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Although our understanding of the evolution of the
stellar population of galaxies has improved dramati-
cally in the recent past, our understanding of the evo-
lution of the neutral atomic gas content in star forming
galaxies remains limited. This is largely because of the
sensitivity limit of the current generation of radio tele-
scopes. The scenario is changing however, both be-
cause of new instrumentation and deeper integrations
with the existing telescopes. In this article, I review the
current status of, and future prospects for, low radio
frequency observations of gas in high redshift galax-
ies. The indications are that the community is moving
from an era of fasting to an epoch of feasting.

Keywords: Galaxies, evolution, radio-

astronomy.

hydrogen

WHILE there is a broad consensus that galaxies (or to be
more precise galactic halos) formed through hierarchical
merging, the fate of the gas in collapsed structures is far
less well understood. The general outline of the current
model for galaxy formation was established several
decades ago (e.g. ref. 1). Density perturbations in the dis-
sipationless dark matter grow due to gravitational insta-
bilities. In the CDM or ACDM models, the growth is
bottom up, i.e. small objects virialize first and in turn
merge to form larger structures. The baryonic material is
carried along by the gravity of the dark matter, cools and
settles in the centre of the dark matter halos. While the
dynamics of the dark matter can be fairly accurately cap-
tured in numerical simulations, the physics of the baryonic
matter is much more complex and poorly understood.
Observational constraints on the redshift evolution of the
gas content of galaxies are hence of particular importance.
In this review I focus on the role that low frequency radio
spectral line observations play in our understanding of
the evolution of gas in normal galaxies.

The vast majority of low frequency spectral line obser-
vations are of the redshifted hydrogen hyperfine line
(with a rest wavelength of ~21 cm). Another set of spec-
tral lines that have been gaining importance are the 18 cm
lines (‘A-doubling’) from the OH molecule. These can be
detected in emission in OH megamaser galaxies® but are
also being increasingly detected in absorption from the
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ISM of normal galaxies at high redshift. The OH emis-
sion in megamaser galaxies traces the intense star forma-
tion in their dense central regions; these galaxies are
typically undergoing a starburst and are often merging’.
As such, OH megamaser emission could be used as a
tracer for the evolution of the star-burst phenomena, and
possibly the role of mergers in galaxy formation. OH
absorption, on the other hand is a tracer of gas in normal
galaxies, which is the focus of this review.

There are two complementary approaches to studying
HI in galaxies at medium and high redshifts. The first
approach is based on observations of the gas in emission.
This yields information on the total gas content and large
scale dynamics of the gas. On the other hand, at current
sensitivities, observations are limited to relatively small
redshifts. Only a very limited number of galaxies with
z<0.03 have been observed in the HI 21 cm line with
synthesis telescopes. Even at these redshifts, one is often
limited to studying only the most massive systems. The
other approach is to observe the gas in absorption against
a distant radio source. In this case, even at current sensi-
tivities one can detect gas out to cosmologically large
redshifts. On the other hand, the observations trace the
gas only along one or at most a few limited different lines
of sight, and the total gas content and global kinematics
are often poorly constrained. The first two sections of this
review highlight these two different approaches. In the
final section, I look ahead to observations that could be
done with the upcoming new radio facilities, and the
future Square Kilometer Array (SKA).

Emission measurements

As mentioned above, the most widely observed low radio
frequency spectral lines from external galaxies are the HI
21 cm line and the OH lines at 18 cm. The HI line is par-
ticularly an interesting one, because (1) it traces a major
component of the neutral ISM of galaxies, and (2) be-
cause its optical depth is in general small, allowing one to
directly measure the total gas content as well as large
scale kinematics. Unfortunately, at the current sensitivity
limits, it is not easy to observe statistically large samples
of galaxies at redshifts beyond ~0.06. Thus, the best
existing radio emission line estimate of the gas density of
the universe (Q,45) is based on observations of galaxies”
with z £ 0.04. This is a very small redshift interval com-
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pared to that at which galaxy evolutionary effects are
expected to be important. For example (see refs 5-7), it 1s
now well established that the star formation rate in gala-
xies was much larger at z~ 1 than at the current epoch.
This can be clearly seen in Figure 1 (taken from ref. 7),
which shows the evolution of the star formation rate density
with redshift. In contrast, the evolution of the gas content
of galaxies with redshift, i.e. Q,.(z) is relatively poorly
constrained (see Figure 2).

