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English Summary of Thesis

Galaxies

In the 1920’s, Edwin Hubble proved conclusively that galaxies, originally called neb-
ulae because of their cloud-like appearance, are not only exterior to our own Milky
Way, but are in fact the same general class of object. A classification system, based on
physical appearance was devised. Simply put, galaxies which looked like whirlpools
or spirals were called spiral galaxies. These were subdivided into systems which
appeared to have a bar at the center, called barred spirals, and those which didn’t.
Galaxies which appeared to have little internal structure but had a generally rounded
smooth appearance were called ellipticals. Anything else was conveniently called an
irregular galaxy. Although somewhat imprecise, this very simple classification has
proven useful and is still used by astronomers with a few additions. Most impor-
tant are the dwarf galaxies which are very small, the low surface brightness galaxies
which are very faint optically, and the bizarrely shaped interacting galaxies which
are the result of two galaxies colliding.

Galaxies are composed of four basic materials: stars, gas, dust, and dark-matter.
The first three can be seen. The dark matter is required to explain the distribution
and movement of the visible components, but has not been directly observed. Both
the stars and the gas are composed mainly of Hydrogen, while the dust is mostly sil-
icates, and nobody knows exactly what the dark matter is. Elliptical galaxies usually
have little gas or dust, and appear to be mostly stars. Spiral galaxies, on the other
hand, tend to have lots of gas, and may have quite a bit of dust, as well as the visible
stars. The situation is less clear for the other types of galaxies.

The HI 21cm Line

In the Milky Way and other nearby galaxies, the easiest way to study the Hydro-
gen gas is by measuring the HI 21cm emission line. Neutral atomic Hydrogen, which
is called HI, emits and absorbs radiation at a wavelength of 21cm. When scientists
first measured the wavelength distribution or spectrum of light emitted by various
elements, any emission feature would literally look like a narrow bright line against



126 English Summary

a dark background. Similarly, absorbed radiation appeared as dark lines against a
constant bright background. Astronomers today are usually interested in precisely
measuring the intensity as well as the wavelength of the emitted or absorbed radia-
tion, so they depict spectra as plots of intensity versus wavelength. Nevertheless the
old terminology of emission and absorption lines remains in use.

By observing the intensity profile of the 21cm emission line with a radio tele-
scope, astronomers can easily map out the spatial distribution of the gas over an
entire galaxy. Comparing an optical image of the stars to an image of the gas in a
galaxy shows that although the highest concentrations of Hydrogen are found near
regions where stars are forming, the gas and the stars are actually quite different
in distribution. Stars tend to be concentrated at the center of the galaxy, making a
bulge, while Hydrogen often has a small hole in its distribution at the center of the
galaxy. Further the HI usually extends to greater radii than the stars, and can have
distortions and irregularities in its distribution which are not visible in the stars. Of-
ten these distortions reveal that the galaxy is interacting with neighbouring galaxies
despite an isolated optical appearance.

The total mass of the gas, usually measured in units of solar Mass, or M
�

can
be calculated by adding up emission profiles from an entire galaxy. A typical spiral
galaxy might have a mass of roughly 5� 109 M

�
. However, astronomers are also

interested in the total number of Hydrogen atoms on a generic sightline, which is
taken to be a cylinder with a 1 cm2 base. This is called the column density, NHI, of
the gas. A typical galaxy might have 1022 HI atoms per cm2 near its center, decreasing
to as little as 1018 HI atoms per cm2 or less at the edges. These two quantities allow
the Hydrogen in different galaxies to be compared in a sensible fashion.

HI observations can also tell astronomers about the movements and temperature
of the gas. The wavelength of 21cm corresponds to a frequency of 1420.4 MHz. We
call this the rest frequency because gas which is moving either towards or away from
us along the line of sight will appear to emit at a slightly different frequency. This
is called the Doppler effect. It is comparable to the change in the pitch, or heard
frequency, of a siren as a fire engine passes. At first, the siren is moving towards the
listener and it sounds higher. As the vehicle passes and moves away the siren sounds
lower. In astronomy, we say that emission from a source moving away from earth
is redshifted because it reaches the astronomer at a lower frequency and therefore a
longer wavelength than that at which it was emitted. Conversely, emission from a
source moving towards us is blueshifted, and appears at a higher frequency.

