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Abstract. We present sensitive Giant Metrewave Radio Telescope (GMRT) and high-resolution Arecibo HI 21-cm
observations of the damped Lyman-o absorber (DLA) at z = 0.2212 towards OI 363 (B2 0738+ 313). The GMRT
and Arecibo spectra are in excellent agreement and yield a spin temperature Ts = 890 + 160 K, consistent with
earlier lower sensitivity observations of the system. This value of Ty is far higher than spin temperatures measured
for the Milky Way and local spirals but is similar to 7 values obtained in the majority of damped absorbers
(Ty 2 1000 K). The high velocity resolution of the Arecibo spectra enables us to obtain estimates of physical
conditions in the absorbing clouds by fitting multiple Gaussians to the absorption profile. The spectra are well fit
by a three-component model with two narrow and one wide components, with temperatures T, = 308 £ 24 K,
Tk, = 180 £ 30 K and Ty, = 7600 £ 1250 K, respectively. The last of these is in excellent agreement with
the expected temperatures for the WNM (5000—8000 K). Further, the mere fact that components are seen
with lower temperatures than the estimated Ty implies that the absorber must have a multi-phase medium.
We use the measured 21-cm optical depth and the above estimates of the kinetic temperature to obtain the
HI column density in the various components. The total column density in the narrow components is found to be
Nur(CNM) < 1.940.25 x 10%° em™2, while that in the wide component is Ny (WNM) > 1.264-0.49 x 10?" em™2.
Thus, the WNM contains at least 75% of the total HI in the z = 0.2212 DLA, unlike our Galaxy, in which the
CNM and WNM have equitable contributions. As conjectured earlier (Chengalur & Kanekar 2000), this accounts
for the difference in the spin temperatures of the z = 0.2212 system and local spirals, suggesting that the DLA
is probably a dwarf or LSB type galaxy; this is also in agreement with optical studies (Turnshek et al. 2001).
Finally, the total column density in the DLA is found to be Nur ~ 1.45 # 0.49 x 10*' ¢cm™2, which agrees within
the errors with the value of Nur = 7.9 & 1.4 x 10?° ¢cm™2, obtained from the Lyman-a profile (Rao & Turnshek
1998). This reinforces our identification of the wide and narrow components as the WNM and CNM respectively.
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1. Introduction

Extragalactic gas clouds which lie along the line of sight
to a distant quasar give rise to absorption lines in the
quasar spectrum. For clouds with neutral hydrogen col-
umn density Ny 2 1029 cm™2, the width of the absorp-
tion line corresponding to the Lyman-« transition is very
large because the optical depth is substantial even in the
Lorenzian wings of the line profile. Essentially, at these
column densities, the shape of the absorption profile is de-
termined not by the Doppler motions of the atoms in the
cloud, but by the natural profile of the line. These high col-
umn density systems (called damped Lyman-a absorbers,
or DLASs) are rare — the probability of finding a DLA in a
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random search towards a high redshift quasar is ~0.25 per
unit redshift interval (Storrie-Lombardi & Wolfe 2000).
Nonetheless, DLAs contain the bulk of the observed neu-
tral gas at high redshift (2 ~ 3) and are hence logical
candidates for the precursors of today’s galaxies.