In the recent past however, there have been several
attempts to observe targeted samples of galaxies at some-
what higher redshifts. Zwaan e al.” used the WSRT to
observe HI in galaxies in the z~0.176 cluster A2218.
Clusters of galaxies are often favoured targets for deep
HI observations, in part because the large space density
of galaxies in clusters allows one to observe many galaxies
n a single pointing and frequency setting. Another major
driver for these observations is to understand the evolution
of galaxies in clusters. A variety of mechanisms (e.g.
interaction with the inter cluster mcdiumm*“, tidal inter-
actions with other galaxies'>'? are expected to lead to a
much more rapid evolution of galaxies in clusters as
compared to galaxies in the field. Direct evidence for the
profound effect on the galactic ISM when a galaxy falls
into a cluster comes from imaging of the HI disks of gal-
axies in the nearby Virgo cluster. Earlier VLA observa-
tions'* of the central galaxies in this cluster showed that
they had truncated disks and sharp edges on the side
towards the centre of the cluster. Recent high sensitivity
observations show, in addition, long tails that point away
from the centre of the cluster (Figure 3, ref. 15) reinfore-
ing the idea that the galactic ISM is being swept away as
the galaxy falls into the cluster.

While clusters are interesting to study because of the
interaction between the intra-cluster medium and the ISM
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Figure 1. The evolution of the star formation rate density as a func-
tion of redshift (from ref. 7). The star formation rate has been measured
using a variety of tracers, from radio to UV. See ref. 7 for more details.
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of the infalling galaxies., precisely for these reasons,
cluster galaxies tend to be deficient i HI From the
morphology-density relation'® one would anyway expect
that the majority of galaxies in the cluster core have early
morphological types and are hence inherently gas poor.
Apart from this, it is well established that, in clusters,
even those galaxies with late morphological types have
systematically lower gas content than similar galaxies in
the field"”. For example, Solanes er al.'® found that two-
thirds of the clusters in their sample had a deficiency of
hydrogen 1in the galaxies near the cluster centre. Galaxies
lying up to 2 Abell radii from the centre were found to be
HI poor. Deep observations of fields containing galaxy
clusters are hence more likely to detect HI from galaxies
in groups in the periphery of the cluster than in the cluster
itself. In the case of A2218, after a total observing time
of 36 x 12 h (split across two different frequency set-
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Figure 2. The evolution of the cosmic neutral gas density (2,,,) as a
function of redshift and look back time (from ref. &), The lowest red-
shift point' is based on the HIPASS blind HI 21 m survey, while the
points above z~2 are from ground based observations of damped
Lyman-¢ systems. The intermediate redshift points are from HST ob-
servations of Mgll selected systems and from GMRT radio observa-
tions The filled triangle is from GMRT observations of field galaxies at
z~0.24 (ref. 8). See ref. 8 for more details.
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tings), Zwaan et al.” detected a single HI emission line,
corresponding to an HI mass of 5.4 +0.7 x 10°h3 M.
The HI detection was coincident with a galaxy pair. The
spatial resolution was insufficient to determine 1if the gal-
axies were interacting. The observations also showed no
evidence for interaction between the galaxy ISM and the
cluster ICM. The HI mass inferred from the spectrum 1s
consistent with that expected from a field pair, leading
Zwaan et al.” to suggest that the detection corresponded
to a field galaxy (pair) that was yet to fall into the cluster
core. A much deeper survey was undertaken by Verheijen
et al.”, who observed two clusters A963 (z ~ 0.206) and
A2192 (z~0.188) with the upgraded WSRT. The two
clusters were 20x12 and 15x12h
respectively. A total of 42 galaxies were detected with HI
masses ranging from 5 x 10”7 to 4 x 10'" M. The spatial
distribution of the detected galaxies 1s shown in Figure 4.
A963 1s a dynamically relaxed looking cluster, and most
of the detections come from a small group to the north-

observed for

east of the cluster core. From the average redshifts of the
detections, 1t appears that this group lies behind the cluster.
A2192 15 a less massive and more diffuse cluster, but
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Figure 3. Montage of HI images of galaxies in the Virgo cluster
(from ref. 15). The location of the galaxy relative to the cluster is
shown in the central panel while the galaxy HI images themselves are
shown in the surrounding panels. As expected from models in which
interaction with the intracluster gas strips the galaxy ISM. the HI
images show sharp edges towards the cluster centre and also long tails
that point approximately away from the cluster centre. See ref. 15 for
more details.

CURRENT SCIENCE, VOL. 97, NO. 6, 25 SEPTEMBER 2009

even 1n this case, one can see that there 1s a paucity of de-
tections 1n the cluster centre, and that most of the gas-rich
galaxies lie in the periphery of the cluster. Thus, HI
observations of clusters primarily provide information on
the ongoing evolution of clusters and the galaxies that fall
mto them. This 1s of course, of interest in 1tself. It 1s unclear
however, how (if at all) these results could be used to
understand the evolution of typical field galaxies.

