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1 Introduction

Quasars (originally short for “quasi-stellar radio
sources”) were first discovered in the 1950s as randomly
distributed radio sources in the Cambridge radio sur-
veys, with the first identification of an optical counter-
part in 1963 (e.g. Hazard et al. 1963; Oke 1963; Schmidt
1963). Although first discovered as radio sources, the
majority of quasars are not radio-loud (i.e. their ra-
dio flux is < 5 mJy!), with only about 10% having sig-
nificant radio emissions. Optically, quasars are point
sources even at the highest resolution available to cur-
rent telescopes, both ground- and space-based. The
discovery of absorption lines in quasar spectra followed
shortly after the discovery of quasars themselves (e.g.
Bahcall et al. 1966 for the detection of absorption at
z = 1.949 in a QSO with a redshift of z = 2.118). By the
1980s, the absorption lines were shown to be the result
of intervening gas, thus also demonstrating that the red-
shifts of the quasars themselves were cosmological (e.g.
Young et al. 1982). See Figure 1 for an example of a
quasar spectrum, including absorption lines.

Quasar absorption systems are classified based both
on their method of discovery, and on their neutral hy-
drogen column density (N(H 1)). Classifications based
on N(H 1) (using the Lyman-a (Lya) A 1215.67 A tran-
sition of H 1) include Ly« forest absorbers (N(H 1) <
1017 ¢cm~2), Lyman limit systems (10'7 < N(H 1) <
2x10%° cm™2), and finally damped Lya systems (DLAs)
(N(H 1) > 2 x 10%° cm~2). Methods of detection include
the presence of the C 1v A\ 1548.1,1550.7 A doublet
(systems detected primarily through C 1v are generally
Ly« forest systems) and the Mg 11 A\ 2796.3,2803.5 A
doublet (depending on the rest equivalent width of the
Mg 11 line (W27), these may be Ly« forest systems,
lyman limit systems, or even DLAs, although the Mg 11
doublet saturates quickly enough that a high W27 does
not necessarily indicate that the system is a DLA).
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Figure 1: The spectrum of quasar Q1425+6039 (emis-

sion redshift z., = 3.18), taken with the Keck High
Resolution Echelle Spectrograph (HIRES). Note the ab-
sorption lines to the blue of the Lya emission line
(the “Lyman « forest”), including the large absorber at
4650 A (a Damped Lyman-a system). Metal lines as-
sociated with the absorbers are seen redwards of the
quasar’s Lya emission peak. Figure from Wallace Sargent,
http://www.astro.caltech.edu/~wws/gsoabs.html.

The existence of absorption systems was initially a
clue as to the origin of quasars, but quickly became its
own area of study. High column-density absorbers (such
as DLASs) offer an insight into the interstellar medium
(ISM) at high redshift, as well as into the metallicity
evolution of galaxies (Wolfe et al., 2005). Absorbers
with lower N(H 1) offer an opportunity to investigate
the power spectrum of the cosmic microwave background
(CMB), as well as insight into the relative importance
of outflows and Population III stars in producing metal
enrichment in the low-density voids (Rauch, 1998).
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Figure 2: The redshifts and lookback times during which
Mg 11 systems (blue, bottom line in both panels) and the Ly«
transition (red, top line in both panels) can be detected in
the optical (3500 A < A < 10000 A).

Because of their high column density, DLAs have
sufficient hydrogen self-shielding to produce a predomi-
nantly neutral medium. Indeed, on the redshift interval
z =10,5], DLAs dominate the neutral gas content of the
universe, and may thus be seen as the reservoir for star
formation at high redshifts. Unlike galaxies, which are
seen through their emitted light, and which thus tend to
provide information on their stellar populations and ion-
ized gas, DLAs are able to trace the gaseous medium di-
rectly, including gas-phase molecules and physical prop-
erties of the interstellar medium (e.g. metallicity, tem-
perature, dust-to-gas ratio). Finally, because they are
seen in absorption and are selected solely because they
are located between us and a background quasar, DLAs
offer what is in principle an unbiased view of the high-
redshift universe, whereas galaxy surveys, because they
rely on the light emitted by the galaxies themselves, tend

