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Hydrogen is the most common element in the Universe and is a powerful diagnostics for the
kinematics and the conditions of the interstellar medium in galaxies. It provides key information
on formation and evolution of galaxies, dark matter content and, for radio loud objects, on the
conditions around the super massive black hole. Future radio telescopes, and in particular SKA,
will use HI observations to solve some of the fundamental questions in astronomy.

This paper presents an overview of 21-cm HI observations. This goes from the parameters that
need to be setup, how carry out the observations to the data reduction and visualization. The
paper also briefly presents a few recent results on extragalactic HI studies. These results can be
taken as examples of how important is to improve the sensitivity of HI observations. The still
open questions associated to HI extragalactic studies are among the one driving the designs of
the new SKA pathfinders, and ultimately, of SKA. The need for improved sensitivity but also
for large field of view — with focal plane array or aperture arrays —is discussed.
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1. Introduction

Hydrogen is the most abundant element in the Universe. It represents the main fuel for star
formation and it can be used as tracer of the evolutionary stage of gas-rich galaxies and of the
effects of their environments. The best way to detect the presence of neutral hydrogen (HI) is by
its 21-cm emission line. The role of radio telescopes in, therefore, essential in order to image the
distribution and kinematics of this gas in the Universe. Only when the state and distribution of
this essential component will be known, the full picture e.g. of star formation history of the
Universe will be completely understood. All this is to stress how important the study of HI is
not only for what we have learned so far (see Sec. 4 for some examples) but also for answering
some of the key open questions in astronomy.

Thus, it is not a by accident that the Square Kilometer Array (SKA) in its original idea - in
the early 1990s - had as primary goal to be the telescope that would provide two orders of
magnitude increase in collecting area (compared to existing radio telescopes) allowing the study
of the neutral hydrogen content of galaxies to cosmologically significant distances (i.e. to z~2,
compared with the z~0.2 possible with present day radio telescopes). Although the science case
of SKA has now greatly expanded, HI still plays a key role in two of the key science projects of
SKA: Galaxy evolution and cosmology and Probing the dark ages. In addition to this, and while
working toward SKA and the SKA pathfinders, the existing telescopes are still providing new
exciting results on the neutral hydrogen in the nearby Universe and just few examples of them
will be discussed in Sec. 4.

This lecture aims at providing an overview of some basic concepts about HI 21-cm
observations as well as an overview of some of the science that can be done using these
diagnostics. A detailed description of the theory behind neutral hydrogen emission and details
about the techniques for radio observations is available in a number of books (e.g. [7],[9].[13]).
Therefore here | will only mention the most important parts/formulae.

The neutral hydrogen atom consists of 1 proton and 1 electron. The spin of the proton and
electron can have only two orientations; spin axes parallel or anti-parallel. Although a rare
event, the ground state of hydrogen atoms can undergo a hyperfine transition, and reverse the
spin of the electron: the higher energy state is obtained when the spin of electron and proton are
parallel. The difference in energy (6 x 10° eV) corresponds to a frequency of the transition of
1420.405752 MHz (21.105 cm). The temperature Ts;n (SPin Or excitation temperature) accounts
for the distribution of the atoms between the two states. The population of the two states is
determined primarily by collisions between atoms. In other words, Ty, is equal to the kinetic
temperature (but there are exceptions to this). These theories and some of the formulae
described below are summarised in, among others, Verschuur (1974).

The 21-cm HI line was predicted by van de Hulst (1944) and later confirmed by
observations (US, Australian & Dutch teams). The probability of a spontaneous transition is
very small, 2.85 x 10™°sec™ (or 1 event per atom per 11 million years!) this rate increases to
one transition per 400 years due to collisions. Despite of this, we can detect atomic hrydrogen
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thanks to the fact that is the most common element in the universe. The HI line has an
extremely small natural width: for a temperature of the gas of 100 K the width of the line is ~ 1
km sec™ the observed lines are always much larger. Most of the commonly observed broadening
is, therefore, due to Doppler shifts caused by the motion of the emitting regions relative to the
observer. This means that this line is a powerful tracer of the gas kinematics.