Inside a cloud of Hydrogen gas, all of the individual atoms are moving around
at random, so at any given moment, a large percentage of the atoms will have no
line of sight velocity, while the rest will have some velocity between zero and the
maximum within the cloud. Thus we see a lot of emission at the rest frequency, and
some which is slightly Doppler shifted. If we plot the amount of emission versus
frequency, it looks like a bell-shaped, or Gaussian curve. The width of the curve
depends on the maximum velocity of the atoms, which in turn depends largely on
the kinetic temperature of the gas. Roughly speaking, warmer gas moves faster and
creates broader emission lines. In this way the 21cm emission line can be used to
measure temperature.
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In addition to interior motions, most HI clouds have a bulk velocity at which they
are moving within the galaxy. This causes the central frequency of the emission curve
to shift, because now the atoms do have an average motion along the line of sight.
By measuring the central shift for many different clouds in a galaxy, and combining
that with knowledge of where those clouds lie, one can build up a picture of how
the gas within the galaxy is moving. In addition to the frequency shift caused by
individual cloud motion, emission lines from external galaxies are also shifted due
to the motion of their galaxies towards or away from the Milky Way.

The concept of Redshifts

Our universe is expanding, so, with the exception of a few very nearby objects, ev-
erything we study outside of our own galaxy is moving away from us. This can be
understood by first thinking about a balloon which is marked with two dots. No
matter where those dots are placed, when you blow up the balloon the dots move
away from each other. The surface of a balloon, however, is two-dimensional, and
our universe has three-dimensions. Picture instead a loaf of unbaked raisin bread.
As the bread rises, the dough between the raisins expands, creating a greater sepa-
ration between them. The expansion happens equally in all parts of the bread and
does not have a fixed center. The effect of the expansion, is that any two raisins will
appear to move away from each other.

In the universe, space itself is the expanding dough, and the galaxies and galaxy
clusters are the raisins. As space expands, the distance between any two galaxies in-
creases. However it is hard to see space and easy to see the galaxies, so astronomers
say that the galaxies are moving away from each other. As with the raisins in the
bread, the expansion looks the same from any vantage point. Since we happen to be
in the Milky Way galaxy, we make that our reference point and claim that everything
else is moving away from us.

The effect of this expansion, of everything appearing to move away from earth, is
a redshifting of the radiation from most extra-galactic sources. Astronomers define
the redshift, z, of an object based on how much its radiation is shifted in frequency.
For the HI 21cm line:

(1+ z) =
1420:4058 MHz

shi f ted f requency MHz

From this equation you can see that z is a unitless number and is very easy to calcu-
late.

If we were to divide space up into discrete units, then each unit would expand
by the same amount over the same time. Imagine three objects in space, the first two
separated by only a small distance, and the third at a much larger separation. After
a certain amount of time, the distance between the close pair would have increased
by a little bit, but the distance between them and the third object would have in-
creased by much more. Thus objects at greater distances appear to move away from
us more quickly than those nearby. Because the size of the frequency shift caused by



128 English Summary

the Doppler effect increases with increasing velocity, objects at greater distances are
assigned larger redshifts z.

The Milky Way lies at a redshift of z = 0, and galaxies in its immediate neigh-
bourhood have redshifts of z � 0. The most distant object in our universe has a
redshift of z � 6. The simplicity of its definition, and the precision with which it can
be measured make z very useful to astronomers. It can be converted to a more con-
ventional distance measurement, but only by combining it with the expansion rate
of the universe, which is not known with much precision.

Astronomers are very interested in objects which are far away from us, or at high
redshift, as well as those nearby. Light travels at a constant velocity, so when an
object is farther away, it takes longer for its light to reach us. This means that the
light we see from a distant galaxy is much older than that from a nearby galaxy.
And just as when we look at photos in a scrapbook, we are younger in the older
pictures, so we can consider distant galaxies as younger versions of nearby galaxies.
In effect, looking at a higher redshift implies looking at a younger universe. In this
way, astronomers try to piece together the general evolution of our universe and the
galaxies within it.

