clumps move under thecGafgravitational field
towards the plane. While it is difficult to observe the irlitiat phase of the Galactic
fountain, it is fairly easy to observe the late phase in tmsfof Hi clumps.

In order to test the possibility for ouritlumps to be the late stage results of a Galac-
tic fountain, | performed a simple ballistic simulation @mdhe Galactic gravitational
field in order to compare the expected observational prigseof a Galactic fountain
Hi clump with the properties of our clumps as measured withoréelescopes. The
guantity to compare is the line-of-sight velocityy . The code describes the motion
of a test particle under the gravitational field of the MilkyayWwith an initial veloc-

ity v, perpendicular to the plane. Thus it simulates in a simple twaymotion of an
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Galactic
Center

Fig. 9.58: A plot showing arH1 clump undergoing a ballistic orbit at a specific time t of it
orbit in reference with the sun and the Galactic center.

Hi clump just formed from a hot gas bubble. The initial paramsetee the starting po-
sition given in Galactocentric radidgand heightz, the velocity of the upward motion
U; and the time range. The gravitational field under which théionaakes place is
described in Kalberla et al. (2007). | also assumed thatrtigalar momentum is con-
served and that there is no drag force applied to the testlearThe last assumption
may be important in high ejection velocities sirfee- v2, but to maintain simplicity
it was not implemented in the code. The code gives the motidheotest particle as
a function of time. As an output | get the Galactocentric uadi(t), the heightz(t),
the velocity perpendicular to the plapg(t), the rotational velocity,q (t) and the ve-
locity with a radial directioru, (t). | have used as a starting location different random
positions along the Galactocentric radRsndz, for the initial velocityu, | assume
thatu, = ¢ and | used the values of 130 km's and 170 kms! as described earlier.
For the time limit | let the simulation run for 4 Gyrs, but | litad the orbit up to a
position when the test particle returns to the plane again.

The aim of the simulation is to compare it with the observadiaata. For my samples
of HiI clumps in the Galactic halo, the longituljehe latitudeb and theu, 4 is known.

As described earlier | have determined kinematically tistadice, so also tHiRandz

is known. | used this initiaR andz value and | selected the simulation result with the
given similar position. From the resultingq (t), Uy (t) andu,(t) | have calculated the
expected line of sight velocity,s m with the help of Fig. 9.58

In this figure @ is the Galactocentric azimuthug, is the rotational velocity in the
position of the sun equal with 220 kms

Theug mis then given by the following equation:

Um= Uz-SIN(b) + Urat - SiN(C) - cos(b) + uy - cog€) - cos(b) — Ugy - Sin(l) - cos(b) (9.11)

This is the line-of-sight velocity,g m one would expect if the clump was caused by a
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Galactic fountain, and is moving in a ballistic orbit. So flpd compare the expected
line-of-sight velocityu,4 m with the observed line-of-sight velocityg . We would
expected this to be similar if the observed clump was ejeloyetthe Galactic fountain
mechanism.

| run the simple simulation for 32 Hclumps of the sample, assembled from the
Arecibo and Effelsberg observations. First of all | assurtied the H clumps fol-
low a ballistic orbit towards the Galactic plane. Upon reaghhe dense Galactic disk
the H clump cannot continue its orbit and becomes part of the geldisk material
again. The initial parameters for each ¢lump were the samet) The Galactocentric
radius ranged from 5 kpc up to 13 kpc with a step of 1 kgahe heights z from the
plane are Okpc, 0.5kpc, 1kpc, 3kpc, 5kpc, 7kgdhe initial velocityu, is less than the
sound speedat 90 kms?! and 100 kms?, at the sound speed at 130 kntsand 170
km s 1(Shapiro & Field, 1976; Kahn, 1981), slightly more than c@@&ms*. For
each of the clumps | run a series of simulations for all the lmo@ation of initial pa-
rameters. In each run | compared the position of thelbimpsR;,z; in Galactocentric
coordinates with th&® andz as calculated from the simulation. |R; — R| < 0.5 kpc
and|z. —z| < 0.5 kpc | considered that the position of the clump coincides wne of
the position of the orbits. The limit of 0.5 kpc takes into @aant the uncertainty for the
determination of the distance. Once | found a match for thmplposition, | then used
the equation 9.11 to determine the expected line-of-sigltoity v, m according to
the model. Its was then compared with the measurgdrom the observations of the
Hi clumps. If the deviation is smaller than 10% | assumed trea¢sio a match in line
of sight velocity and that the observed elumps can be a result of a Galactic fountain
flow, if the difference is greater than 10% | considered thaté is low probability for
the observed Hclumps to be associated with a galactic fountain flow.

For 16 of the 31 KM clumps tested, the simulation failed to reproduce the os&nd
velocity requirements, only when | used unphysical valoestfe starting velocity, for
exampleuv, = 400 kms1, did | manage to match the observational values with the
simulations. It is interesting to note that this sample imposed entirely from the
Arecibo sample. As seen also from the Arecibo observatitresmaps presented in
the section 6 are more similar with clumps resembling to esalt of turbulence than
Galactic fountain flows.

For the remaining 15 Hclumps the simulations produced positions where | found
a close match between the expected line-of-sight velagigy ., and the measured
Ui Vvelocity for the clump in a given position. This implies thiats possible for a
product of a Galactic fountain to have similar velocitieshwthe ones observed in the
Hi clumps. In the Table. 9.23 | give the observational valuegé&zh clump and the
results of the ballistic simulations. In each clump thereenmore than one initial set
of parameters for which the simulation match the obseraat&o for each position |
give all of the results.