2 Research Goals

In order to amass as large as possible a sample of
low-redshift DL As, some method other than UV spec-
troscopy must be devised to determine the N(H 1) of an
absorption system where the Ly« line is in the UV. The
diffuse interstellar bands (DIBs) offer one possible proxy
for N(H 1). First discovered in the early 1920s (Heger,
1922), the DIBs are a family of several hundred broad

to be inherently biased towards the more luminous ob-
jects (Wolfe et al., 2005).

While DLAs offer a valuable insight into the high-
redshift universe, Mg II systems, some of which are
DLAs, have been detected in much greater abundance.
They key advantage of Mg 11 systems (when it comes
to detection) is the range of redshifts over which they
can be detected by optical telescopes. Although both
the Ly« and the Mg 11 transitions have rest wavelengths
in the ultraviolet (which does not penetrate the Earth’s
atmosphere below ~ 3000 A), the Lya transition does
not redshift into the optical until z = 1.8 (assuming that
the Lya transition can be detected at 3400 A), whereas
the Mg 11 transition redshifts into the optical at z = 0.25
(assuming that the Mg 11 transition can be detected at
3500 A). Figure 2 shows the redshift range and the look-
back times over which both transitions are detectable in
the optical?. As the figures show, the Mg 11 transition is
easily detectable with optical telescopes over the major-
ity of the age of the universe, while the Ly« transition
does not shift into the optical for more than 70% of
the age of the universe. UV spectrographs mounted on
space telescopes (such as the Space Telescope Imaging
Spectrometer (STIS) on the Hubble Space Telescope)
were able to detect the Lya transition in low-z DLAs,
but the failure of STIS in 2004 leaves no remaining UV
spectrograph in operation.

Rao et al. (2006) determined that the success rate
for discovering low-redshift DLAs by selecting Mg 1I sys-
tems with W2 > 0.3 A and the Fe 11 W29 > 0.5 A
is (36 +6)% and that, when the Mg 11 systems are fur-
ther selected to so that W26 /32600 < 2 and Mg 1
W2862 > 0.1 A, the success rate increases to (42 £ 7)%.
Rao et al. have thus provided a method of selecting likely
DLAs for later follow-up with UV spectroscopy (when
available, and if the exact N(H 1) is important). They
have also determined the average N(H 1) as a function of
W26 which allows for a statistical treatment of low-z
Mg 11-selected systems.

absorption bands arising from gas-phase molecules in
interstellar space (see Figure 3. No specific DIB has
yet been conclusively linked to a particular molecule, al-
though polycyclic aromatic hydrocarbons (PAHs), long
carbon chains, and fullerenes have all been suggested
as possible candidates (Sarre, 2006). In addition to
their detection along numerous sight-lines in the Milky

2A1 cosmological calculations assume Qs = 0.27, Qx = 0.73, and Ho = 100h km 5717 with A = 0.71.
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Way, DIBs have also been detected towards the Large
and Small Magellanic Clouds (e.g. Welty et al. 2006),
and towards a number of local starburst galaxies (e.g.
Heckman & Lehnert 2000). Given these detections, the
stronger DIBs should be detectable in DLAs given spec-
tra with sufficiently high signal-to-noise ratios.
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Figure 3: The 226 DIBs observed towards BD+63°1964. Fig-
ure from Tuairisg et al. (2000).