Since quasars are essentially point-like objects in the
optical and UV wavebands, their absorption spectra in
these bands contain information only on the gas illumi-
nated by the narrow pencil beam of continuum emission
from the quasar. It is largely for this reason that the typ-
ical transverse size, luminosity and mass of DLAs remain
controversial despite almost two decades of systematic
study. Damped systems at high redshift have traditionally
been assumed to be disk galaxies (e.g. Wolfe 1988). Some
support for this hypothesis is provided by high spectral
resolution optical studies of the absorption profiles of low
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ionization metals in the absorbers. These metals have ion-
ization potentials lower than that of HI, as well as unsatu-
rated line profiles; these profiles thus trace the kinematics
of the neutral gas in the DLA (Lanzetta & Bowen 1992).
Prochaska & Wolfe (1997, 1998; but see Ledoux et al.
1998) used a large sample of DLAs to argue that the
metal line profiles were consistent with those arising from
rapidly rotating massive disks. However, it was later
shown that such profiles could also be generated in a va-
riety of DLA models, ranging from merging sub-galactic
blobs (Haehnelt et al. 1998), to randomly moving clouds
in a spherical halo (McDonald & Miralda-Escude 1999).
At low redshifts, Hubble Space Telescope (HST) and
ground-based imaging and spectroscopy can be used to
carry out detailed studies of the galaxies responsible
for the damped absorption. These observations indicate
that DLAs are associated with a wide variety of galaxy
types and are not exclusively (or even predominantly) spi-
ral galaxies (Le Brun et al. 1997; Rao & Turnshek 1998;
Turnshek et al. 2000). In this paper, we will discuss
HI 21-cm observations of the DLA at z = 0.2212 toward
the radio-loud quasar OI 363 (B2 0738 + 313); this ab-
sorber has been identified by recent studies as a dwarf,
or possibly LSB-type, galaxy, with luminosity L ~ 0.1L,
(Turnshek et al. 2001; Cohen 2001).

HI 21-cm absorption was first detected in the DLA at
z = 0.2212 by Lane et al. (1998), using the Westerbork
Synthesis Radio Telescope (WSRT); these observations,
however, only marginally resolved the line. A higher
sensitivity, higher resolution spectrum using the Giant
Metrewave Radio Telescope (GMRT) was presented by
Chengalur & Kanekar (1999). This 21-cm profile showed a
single, narrow component with FWHM ~ 5.5 km s~! and
was used to estimate the spin temperature of the ab-
sorbing gas. This was found to be quite high, T, =
1120 4+ 200 K. In the Galaxy, gas with a temperature
of ~1000 K is unstable. In standard models of the
galactic interstellar medium (ISM) (Wolfire et al. 1995;
Kulkarni & Heiles 1988), neutral hydrogen exists in only
two stable phases, a cold phase at ~80 K and a warm
phase at ~8000 K. For a multi-phase medium, how-
ever, the measured spin temperature is the column den-
sity weighted harmonic mean of the temperatures of
the different phases. It was hence proposed that the
high values of Ty estimated for this and other DLAs
were due to a substantial fraction of their neutral gas
being in the warm phase (Chengalur & Kanekar 2000;
Kanekar & Chengalur 2001).

Here, we present high-resolution Arecibo HI 21-cm ob-
servations of the z = 0.2212 absorber, supplemented by
a deep GMRT 21-cm observation of the system. These
observations enable us to directly determine the kinetic
temperature of the absorbing gas and thus, to distinguish
between the warm and cold phases. We find, as conjec-
tured previously, that the bulk of the gas is indeed in the
warm phase, which contains at least three-fourths of the
total HI along this line of sight. This is the second DLA
for which it has been observationally established that a
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high spin temperature is due to a preponderance of gas in
the warm neutral medium; Lane et al. (2000) show that
this phase contains at least two-thirds of the gas in a DLA
at z = 0.0912 (also, coincidentally, towards OI 363).

The rest of the paper is organised as follows: the
GMRT and Arecibo observations and data analysis are
described in Sect. 2. Section 3 presents the absorption
spectra; the spin temperature of the absorber and the tem-
peratures of the different absorbing components are also
estimated here. Finally, Sect. 4 discusses our results both
in the context of observations of the z = 0.2212 DLA
at other wavelengths, and with respect to their general
implications for the nature of systems which give rise to
damped Lyman-« absorption.

2. Observations and data analysis
2.1. Arecibo observations and data analysis

The z = 0.2212 absorber towards OI 363 was observed on
a number of occasions in February, April and August 2000,
using the 305-m Arecibo radio telescope. All observa-
tions were done in total power mode, with the “L-wide”
receiver, using 9-level sampling for the auto-correlation
spectrometer. Two orthogonal circular polarization chan-
nels were observed simultaneously. The first two sessions
(in February and April 2000) used bandwidths of 3.125
and 6.25 MHz, centred at a heliocentric redshift of z =
0.2212, and divided into 2048 channels. This yielded ve-
locity resolutions of 0.3935 and 0.79 km s~! respectively.