In all the cases the time it takes for the particle to reachfits initial position to the
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plane is around 100Myrs. As can be seen from the table thaliggeed, is a lot less
than the sound speed in most of the cases, being either 90%rmars100 kms?. v
gives the motion of the particles in a direction perpendictib the plane whilé is
the time passed from the initial positiegt andzst. As seen in the Table 9.23, in most
casex:<0 andty is close to 100 Myrs. | infer that it is more probable to detbet
Hi clumps at the end of their ballistic orbits. Some haye0 and the, is very small
showing that we expect to detect thedtump in the beginning of their orbits. Another
important initial parameter which can help us is the ingiasition in the z axis. While

| also used as a starting parameters hightegights, the initial parameter that yielded
the matching results range framOkpc toz=1kpc above the place. Assuming that the
supernova explosion happens in the Galactic plane andhbdtdt gas rises with a
velocity ~ 100 km s* (also the starting velocity) it then takes approximatelyViyd's

to reach a height of 1kpc. In this time the hot gas has to codlfarm a cold clump
atz=1 kpc a cold clump which will then follow a ballistic orbit.nhEn the cooling time
of the hot gas; should be of the order of 10 Myrs. This solution is very simitathe
ones proposed in (Shapiro & Field, 1976) although the inigdocity is smaller than
the proposed speed of sound. As a result of the simulatibagdssibility exists that
one of the mechanisms to create ¢lumps in the Halo is the Galactic fountain. Of
course we should not neglect the fact that thecldmps observed with Arecibo failed
to be reproduced by the simulations and that they show evédfam a turbulent nature
of the Galactic neutral gas.

9.5 Comparison with the CNM phase:Clumps or sheets

Heiles & Troland (2003b) conducted a 21-cm absorption lureey using the Arecibo
300-m radio telescope in order to study the properties oivren (WNM) and the cold
neutral media (CNM) in the Galactic disk. The authors stddienumber of regions
in the solar neighborhood and analyzed a numberio€ENM clouds measuring spin
temperatureSs and column densities. Using additional measurements o€l
pressure from CI line observations, the authors deterntimetne-of-sight size of the
clouds for two regions, the “Triad Region” and the “Small Regof Heiles (1967)”.
Measuring the apparent size of the clouds they were abletimate the ratior of
length-to-thickness which was found to be 280 and 70 forlweregions respectively.
Therefore they presented observational evidence towhedisotropic morphology of
the CNM clouds. In connection with this result they discualstseo descriptive models
for the morphology of the CNMa) the popular “raisin pudding” model which assumes
that a large number (#pof isotropic CNM clouds are embedded in a WNM compo-
nent in a random fashion af the “Clumpy CNM Sheet” model in which the WNM
extends over large volumes with the CNM laying inside. TheVCiN organized into

a few large thin structures (up to hundreds of pc as estimatesie). According to
Heiles & Troland (2003b) the sheets contain a lot of CNM blokish an estimated
density for one of their region of 1 cloudlet per 38ptieiles & Troland (2003b) find
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Re Zc Ulsr Rm  Znm V, Vim Re 2Zg Vst torb
kpc kpc kms! kpc kpc kms! kms?! kpc kpc kms! Myrs

113.33+27.00| 105 1.8 -40.5 10.6 2.7 -34.7 -40.5 10 0 90 60
113.33+27.00| 105 1.8 -405 10.6 2.3 -40.2 -44.6 10 1 90 57
113.33+27.00| 10.5 1.8 -405 109 16 653 406 11 O 90 20
113.33+27.00] 105 1.8 -405 11.0 15 116.9 -38.3 11 1 130 11
113.16+25.49 10.0 14 -325 9.6 1.7 -494 -32.5 9 0 90 59
113.16+25.49 100 14 -325 9.7 18 -504 -334 9 05 90 55
113.16+25.49 10.0 14 -325 100 0.9 80.5 -324 10 0 90 10
113.16+25.49 10.0 14 -325 10.0 0.9 838 -29.6 10 0.5 90 4
116.20+23.55 12.7 2.8 -68.0 125 3.2 -71.7 -67.8 11 0 130 g3
116.20+23.55| 12.7 2.8 -68.0 125 3.3 -77.0 -68.6 11 3 90 59
116.20+23.55| 12.7 2.8 -68.0 124 25 -39.6 -67.9 12 0 90 73
116.20+23.55| 12.7 2.8 -68.0 12.7 2.8 -47.8 -68.0 12 0 100 78
116.20+23.55 12.7 2.8 -68.0 12.7 2.8 -39.2 -679 12 05 90 70
116.20+23.55 12.7 2.8 -68.0 129 3.1 -46.8 -68.1 12 05 100 13
116.20+23.55| 12.7 2.8 -68.0 128 2.9 -435 -67.8 12 1 90 06
116.20+23.55| 12.7 2.8 -68.0 13.0 3.2 -49.7 -68.0 12 1 100 70
116.33+22.80 14.3 35 -815 138 3.9 -99.2 -90.3 11 3 130 78
116.33+22.80 14.3 35 -815 139 3.7 -735 -81.7 12 05 130 89
116.33+22.80 14.3 35 -815 139 3.9 -745 -81.4 12 1 130 86
116.33+22.80 14.3 35 -815 138 3.6 -80.00 -82.7 12 3 100 11
116.33+22.80 14.3 35 -815 147 4.0 -69.9 -854 13 0 130 98
116.33+22.80 14.3 35 -815 14.0 3.3 -48.7 -81.6 13 05 100 81
116.33+22.80 14.3 35 -815 138 3.1 -43.9 -81.6 13 1 90 73
116.33+22.80 14.3 35 -815 144 3.8 -655 -81.3 13 3 90 69
116.50+21.45 10.7 15 -425 10.7 19 -51.0 -42.3 10 0 90 67
116.50+21.45 10.7 15 -425 11.0 1.1 164.1 -43.2 11 0 170 b
116.50+21.45 10.7 15 -425 11.0 1.2 91.1 -41.8 11 05 100 ’
116.50+21.45 10.7 15 -425 11.0 1.2 86.3 -42.6 11 1 90 3
116.50+21.45 10.7 15 -425 11.0 1.1 1283 -40.8 11 1 130 12
115.00+24.00 145 3.9 -845 14.0 44 -94.7 -91.7 11 0 170 97
115.00+24.00 145 3.9 -845 140 3.7 -77.8 -91.0 12 1 130 g8
115.00+24.00 145 3.9 -845 148 44 -63.9 -85.2 13 0.5 130 93
115.00+24.00 145 3.9 -845 146 4.2 -66.3 -83.9 13 4 100 12
115.35+22.35 12.3 25 -66.5 119 3.0 -84.1 -71.4 10 1 130 14
115.35+22.35 12.3 25 -66.5 11.9 3.0 -93.8 -72.4 10 3 100 g1
115.35+22.35 12.3 25 -66.5 120 24 -61.4 -689 11 05 100 13
115.35+22.35] 12.3 25 -66.5 124 25 411 -66.5 12 0.5 90 14

