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5
The z = 0:0912 H I 21cm

Absorber toward B 0738+3131

We present a detailed study of the H I 21cm absorption system at z= 0:0912 to-
ward the radio quasar B0738+313. Although the harmonic mean spin temper-
ature calculated by comparison of the 21cm absorption profile to the damped
Ly� line is < Ts > = 725� 100 K, the thermal kinetic temperatures of the two
narrow absorption components, calculated from their widths, are much lower:
Tk � 297� 3 and� 103� 10 K respectively. This is the first case of a redshifted
absorption system for which Tk is measured to be less than < Ts >. We discuss
this result in the context of a two-phase gas model, in which the damped Ly�
gas is sensitive to a significant neutral column density of warm-phase gas as
well as the cold-phase gas of the narrow 21cm lines. The third absorption
component is interpreted as representing the warm-phase gas with with Tk
� 5050� 950 K. The combined column density of the three 21cm components
is approximately equal to that derived from fits to the damped Ly� line.
We also search for an H I emission signal from this system over a velocity
range of�500 km s�1 around the narrow 21cm absorption features. Although
a spectral dynamic range of 5500 to 1 is achieved at full resolution, no H I
emission is detected. The RMS noise in the final spectra is sufficiently low
to place a 3� upper limit on the H I mass of the absorber which rules out the
presence of a normal L=L? spiral galaxy at arbitrary inclination, unless the
velocity range of the emission overlaps that of the strong 21cm absorption.

1Based in part on a paper by W.M. Lane, F.H. Briggs, and A. Smette, 2000, ApJ, 532, 146.
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5.1 Introduction

Damped Ly� (DLA) and H I 21cm absorption lines are the spectral signatures of
systems with high neutral hydrogen column densities. Such systems are the major
contributors to the mass density of neutral gas at high redshifts (z � 3). Despite the
success of several surveys in identifying DLA absorption lines in both the optical
(Wolfe et al. 1986, Lanzetta et al. 1991, Wolfe et al. 1995, Storrie-Lombardi et al.
1996) and the UV regimes (Lanzetta et al. 1995, Rao and Turnshek 2000), our under-
standing of the morphology and evolution of the host galaxies in which they arise
remains poor. Until recently, most of the known DLA systems were at high redshift,
making identification and study of the host galaxies difficult.

The profiles of associated metal lines in these systems are consistent with the hy-
pothesis that DLAs arise in rapidly rotating large disks with substantial vertical scale
heights (Prochaska and Wolfe 1997, Prochaska and Wolfe 1998), which fits well with
the standard paradigm that DLAs arise in luminous disk galaxies or their progeni-
tors (Wolfe et al. 1995). However, there is a growing body of evidence in both the-
ory and observations that this model might not be applicable to all DLA absorbers.
Models based on DLA simulations suggest that the interactions of relatively small
systems or even protogalactic clumps might account for the line profiles and neu-
tral column densities of these absorbers (Rauch et al. 1997, Haehnelt et al. 1998). A
number of spectral and imaging studies of low- and moderate-redshift DLAs have
identified a variety of host galaxies with moderate to high luminosities, including
compact objects and amorphous low surface brightness (LSB) galaxies as well as spi-
ral disks (Steidel et al. 1997, Le Brun et al. 1997, Rao and Turnshek 1998).

Just as the morphology of DLA systems is poorly understood, so are their phys-
ical conditions, and in particular the temperature of the gas in which the absorption
arises. Under usual conditions in the interstellar medium (ISM), the excitation, or
spin temperature, Ts, describing the hyperfine level populations in the ground state
of neutral hydrogen is coupled to its thermal kinetic temperature, Tk. A harmonic
mean spin temperature, < Ts >, of all of the neutral clouds on a given sight line can
be determined by a comparison of H I 21cm absorption and an inferred 21cm emis-
sion profile for the same sight line, or by comparison of the 21cm absorption line
parameters to a column density from the DLA absorption feature on the same sight
line. However the values of < Ts > derived in this manner for redshifted DLA/H I
21cm absorbers are consistently higher than those found in clouds of similar optical
depth in the Galaxy(Lane et al. 1998, Carilli et al. 1996).