As mentioned above, cluster fields are popular targets
for deep observations with synthesis telescopes because
of the large number of galaxies that fall within the field
of view. For single dish telescopes however, this 1s a dis-
advantage, since the large number of galaxies means that
one cannot determine which galaxy is responsible for any
detected emission. In the field however, particularly if the
redshift distribution of galaxies is known, it may be pos-
sible to uniquely associate a given HI signal with a specific
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Figure 4. Distribution of the HI detections in the z~0.206 and
z~0.188 clusters A963 and A2192 (from ref. 19). A963 is a dynami-
cally relaxed looking cluster, and most of the gas rich galaxies are in a
group that is located in the background of the cluster. A2192 is a less
massive cluster. but even in this case, there are very few HI detections
near the cluster core. The lack of Hl-rich galaxies in the cluster cores is
consistent with models in which galaxies that fall into the cluster rap-
idly lose their gas. See ref. 19 for more details.
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galaxy. Catinella e al.”’ present results from pilot obser-
vations using the Arecibo radio telescope aimed at
searching for HI from a carefully selected sample of 1so-
lated SDSS galaxies in the redshift range 0.17 £z £0.25.
A total of 10 galaxies were detected. Not surprisingly
these are relatively massive, gas-rich systems (HI mass in
the range 3-8 x 10'” A7, and HI to stellar mass ratios of
10-30%). Since comparable HI mass galaxies are rare at
z ~ 0, there is no well matched reference sample that can
be used as a baseline to check for evolutionary effects.
Ongoing large scale HI surveys™** are however expected
to rectify this, and Arecibo observations look like a pro-
mising way to search for evolutionary effects in the most
massive gas-rich galaxies.

To summarize, at current sensitivities, direct detections
of HI gas in galaxies at redshifts as low as z ~ 0.2 is quite
challenging. The relatively modest sensitivity of the cur-
rent generation of radio telescopes limits one to being
able to detect only the most massive galaxies, 1.e. those
that lie at the high mass edge of the HI mass function. An
alternative approach would be to try and make a statisti-
cal detection of all the galaxies in the field of view.
Assuming that the optical redshifts are known, the spectra
at the relevant positions can be extracted from the HI data
cube, aligned appropriately in redshift and co-added.
Zwaan® demonstrated this technique for the (z~0.176)
cluster A2218, and showed that the galaxies in the cluster
centre had an average HI mass of ~3 + 1.2 x 108 /g0 M.
Similarly Chengalur et al.** in a proof of concept study of
the z ~ 0.06 cluster A3128 with the ATCA reached an aver-
age HI mass sensitivity of ~9 x 10* M, despite the mod-
est sensitivity of ATCA and the relatively small (48 h)
observation time. By dividing the galaxies within the field
of view into sub-samples, one could identify the most
gas-rich subset. The most gas-rich galaxies were found to
lie in a group outside the cluster centre (see Figure 5).

The same technique was used by Lah er al.® to measure
the atomic hydrogen gas content of star-forming galaxies
at z =0.24 (1.e. a look-back time of 3 Gyr). They used the
GMRT to observe a sample of galaxies selected from Heor
emitting field galaxies detected in a narrow-band imaging
survey with the Subaru Telescope™. Since the Her obser-
vations did not yield accurate enough redshifts for co-
adding, the Anglo-Australian Telescope was used to
obtain precise optical redshifts for the sample galaxies. A
total of 121 galaxies lay within the GMRT spectral line
data cube. From the co-added signal of these 121 gala-
xies, the average atomic hydrogen gas mass was mea-
sured to be 2.26 + 0.90 x 10” M. Since the area surveyed
corresponded to an unbiased field region, it was possible
to translate this HI signal into a cosmic density of neutral
gas at z=0.24, viz. Q,,, =091 £0.42 % 107, This is the
current highest redshift at which Qg has been con-
strained from 21-cm emission. The value obtained 1s con-
sistent with that estimated from damped Lyman-¢r systems
around this redshift (Figure 2). Lah et al.® also found that
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the relation between the Her luminosity and the radio con-
tinuum luminosity and between the star formation rate
(SFR) and the HI gas content in star-forming galaxies at
z=10.24 are the same as that expected from the correla-
tions found at z=0. The implication 1s that even though
the average SFR is three times higher at z = 0.24 than at
z=0 (see Figure 1), the star formation mechanisms in
field galaxies are not substantially different.