HI 21cm Absorption

The strength of the 21cm emission line decreases with the square of the distance to
the emitting gas. As a result Hydrogen cannot be measured in HI 21cm emission at
any great distance using existing radio telescopes. In order to study the HI gas in
distant galaxies, astronomers have to rely on absorption lines. When light from a
strong background source passes through a hydrogen cloud, the atoms absorb radi-
ation at the same frequency they normally emit radiation. The background source
acts like a flashlight, illuminating everything on the line between us and it, which is
called the sightline. Absorption lines do not diminish in strength over distance, so
they are ideal for high redshift studies.

Any object which emits continuum radiation over a wide range of frequencies
at a relatively constant level can be used as the background source. One of the best
is an object called a quasar, or a quasi-stellar object (QSO), which looks like a star
at optical wavelengths, but is actually very different. Quasars are extremely power-
ful emitters at a wide range of frequencies and are fairly numerous at high redshift
(although rarer locally), making them ideal background sources. Despite their point-
like optical appearance, most quasars have a more extended appearance at the fre-
quency of HI 21cm absorption. By using a radio telescope with sufficient resolution
astronomers can sometimes use one quasar to study several sightlines through the
intervening absorber.

Like the emission line, the HI 21cm absorption line provides information on the
temperature, amount, and velocity distribution of the gas. But while 21cm emission
lines from gas at a wide range of temperatures and column densities are easily de-
tected, absorption lines are rarely detected from any but the coldest, highest column
density gas. Emission can be seen at any position across the galaxy, but in order to
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detect HI 21cm absorption, the sightline to the background quasar must pass fairly
close to the center of a galaxy where there is quite a bit of cold gas. This limits the
number of high redshift galaxies that can be studied, as well as limiting the available
information on a galaxy which does have 21cm absorption to a single or at best a few
sightlines.

Because of the necessity of a good alignment between the background quasar
and the absorbing galaxy, finding 21cm absorption by randomly observing bright
quasars is not particularly efficient. This problem is made worse by the limitations of
most radio telescopes, which can only observe at what is effectively a single redshift
in one measurement, and can only search a relatively limited range of redshifts in
total. In fact only a small handful of 21cm absorbers have ever been identified.

Radio astronomers trying to find 21cm absorption lines need a way to pre-select
sightlines through galaxies which would be likely to have lots of neutral Hydro-
gen. As it turns out, neutral atomic Hydrogen also radiates and absorbs at a number
of optical and UV frequencies. One of these, called the Lyman-� line, is particu-
larly strong and easily identified. It can be seen in ground-based optical spectra at
redshifts z > 1:65 and in UV spectra taken with space-based telescopes such as the
Hubble Space Telescope at lower redshifts. When the column density of HI is very
high, the absorption line has a distinctive profile and the gas in which it arises is
called a Damped Lyman-� (DLA) absorber. Such systems are ideal candidates for
finding 21cm absorption. Unfortunately, relatively few (less than 100 in total) DLA
absorbers have been identified to date, and only about a third of those lie in front
of quasars which are bright radio sources. Of the radio candidates, many lie at red-
shifts not able to be observed with sufficient sensitivity to detect the 21cm absorption
using existing radio telescopes.

Luckily, the gas in galaxies, while mostly neutral Hydrogen, is never pure neutral
Hydrogen. There are typically small amounts of many elements and even molecules
present as well. Astronomers noticed that certain elements such as Magnesium and
Iron were found in all high-column density HI systems. Singly ionized Magnesium
(MgII), which is just Magnesium that has lost an electron, creates a strong and easily
identified pair of absorption lines in an optical spectrum. The idea to look for 21cm
absorption in known MgII absorbers first arose in the late 1970’s, and several new
21cm systems were identified using this technique.

Since that time, many large surveys to identify MgII-absorbers over a wide range
of redshifts have been made. Statistics from these surveys allow astronomers to
study how the MgII gas has evolved from high redshift to the local universe. These
surveys and statistics provide an ideal database from which to draw a sample of
candidate systems which can be searched for HI 21cm absorption.