Tab. 9.23:A table with the results of the simulation for eag¢h clump. The first four columns
give the measured parameters of the clumps: the coordindesGalactocentric radiuR,
the heightz;, and the line-of-sight velocity,y . The last eight parameters come from the
simulation: the Galactocentric radius at the end of thge@aryR,,, the height,,, the velocity
perpendicular to the plang, the line-of-sight velocity for the simulatiovy,, the initial radius
Rg, heightzy, velocityV,y and the time of the orbftyy,.
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Re Zc Ulsr Rm  Znm V, Vim Re 2Zg Vst torb
kpc kpc kms! kpc kpc kms! kms?! kpc kpc kms! Myrs
117.32+24.00) 13.1 3.0 -71.4 127 34 -734 -72.1 11 1 130 g1
117.32+24.00) 13.1 3.0 -71.4 12.7 35 -81.1 -71.5 11 3 100 g3
117.32+24.00 13.1 3.0 -71.4 129 3.0 -49.8 -71.3 12 05 100 15
117.32+24.00 13.1 3.0 -71.4 13.0 3.1 -53.0 -71.5 12 1 100 12
118.01+24.59 13.2 31 -71.0 128 36 -73.6 -71.1 11 1 130 17
118.01+24.59 13.2 3.1 -71.0 129 3.0 -485 -70.6 12 0.5 100 14
118.01+24.59 13.2 31 -71.0 130 31 -51.8 -71.0 12 1 100 71
118.01+24.59 13.2 3.1 -71.0 133 3.0 -26.0 -71.0 13 0 90 73
117.97+24.00 13.1 3.1 -72.3 128 35 -755 -72.0 11 1 130 78
117.97+24.001 13.1 3.1 -723 128 34 -825 -72.1 11 3 100 g4
117.97+24.00 13.1 3.1 -723 129 3.0 -51.0 -72.0 12 0.5 100 15
117.97+24.00) 13.1 3.1 -72.3 13.0 3.1 -545 -72.4 12 1 100 73
117.97+24.00 13.1 3.1 -72.3 134 29 -29.6 -72.4 13 1 90 74
117.51+25.19 13.1 3.0 -740 129 34 -76.8 -77.0 11 1 130 79
117.51+25.19 13.1 3.0 -740 127 35 -81.1 -739 11 3 100 g3
117.51+25.19 13.1 3.0 -740 129 3.0 -485 -73.7 12 05 100 14
117.51+25.19 13.1 3.0 -740 13.0 31 -52.2 -74.2 12 1 100 71
117.51+25.19 13.1 3.0 -74.0 133 3.0 -25.2 -73.8 13 0 90 73
113.32+21.74 134 3.0 -753 129 34 -80.0 -79.6 11 1 130 g1
113.32+21.74; 134 3.0 -75.3 13.0 29 -53.8 -75.2 12 05 100 17
113.32+21.74) 13.4 3.0 -753 135 35 -72.7 -78.0 12 1 130 g5
113.32+21.74) 13.4 3.0 -753 134 29 -34.6 -75.3 13 0 90 nr
112.10+27.79, 104 1.8 -395 105 2.3 -32.3 -41.0 10 O 90 60
113.84+28.7Q0 126 3.6 -69.4 125 3.8 -58.1 -69.6 11 05 130 15
113.84+28.7Q0 126 3.6 -69.4 125 3.9 -66.1 -69.4 11 3 100 57
113.84+28.70| 126 3.6 -694 127 34 -31.1 -694 12 0.5 100 66
113.84+28.70| 126 3.6 -694 128 35 -34.6 -69.4 12 1 100 g4
112.45+29.90| 125 3.7 -655 122 3.7 -534 -654 11 0 130 15
112.45+29.9Q| 125 3.7 -655 124 4.1 -58.8 -65.5 11 3 100 54
112.45+29.9Q| 125 3.7 -655 126 35 -21.9 -65.3 12 05 100 62
112.45+29.90| 125 3.7 -655 127 3.6 -25.8 -65.3 12 1 100 g0

The last eight parameters come from the

Tab. 9.24:A table with the results of the simulation for eagh clump.
give the measured parameters of the clumps: the coordintesGalactocentric radiuR,
the heightz., and the line-of-sight velocity,y .
simulation: the Galactocentric radius at the end of thge@aryR,, the height,,, the velocity
perpendicular to the plang, the line-of-sight velocity for the simulatiovy,, the initial radius
Ry, heightzy, velocityV, and the time of the orbftyy.

The first four columns
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that the second model is more consistent, not only with tblegervational findings
of the sheet-like CNM, but also with the idea that CNM is proeldi from large-scale
shocks.

My observations of the Hclumps of the Galactic halo show a number of similarities
with the above description of the interstellar CNM. For mokthe spectra the halo
Hi clumps show very narrow line-widths, implying associatrath a cold phase. The
column densities in my sample and in Heiles & Troland (20G8bYhe CNM are of
the order of 1&°cm2. Also the morphology of the observations prove to be similar
Using the Effelsberg telescope we found low densities ahgs which can be associ-
ated with the large CNM clouds while the interferometry akiagons showed that the
clumps are resolved into a large number of cores, which andagito the cloudlets
mentioned above. The Arecibo observations which mappedge k&rea also show
the presence of colder denser structures embedded in tedext broad component.
Therefore the morphology found in all our 21-cm observatimnconsistent with the
picture of a “Clumpy CNM Sheet” model. So the question lotiycarises, does the
Hi halo clump population exhibit a similar sheet-like morggy as the CNM?