In order to provide a proxy for N(H 1), there must
be some relationship between the DIBs and the neutral
hydrogen column density. While most DIBs are not di-
rectly correlated with N(H 1), the 5780 A DIB is strongly
correlated with N(H 1), at least in the Milky Way (Her-
big, 1993). Figure 4 shows this relationship. If the
relationship were to hold in DLAs, then the minimum
W20 encountered would be ~ 14 mA (corresponding
to N(H 1) = 2.0 x 10 ¢cm~2), and most DLAs would
have an even greater W27, Because the 5780 A DIB
remains in the optical (A < 1 pm) until a redshift of
z = 0.7, the 5780 ADIB would be able to serve as a
useful proxy for almost half of the redshift range over
which the Lya transition is too far into the UV to be
detectable with optical telescopes. For higher redshifts
(0.7 < z < 1.8), the 5780 A transition remains within
the J and H infrared bands, and thus would still be de-
tectable by near infrared spectroscopy.

In addition to the relationship between the 5780 A
DIB and the H 1 column density, there are other cor-
relations between DIBs which have been observed in
the Milky Way (e.g. Sarre 2006). Correlated DIBs are
known as “families”, and it is thought that at least some
families are sets of lines caused by the same carrier. For
example, the weak DIB at 5795 A is well-correlated with
the 5780 A DIB (Wszolek & Godlowski, 2003), and the
strong 5797 A DIB is correlated with another strong

DIB at 6613 A (Cami et al., 1997). Determining which
correlations actually indicate DIBs with the same car-
rier (“spectroscopic families”) is a difficult task, and one
which observations of DLAs could address. Any correla-
tion observed in Galactic sight-lines but not in DLAs is
likely a chance product of the Milky Way’s composition
and environment, while a correlation which is found on
every sight-line is far more likely to indicate that the
DIBs involved arise from the same carrier.
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Figure 4: The dependence of W27 upon N(H 1). Horizontal
error bars are those given by the H I observers, and vertican
error bars correspond to a recipe defined in Herbig (1993)
Figure from Herbig (1993).

The Diffuse Interstellar Bands may also provide in-
formation about physical conditions within the DLA’s
ISM, particularly since there is evidence that DIB car-
riers are ionized (Cami et al., 1997). Cami et al. (1997)
show that in Galactic sight-lines, the relative strength of
the DIBs at 5780 and 5797 A depends on the UV back-
ground. While the 5780 A DIB reaches its maximum
strength only for strong UV radiation, the 5797 A DIB
reaches its maximum much earlier, with its strength de-
clining slowly thereafter, even while the strength of the
5780 A DIB continues to grow (Cami et al., 1997). This
behaviour implies that the two DIBs have carriers with
different ionization potentials, with the 5797 A DIB car-
rier having the lower potential. If multiple DIBs are
detectable in DLAs, their relative strengths might allow
a similar determination to be made about the physical
conditions inside the DLA.

Another important physical characteristic of DLA
absorbers is the temperature of the ISM. The ISM of lo-
cal galaxies (and low-z DLAs, e.g. Lane et al. 2000)
exists in two stable phases, a cold, dense phase (the
cold neutral medium or CNM, 7" ~ 100 K) and a warm
extended phase (the warm neutral medium or WNM,
T ~ 8000 K). H 1, in addition to its Lya absorption,
also absorbs at 21 cm (the hyperfine spin-flip transition),
with the CNM absorbing considerably more efficiently

3The spin-flip transition arises from the slight energy difference between the spin parallel and spin antiparrel states for the proton

and electron in the H 1 atom.
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than the WNM3. Thus, if the N(H 1) of a DLA is known
from the Ly« transition, and the background quasar is
radio-loud (true for less than 10% of QSOs), measuring
the 21-cm “spin temperature” (Ts) can determine what
fraction of the H 1 is in the CNM vs. the WNM. For the
optically thin case