OI 363 has substantial continuum flux density (~2 Jy)
at L band and the bandpass is hence dominated by sys-
tematics due to standing wave patterns. To improve the
bandpass calibration, the observations were carried out
in a “double switched” mode. OI 363 was observed first,
followed by an observation of blank sky. Next, a simi-
lar position-switched observation was made for a nearby
source, OI 371 (B 0742+318, flux density ~1.4 Jy). OI 363
and OI 371 have very similar declinations and continuum
flux densities; the observations were so timed that the alt-
az track of the feed was almost the same for all phases of
the observing cycle. Each of these phases was ~4 min long
(with 5-second data records) and this cycle was repeated
on each observing day for as long as the sources were vis-
ible from Arecibo. All observations were carried out at
night, to minimise solar effects. The total on-source time
for OI 363 was about 9 hours.

A second set of observations was carried out in
August 2000, with the aim of better resolving the narrow
absorption components seen in the initial Arecibo obser-
vations. Far smaller bandwidths of 0.781 and 0.195 MHz
were hence used, again divided into 2048 channels, and
with two polarizations at each setting. This gave veloc-
ity resolutions of ~0.099 and ~0.025 km s~! respectively.
These observations were carried out in the standard on-
off position switching mode (i.e. a single blank sky spec-
trum was used to calibrate the bandpass), since the wider
of the two bandwidths (0.781 MHz) was narrower in
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frequency than one cycle of the standing wave ripple
(which is ~1 MHz at Arecibo). Each on-off cycle was of
five minutes duration, sub-divided into 1-second records.
The total on-source time was ~35 min.

The data for both sets of observations were reduced
using the Arecibo software package ANALYZ. For the
February and April observations, each four-minute spec-
trum was initially inspected for radio frequency inter-
ference (RFI). If interference was seen, the individual
5-s records of the four-minute run were passed through
a standard RFT excision program, and all records with
strong (> 100) features were removed. Each four-minute
spectrum was also inspected for the presence of stand-
ing waves. It was found that the fluctuations on each
such position-switched spectrum were indeed dominated
by standing waves across the bandpass. However, when
an OI 363 spectrum was divided by the corresponding
spectrum of OI 371 using the formula,

Spectrum — {M] [M} (1)
Off  Jor 363 Off  Jorsn

the resultant spectrum contained essentially Gaussian
noise. This ratio of the two spectra was also band-
pass corrected and had no remaining effects from the
azimuth/zenith-angle dependence of gain. It was then
multiplied by the flux density of OI 371 (taken to be 1.4 Jy
at 1160 MHz) to convert the spectrum into Jy.

The basic data editing for the August spectrum was
carried out in a similar manner. Here, however, the indi-
vidual five-minute spectra were obtained by the formula

On — Off

Off @)

Spectrum = [ ] .

oI 363
The spectra were then corrected for the System Equivalent
Flux Density (SEFD) v/s Zenith angle dependence, to ob-
tain the final spectra in Jy.

For all data sets, the above procedure was carried out
separately for the two polarizations. Individual four- and
five-minute spectra were averaged together (using the ap-
propriate weights) to produce the final spectrum for each
bandwidth. A linear baseline was then fitted to these spec-
tra (excluding the location of the line) and subtracted.
Finally, the spectra were divided by the mean contin-
uum flux density to convert them into optical depth (since
the line is optically thin, a simple division by the contin-
uum level suffices to convert from flux density into optical
depth).

2.2. GMRT observations and data analysis

GMRT observations of the z = 0.2212 absorber were car-
ried out on 19 October, 2000. The standard 30-station
FX correlator, which gives a fixed number of 128 channels
over a bandwidth which can be varied between 64 kHz
and 16 MHz, was used as the backend. A bandwidth of
1 MHz was used for the observations, yielding a spectral
resolution of ~2.0 km s~!. 3C147 and 3C286 were used
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to calibrate the absolute flux density scale and system
bandpass; no phase calibrator was used since OI 363 is
itself unresolved by the GMRT. The total on-source time
was around four and a half hours, with sixteen antennas
present.