Up to now, to derive the physical parameters of my sample ¢ ltansidered that the
objects have a cylindrical morphology, where their appalemgths is equal to the
width H. It is a fair assumption in order to derive the physical paters due to the
lack of other independent observations. The clumps araiogrtnot spherical, which
is evident even by their apparent profiles. In the case of thedres detected with
the VLA and WSRT, but also the large clumps from Effelsberd @&mecibo, there
appears to be an elliptical rather than a spherical profiks [Bads to some deviations
within the errors of the derived physical quantities. Ondtieer hand, if the Hclumps
and therefore the Hores really have a sheet-like morphology, this would havieas
implication for their properties. In this case | would hawsgibly underestimated their
volume densities and pressures by a factor which is giveréyangth-to-thickness
ratior. This would imply that the clumps would move further up in giiese diagrams
of Chap. 8, right towards the cold branch of the diagrams.

A clump has a diametdd and a widthH. At a specific distancé it has angular
diameters and angular widthh. The length-to-thickness ratio is definedras s/h.
Typical cases are:

* r =1. In this case the clump is cylindrical and this is the asstonpused in this
work.

* r =10, a moderate value forwhich would imply thermal and pressure equilib-
rium in the phase diagram. For example the Arecibo sampldditben have a
mean volume density of 19 cm which would place the sample well within the
stable region of the CNM in the phase diagrams.
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* r = 70, an extreme case, with the value for the ratio taken unieddirom
Heiles & Troland (2003b). This implies in the case of the Abecsample a
volume density for the clumps approximately of 130 cinrdenser than the one
allowed for CNM in thermal equilibrium with a clump pressumgher than the
pressure of its warm envelope.

We assume that we have a population of nchimps with similar diameter® which
are located at the same distance from the Sun. For the cdse wiil there is not a
preferable orientation of the clumps towards our line ohsid@ he apparent diameter
of the clumps ranges fromwhen viewed face on down o when viewed edge on.
When observed with a telescope of beam wi@étthere are three possible outcomes:

» The telescope resolution is sufficiently high< h. In this case the telescope
detects all clouds of the sample. In case of a cylindricalphology all the
apparent diameters of the clumps should be identical. la oashe sheet like
morphology the apparent diameter should range fsalown toh. Therefore the
ratio of the highest apparent diameter to the lowest oneldhmi10(for r=10)
or 70(for r=70)

* For observations with insufficient resolutiéghf s), the measured apparent di-
ameter would be almost identical for all cases, indepenalittie cylindrical or
sheet like morphology. In the second case a selection effeaid be introduced
since mostly edge on clump would be detected. In any case,audwmot be
able to differentiate between the morphology of the clumps.

* In case of a telescope with resolutisx 6 > h we would measure for the cylin-
drical morphology identical apparent diameters. For treeshke morphology
the telescope would detect all clumps with an apparent demfi®m s approx-
imately down to the beam size 6f From the observational point of view, since
we don’t know the actual number of clumps, we are unable tcedisbetween
the different length-to-thickness ratios. A spread in takigs could indicate a
sheet-like structures.

A re-examination of the various telescope samples undgatialysis can provide us
with hints to the morphology of the Ilclumps. So for each telescope sample | will
compare the apparent diameters of thedimps located at the same distance, in
order to test the above analysis. For the Effelsberg sarttf@deesolution is too crude,
as shown from the synthesis telescope observations, terdisomething about the
morphology of the clumps. Sheet-like or blob-like clumpsypde the same results.
In the Arecibo sample, | compare from Table. 6.14-6.15 theaggnt diametes of

11 clumps which are located at a distaredkpc. The minimum width measured is
4’ which is very close to the resolution of the Arecibo telesedpo any spread in the
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apparent diameter values cannot be attributed to a sheestilacture. It is actually
more likely that we talk about clumps of similar diameteree Bamples detected with
the synthesis observations have apparent diameters whictotdvary significantly.
In this case the cores have most probably non sheet-like mtogy. Since they are
part of the same region it is also probable that they haveaheerientation, so their
apparent diameter is the same. It is also worth to apply theesmnalysis for the Stil
et al. (2006) sample. Using table 1 and table 3 from Stil e{2006) | compared
the measured angular diameters for the clumps with distangépc. In this sample
the measured angular diameters range framp 20 5’. So, similarly to our synthesis
observations, the range of the observed apparent diansefairly small. All in all,
from all the above samples, there is no clear indication fiwrainant sheet-like nature
of clumps with length-to-width ratio of the order of 70. Asistevidence from the
observations, the clumps are asymmetric and show verywdime-widths, with a
mean line width from 3.3 kmg'to 5.3 kms®. As discussed earlier in this section,
pure thermal equilibrium considerations show that a mol@utty” structure with low
to moderate length-to-width ratios is more probable tharua sheet like structure
with ratios of the order of 70. In addition, a sheet-like fiambary structure of the
clumps would imply that the turbulence is dominant in scatesparable with the size
of the clumps. This contradicts the very narrow line widtbarfd in the Effelsberg
and Arecibo data which show that the role of turbulence issigstificant. This is also
supported by the study of turbulence in the Arecibo map (Ci&p While the end
of the inertial range isv14, the mean size of the clumps i§ 8o while turbulence
is importance for the transfer of energy from larger scalthéosmaller scale and the
spatial redistribution of gas, it plays a smaller role in fuales of the clumps size.
Neither the line widths nor the turbulence study point to eetHike structure of the
clumps. To learn more about the morphology and length-titiwiatio of the clumps,
it will be useful to apply an analysis based on this sectioa karger, more complete,
sample of H halo clumps.
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10 Conclusions