Absorption measurements

An alternative method for measuring the gas in collapsed
objects at high redshifts is to look for the absorption lines
that such a cloud would produce, were it to be like in front
of a bright background source. This has the advantage
that an absorption system sample constructed in this way
would not be biased towards the most massive galaxies as
an emission line survey inevitably is. This technique has
been widely used, particularly to search for high redshift
UV absorption lines that are redshifted to the wavelength
range observable by ground based optical telescopes™’

The most easily detected of these is the saturated Lyman-or
absorption line. For even modest (i.e. few times 10"%) col-
umn densities of HI the optical depth is substantial even
in the Lorenzian wings of the line. These very wide
(*damped”) profiles are easily detectable even in modest
resolution spectra and are widely used to select samples
of gas-rich collapsed objects in the distant universe. At
column densities 22 x 10%°, the bulk of the gas is neutral,
and these systems, the so-called damped Lyman-o sys-
tems (or DLAs) are often regarded as the logical sites
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Figure 5. Gas-rich galaxies (as identified from co-adding the spectra
of galaxies with known optical redshifts) in the galaxy cluster A3128.
The gas-rich galaxies (shown as hollow squares) lie in a group on the
outskirts of the cluster. See ref. 24 for more details.
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for star formation n the distant universe, and hence, as
precursors of the modern galaxies (see ref. 28 for a recent
review).

Gas clouds which lie in front of radio loud quasars
could give rise to absorption in the HI 21 em line. Al-
though radio observations of DLAs have been ongoing
for several decades (e.g. ref. 29), there has been a recent
revival in interest because of the expanded frequency
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Figure 6. a. The Arecibo HI 21 cm absorption spectrum from the

z~0.0912 absorber in front of the radio quasar B0738+313. The ab-
sorption consists of two deep narrow components and a wide, shallow
component. The widths of the narrow components (which are upper
limits to the kinetic temperature of the gas in these components) corre-
spond to 297 £3 and 103 * 10 K. These temperatures are too low to
attribute to WNM gas, but are consistent with being CNM gas with a
small contribution of non thermal motions to the line width. b, The up-
per panel shows the residual spectrum after subtracting the narrow
components, the lower panel shows the residuals after subtracting both
the narrow and wide components. The wide component is interpreted as
warm gas with kinetic temperature <5050 £ 950 K. The total column
density of gas computed using these temperatures is approximately
equal to the column density derived from the damped Lyman- o profile,
consistent with the idea that the HI in this absorber is in a two phase
medium similar to that of the Milky Way ISM (from ref. 38).
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coverage provided by the upgraded WSRT (e.g. ref. 30),
the GMRT"** and the GBT?. One of early drivers be-
hind such observations was the possibility of measuring
the spin temperature of the HI gas. The HI 21 em line
optical depth depends on both the gas column density and
the spin temperature, 1.e.

Nir = 1.823 x 10" Ty Ir(v) dv, (1)

where Ny is the gas column density in atoms cm 2, Tspin
the spin temperature of the gas and 7(v) the optical depth
with v in km s™'. In contrast, the Lyman-« optical depth
depends only on the gas column density. A comparison of
the gas column density derived from the Lyman- ¢ obser-
vations with the 21 em optical depth of the gas hence
gives the average (strictly speaking, the column density
weighted harmonic mean) spin temperature of the gas.
This is interesting, because under many astrophysical
conditions, the spin temperature of HI is the same as the
kinetic temperature. Further, in models where the absorp-
tion comes from a two phase medium (i.e. the Cold Neutral
Medium, CNM and the Warm Neutral Medium WNM,
see e.g. ref. 34), the average spin temperature constrains
the mass fraction of the gas in each phase. Assuming 80
and 8000 K as the typical temperatures of the CNM and
WNM respectively, gas which 1s 50% CNM and 50%
WNM would have an average spin temperature of 160 K,
while gas which was 10% CNM and 90% WNM would
have an average spin temperature of 735 K. The two
phase model for the neutral atomic component of the ISM
was developed in the context of the Milky Way (see the
review by Kulkarni and Heiles™), and is still widely used,
although there have been recent suggestions that a sig-
nificant fraction of the HI 1s in a third, thermally unstable
state (see refs 36 and 37). In the context of HI at cosmo-
logical redshifts, for at least two DLAs™™? (see also Fig-
ure 6) it has been established that the gas 1s in a two
phase medium, with parameters similar to that in the
Milky Way ISM. In two phase models, the deep narrow
absorption components seen In most DLAs must arise
from the CNM, since gas in the WNM phase generally
has too low an optical depth to be observable at the cur-
rent sensitivity levels. This means that the detection of a
narrow HI 21 em absorption line from a DLA essentially
confirms the presence of cold HI gas in its ISM. This 1s in
contrast to the highly saturated Lyman-¢ profile, which 1s
insensitive to the temperature and kinematics of the ab-
sorbing gas.