The data were analysed in AIPS using standard pro-
cedures. The analysis was fairly straightforward since
there is negligible extended emission in the OI 363 field.
Continuum emission was subtracted by fitting a lin-
ear baseline to the U — V wvisibilities, using the AIPS
task UVLIN. The continuum subtracted data were then
mapped in all frequency channels and a spectrum ex-
tracted at the quasar location from the resulting three-
dimensional data cube. Spectra were also extracted at
other locations in the cube to ensure that the data were
not corrupted by interference. A spectrum was also ob-
tained by simply vector averaging the U —V visibilities to-
gether, using the AIPS task POSSM. Since the two meth-
ods are essentially equivalent for the present case of a point
source at the telescope phase centre, we use the POSSM
spectrum in the discussion below. The RMS noise on this
spectrum is ~2.8 mJy, while the flux density of OI 363 was
measured to be 2.25 Jy. Our experience with the GMRT
indicates that the flux density calibration is reliable to
~15%, in this observing mode.

3. The temperature of the absorbing gas

The spectra are shown in Figs. 1 and 2. Figure 1a presents
the final Arecibo 3.125-MHz (~0.395 km s~! resolution)
spectrum in open squares. This has been smoothed to
a resolution of ~2 km s~! to compare it to the GMRT
spectrum, shown here as a thin solid line. The agree-
ment between the two is excellent. The central narrow
absorption component can be seen to be slightly asym-
metric in both spectra. Further, in addition to the deep
narrow component, the 21-cm spectrum also has a shal-
low broad component, seen in both the Arecibo and the
GMRT spectra. This component can be more clearly seen
in the zoomed-in plot of Fig. 1b, where the two spec-
tra have again been superposed; again, the solid line is
the GMRT spectrum, while the open squares are the
points on the Arecibo 3.125-MHz spectrum. Figure 1c
shows the Arecibo 3.125-MHz spectrum at the original
resolution of ~0.4 km s~! (open squares); the thin solid
line is the multi-Gaussian fit to the spectrum which will
be discussed later. This spectrum has an RMS noise of
~0.001 in optical depth per ~0.4 km s=! channel (i.e.
~2 mJy). The deepest absorption occurs at a heliocentric
frequency of 1163.075 MHz, i.e. at a heliocentric redshift
of z = 0.221250 4 0.000001.

3.1. The spin temperature

For optically thin absorption by a homogenous HI cloud,
the 21-cm optical depth 797 is related to the column den-
sity Nur and spin temperature Ty by