The aim of my thesis was to study the nature of the neutralagesseomponent in the
Galactic halo. The research was focused on Galactic halstsubture of the neutral
gas in the form of small clumps, first detected in the inne®aby Lockman (2002).
My target was not to conduct a full sky survey of all clumps tauassemble a sample
of them primarily located outside the solar circle. In thetfpart of my project | used
the 100-m Effelsberg Radio telescope (Chap. 4). Followogeovations were done
using two interferometer arrays, the Westerbork SynthRadio Telescope and the
Very Large Array (Chap. 5). In the last part of my project lliméd the new 7 beam
ALFA multi-beam receiver installed at the 300-m Arecibetelope to observe a larger
area in the sky (Chap. 6). The physical parameters of thepdumere estimated from
the observational measurements, in order to study the nearergl properties of the
neutral gaseous Halo. For this estimation, the distancéetlumps from the Sun
needs to be determined. This was done using the Bonn Massl Mcalberla et al.,
2007). As a side project the possibility to include spiratharn the Mass Model and
the effects on the morphology of the brightness temperatisteibution maps were
tested (Chap. 3). In the following paragraphs | will give ansuiary of the results of
my projects.

Based on the method in Burton (1971), | have modeled the Galsgiral structure
using the linear density wave theory. This approach consithat the spiral arms can
be described by a grand design and induce a velocity petioria the velocity field
of the Milky Way. In combination with the Bonn Milky Way massoatel (Kalberla,
2003), the spiral arms were modeled using the linear demgtye theory and were
described by their inclination angiethe number of spirals arnmg, the surface den-
sity contrast between the arm and inter-arm region and thalanpattern speeQ,.

A comparison between synthetic data cubes of the modelshenctal data from the
all sky Hi LAB survey was done. Despite using a simple model | was abpedduce
synthetic data cubes with morphologies similar to the rpabéstructure, even repro-
ducing the exact location of spiral features in some cashsrefore it is evident that
a more refined model based on the density wave theory can deaisgroduce spiral
structure in Galactic models. It is important to note that density wave theory de-
scribesonly Grand design spiral structure while as seen in galaxy aggglandage,
1961) only a small percentage of all the the spiral galaxiegx@s such a morphology.
A more important result is that, independent of the densayenmheory, kinematic ir-
regularities and not densities fluctuations are the cauieecdpparent spiral structure
in the all sky H surveys. Therefore interpretation of studies such as leeeinal.
(2006b), where the spiral structure is considered to be aityeffuctuation, need to
take this into account when studying intrinsic parametéte®spiral arms such as the
pitch angle and positions but also when evaluating the katenmfluence on the gas
motions. Finally, as seen in Figs. 3.23- 3.23, the presehspim@l arms in the Galac-
tic disk can affect the apparent distribution of Hot only in the disk but in different
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heights above the plane. In our models the density wavetaffae morphology at
least up to a latitude df = 4.5°, while in the real data this maybe uplie= 8°.

The main aim of my project was to study the neutral componérthe Galactic
Halo. The initial observation utilizing the Effelsberg t60Radio telescope (Chap.4)
showed that the filamentary structure of thehtdlo gas detected in the inner Galaxy
with the G.B.T (Lockman, 2002) extends even further, beythadinner part of the
Galaxy up to a Galactocentric radius®f15kpc. The detected IElumps have pa-
rameters similar to the G.B.T sample, although we foundttiet are predominantly
composed of colder Hgas with a mea\u; o~ 5 km s 1 in comparison with 12
kms™1 as found by Lockman (2002). Further observations of two g@siftom the
Effelsberg sample using the WSRT and the VLA telescopesigecan insight in the
nature of the clumps. When observed with high resolutiomwo Effelsberg clumps
with an angular size of more than’2@re resolved into a number of cold cores with
angular sizes of-1’, implying a spatial size of a few parsecs (Chap.5). Thesescor
carry a significant percentage of the neutral gas mass otthierr despite their small
filling factor. The comparison between the single dish aralititerferometry data
points towards a specific structure for the neutral halo §he.colder gas lies in small
cores which are embedded in large filamentary structure ofhneragas which stabi-
lizes the cores and also protects them from evaporationei®@aigons with the 21-cm
multi-beam receiver of the 300-m Arecibo telescope confirtiés concept with the
detection of H objects from~12 down to~4', implying spatial scale similar to the
interferometry observations. These are cold with a nfean, of 4.3 km s and are
surrounded by a very extended (a few degrees) warmer meddome of them are
estimated to have a Galactocentric distance as fR=a3 kpc.

Being able to put constrains on the physical parameterseoHthhalo clumps from
our observations and taking into account the detection ofdamponent structures, |
tried to determine the possibility of thermal equilibriumtiveen the clumps and their
surrounding envelopes (Chap. 7). Wolfire et al. (2003),gthe range of the pressure
versus the total density of the hydrogen nuclei where theegailibrium is possible
between CNM and WNM. | compared the observationally derpe@meters with the-
oretical phase diagrams. | found that the broad componieritsa region of the phase
diagram where the WNM is thermally stable. For the clumps, sample detected
with the Effelsberg telescope proved to be far off the posiof equilibrium for CNM
but this is due to small scale structure undetected with ffeddberg telescope. For
the cores detected with the WSRT and the VLA and for the Aeciobmps, | found
that their volume densities are equal or slightly smallantkhe lower limit allowed
for thermal stable CNM. This implies that some of the coreswardergoing a phase
transition condensing towards the cold phase or expandingrts the warm phase,
while other cores are in the region of stable CNM and lie inrthed equilibrium, with
the surrounding envelope. The above assumption does reirtitkaccount the pres-
ence of molecular hydrogensHn the Galactic Gaseous Halo. Large scale CO(2-1)
surveys confirm this assumption since the do not detectfiignt amount of molec-
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ular gas atb > 10°. All this is under the assumption that molecular hydrogeasdo
not exist in significant quantities in the Galactic gaseoafoHThus the total density
of the hydrogen nuclei is defined by the ¥blume density. However the discrepancy
in the position of the cold cores may be evidence for the pr@sef H. In this case

| have underestimated the true density of the hydrogen nunctbe cores. As a re-
sult in reality the cores should be positioned further righthe phase diagrams, well
within the region of the cold gas. In this case ¢buld also contribute to the volume
density and pressure thus stabilizing the clumps. One Iplesskplanation of the dis-
crepancy between the molecular gas surveys and this regulat B resides in very
small concentrations, which are difficult to detect using thirrent telescope resolu-
tion. Dessauges-Zavadsky et al. (2007) describes a sistidarario to explain the non
detection of H in HVC's. Finally, another important factor to take into acat is the
assumption of conditions (like metalicity, dust-to-gasa&tc) of the halo similar to
the disk. Different conditions change the morphology of phase diagrams. Using
values closer to the actual values of the Halo may yield tealt¢hat the cores lie in
the region of stable cold neutral gas.