The principal uncertainty in the measurement of 7T, 1s
the spatial distribution of the absorbing gas. Equation (1)
assumes that Ny and T, are measured over the same
region. In real life, this is not necessarily the case. The
optical emission from quasars comes from an extremely
compact region, substantially smaller than 1 AU across.
The Lyman- ¢ absorption hence traces the gas distribution
along a narrow pencil beam through the cloud. In con-

797



SPECIAL SECTION: ASTRONOMY

trast, in lobe dominated radio sources, the radio emission
could come from a region tens to hundreds of kpc in size.
For such sources, the gas density along the radio and
optical sightlines are completely uncorrelated. Such sys-
tems cannot be used for measuring 7y, On the other
hand, when the radio emission is core dominated, the gas
density along the optical and radio sightlines are probably
highly correlated. However, even in this situation, it 1s
possible that the DLA obscures only a part of the back-
ground radio continuum. In order to determine the aver-
age spin temperature, one hence needs to either spatially
resolve the 21 cm absorption (which is generally not pos-
sible with the current generation of radio telescopes), 1.e.
measure the “covering factor’, f(see ref. 40) or one needs
to observe sources where the bulk of the radio emission
from the background QSOs comes from a compact (on
VLBI scales) core. In general, therefore the relation
between the Lyman-e measured Ny, and the radio meas-
ured Ty 18

1.823 %1087

HI = fm!f{") dv, (2)

N

where f1s the fraction of the radio continuum that 1s cov-
ered by the absorbing gas, and the further assumption that
the Ny measured along the line of sight to the quasar
applies the entire absorber has been made. Figure 7
shows a recent compilation of the spin temperature in
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Figure 7. A plot of spin temperature 7, as a function of redshift for

all DLAs for which measurements are available (from ref. 30). The
horizontal line is at 300 K. more than 90% of the lines of sight through
the milkyway have temperatures below this value''. As can be seen
both high- and low-spin temperatures are seen at low redshifts, while
high redshift absorbers tend to have high-spin temperatures.
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DLAs as a function of the redshift. As can be seen, high-
and low-spin temperatures are seen at low and intermedi-
ate redshifts, whereas the bulk of the gas at high redshifts is
at high-spin temperatures. The dividing line between
‘high” and “low’ spin temperatures is taken to be 300 K,
more than 90% of the lines of sight through the Milky
Way and in nearby spirals have average spin temperature
less than 300 K (ref. 41). The tendency for high redshift
absorbers to have high-spin temperatures has been noted
carlier by, among others®~*. One possible explanation for
this 1s that high redshift systems have lower metallicities,
and are also likely to be of smaller mass and have lower
mid plane pressure (e.g. ref. 43). All of these factors mnhi-
bit the formation of the CNM. Of course, as discussed
above (see also ref. 44), for many of these systems the
covering factor has not been directly measured, and hence
it remains a possibility that the high-spin temperatures are
not real, but are an artefact arising from an over estimation
of the covering factor. There have even been suggestions
that the covering factor could evolve systematically with
redshift, with high redshift systems having low covering
factors (see ref. 45). This would reproduce the trend seen
in Figure 7 without any actual evolution of the average T,
with redshift. However, recent VLBI measurements™® indi-
cate that no such evolution of the covering factor 1s ob-
served. For 24 DLAs, for which the covering factor was
estimated using VLBI observations 14 DLAs with at
z> 1.5 have covering factors f~ 0.45-1, while 10 DLAs
at z <1 have f~ 0.41-1. The distribution of covering fac-
tors for the high and low redshift subsamples are statisti-
cally indistinguishable. On the face of it, the implication
of Figure 7 is that high redshift DLAs are WNM domi-
nated. The low CNM fractions deduced from the radio
observations, are in contradiction to the modeling of the
star formation rate (as inferred from the CII* absorption)
in DLAs. These models suggest that a low CNM fraction
would lead to unrealistically high star formation rates”’.
In contrast to the typical high-spin temperatures seen at
high redshifts, both low and high-spin temperatures are
seen at low redshifts, implying that at least some low red-
shift systems have a substantial CNM fraction. Further,
from a search for HI 21 cm absorption in Mgll selected
systems™, show that the probability of detecting HI 21 ¢cm
in Mgll selected systems at z ~ | is, within the error bars,
the same as at low redshifts. This suggests that most gas-
rich galaxies contain significant amounts of cold gas by
z~1 (see also ref. 49). The sample sizes are still small
however, and confirmation of these trends from observa-
tions of larger samples is critical.