1.8 x 10187,
Nygr = B 2 /7’21dV (3)
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Fig. 1. The 21-cm absorption spectra of the z = 0.2212 absorber towards OI 363. a) A comparison of the Arecibo 0.4-km s™! res-
olution spectrum (open squares) with the GMRT 2.0-km s~ resolution spectrum (shown as a thin solid line). The Arecibo
spectrum has been smoothed to a resolution of ~2-km s~* for the comparison. The vertical lines above 7 = 0, indicate the loca-
tions of the centres of the three components. b) The 0.4-km s™' resolution Arecibo spectrum (open squares) shown superposed
with the GMRT 2.0-km s™! resolution spectrum (solid line). This is a zoomed-in version of panel a) to bring out the shallow
absorption wing seen in both spectra. The Arecibo spectrum has again been smoothed to a resolution of ~2 km s~! for the
comparison. ¢) The 0.4-km s™* resolution Arecibo spectrum (open squares) with the three-component Gaussian fit shown as a
thin solid line. (see the text and Table 1 for the fit parameters). d) The 0.4-km s™! resolution Arecibo spectrum (open squares)
shown superposed with the multi-Gaussian fit (thin solid line). This is a zoomed-in version of panel c¢) to bring out the shallow
absorption wing. The dotted line is a two-component Gaussian fit, which clearly brings out the necessity of including a wide
component. e) Residuals left after subtracting the two narrow components from the 0.4-km s™' resolution Arecibo spectrum
(open squares). The fit to the wide component (see text and Table 1) is shown as a thin solid line. f) Residuals left after
subtracting the two narrow components and the wide component from the 0.4-km s~' resolution Arecibo spectrum.
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where f is the covering factor of the absorbing gas.
OI 363 is a highly compact radio source (Lane et al. 2000;
Stanghellini et al. 1997) and, as discussed in Chengalur &
Kanekar (1999) and Lane et al. (2000), the covering fac-
tor of the absorber is likely to be close to unity. As men-
tioned in Sect. 1, the earlier, lower sensitivity GMRT ob-
servations of Chengalur & Kanekar (1999) yielded a high
spin temperature Ty = 1120 £+ 200 K for the absorber.
The deeper Arecibo observations can be used to obtain
a more precise estimate of the spin temperature of the
system. The 3.125-MHz Arecibo spectrum was used for
this purpose as this, of all the Arecibo spectra, provides
the optimum balance between resolution and signal-to-
noise ratio. The integrated optical depth of the spectrum
in Fig. 1c gives an HI column density of Ny = 0.889 +
0.007 x 10'8 Ty em~2 for the absorbing gas. The column
density obtained from the HST Lyman-« profile is Ny =
7.94£1.4x10%° cm~2 (Rao & Turnshek 1998). Comparing
the two yields a spin temperature Ty = 890+ 160 K, which
agrees within the errors with the values obtained earlier
by Lane et al. (1998) and Chengalur & Kanekar (1999).
In the Galaxy, the neutral ISM has no stable phase
with a temperature of ~1000 K (although recent Arecibo
observations indicate that a significant fraction of neutral
gas may be in the unstable phase with 500 K < Ty <
5000 K; Heiles & Troland 2000; Heiles 2001). Instead,
there exists a cold phase (the Cold Neutral Medium —
CNM) with a temperature of ~80 K and a warm phase
(the Warm Neutral Medium — WNM) with a temperature
of ~8000 K. For each individual phase, the spin temper-
ature is essentially the same as the kinetic temperature
of the gas. However, the measured spin temperature for a
multi-phase absorber is the column density weighted har-
monic mean of the temperatures of the different phases
(provided that the optical depth of the gas in each phase
is small; see e.g. Kulkarni & Heiles 1988). The high spin
temperature of the z = 0.2212 DLA suggests that the
bulk of its neutral gas is in the warm phase, if it has a
multi-phase ISM similar to that of the Galaxy.

3.2. Temperatures of the individual phases: detection
of the WNM

The high resolution and sensitivity of the Arecibo obser-
vations allow us to resolve the HI absorption profile into
its individual components. As the measured optical depths
are much smaller than unity, this can be used to obtain
information on the temperatures of the different phases of
neutral hydrogen in the absorber. Optically thin absorp-
tion lines have Gaussian shapes if the absorbing gas has
a thermal distribution. The kinetic temperature Ty of the
gas is then related to the velocity width of the absorption
profile by

Ti = 21.87 x AV? K, (4)

where AV is the FW HM of the Gaussian line in km s~!.
In fact, the measured velocity width provides an upper
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limit to the kinetic temperature, even in cases of non-
thermal contributions to the line width, since the mea-
sured width must be larger than (or equal to) the width
due to thermal motions. Thus, given sufficient velocity
resolution, one can obtain the kinetic temperatures (or
upper limits on Ty) of the different absorption compo-
nents, and then, using Eq. (3), their HI column densities
(since Ty = T, see Kulkarni & Heiles 1988). This gives an
independent estimate of the HI column density of the ab-
sorber, which can be compared to that obtained from the
Lyman-« profile.

Since the narrow component seen in the Arecibo
and GMRT spectra is asymmetric and there is addi-
tional broad weak absorption, we attempted to simulta-
neously fit three Gaussians to the absorption profile. The
3.125-MHz Arecibo spectrum was again used for this pur-
pose. (Attempts were also made to fit only two Gaussians
to the spectrum but, as expected, this was found to leave
large residuals.) The three component fit to the 3.125-MHz
spectrum decomposes the central feature into two compo-
nents, the first with a velocity width (FWHM) AV, =
3.76 £0.12 km s~ ! and peak optical depth 7, = 0.076 £
0.002, and the second with AVy = 2.8740.25 km s~! and
79 = 0.022 £ 0.004. The third, wide component has an
FWHM of AV3 =18.654+1.11 km s~—! and a peak opti-
cal depth 73 = 0.0046 £ 0.0004. This best-fit model is su-
perposed on the Arecibo 3.125-MHz spectrum in Figs. 1c
and d; here, the fit is shown as a solid line, while the open
squares indicate the original spectrum. Figure le shows
the spectrum after subtracting the two Gaussians fit to
the narrow central component; the third, wide component
is clearly visible. This spectrum also shows the fit to the
wide component (solid line), which appears quite reason-
able. Finally, Fig. 1f shows the spectrum after subtracting
all three Gaussian components. The residuals are seen to
lie within the noise.