Using the detected sample of Rialo clumps | have also tried to test different formation
scenarios for the clumps. A study of their origin is diredthked with questions re-
garding the formation mechanism and maintenance of theav@Galactic halo. Lock-
man (2002) proposed that the clumps are the late stage psodfia motion which

is a result of a Galactic fountain produced by supernovacskphs. To study such
an association between tha Elumps and the Galactic fountain mechanism, | used
a simple ballistic simulation disregarding effects suclplagse-transition and drag. |
made a comparison between the kinematical parameters)likpredicted from the
simulation with observed parameters for the detectedaltimp samples. For initial
vertical velocities smaller than the speed of sound, thelksition matched the, and
Galactocentric positions for only half of my sample. Thetstg height of the ballistic
motion is less than 1kpc, implying that the radiative coglmechanism must be ex-
tremely efficient to form Hclumps fast enough from the hot bubble, agreeing with the
original prediction from Shapiro & Field (1976). Therefdhe Galactic fountain for-
mation mechanism cannot be excluded from kinematical mdimtew for the clumps
residing atR > 8.5 kpc. Accurate simulations are needed to compare the tetuper
density and pressure distribution produced by the simaratith the observational
results. The second possible scenario to explain the fawnmsaof the H clumps, pro-
poses that they are the result of turbulence which is maietband created by the bulk
motion of the Milky Way (Fleck, 1981). This mechanism is sagpd by the study of
the density fluctuations in the large field observed with th@-81 Arecibo telescope.
As shown in Chap. 8 its 2-D spatial power spectrum exhibitewgy law behavior
for all the studied velocities|s and various velocity binnings. The index is close to
the predicted Kolmogorov index of 2.66. The spatial inént#zange where there ex-
ists dissipation-less energy transfer ranges from a fewegsglown to 11 arc minutes
which is the size of most of the largest clumps detected inAiteeibo map. Thus it
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seems that turbulence plays an important role in the ISM énGhlactic Halo. Fur-
thermore Audit & Hennebelle (2005) show an example how thgrfrentation of the
turbulent neutral hydrogen is possible while maintainingrinal equilibrium. Their
two dimensional simulation of converging turbulent flowsaafrm neutral gas results
in dynamical condensations which produces cold neutraloggects. Although the
simulation discusses scales smaller than the ones undbr atal the produced cold
neutral gas structures have linear dimension of the orderiqfc, it is striking that the
morphology exhibited in their synthetic density maps (#idig. 5 of Audit & Hen-
nebelle (2005)) is very similar to the morphology obserredur observation of large
regions e.g the Arecibo field. In the end it is quite possihbg both turbulence and
Galactic fountains, are responsible for the creation andtex@ence of the filamentary
neutral phase, with the first one playing a role in the outet gad the second one
being more dominant in the inner Galaxy.

Using my sample | compare also the halo clumps with the moaeligting the mor-
phology for the cold neutral medium. Heiles & Troland (20P8howed that the cold
neutral gas should be expected to form thin sheet like filaamgrstructure with a
length-to-width ratio of 70 or even more. In Chap. 8 | showesdt twhile a mod-
erate ratio of 10 between length-to-thickness ratio shbeleéxpected from thermal
equilibrium consideration, a higher ratio is not evidentha data and would produce
un-physically high pressures.

Another important resultis the detection of an extraordiét object with the Arecibo
300-m telescope. | found a small spherical object which evhidving parameter
similar to the H clumps, seems to show evidence for solid body rotation atfd se
gravitation. The object has an angular size ofwhich, if the distance estimate is
corrected, means that it has a size of 10pc. Further inagiits with high resolution
are necessary to clarify the nature of this object. If thesdion the Arecibo observa-
tion, then this object will be the first one to be in stark castwith assumed sheet-like
morphology of the CNM and the Itlumps.

As a final word, the existence of the clumpy flaseous halo is well established. In
order to learn more, a large sample of the clumps is neededmsiundy the properties
in a sample with increased statistical significance andthesequilibrium conditions
is the Galactic Halo. Observations of other wavelengthais@required to determine
the content in molecular gas, the metalicity and the dusfa®ratio. All this will help
us understand better the properties of the ISM in the Haarigin and interactions
with the other components.
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Here follows the spectra of the detected Effelsberg clumyasngin Chap 4 and the

table 11.25 with the observed regions.
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Tab. 11.25:A table of all the region selected and observed at 21-cm witd$berg Radio
Telescope. The first two column give the galactic coordmafahe center of the region while

the last two define the dimensions of the scanned region
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Fig. 11.59: The spectra of the two clumps detected with the Effelsbe@-rQelescope .
a) Top left: Clump 113.33+27.00 b) Top right: 113.13+25.49Middle Left: Spectrum of
118.01+24.59 d) Middle Right: Spectrum of 117.97+24.00 ejt@n Left: 117.51+25.19
f)Bottom Right:114.5-15.85
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Fig. 11.60: Spectra of theH1 clump detected with the Effelsberg 100-m telescope. a)Top
left: 112.96-13.03 b) Top right: 113.57-13.48 c)Middletlefl12.1+27.79 d) Middle Right:

113.84+28.7 e) Bottom left: 128.84-18.48 f) Bottom Right4171+29.6
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Fig. 11.61:Spectrum of 112.45+29.9 bfi clump detected with the Effelsberg telescope
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12 Appendix ll:Brightness temperature ratio K of
a mix of warm/cold neutral gas.