For objects that lie in front of extended radio sources, it
1s possible (given sufficient angular resolution) to directly
image the distribution and kinematics of the absorbing
gas’'. Since the strength of the absorption depends on the
physical parameters (i.e. Ny, Ty,,) of the absorber and
the strength of the background source, it 1s independent
of redshift. Detection of 21 cm absorption thus provides
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Figure 8. Spatially resolved HI 21 c¢m absorption from the z ~ 0.437 absorber towards 3C196 (from ref. 52). The
observations clearly show that the deep absorption comes from the dense gas along the spiral arms, and also allows

one to make a crude velocity field of the absorbing gas.

an exciting means of observing the gas kinematics in col-
lapsed objects at high redshifts. Figure 8 shows GMRT
images of the absorption arising from the spiral galaxy at
redshift z ~0.437 that lies in front of the radio galaxy
3C196 (ref. 52). The observations clearly show that the
deep absorption comes from dense gas along the spiral
arms (see also ref. 53), and also allows one to make a
crude velocity field of the absorbing gas.

Observations of the precise redshift of spectral lines
from high redshift DLAs can also be used to check if the
values of the fundamental constants change with time.
Although the suggestion that the values of certain funda-
mental constants may evolve with cosmic time is relati-
vely old™, interest in this possibility has been reignited
by claims that the fine structure constant o evolves with
redshift>™>>°. On the theoretical front, such variations are
expected in extra-dimensional theories like the Kaluza-
Klein theories and superstring theories. In these theories,
the values of the coupling (*fundamental”) constants depend
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on the expectation values of some cosmological scalar
fields. Changes in the values of the coupling constants
are thus to be expected if this field varies with location
and time. Different coupling constants (such as ¢, the
proton g-factor g, the electron—proton mass ratio y=
mg/my, the gravitational constant G, etc.) could, in princi-
ple, vary simultaneously. For example, Calmet and
Fritzsch® and Langacker et al.”® found that variations in
the value of ¢ should be accompanied by much larger
changes (by ~2 orders of magnitude) in the value of u.
Reviews of the available experimental and observational
measurements on the variability of the coupling constants
can be found in refs 59-61.

The HI 21 cm line is a hyperfine transition. A compari-
son of the observed redshift of the line, with the observed
fine structure redshift of e.g. Mgll lines allows one to
constrain variations in og,4, where g, is the electron
gyro-magnetic ratio, o the fine structure constant and u
the electron to proton mass ratio (see ref. 62). One impor-
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tant caveat 1s that this comparison assumes that the two
absorption lines arise in the same gas, 1.e. that there 1s no
relative motion (and hence no relative Doppler shift) be-
tween the gas that gives rise to the Mgll absorption and
the 21 cm absorption. Since 1t is difficult to rule out a
priori, the best one can do 1s to observe a large sample of
absorbers and assume that on the average the doppler
shift between these two absorbing species is zero®. Fig-
ure 9 shows a specific case with clear velocity offsets be-
tween the HI 21 cm and optical absorption.

Similarly a comparison of mm wavelength rotational
transitions and the HI 21 c¢m hyperfine transition has been
used to constraint variations in the product® gp(f_ High
resolution (VLBI) observations have also been used to try
and closely align the HI 21 ¢m and molecular line absorp-
tions and hence minimize the possibility of the absorption
arising in different gas clouds®. Another set of interest-
ing low frequency spectral lines that have recently been
detected in absorption at cosmological redshifts®® are
the 18 cm lines from the OH molecule. The ground state
of the OH molecule is split mnto four levels by A doubling
and the hyperfine mteraction. The exact frequencies of
these lines hence depends on the electron to proton mass
ratio # in addition to g, and the fine structure constant ¢,
Chengalur and Kanekar®™ show that a comparison of the
redshifts of the OH main lines with the redshifts of the HI
21 cm line and the CO rotational lines allows one to
simultancously constrain all three of g,, & and 4, although
the constraints are rather weak unless one assumes (as 1s

100

..... 150 ~100
Heliocentrie velocity (km/s), relative to z = 3.38716

-50 0 50

Figure 9. The HI 21 c¢m absorption spectrum from the =~ 3.3 absorber
towards PKS 0201+113. The HI 21 ¢m spectrum (from ref. 64) is shown
as a histogram, while the Fell41122 Keck Hires spectrum is shown as
solid squares. The dashed vertical lines show the measured redshifts of
the HI 21 cm absorption components. There is a clear offset between
the metal line and HI 21 ¢m absorption (see ref. 64 for more details).