1.823 x 10187,
Nle%/fdm

where f is the “covering fraction” (the fraction of the
background radio source actually covered by the ab-
sorber), 7 the optical depth, integrated over the veloc-
ity width of the absorption, and T the column-density-
weighted harmonic mean of the spin temperatures of the
individual clouds along the line of sight. If the cloud is
optically cold and collisionally-dominated, T is equal to
the kinetic temperature, Tj. In the local universe, spiral
galaxies tend to have an ISM mean temperature of 100-
300 K (e.g. Braun 1997), while local dwarf galaxies have
much higher mean temperatures, often exceeding 1000 K
(e.g. Young & Low 1997). Metallicity likely has some
influence on this difference, as the cooling of gas-phase
H 1 is made considerably more efficient by the presence
of dust and metals (e.g. Norman & Spaans 1997). In
DLAs, the same effect is observed — low-temperature
DLAs are associated with spiral galaxies while, at low
redshift, DLAs associated with dwarf or LSB galaxies
have high spin temperatures, giving an empirical rela-
tionship, at least at low redshift, between spin temper-
ature and galaxy morphology (Kanekar & Chengalur,
2003).

(1)

o 1 2 3
Redshift, z

Figure 5: DLA T,/ f vs. redshift. Squares are spiral galaxies,

filled triangles are 21-cm detections, and open triangles 21-cm
non-detections. Figure from Kanekar & Chengalur (2003).

At higher redshifts, only high spin temperatures have

4A non-detection at 21-cm corresponds to a lower limit to T

been observed thus far, with four detections and nine
lower limits* at z > 2, but no absorbing galaxy iden-
tifications have been made amongst the high-z galax-
ies with spin temperature measurements (see Figure 5).
Kanekar & Chengalur (2003) found that, with respect
to Ts measurements, low- and high-redshift DLAs were
drawn from different populations at the 99% confidence
level. Curran et al. (2005), however, argued that this
effect was instead due to the covering fraction (which
is often unknown, and which would be expected to be
lower at higher redshifts because the angular size of a
high-redshift absorber would be closer to the angular
size of the quasar’s background radio source), and that
the difference was not apparent when unknown covering
fractions were not assumed to be one (see Figure 6). A
DLA with f < 1 has a lower T than one with the same
N(H 1) and 7 but f = 1 (see Equation 1). Covering
fractions have long been acknowledged as an issue, and
VLBI mapping of the core flux density of the quasars has
been able to determine the covering fraction for several
previously unknown systems (e.g. Kanekar et al. 2007).
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Figure 6: DLA T,/f vs. redshift. Stars are spiral galax-
ies, squares dwarf galaxies, triangles LSB galaxies, circles un-
known galaxies and arrows 21-cm non-detections. Figure from
Curran et al. (2005).

Another argument for the existence of a substan-
tial cold neutral medium in DLAs was made by Wolfe
et al. ( 2003), where the presence of the C 1* ab-
sorption line was shown to rule out a pure warm neu-
tral medium (even in systems with a high measured
T,), but to allow a two-phase ISM®. In the case of
PKS 02014113, however, Kanekar et al. ( 2007) showed
that, while a two-phase medium is possible, the frac-
tion of H 1 in the cold neutral medium could be at most
fCNM = NCNM/(NCNM + NWNM) ~ 0.17. Whatever
the precise solution, the low number of 21-cm measure-
ments (and, especially, the low number of detections) at
z > 2 is a key problem.

5Wolfe, Gawiser & Prochaska used a solution with a 50% WNM and 50% CNM
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Figure 7: The correlation of W27 with absorber metallicity.
Figure from Murphy et al. (2007).

The Ts-morphology relationship observed at low red-
shift is also effectively a Tg-mass relationship, because
the metal-rich spirals with low measured spin temper-
atures are also relatively massive galaxies (there is a
known mass-metallicity relationship for galaxies, e.g.
Koéppen et al. 2007). If the masses of DLAs could be
determined, then the mass-metallicity of DLAs (if any)
could also be determined, and compared to the galactic
mass-metallicity relationship, a comparison which might
help to determine how close the association between
DLAs and galaxies actually is. One potential way to de-
termine the mass of DLAs involves the equivalent width
of the Mg 11 line (or any other easily-detectable, often
saturated line). Because this line is saturated for DLAs
(and even for lyman limit systems), W27 oc Av27,
If Av2™6 is related to the velocity dispersion of the ab-
sorber as a whole, then W27 would be related to the
DLA absorber’s mass via an existing empirical relation-
ship between mass and velocity dispersion (e.g. De Rijke
et al. 2007).