The 0.781-MHz bandwidth Arecibo spectrum (shown
in Fig. 2) has far lower sensitivity than the 3.125-MHz
spectrum (owing to a much shorter integration time). It is
consequently not very sensitive to the wide component. An
independent check of the fit to the narrow components can
however be made by fitting solely to these components,
while keeping the parameters of the wide component fixed
at the values determined from the 3.125-MHz spectrum.
The parameters obtained from this fit agree (within the er-
rors) with those listed above for the 3.125-MHz spectrum
although there is a suggestion that the secondary narrow
component may be even narrower than determined from
the latter. Similarly, because of its relatively poor resolu-
tion, the GMRT spectrum is not particularly sensitive to
the decomposition of the narrow component. However, the
fit to the wide component (as obtained after keeping the
parameters of the narrow components fixed to the values
obtained from the 3.125-MHz Arecibo spectrum) is in ex-
cellent agreement with that obtained independently from
the Arecibo data. Table 1 summarises the parameters of
the fits to the different spectra.



N. Kanekar et al.: Multi-phase ISM at z = 0.2212

399

Table 1. Parameters of the multi-Gaussian fits to the different spectra. AO Low is the Arecibo 3.125-MHz bandwidth spectrum,
GMRT is the GMRT 1.0-MHz bandwidth spectrum, and AO High is the Arecibo 0.78125-MHz bandwidth spectrum. The kinetic
temperature, Nur and redshift are computed from the AO Low spectrum, which has by far the best signal-to-noise ratio.

Component 1 2 3

Optical depth AO Low | 0.076 +0.002 | 0.022 4+ 0.004 | 0.0046 = 0.0005
GMRT 0.0055 £ 0.0005
AO High | 0.080 4+ 0.002 | 0.016 4 0.007

FWHM (kms™') AO Low | 3.7640.12 2.87 +0.25 18.65 +1.11
GMRT 18.77 £1.82
AO High | 3.8540.30 1.75 £ 0.69

Ti (K) 308 + 24 180 + 30 7600 + 1250

Nt (10%° em™2) 1.7+0.24 0.2140.1 12.6 £ 4.9

Redshift (+1079) 0.221250 0.221240 0.221239

-0.02

Optical Depth
o
g

-0.06

60 -40 -60

Velocity (km/s)

Fig. 2. High resolution (~0.1 km s™') Arecibo HI 21-cm spec-
trum of the z = 0.2212 absorber towards OI 363 (open
squares). The thin solid line is the fit derived from the
~0.4-km s™" Arecibo data.

Equation (4) can now be used to obtain the kinetic
temperatures of the individual Gaussian components, us-
ing the velocity widths listed in Table 1. This yields
Ty, = 308 £ 24 K and T}, = 180 £ 30 K, for the two
narrow components, and Ty, = 7600 + 1250 K, for the
broad component. Clearly, the measured spin tempera-
ture Ty = 890 £ 160 K is quite different from the physical
temperatures of the absorbing clouds. The kinetic temper-
atures of the first two components are larger than those of
cold clouds in the Milky Way (Braun & Walterbos 1992),
while the temperature of the third (Tx ~ 7600 K) is in
excellent agreement with estimates of the temperature

of the WNM (~5000-8000 K; Kulkarni & Heiles 1988;
Carilli et al. 1998). Note that recent Arecibo observations
of the WNM in the Milky Way have found some evidence
for lower temperatures than the above, with T, ~ 2000 K
(Heiles & Troland 2000; Heiles 2001), although these re-

sults are still in preliminary form.