800

often done, e.g. ref. 66, see also refs 58 and 70) that the
variation is g, are small and can be ignored. Alternati-
vely, if the higher frequency OH lines (e.g. those near
A~ 6 cm) were also to be detected in an object at cosmo-
logical redshifts, one could (under the assumption that g,
and u are constant) use the OH transitions alone to place
constraints on the variation’' in ¢, or joint constraints if
one allows the possibility of a change in the value of all
of these constants’”. A more interesting situation is
shown in Figure 10 (see refs 73 and 74) which shows the
1612 and 1720 MHz OH satellite lines from the associ-
ated absorber PKS1413+135. The two lines can be seen
to be conjugate, 1.e. the 1612 line 1s mn absorption when
the 1720 1s in emission and vice versa. This conjugate
behaviour holds across the spectrum, and as can be seen
in Figure 10 the sum of the two spectra 1s consistent with
noise. This behavior can be understood as a consequence
of ‘competitive gain” of the two possible rotational ladders
along which the OH molecule, once excited, can cascade
down to the ground state. Similar conjugate spectra have
been observed in molecular clouds in our own galaxy as
well as in the nearby radio galaxy Centaurus A”. A con-
sequence of this conjugate behaviour is that it is guaran-
teed that the 1612 and 1720 MHz lines arise from the
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Figure 10. Optical depth spectra of the OH lines observed towards
PKS 1413+135 (from ref. 74). The heliocentric velocity has been com-
puted relative to z = 0.24671. Note that the 1720 and 1612 MHz satel-
lite lines (top two panels) are exactly conjugate. and their sum is
consistent with noise (bottom panel). This allows one to constrain
variations in g,[?/1]"* where gt = m./m,. See ref. 74 for more details.
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same gas, without any relative Doppler shift. Further,
since the line shapes are identical, any small shifts between
them can be determined using non-parametric methods (e.g.
a cross correlation analysis) instead of the usual method
of locating the peak via template fitting (e.g. assuming
that the line profile is a Gaussian, or a sum of Gaussians).
Comparison between these two lines constrains the value
of G =g [e/u]"® where u= m.m, within even a single
system free of systematic effects. Observations of the
z~0.247 absorber towards’! PKS 1413+135 constrain
AG/G=22+3810". A comparison of the HI and OH
absorption line redshifts of the z~0.765 gravitational
lens toward PMN J0134-0931 constrain AF/F = (0.44 £0.36
(stat) £ 1.0 (syst) x 107, where F = g [o?/u]'" (ref. 76).

Future prospects

A continuing theme 1n this article (see earlier section), 1s
that the detection of HI in emission is sensitivity limited.
To explore the high redshift universe will require sub-
stantially more sensitivity than is provided by the current
generation of radio telescopes. In fact, a major science
driver behind both the proposed SKAs as well as the next
generation radio telescopes, viz. the Australian ASKAP
and the South African Meerkat 1s to greatly extend the
redshift range to which observations of HI emission from
galaxies is possible.

The sensitivity, field of view and instantaneous band-
width of the SKA are all likely to be more than an order
of magnitude higher than that of the current radio tele-
scopes’ . The combination of these factors will lead to a
transformative change in our ability to study HI at high
redshifts. Redshift surveys could be done up to redshifts
z~1.5. Since the HI is optically thin, a redshift survey
automatically also yields the total HI mass and the HI
kinematic velocity spread). Statistical studies of the HI
content of galaxics?s‘w, its connection to star formation,
etc. could be done for 0 <z < 3.

The ASKAP will consist of up to 45 dishes, each 12 m
in diameter, and with an instantaneous field of view of
30 deg” and an instantancous bandwidth® of 300 MHz.
Thus while the total collecting area 1s modest, the combi-
nation of large instantancous bandwidth and field of view
make it an extremely efficient survey telescope. Johnston
et al.® estimate that its survey speed will be more than an
order of magnitude larger than that of the existing radio
telescopes. Proposed surveys using this telescope include
a shallow hemispheric survey that would in a total of one
year’s observing time reach a depth of z~0.05 for HI
emission, and detect the most massive galaxies to z~ 0.15.
A deep (i.e. one year) integration in a single field of view
is estimated to detect ~10° galaxies, with typical depth
z~0.2 but with the most massive galaxies being detec-
ted® to z~0.7. Such surveys would provide accurate
measurements of Q,,; as a function of redshift, as well as

CURRENT SCIENCE. VOL. 97. NO. 6, 25 SEPTEMBER 2009

provide unique inputs into understanding galaxy forma-
tion and evolution.