Previous research has shown two separate clues to
the situation. Using Sloan Digital Sky Survey (SDSS)
data, Nestor et al. (2003) found that W?2™5 and metal-
licity were correlated for Mg 11 systems (assuming that
the mean N(H 1) was not significantly different for

3 Plan of Action

In order to address these questions, my thesis will
include three related sets of observations. The first
group of observations will include high signal-to-noise
spectroscopy taken of quasars with known low-redshift
DLAs whose N(H 1) has already been measured. These

systems with W2™6 > 1.3 A than for systems with
1.0 < W2™6 < 1.3 A), while York et al. (2006b) found
an anticorrelation based on a constant dust-to-gas ratio
(i.e. N(H1) & E(B — V), assuming an SMC extinction
curve and using composite SDSS spectra to determine
E(B —V)). Murphy et al. (2007), using only known
DLAs with existing N(H 1) measurements, found that
W26 and metallicity (measured by [Zn/H]® when pos-
sible, and either [Fe/H] or [Cr/H| otherwise) were cor-
related for DLAs and sub-DLAs (see Figure 7. As a
separate result Bouché et al. (2006), by measuring the
clustering of luminous red galaxies (LRGs) both with re-
spect to Mg 11 absorbers and with respect to one another,
found an anticorrelation between W?2™6 and absorber
mass (see Figure 8. While these results seem initially to
be contradictory, there are several possible explanations.
If DLAs are associated with outflow winds from galax-
ies rather than the galaxies themselves, then less mas-
sive galaxies might be expected to have stronger escap-
ing winds with more metals. Alternately, by requiring
candidate Mg 11 systems to also show absorption from
Fe 11 A2600 or Mg 1 A2852, Bouché et al. (2006) may be
incomplete in their lowest W27 bin, and it is this bin
which shows the strongest correlation. An independent
test of the relationship (if any) between absorber mass
and W2™6 could resolve this uncertainty.
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Figure 8: The anticorrelation of W27 with absorber halo
mass. Figure from Bouché et al. (2006).

systems will be selected to ensure that, at the redshift of
the absorber, any strong DIB features will not be super-
imposed on either skylines or telluric absorption. The
goal of these observations will be to detect at least any
strong DIBs (e.g. 5780, 5797, 6284, and 6613 A) and,

For metallicities here, [X/H] = log(N(X)/N(H)) —log(N(X)/N(H))o

Plan of Action



Research Plan

Brian York

in particular, the 5780 A DIB, in order to test the rela-
tionship between DIB strength and N(H 1).
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Figure 9:  The 5705 and 5780 ADIBs, and the
Na 1 AX 5891,5897 doublet from the DLA towards
AO 0235+164. Velocity scale is relative to zqps = 0.5238.
Figure from York et al. (2006a).

The next set of observations is designed to obtain a
larger sample of 21-cm measurements for high-redshift
DLAs. While an existing set of observations (such as
SDSS, which is linked with the FIRST 21-cm radio sur-
vey) might seem like an ideal choice, optically-selected
QSO surveys are extremely inefficient at selecting tar-
gets for 21-cm follow-up. Only one in ten quasars is
radio-loud (defined as having a flux of 5 mJy) and,
of those, many are not radio-loud at the low frequen-
cies (below 1.4 GHz) where redshifted 21-cm absorption
would be found. Thus the SDSS DR2, despite having
more than 2,500 quasars at z > 2.5, had only three
DLAs which might have been suitable for 21-cm follow-
up (none of these candidates had a known low-frequency
flux). The proper survey method, then, is to begin with
a radio-selected survey. In particular, the Texas low-
frequency survey (Cotton, 1976) is ideal as QSOs de-
tected by that survey are known to be radio-loud at