1.1 HI emission

The derivation of all the formulae can be found in many books (see e.g. [9], [13]). |
summarise here only few formulae of interest for the calculations that we will see later in this
paper. Radio observations measure the Tg brightness temperature: temperature of an equivalent

black body that will give the same power T, (7)=T,, [L- e *“’] where t represents the optical

pin
depth. The column density of HI (i.e. the number of hydrogen atoms in a cylinder of unit cross-

section, in the low optical depth limit) is N, =1.82 10" T,dV . In term of observables, this

formula can be turned into: 3.1 10" SdV//g* where g is beam size (arcmin), dV kms™and S
is the observed flux in mJy beam™.

To derive the mass of the HI detected in emission we can use the formula:
M, =2.365 10° D*F (M,,,) where F ~ SdV Jy kms™ (1Jy =10 W/m?/Hz) and D is
the distance of the object in Mpc (with D ~ cz/Hy).

Typical values for column densities detected in emission range between a few x 10*° to up
to 10* cm™ for a disk of an Hl-rich spiral galaxy. In absorption, column densities of 10*° cm™
are quite commonly seen against the nuclei of radio galaxies.

1.2 HI absorption

HI absorption can be detected when the neutral hydrogen is located in front of a radio
continuum source. In this case we do not measure the Tg of the emission gas but the absorbed

¢, (L-€7") where DS is the absorbed
flux, Seone the flux of the continuum and c; the covering factor (usually taken as 1),
The column density can be derived from N, =1.823 10T, tdv where Tgin

spin

flux_ The optical depth can be derived from DS=S

cont

accounts for the electrons those are in the upper state (i.e. those that do not absorb). The higher
the Tepin, the more electrons are in the upper state and the higher column density is. From
galactic studies, a typical value is Tgi,= 100 K. However, we know that this is not always the
case. For example, the presence of a strong continuum source near the H | gas may significantly
increase the spin temperature (up to few thousand K) because in this case the radiative
excitation of the HI hyperfine state can dominate the, usually more important, collisional
excitation (see e.g., [1]).
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2. Parameters of the HI observations

Spectral line 21-cm HI observations are carried out like normal radio observations with the
additional need to specify the central frequency, the width of the observing band and the
number of channels to provide the necessary velocity resolution. Fig. 1 shows a cartoon with
these parameters listed. Actually, continuum observations in many radio telescopes are now
carried out in spectral line mode to be able to obtain a large field of view (see contribution of
Tom Muxlow these Proceedings) without being affected by beam smearing, make use of the
band for a better uv coverage and be able to perform a better rejection/flagging of radio
interferences.

In order to plan line observations one needs to define:

1. Redshift/velocity of the target: central frequency

2. Expected kinematics of the HI: bandwidth

3. Velocity resolution requested: number of channels

4. Sensitivity needed, depending on the redshift of the target

5. Spatial resolution and expected column density to be detected
The choice of some of these parameters depends on the type of objects to be studied and the
goal of the observations. Some examples are considered below.
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Figure 1- A cartoon showing the setup for line observations (modified from
Roelfema 1994).

2.1 Central frequency

Choosing the central frequency may require more attention that one may expect. In order
to be sure that the desired spectral line is in the desired channel inside the observed band, the
velocity and rest frame of the target need to be specified (see e.g. [8], [14]). The observing
frequency is then tracked to keep a spectral line centred in a specified channel. The general
relation between the radial velocity V.4, the emitting frequency and the observed frequency is
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%, where c is the speed of light. This formula is relativistically correct
ng+n

givenby V ,=c¢C
but approximations for V,,4<<c are commonly used. It is important to note that there are two
definitions - radio and optical — resulting from these approximations. In the radio velocity

n,-n

definition the approximation is made directly with frequencies, giving V_, =¢C . In the

radio
o

optical velocity definition the frequencies are replaced with wavelengths and the approximation
/-1, _ Mo,
/, n
optical definition being more common. Let’s use a practical example. In the case of a galaxy
with redshift z=0.045 and V= 13500 km s, the central frequency will have to be set to 1359.2
MHz. Of course, as for every line observation, care should be taken to make sure the frequency
of the redshifted line is in the tunable range of the receiver. Not all telescopes cover exactly the
same range of frequencies. For example, in the case of the Westerbork Synthesis Radio
Telescope, the sensitive L-band receiver covers frequencies up to 1160 MHz, corresponding to
redshift z=0.22. For higher redshift, un-cooled receivers are available, resulting in an higher
system temperature and, therefore, much lower sensitivity.