This Thesis

When I began my thesis in 1996, there was a large gap in our understanding of how
HI evolved over time. Groundbased observations of Damped Lyman-� absorbers
provided an estimate of the amount of HI at redshifts of z � 1:65. Optical imaging
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and theoretical modelling had begun to build up a picture of the galaxies in which
the HI was found. Extensive HI emission studies near z= 0 had provided a wealth of
information on the current amount and location of HI gas. However almost nothing
was known about what happened in between. The redshift range from 0 < z < 1:65
spans between a half and two-thirds of the history of our universe, so this was a
considerable gap.

The reason for the gap was quite simply a lack of telescopes which could observe
the HI gas over that redshift range. The situation for searching out Damped Lyman-
� absorbers had recently improved thanks to the new Hubble Space Telescope, but
time on the instrument was hard to get, and it would be several years before a large
survey was completed. Meanwhile, a recent upgrade to the Westerbork Synthesis
Radio Telescope (WSRT) provided an opportunity to search for HI 21cm absorption
over a large portion of this redshift range.

The purpose of my thesis is to use the WSRT to address the gap in our knowledge
of HI gas. The idea was to make a large systematic search for HI 21cm absorption in
MgII-selected systems over the redshift range 0:2 < z < 1:0. The results of the survey
could be used to estimate the numbers of 21cm absorbers and the amount of HI they
contained, while the new systems identified could be studied to identify typical host
galaxies.

Over the course of two years we obtained radio spectra from the WSRT at fre-
quencies corresponding to the redshifts for 62 MgII absorbers. We combined these
with spectra for 10 MgII absorbers taken previously by other astronomers to create
a total sample of 72 sources. Of these, 5 showed HI 21cm absorption.

The high number of non-detections can be used to help us better understand
how the HI 21cm absorbers differ from the MgII absorbers. For example,there is a
much higher probability of finding HI 21cm absorption in systems which have more
MgII. If the selection criteria is expanded to require that the systems also have a lot
of singly ionized iron (FeII) then the detection probability increases even more. The
21cm absorbers which do have a lot of MgII and FeII also usually have multiple HI
clouds and very high total column densities. There are a very few 21cm absorbers
which show just a single cloud, and these systems actually do not have a lot of MgII
or FeII. If we wish to detect more of them we need to find some other selection
criteria which will work better than MgII absorption.

The previously known HI information had suggested that the number of high
column density HI systems decreased with decreasing redshift. Our results agree
with this prediction. On the other hand, it was also thought that the amount of HI
gas peaked near z = 3 and then decreased smoothly to z = 0. The 21cm survey,
however, suggests that the amount of HI gas is roughly constant down to redshifts
of at least z = 0:6, and must decrease to the z = 0 value after that.

The lowest redshift Damped Lyman-�/21cm absorber which has been found lies
at a redshift of z = 0:091. A spectrum taken with the Arecibo radio telescope in
Puerto Rico reveals that this absorber is very unique. Most 21cm absorption lines
are broadened by motions in the gas which are unrelated to the gas’ temperature,
and extra information is needed to derive a value for the temperature. However,
in this system, the 21cm absorption has two lines which are extremely narrow, and
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we are able to measure the temperature of the cold HI 21cm gas. In addition, be-
cause the background quasar is particularly bright, we are able to see a third broad
shallow absorption feature caused by warm HI as well. This is the first time the
well-known warm and cold temperatures of HI gas in our own and nearby galaxies
have been directly measured in a redshifted system. It shows that conditions in the
redshifted galaxy are similar to those in our own and local galaxies, which is one of
the questions high redshift studies seeks to answer.

Because most of the HI gas at z � 0 is found in bright spiral galaxies, it was
assumed that Damped Lyman-� and HI 21cm absorbers probably arose in bright
spiral galaxies as well. Infrared imaging of the new 21cm absorbers reveals that there
are no spiral galaxies near many of the quasar sightlines. Although the image of the
absorbing galaxy often appears partially obscured by the image of the background
quasar, it seems likely that the absorption is occurring in either compact, low surface
brightness, or even interacting galaxies at least as often as it occurs in spiral galaxies.
This information suggests a difference between the older, redshifted gas-rich galaxy
population, and the current z � 0 population of gas-rich spirals.