We assume a telescope having a Gaussian beam with FWHM of Sunesabrightness
temperaturélc while a telescope having a Gaussian beam with FWHM of A(A<C)
measures a brightness temperatiixe We defineK = % Assuming both of the

telescopes observe an isolated point-source in the skgrding to Rohlfs & Wilson

(2004) K ~ f\—i. In the case of the LAB survey the beam has an angular siz€wh@é
the Effelsberg telescope has a size ‘@@l the ratidk for an isolated point source is
then 16. This formulation is valid only for an isolated corapsource, therefore it is
not applicable in the case ofiltlumps where the morphology is different. In such a
case small H cores are surrounded by extended warm medium.

| will try to determine a relation for the rati& which is better applicable to the
Hi clumps. The flux density received by a telescope from a souwrdhe sky is
SOT - 62 whereSis the flux density, T is the brightness temperature of thecsu
and@ is the source size. | assume we have the telescopes deseatied with beam
size C and A where A<C, the region observed in the sky has égteemission of
brightness temperatur®. This extended emission surrounds an nuntbef cores
with angular size D and brightness temperatlire The cores are tightly packed in
a region smaller than A. Fig.12.62 describes the morphotddiie observed region.
Essentially this figure is similar to the expected morphyglofithe H halo clumps.

The telescope with beam size C, measures adlux S; + S, the result of emissiof;
received from the extended source and the total emisifnom the cores. Therefore
we find that the measured brightness temperalgiie given by :

D D
Te=(1-n-(2)%) - Tat+n-(2)*T
c=( (C) ) Tt (C) 2
Accordingly the telescope with beam size A, measures a trggis temperaturéa

which is given by :

Ta= (10 (5)) Tubn (22T

So the ratidk of T overTc in the case an extended source surrounding compact cores
is:
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Fig. 12.62:A drawing which represents the area covered by the beam @fABesurvey, in
comparison with the area of the Effelsbergbeam and the anesed by the constituents of an
Hi clump. The beam size of the LAB survey is C, the beam size oEffedsberg has Avhile

the constituents have a size of D. The number of constitiemtsThey are close together and
have a source temperatureTefThey are surrounded by extended emission which fill both of
the beams and has a temperaturg,0f

Assuming a temperature for the extended envelope of 1 K,d tigs values to create
three figures which show the size of the different cores iatieh to three different
parameters. In Fig.12.63 | used for the rdfiaghe mean value of 3.32 found in Chap.
4 and plotted the core diameter D vs the brightness temperafuthe coreT, for
differentn number of clumps. In Fig.12.64 | took the number of clumpsGahd
plotted the source diameter D vs the brightness temperdui@ different ratiok.
Finally in Fig. 12.65, | kept constant the number of clumpsnd alotted the core
diameterD vs the ratio K for various brightness temperattiseof the cores. These
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Fig. 12.63:A diagram of the core diameter D as a function of the brightrtemperature of
the sourcdy in K for different number of clumps n. | assume the ratigs K = 3.32 which is
the mean value found in Chap.4. | assume the brightness tatupe of the extended source
isT1=1K.

three diagrams show that a low raobetween the Effelsberg and the LAB spectrum
can imply unresolved sub-structure. As long as the fillirggdaof the cores is low and
they are surrounded by extended emission even the presemoglerate sub-structure
will result in a low ratioK. As the temperatur& and the number of cores becomes
larger, their size D must become smaller. Even in the mostmd case the size of the
core is not significantly less than ah 1
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Fig. 12.64:A diagram of the source diameter D as a function of brighttexsgperature of the
sourceT, for different ratio K. The number of cores n constituting temp is fixed at n=10.
| assume the brightness temperature of the extended sairceliK.
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Fig. 12.65:A diagram of the source diameter D as a function of the téatfor different core
brightness temperatuf®. The number of cores n constituting the clump is fixed at n910.
assume the brightness temperature of the extended solkcelis.
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14 Summary

Recently the existence of a neutral component of the Galétzlo was confirmed in
all sky Hi surveys but also from direct observations of the small sstalecture of this
component with the GBT telescope (Lockman, 2002). A simdger, following the
disk rotation, was also detected in a few external galaxiesrder to understand the
nature of the gaseous halo, its origin and its role in galajugion, it is important to
study the neutral component since it composes 50% of then@ss of the Galactic
Halo. In my thesis, in order to reach this goal, | studied thggical properties of the
small scale structure of the neutral component in the formiaflumps. Using various
telescopes | studied their properties as probes of the gasgalactic halo.

The observed properties of the Elumps can be used to derive their physical state if
the distance from the Sun is known. Using the measured fisggbt velocityu|q , |
can determine their distance with the help of the velocitig fad the Galaxy. In my
thesis | used the Bonn Mass Model of the Milky Way. Deviatifrosn circular motion
can affect this method of distance determination. One ofttbst important pertur-
bations is the spiral structure of the Milky Way. In order t@kate the effect of the
spiral structure but also to find whether out it is possiblertplement spiral structure
in the mass model, | utilized the linear density wave theorynbdel the Milky Way
spiral arms. The result were formatted as synthetic imagpexwhich | compared
with the real H data from the all sky LAB survey for similarities with the veity
structure found there. As is evident from the comparisoa,litear density theory
reproduces at least partially successfully the morphotdzgerved in the LAB image
cube. Therefore it can potentially be used as a basis for a swmplex model of the
Milky Way spiral structure. Also as a result it is proven tterge scale velocity fluc-
tuation are responsible for the apparent spiral structutbe real image cube and not
density fluctuations. Therefore the interpretation of thigad structure of the Milky
Way need to be handled with extreme care. More importanfyuhd that the spiral
structure does affect spectra up to latitudego£8°.