is then made, giving V,, =c¢

> 2. Both velocity systems are used, with the

2.2 Bandwidth

The bandwidth required for HI observations depends on the project and on the possibilities
allowed by the correlators of the different radio telescopes. In most projects, the total bandwidth
is chosen to allow a large number of line-free channels on each side of the expected emission or
absorption HI line. These channels are used to detect the continuum radiation so it can be
subtracted, leaving only the line signal. The bandwidth available for spectral line observations is
different depending on the capability of the correlator for the different radio telescopes. To take
again the example of the WSRT, the band that can be set ranges from fraction of MHz (0.15
MHz) for high velocity resolution studies, up to 20 MHz. To have an idea of what this implies
in term of velocity coverage, we can take a typical bandwidth of 10 MHz. In the case of the
object that we proposed to observe in the previous section, this band will correspond to a range
in frequency from 1354.2 to 1364.2 MHz (1359.2 MHz was our central frequency). In velocity,
this covers from 12358 to 14665 km s. Thus, with a 10MHz bandwidth we cover about 2300
km s™. This is usually a very good range for typical extragalactic studies. However, if we expect
some extreme kinematics in the HI of our target objects or if we are interested in sampling a
larger volume around the target object, we can also expand the bandwidth to the 20MHz band
that will then correspond to 4600 km s™.
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2.3 Velocity resolution

The choice of the channel width comes often from a compromise between the desired
velocity resolution and the sensitivity needed. A detection experiment requires to match the
channel width with the expected width of the line. Thus, in some cases relatively wide channels
are necessary. Follow up observations to study in detail the kinematics of the gas, require higher
velocity resolution. If we take some examples of HI in extragalactic objects, the typical velocity
range observed goes from a few km s* in High Velocity Clouds, to ~100-400 km s*
respectively for small and large galaxies, to 400-500 km s™ for interacting systems and finally
up to 2000 km s for fast HI outflows detected in some powerful radio loud active nuclei. The
choice of velocity resolution of the observations depends, therefore, on which kind of object are
we interested in.

The channel width is given by c% and this corresponds roughly (and for low
0
heliocentric velocities) to 200 km s™ for 1 MHz of channel width. Again for the case of the
WSRT, the number of channels available goes from 64 to 1024 (2048 under certain conditions).
Thus, for the 10 MHz bandwidth that we have considered above, 512 channels (quite typical for
an extragalactic observation) would result in a width of the channel is 0.02 MHz and a velocity
resolution of ~4 kms™.

One should not forget, though, that in some cases the velocity resolution needs to be
degraded in order to remove effects due to the sharp changes in frequency spectrum - Gibbs
phenomenon - via a tapering of the data. This phenomenon is due to the truncated nature of the
temporal cross-correlation measurements in the spectrometer. The tapering of the data usually
gets done via an Hanning smoothing. The Hanning filter can de applied either while observing
or (even better) during the data reduction.

2.4 Sensitivity and spatial resolution

The sensitive of the observations (i.e. the r.m.s. noise per channel that can be reached)
determine the column density of the gas that can be detected. One should consider that if a large
array is used, its synthesized beam (i.e. resolution of the observations) will be small and as
consequence the surface brightness sensitivity is reduced. This means that more observing time
is needed to detect a given column density. This is particularly important to consider for Hl
emission that very often is distributed in large, low column density structures. Thus, one needs
to be aware of what is the higher resolution where it is reasonable to expect for an HI detection,
given the typical value for HI column density of known galaxies. Using the formula in Sec 1.1
we can derive the column density that we can reach for HI observations done with a certain
spatial resolution. For example: if we observe with 5 arcsec resolution, with a velocity
resolution of dV~ 30 km s™ and we can reach an r.m.s. noise (per channel) of 1 mJy beam™, the
resulting column density is 4x10%* cm™ (at 1s level). As mention above, this corresponds to the
peak of column density seen in spiral galaxies. Thus, this resolution is too high to detect
extended HI considering the typical sensitivity that can be reached with the available radio
telescopes! If we observe at much lower resolution, e.g. 60 arcsec, we can detect HI emission
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with a column density of 2.8 x10"° cm™ and this will more likely provide a detection of faint
extended HI.