As discussed earlier, the range of redshifts to which HI
can be detected can be substantially extended by stacking
together the spectra of galaxies whose redshifts are
known. This has the further advantage of yielding a sam-
ple for which one can directly relate the gas content to
other mmportant quantities, e.g. the spectral type of the
galaxy, SFR. environmental dependence of the gas con-
tent etc. There are several ongoing redshift surveys that
will yield samples that are 1deal for follow-up in stacking
experiments. For example, the WiggleZ survey (which
covers seven fields, each of area =100 dcgz), the zCosmos
field, the Chandra Deep Field (South), etc. will all pro-
vide redshifts useful for stacking. The WiggleZ survey is
expected to measure 200,000 redshifts in a total area
>700 deg” by 2010. Figure 11 shows the expected co-
added signal in a single 30 deg® ASKAP field of view
after a 1000 h integration using only the redshifts that are
currently available. The red dashed line shows the aver-
age HI mass in galaxies at 0.5 <z < | required to obtain a
50 co-added detection on stacking the HI emission from
individual galaxies™. The solid line with error bars shows
the expected HI signal from the galaxies for which red-
shifts are currently available, and further assuming that
the HI mass function is as measured at z~ 0 by Zwaan et
al.’. As can be seen, even in this conservative scenario,
one would expect to make a measurement of the average
HI content of star forming galaxies out to z~ 1. The
sensitivity in a ~5000 h observation, should be sufficient
to obtain a dust bias mndependent measurement of the
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Figure 11.

The average HI mass detectable in an emission stacking

experiment, assuming a 1000 h ASKAP integration and stacking ~35000
galaxies from the WiggleZ survey.

801



SPECIAL SECTION: ASTRONOMY

T T T T I T T T T 'l T T T T I T T
l — - —_— —
w
3 — I
o 0.8 - -]
= i 1
s [ A i
o
= 0‘6 - —
-] L - ]
=
- [~ —
3] =l
2 = -
8 0.4 ‘— —‘
g ! | Jis
3] f 1
= L ]
0.2 - -
0 i 1 1 1 1 1 1 1 1 1 ] 1 1 1 1 I 1 1 i
0 1 2 3
Redshift, z
Figure 12. The detection rate of HI 21 cm absorption in DLAs as a
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Figure 13. The number of radio galaxies with flux densities greater

than some threshold (30, 100, 300, 1000 mly) and redshifts above some
redshift z. From ref. 81.

cosmic neutral gas density at 0.5 <z <1, as well as to
probe the average HI mass of galaxies of different mor-
phological types and in different environments.

ASKAP will also be an excellent facility for a blind
search for HI absorption agamst bright radio sources.
Such a search is interesting because, among other things,
it will yield estimates of €, independent of the detection
of the Lyman-¢ absorption. It has long been a matter of
debate whether the current DLA based estimates of Q,,,
are biased to exclude dusty absorbers (which being opti-
cally thick at UV wavelengths obscure the back-ground

802

quasar). For example, Ellison er al.®® estimates that roughly
half the DLAs at z~ 2.5 could be missed in optically-
selected samples due to dust obscuration of the back-
ground quasars. This fraction is likely to be significantly
higher at z~ 1, given the copious amounts of dust found
in Spitzer-selected samples (see e.g. ref. 84).

Figure 12 shows the detection rate of HI 21 ¢m absorp-
tion in DL As (from ref. 48) at a 30 optical depth sensitiv-
ity of ~0.013 per ~10 km/s. As can be seen, the detection
rate of HI 21 cm absorption in DLAs is quite high at
22 1. oemopra 2 0.7. Figure 13 (from ref. 74) shows the
number of radio galaxies over 27 steradians plotted as a
function of redshift. The separate curves are for flux den-
sity cut-offs of 30, 100, 300 and 1000 mJy respectively.
Putting the information in these two plots together, one
would predict that observations ~100 ASKAP fields, with
a 50 h integration per field, would yield 2250 new HI
21 cm absorbers at 0.5 <z < 1.0, The sensitivity of a 50 h
integration is also such that one would be able to detect
all OH absorbers (with OH column density and excitation
temperature similar to those currently known), with
0.7 £z £ 1.4 towards sources with S740 2 100 mly.

Although the Meerkat has a smaller field of view, it
will also be an excellent instrument for such studies, as will
the EVLA and the upgraded GMRT, and a focal plane
array equipped WSRT®. For radio observations of the HI
21 cm line, the future holds the prospect of moving from
fasting to feasting.
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