The main purpose of my thesis was to study the propertieseoédhrotating H halo
clumps. With the help of the LAB survey a number of regionsenielentified where
the emission unambiguously is originating from the halo. dd& 21-cm line obser-
vations of these regions using the 100-m Effelsberg Radiestepe. | have detected
in 22 fields, each of a size o8 3°, 25 Hi clumps which follow Galactic rotation.
They have a mean angular size ofd®l a column density of the order of -10'8
cm 2. All the clumps lie outside the solar circle with a maximuml&ocentric ra-
dius R <15kpc and a height above the disko&5kpc. | detected very narrow line
widths with a mean oAv; ,=5.3 km s1: in agreement with Wolfire et al. (2003) who
expects cold gas up to 18kpc distance from the center. Theiqgalyproperties of the
sample are similar to thelltlumps detected with the GBT radio telescope (Lockman,
2002) in the inner Galaxy, although the sample shows mom@wdme width imply-
ing a bias towards observing colder gas. The most importaegpty of the clumps



138

14 Summary

is that in their majority, they are found to be embedded in aweat medium with a
more extended distribution, thus showing two componentsire. The broader com-
ponent appears in the spectra to be connected with the madact®dine. Estimates
of the visible H mass show that the clumps are not virialized. In this casestine
rounding extended component should play the role of a carfisiabilizing envelope
to the clumps. The Effelsberg observations do not supp@tctiise. A comparisons
between the observed pressures of thecldmps with estimates for the surrounding
the warm components show that the clumps are under-presshtes not in pressure
equilibrium with the envelope. This discrepancy could belaxed assuming that the
clumps show extensive small structure which is unresolvigldl tive Effelsberg beam.

In order to study the small scale structure of the clumpstwlemost prominent ones
were observed with high resolution using the Westerbomriatometer and the Very
Large Array. The results show that the elumps are resolved into a number of cold
cores Quy /o~ 4km s 1) with an angular size of a couple of arc-minutes, implying a
true size of a few pc. These cores in comparison with the fgateffelsberg clumps
have up to 30 times higher density and pressure. Also they seearry a significant
percentage of the total visiblelHinass in the region. A comparison of their pressure
with the surrounding medium detected with Effelsberg shilasthe two components
can be in pressure equilibrium. Therefore it is confirmeditideed the extended com-
ponent plays the role of the confining envelope and the diserey in the Effelsberg
observations is due to limited resolution. In comparisothMLA studies of similar

Hi objects (Stil et al., 2006), our sample of Ebres show smaller densities and pres-
sures. This difference can be explained by the larger distanGalactocentric radius
R.

To enlarge our sample, we have observed a region in the f@eathctic quadrant
using the Arecibo 300-m telescope. The beam resolutiendis We have detected

16 Hi objects outside the solar circle. These objects show the sam-component
structure as the Hclumps observed with Effelsberg telescope. They have a mean
angular diameter of’6and they are also very cold. The whole sample is denser and
has higher pressures in comparison with the Effelsberg amip is possible that
there is also in this case a pressure equilibrium with theosmding warmer gas. The
properties of these clumps show a great similarity with thepprties of the cores
observed with the synthesis arrays. As a side product of tieeiBo observation |
have detected a spherical object with angular diameterwaiiih seems to exhibit
solid-body rotation. If the Arecibo observation are vedfiewill have detected the
first cloud which does not conform with the contemporary pption of the neutral
medium clouds as being sheet like.

Having assembled the different telescope sample of thellinps, | compared them
with other studies of clumps in the inner Galaxy using the GQBdckman, 2002),

in the anti-center using the Arecibo telescope (Stanimiret al., 2006), and at low
latitude using the VLA (Stil et al., 2006). We found that tHeservational quantities,
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which are directly comparable, are similar. There | conetlithat the different sam-
ples can be considered to be characteristic for the samdaimpuof clumps despite
different location. Most importantly, | compared my sampfeclumps with theoret-
ical phase diagrams (Wolfire et al., 2003) in order to testpibesibility of a thermal
equilibrium between the clumps and the warmer extended@pee. The Effelsberg
sample did not match the theoretical predictions of a theegailibrium. As already
discussed, this can most probably be attributed to a sysitelnas caused by insuffi-
cient beam resolution. For the Arecibo, VLA and the WSRT danhiound that all
the H objects lay either in the region where cold neutral mediuallmved to exists
in stability or in the region where phase transition is tglptace. Therefore they can
exist in thermal equilibrium with the surrounding mediunheBe envelopes seem not
only to provide confinement for the clumps but protect themirag} fast evaporation
by the hot plasma. It is difficult to determine the exact ctinds in the clumps since
their molecular content is unknown. A significant amount afl@cular gas can be
hidden in extremely dense concentrations with a very lomglfactor.

Utilizing the larger area observed with Arecibo, | was aloletudy the turbulence in
Hi at different distances. This was done by calculating theiapaower spectrum
from the image cube for each line-of-sight veloaity . | found that throughout the
different velocity ranges, the power spectrum exhibits wgrdaw behavior with an
indexy = —2.65, very close to the expected index for a 2-D spatial powectspm
described by a Kolmogorov spectrum. This power law seems taoue from 14 scale
up to B’scale. This implies that turbulence is a important facterthe transfer of
energy from the largest scales to the smallest scale in thectBahalo.

Finally we test the hypothesis of the Galactic fountain aseghlmnism to create the
clumps. Using a basic ballistic simulation | compared theevted kinematical prop-
erties of the clumps with the predictions for clumps follagyia ballistic motion, the
end stage of the Galactic fountain mechanism. | found tha®% of the clumps the
observed values agreed with the simulation while for therredallistic motion could
reproduce the observed kinematical parameters. As a ladediuce that the Galactic
fountain mechanism, at least partially, can account forctieation of the clumps. In
addition | studied the morphology of the clumps in compariaith the predicted sheet
like morphology of the CNM. Neither a sheet-like morpholagy a more spherical
morphology could be supported by directed evidence. lotimeguments, based on
thermal and pressure equilibrium and the presence of emioel show that the clumps
should not have the sheet like morphology with extreme lengiwidth ratio of 70 as
proposed by Heiles & Troland (2003b) for the CNM.
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