It is worth noting that this is not the case for absorption. As shown in the formula in Sec.
1.2 the column density depends on the optical depth, so, to a first order, on the ratio between the
absorbed flux and the underlying continuum flux. The stronger the continuum source is, the
lower is the column density that can be probed.
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Figure 2 - Sketch of the "ideal" bandpass (left) and how it may look in real life (right) (from J. Hibbard, NRAO
Lecture)

3. How to carry out the observations

3.1 Calibrating the data: the bandpass

For line observations (and for continuum observations done in spectral-line mode)
calibration of the antenna-based bandpass function is needed. The shape of the bandpass is due
primarily to electronics and transmission systems individual antenna and varies for every
antenna. As shown in Fig. 2 the shape of the bandpass can be quite complex.

Usually for spectral line observations carried out with an interferometer, this calibration is
done by observing a strong calibrator. Care must be taken if strong continuum sources are
present in the field. Depending how accurate the calibration of the bandpass has to be, one may
need to observe a strong calibrator few times during the observations: this allows to follow
possible variations of the bandpass with time. However, in general the variation with time are
much slower than atmospheric gain or phase terms.

The shape of the band is corrected using a source with known characteristics as illustrated
in Fig. 3. After this step (and the gain correction) the dataset is ready for being imaged
following the same procedure as described e.g. in the lecture of D. Dallacasa. However, in the
case of line observations every channel will provide one image that will form a data cube (as
illustrated in Fig. 4).



HI diagnostics Raffaella Morganti

The structure of a data cube is three axes associated with right ascension, declination and a
third axis associated with frequency or radial velocity. A typical data cube has therefore 256 or
512 pixels in the RA and DEC axes and as many pixels in the frequency/velocity as the
channels to be imaged.

3.2 Continuum subtraction basic concepts

The data cube obtained from the Fourier ——————————
Transform of the calibrated data will include the Spectrum of 3048 "
signal from both the line and the continuum A J—
emission. As illustrated in Fig. 4 (and for
definition of line emission!) the intensity of the
line does depend on the frequency while the
continuum covers the entire band (at most {
changing in intensity due to spectral index | j
effects). Depending on the nature of the target e e
source, the continuum can varies from being e
very strong and the dominant signal (for radio
loud galaxies), to very weak or absent (e.g. for 1
radio quiet objects). The two components (line 1 e e + -
and continuum) need to be separated in order to [
analyse the line emission (or absorption) alone. q! s

There are two main methods to subtract ' Ll
the continuum. In either case, one needs to use ¢ .. .
the channels without line emission, model the | .
continuum there and subtract it from the dataset |
or the datacube. If the continuum is particularly e
strong and/or the line emission particularly ' |
weak, this process results in an iterative process e |
where the main game is to identify the channels ;.‘ i L ‘.
that really are line-free! I '

e Z

The continuum can be subtracted in the E I |
uv-plane. A fit of the line-free channels of af :
each visibility is performed using a low-order - :

polynomial. The fit is then subtracted from the EE: L L o
data before mapping. ' ' =
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Figure 3- The shape of the bandpass for WSRT observations
of 3C48 (top). Bandpass after the correction (botton). The
slope represents the real effect of the spectral index of the
calibrator.
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The continuum can also be subtracted in the image plane. In this case, one should first
image the data (build the datacube) and then (again) use the line-free channels in each pixel of
the spectral line data cube and fit them with a low-order polynomial and subtract the continuum
emission.
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Figure 4 - Sketch of the resulting data cube (from [4])

3.3 Looking at HI data

A data cube can be explored in different ways. Software is available to look e.g. at a movie
of the data but for publication or display purpose, 2-D visualisation of the data are also needed.