4 Observations and Results

Thus far, we have observed four DLAs (towards
AO 0235+164, Q0952+179, Q1127-145, and Q1229-020)
in a search for DIBs in the optical. Of these, we de-
tected two DIBs (at 5705 and 5780 A) in one DLA at
z = 0.524 towards AO 02354164 (York et al., 2006a,

proper frequencies for 21-cm follow-up. While not every
QSO will have a DLA absorber at a detectable redshift,
the odds are still better using this method than they
would be for an optically-selected survey.
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Figure 10: The 5780 ADIB-N(H 1) relationship, and the
5780 ADIB-E(B — V) relationship. Figure from York et al.
(2006a).

Finally, in order to obtain candidate Mg II systems
to test the relationship between mass and W2 the
SDSS does prove to be an appropriate solution. J. Willis,
P. Hewett and R. LASTNAME have already amassed
a catalogue of systems which have both a background
quasar and a foreground galaxy in the same 3”0 fibre
aperture (and which thus have their SDSS spectra super-
imposed on one another). Currently they have obtained
high-resolution imaging data for 32 of these systems, and
they will be using gravitational lensing to determine the
system mass. In cases where the foreground galaxy is at
a sufficiently high redshift, the Mg 11 absorption, if any,
may be directly obtained from the SDSS spectrum. For
the remaining systems, if the Mg 11 lines are redshifted
into the optical, follow-up spectroscopy with either a 4-
or 8-m class telescope should prove sufficient to deter-
mine W27,

and see Figure 9), and we have derived upper limits for
the remaining systems. In all cases, W27 is less than
the Galactic relation from Herbig (1993) would suggest
(see Figure 10), and the 6284 A DIB, which is at least
twice as strong as the 5780 A DIB in every Galactic

Observations and Results
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sightline, has an upper limit of less than twice W™
(a characteristic it shares with one extra-galactic sight-
line towards Sk 143 in the Small Magellanic Cloud e.g.
Welty et al. 2006). The two Galactic relationships that
hold in the DLA towards AO 02354164 are the W>780-
E(B — V) relationship, and the W>7-W>5780 relation-
ship (e.g. Thorburn et al. 2003, and see Figure 11).
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Figure 11: The 5705-5780 DIB relationship. The purple
stars are AO 0235+164 (detection) and J0013-0024 (upper
limit).

If the DIBs are not a useful proxy for N(H 1) or ISM
conditions in most DLAs, they still might serve as such
in some subset of the population. Alternately, if a sub-
set of DLAs could be found in which DIBs were easy to
detect, DLAs might serve as a laboratory for investigat-
ing the correlations between various DIBs. The Ca 11
DLAs are a set of absorbers found in the SDSS which,
while they do not have direct Lya measurements, are
almost certainly DLAs and, moreover, DLAs with un-
usually high dust content (Wild & Hewett, 2005). We
examined nine Ca II absorption systems, and we were
able to detect the 5780 A DIB in one system: J0013-0024
(see Figure 12). Our limit for W28 is less than W780
(once again inconsistent with Galactic sight-lines), al-
though the upper limit we derive for W>7% is consistent
with the existing relationship. Since no N(H 1) measure-
ment exists for J0013-0024, we are unable to determine
whether or not w5780 is consistent with N(H 1) in this
system. Overall, given our rate of success so far, we must
conclude that the 5780 A DIB is not a useful proxy for
N(H 1), and that, given our inability to detect even the
majority of the strong DIBs, the relative strengths of the

Observations and Results

DIBs offer a limited amount of useful information.
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Figure 12: The 5780 A DIB in J0013-0024, along with Na 1
and Ca 11 doublets.