These estimates of the kinetic temperature can be used
in Eq. (3) to obtain the HI column densities of the dif-
ferent components. This yields Npr(l) = 1.7 £ 0.24 x
102 cm™2 and Nyp(2) = 2.1£1.0x 10! em™2 for the two
narrow components, and Ny (3) = 1.264-0.49 x 10%! cm 2
for the wide component. The total column density in all
three components is Ny1 = 1.45 4 0.49 cm ™2, larger than
(but, given the errors, still in agreement with) the value
of 7.9 £ 1.4 x 10%2° cm ™2 obtained from the Lyman-a line
(Rao & Turnshek 1998). Given that the 21-cm Ny mea-
surements are, strictly speaking, upper limits, since there
may be non-thermal contributions to the line width, the
agreement between the column densities obtained from
the 21-cm profile and the Lyman-« profile is quite good.
Thus, the 21-cm profile of this absorber agrees fairly well
with what would be expected from an absorber with a
multi-phase medium much like that of the Galaxy (at
least, in terms of the temperatures of the two phases).

It should be noted that non-thermal motions of a given
magnitude will make a larger difference to narrow lines
than to wide lines. It is therefore likely that the column
density in the narrow components (which we identify with
the CNM) are more severely over-estimated. The total
contribution of the CNM to the HI column density is
Nur(CNM) < 1.9 4 0.25 x 10%° cm ™2, i.e. at most 24%
of the total column density obtained from the damped
Lyman-« line (Rao & Turnshek 1998). Of course, it is pos-
sible that the wide component also has a low kinetic tem-
perature and that its large width is primarily due to non-
thermal motions of the absorbing gas. For example, this
could be due to the blending of a number of narrow CNM
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lines of low optical depth, rather than due to absorption
by the WNM. Even in such a situation, however, the to-
tal contribution of such clouds to the HI column density
would be very low, leaving unaccounted a substantial frac-
tion of the column density, which must lie in a still hot-
ter component. For example, if we assume that the hy-
pothetical blended cold clouds have kinetic temperatures
Ty ~ 100 K, then the total HI column density in the wide
component is negligible, Ng1 ~ 1.7 x 10'® cm=2. The bulk
of the gas seen in the Lyman-a profile would hence still
be required to be in a phase whose temperature is suffi-
ciently large to make the 21-cm optical depth lower than
our detection threshold. Thus, regardless of whether or
not the wide component is identified with the WNM, one
requires ~76% (or possibly, even more) of the HI to be
contained in the WNM. Indeed, the mere fact that we ob-
serve components in the absorption profile whose kinetic
temperatures are smaller than the average spin temper-
ature of the gas means that the gas must have multiple
phases, including a warm phase. Given the relatively good
agreement between the damped Lyman-a and 21-cm HI
column densities and the reasonable value of the derived
kinetic temperature of the wide component, we consider it
highly likely that the wide component is indeed gas in the
WNM phase. Note that in calculating the fraction of gas
in the WNM phase we have assumed that the damped
Lyman-a Nyp measurement is the best estimate of the
total neutral-hydrogen column density.

4. Discussion

As discussed in the previous section, the 21-cm absorp-
tion profile of the z = 0.2212 DLA is in excellent agree-
ment with that expected were the absorption to arise in
a multi-phase medium similar to that of the Milky Way.
However, unlike the Galaxy, where the CNM and WNM
both make equitable contributions to the total HI column
density (Kulkarni & Heiles 1988), ~75% of the neutral hy-
drogen along this line of sight through the DLA must be in
the warm phase, i.e. with temperature ~8000 K, in order
to account for its high estimated spin temperature.

The average spin temperature for the z = 0.2212
absorber of ~900 K is far higher than the typical spin
temperatures of 100—200 K found in the Galaxy and
nearby spirals (Braun & Walterbos 1992; Braun 1997).
High spin temperatures of similar magnitude were ear-
lier obtained by Carilli et al. (1996) in DLAs at
high redshift. It was suggested there that the high T
values at high z might be explained by evolutionary ef-
fects. Since then, however, there has been a substan-
tial increase in the number of DLAs with 21-cm ob-
servations (Lane et al. 1998; Chengalur & Kanekar 1999;
Chengalur & Kanekar 2000; Kanekar & Chengalur 2001)
and, as Chengalur & Kanekar (2000) point out, high spin
temperatures appear to be typical for DLAs at all red-
shifts. So far, the only DLAs which show low T values
are those known to be associated with the disks of spiral
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galaxies. Chengalur & Kanekar (2000) (see also Kanekar
& Chengalur 2001) suggested that the high-Ty DLAs were
likely to be associated with dwarf or LSB-type galaxies,
where a combination of low central pressures, low dust
content and low metallicities result in a smaller fraction
for the CNM. Our conclusion that ~75% of the gas along
the line of sight through the z = 0.2212 DLA is in the
WNM phase is in good agreement with the observations
of Young et al. (2000), who find that nearby dwarf galaxies
have ~80% of their neutral gas in the WNM phase.