Playing a movie of the data-cube means to go through the images in the cube at high
enough speed to be able to see the signal (if any!) “moving” through the cube. Examples of
movie of data cubes can be found in the on-line version of this presentation. The movie can be
played by looking at RA-Dec images for different velocities (i.e. channels) but the cube can also
be inspected by looking at e.g. RA-Vel changing through declinations planes. Different movies
can be used to show different structures of the emission (of absorption). One can also produce a
volume rendering of the HI emission/absorption in the cube. The 3D visualisation tools are
usually very powerful to identify structures or weak emission/absorption.

As mentioned above, although spectral line maps are inherently 3-dimensional, some
methods are required to visualize the data on paper and to be able to publish the results. There
are few examples of these methods.

e 1-D Slices along velocity axis: this gives line profiles (see Fig.5);
e 2-D slices along velocity axis can be made, in other words images of the channel
maps can be presented. These are contours or grey/colour scale plot of each



HI diagnostics Raffaella Morganti

channel (or of a representative group of channels). For some examples see e.g.
[8].

e The 2-D plots can also be made along a spatial dimension e.g. the major axis of
the galaxy. These are the so-called position-velocity plots of the distribution of the
HI. An example is shown in Figs. 6 and 7.

spatial spatial

velocity

Figure 5- Example of 1D slice through a complicated data cube (NGC 4631, courtesy of T. Oosterloo)

|
.-;a

Figure 6 - Position-velocity plot of the HI along the major (top) and minor (bottom) axis of the galaxy
NGC 891 (Credit: Swaters, Sancisi, van der Hulst 1997).

10
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Another common way to display HI results is via images representing the integral
properties of the line emission/absorption (integrals over velocity).
The Oth moment represents the integrated flux, i.e. the intensity integrated over all channels

with HI detected: N, (RA,Dec)=Dv I,(RA,Dec)

i=1

I,(RA, Dec)y,

I;(RA, Dec)

Finally, the 2nd moment represents the intensity weighted velocity dispersion.

The 1st moment represents the intensity weighted mean velocity: V=

Figure 7 - Total HI intensity (left) superimposed to the optical image of NGC443 (courtesy T. Oosterloo).
The central image represents an HI velocity field (yellow part representing receding gas while the green
part is approaching gas). A 2-D position velocity diagram taken along the major axis of the galaxy is
shown in the right image.

The result is to collapse the frequency dimension and produce one image for each of the
moments. To illustrate some of the results from the moment analysis, Fig. 7 shows the
distribution of the neutral hydrogen in the galaxy NGC 4414. The left image has the contours of
the total HI distribution superimposed onto an optical image while the velocity field is shown in
the central image.

As further example, Fig.8 represents the total intensity of NGC 4631 (the galaxy shown in
Fig. 5). The structure of the HI is clearly very messy as expected in the case of a galaxy strongly
interacting. For comparison, the optical image of the field is shown. It is clear that the HI is
crucial to get a full picture of what is happening to this object.

11
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4. Examples of studies of associated HI

Figure 8 - Left: An example of HI detected
in the interacting system, NGC 4631 (upper
galaxy) and NGC 4656 (lower galaxy), see
also Fig. 5. The HI total intensity (contours)
is superimposed onto an optical image of
the same field. This shows how different and
more regular the distribution of stars
appears compared to the emission from the
neutral hydrogen. The data were obtained
with the Westerbork Synthesis Radio
Telescope (regions with more contours
correspond to a stronger emission). The
large tails of gas between the interacting
galaxies are clearly visible (Courtesy of
T.A. Oosterloo and K. Kovac,
ASTRON/RUG)

It is impossible to cover in such a short papert@ics where the study of the neutral
hydrogen is or has been relevant. Therefore, Ijusli briefly touch upon some results related to

the study of galaxy formation and evolution.

4.1 Our Galaxy and surrounding

Figure 9 — All-sky image of the HI column densionf the Dwingeloo-Leiden survey [2].

Observations in 21-cm HI line have yielded quitéaded maps of the distribution of
cooler component of the interstellar medium (ISKM)many galaxies. The first object studied
was, of course, our own Milky Way. Approximately-5L0 % of the mass of the Milky Way is
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