In order to increase the sample size of 21-cm observa-
tions, we have completed a new optical survey for high-
redshift DLAs. Because our primary goal was to detect
DLAs suitable for 21-cm follow-up, we chose QSOs with
strong low-frequency radio emission from the Texas 365-
380 MHz survey (Cotton, 1976). We observed 48 quasars
over a wavelength range from ~ 3000 — ~ 6000 A, and
found a total of 10 DLAs (and one Mg I1 system) in ab-
sorption in front of 8 quasars, of which seven are suitable
for 21-cm follow-up at the Green Bank Telescope (GBT),
one may be observed with the Giant Metrewave Radio
Telescope (GMRT), and two are unobservable currently
due to the required frequency or the presence of RFI at
GBT. We have observed four of these systems (including
one with unacceptable RFI, and the Mg 11 system), and
reduced our observations of TXS 0311+430 (see Figure
13). This system has a DLA at z = 2.289 with strong
21-cm absorption corresponding to a spin temperature
T, = 142439 K, amongst the lowest seen at any redshift
and certainly the first low-T5 system seen at high red-
shift (see Figure 14). If the Ts-morphology relationship
holds, we expect this system to be a large, metal-rich
spiral galaxy. We currently have a metallicity limit of
[Si/H] > —0.48 based on the saturated Si 11 A\1808 A
line.

Finally, I have become aware of a project currently
being undertaken by J. Willis, R. LASTNAME and col-
laborators to determine the masses of a set of galaxies
through gravitational lensing. In particular, they have
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selected a number of systems from the SDSS in which
both a galaxy and a quasar are within the 3”0 fibre aper-
ture of an SDSS spectrum, determined the redshifts and
impact parameters of both systems (and that the quasar
has not been gravitationally lensed by the galaxy), and
they are using this information to determine an upper

limit to the mass of the galaxy. In some of these cases,
the SDSS spectra directly cover the Mg 11 AA2796,2803
doublet, from which W™ may be extracted. In other
cases, follow-up spectroscopy with another optical tele-
scope should be able to detect the doublet.

5 Planned Observations & Other Work

With respect to the Diffuse Interstellar Bands work,
there is little left to do. In addition to the ApJ letter
(already published), a paper describing the entire first
search is currently in preparation (by B. Lawton and
C. Churchill). The Ca 11 system DIB search has not
yet been published, but the data reduction and analy-
sis has essentially been completed. The remaining work
involves an analysis of the absorbing galaxy associated
with the DLA to determine its properties, and whether
the W2™0-FE(B — V) relation also holds in this system,
and potentially a further analysis involving the Ca 11
absorbers as a whole and the W>™" upper limits, to
determine whether the DLA sight-lines are drawn from
the same population as Galactic or local extra-galactic
sight-lines.
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Figure 13: TXS 0311+430, including optical (top two pan-
els) and 21-cm (bottom panel) absorption.

For the 21-cm project, the 21-cm observations and
data reduction must be completed, and the results pub-
lished (including a paper on the optical survey and
another, currently in progress, on the detection of
TXS 03114430). If there are any other QQSOs which
may be profitably added to the optical survey set, they

must also be observed, both in the optical and, if neces-
sary, in the radio. Finally, once the 21-cm observations
and data reduction have been finished, the full data set
must be analysed to determine what insight it provides
on the nature of high-redshift absorbers and their spin
temperature. We have also been granted time on Gemini
North to observe TXS 03114430 in order to determine
its metallicity from the Zn 11 A2026 absorption line, and
we will be applying for imaging time in an attempt to
detect the host galaxy, and determine if it is a large,
bright spiral.
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Figure 14: Spin Temperature vs. redshift. Labels are as in
Figure 5, except the open star represents TXS 0311+430.

Finally, the Mg 11 systems which form part of the
lensing project must be re-observed (if necessary) and
analysed. An analysis of the nine systems with SDSS
spectra that include the Mg 11 doublet may determine
whether the project is viable (and, indeed, even the mass
determination of the lensing component may prove un-
workable), and additional systems must be examined as
soon as they are added to the list of systems to be ex-
amined by the lensing group.

Planned Observations & Other Work
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