Apart from possible selection effects, the association
of DLAs with dwarf galaxies is somewhat surprising, both
because of the existing paradigm of DLAs being associated
with massive rotating disks (Prochaska & Wolfe 1997;
Prochaska & Wolfe 1998), and the expectation (based on
a census of the HI content of z = 0 optically cata-
logued galaxies by Rao & Briggs 1993) that the bulk of
the neutral HI at low redshifts is in large spiral galax-
ies. However, blind searches for HI emission at low red-
shift (i.e. unbiased by the presence of a catalogued galaxy;
Schneider et al. 1998; Rosenberg & Schneider 2000) also
indicate that there could be substantial amounts of HI
in optically faint galaxies, although these results are still
controversial (e.g. see Zwaan et al. 1997, for an opposing
point of view).

In this context, it is of interest that the three lowest
redshift DLAs known have all been (tentatively) iden-
tified as dwarf (or LSB) galaxies (Bowen et al. 2001;
Turnshek et al. 2001; Cohen 2001) (where, following
Turnshek et al. 2001, we only consider systems to be
DLAs if they meet the “classical” selection criterion
for a DLA, i.e. for which an observed Lyman-« profile
yields an HI column density Npp > 2 x 1020 Cm’Q). In
the case of the current absorber, Le Brun et al. (1997)
suggested that a galaxy at an impact parameter of
~6" from OI 363 was likely to be the DLA host. The
spectrum of this galaxy (Cohen 2001) confirms that it
is indeed at the correct redshift to produce the damped
absorption. Turnshek et al. (2001) present both detailed
multi-wavelength photometry and optical spectroscopy of
this system, and find that its colours are consistent with
a dwarf (L ~ 0.1L,) early-type galaxy. The radial profile,
however, indicates the presence of both a bulge and a
disk. Hence, these authors suggest that this galaxy could
be the equivalent of the dwarf spirals seen at low redshifts
(Schombert et al. 1995) and/or might have evolved from
the faint blue galaxies seen at higher redshifts. It should
also be noted that the impact parameter (~18) kpc is
somewhat large for a dwarf galaxy and it is thus also
possible that the absorption arises in an even fainter
companion galaxy.

The present detection of the WNM in the z = 0.2212
absorber towards OI 363 is the second case of evidence for
a multi-phase medium in an extragalactic system. Lane
et al. (2000) found that the z = 0.0912 absorber to-
wards the same quasar also has a multi-phase medium,
with at most ~one-third of the gas in the CNM phase.
Interestingly, this DLA is also likely to be associated with
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a dwarf galaxy; Turnshek et al. (2001) place an upper limit
of ~0.1 L, on its K band luminosity. It is possible that
such systems dominate current samples of DLAs because
the obscuration for lines of sight passing through gas with
both high metallicity and high dust content might well be
sufficient to make medium resolution spectroscopy of the
background quasar extremely difficult (Fall & Pei 1993).

As conjectured earlier, the high observed spin temper-
atures of DLAs thus seem to be a consequence of their
having a higher fraction of the WNM than is found for
the Galaxy. The fact that the two lowest redshift known
DLAs have high Ty means that this cannot be due to
evolutionary effects. The possibility that it is due to a
selection effect (i.e. a bias against highly obscured lines
of sight) cannot, however, be ruled out. Such a bias can
only be properly quantified by searches for DLAs against
bright radio sources, regardless of their optical magnitude.
Several such searches are currently under way (see e.g.
Ellison 2000) and an observational determination of the
importance of dust obscuration should be available in the
near future.
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