The two DLA absorption systems identified in the UV spectrum of the zem =

0:630 QSO B0738+313 (OI 363), are both examples of low-redshift absorbers associ-
ated with no identifiable luminous disk galaxy (Rao and Turnshek 1998). They are
both H I 21cm absorbers, and both have very narrow 21cm lines (Lane et al. 1998,
Chengalur and Kanekar 1999). The first absorber is the lowest redshift system for
which the DLA line has been observed (the “DLA System” at v � 1170 km s�1 re-
ported by Miller, Knezek, & Bregman (1999) was not observed in the Lyman lines,
and a measurement of x-ray absorption was used to infer the neutral H I column
density). It has a redshift z1 = 0:0912 and a neutral hydrogen column density of
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NHI = 1:5� 0:2� 1021 cm�2. It was discovered serendipitously in a Hubble Space Tele-
scope Faint Object Spectrograph (HST-FOS) spectrum taken to observe the Ly-� line
associated with the previously known metal-line absorption system at z2 = 0:2212
on the same sight line. This second system is also damped, with a slightly lower
column density of NHI = 7:9� 1:4� 1020 cm�2. In ground-based optical images only
one candidate host galaxy is visible near the QSO sight line. Based on its optical
brightness and the assumption that it is a moderately luminous galaxy, this candi-
date absorber has been associated with the higher redshift system, although it has no
confirming spectroscopic redshift(Le Brun et al. 1993). The other absorption system
must arise in either a low surface brightness (LSB) galaxy or a small galaxy which
falls under the image of the QSO(Rao and Turnshek 1998).

Here we present new information on the lower redshift (z1 = 0:0912) system on
the B0738+313 sight line. Very little is known about the associated metal lines, be-
cause the wavelength coverage of the only published optical spectrum (Boissé et al.
1992) does not include the expected wavelengths of any strong lines belonging to
this system, while the HST-FOS spectrum (Rao and Turnshek 1998) has insufficient
signal to noise ratio (S/N) and resolution to allow the detection of small equivalent
width lines. We present WHT/ISIS2 observations of Ca II H and K, the only metal
lines observed so far in this system. We discuss observations of the H I 21cm ab-
sorption made with the VLA (Very Large Array)3, and the Arecibo Radio Telescope4,
and the estimates of temperature which we derive from them. We also present Very
Long Baseline Array (VLBA)3data that was used to investigate the line character-
istics and gas covering factor on parsec, or typical ISM cloud scales. The VLBA
achieves subarcsecond resolution which provides a fair comparison to the UV and
optical absorption lines, because the optically emitting region of a QSO is subparsec
in size. Finally we present the results of a very sensitive Westerbork Synthesis Radio
Telescope (WSRT)5 search for emission associated with this H I absorber.

5.2 Observations

5.2.1 WHT/ISIS

The initial redshift determination from the DLA discovery spectrum of the z = 0:09
absorber on the B0738+313 sight line had an unreasonably large uncertainty due
largely to the difficulties in fitting damped absorption profiles, and the low signal
to noise of the HST detection spectrum. Because an accurate redshift facilitates the

2The William Herschel Telescope (WHT) is operated on the island of La Palma by the Isaac Newton
Group in the Spanish Observatorio del Roque de los Muchachos of the Instituto de Astrofisica de Canarias

3operated by The National Radio Astronomy Observatory, a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.

4The Arecibo Observatory is part of the National Astronomy and Ionosphere Center, which is operated
by Cornell University under a cooperative agreement with the National Science Foundation

5The Westerbork Synthesis Radio Telescope is operated by the Netherlands Foundation for Re-
search in Astronomy (NFRA/ASTRON) with support from the Netherlands Foundation for Scientific
Research(NWO).



80 Chapter 5. A z = 0:0912 H I 21cm Absorber

Figure 5.1: Ca II H and K absorption features at a redshift of z = 0:0910 are marked. No
significant absorption is seen at the expected positions for Fe I �3270, Al I �3945, or Ca I �4227.

search for associated 21cm absorption, observations were made of strong metal lines
which fall in the optical window at this redshift. Spectra were obtained using the
WHT+ISIS in service mode on the night of 1997 November 9-10, by R. Rutten. The
detector was the 2148x4200 EEV10 CCD. We used the R600B grating with a central
wavelength of 4300 Å, so that the spectrum covers the range �� 3420Å– 5200Å. The
slit was oriented along the parallactic angle, and its width was 100:00 providing a
spectral resolution of � 1Å. Two exposures of 900s and one exposure of 1800s were
obtained, for a total integration time of 1 hour. The data were reduced with standard
MIDAS routines.

An excerpt of the resulting spectrum is presented in Fig. 5.1. It shows the Ca II
H and K absorption lines with rest frame equivalent widths of 0:11� 0:02 Å and
0:15� 0:02 Å, respectively, at a mean redshift z = 0:09103� 0:00007, where the un-
certainty represents mainly the RMS of the wavelength calibration. No significant
absorption is seen at the expected positions for Fe I �3720, Al I �3945, or Ca I �4227.
This spectrum also covers emission line features from the QSO at z= 0:63. The large
peak near 4570 Å is Mg II emission, and the region between 4050 and 4320 Å contains
a complex of emission lines attributed to Fe II �2500.

5.2.2 VLA

The VLA was used in D-array configuration for 4 hours on 1998 January 3 to look for
associated H I 21cm absorption at the redshift of the Ca II lines. The sources 3C147
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and B0735+331 were used to calibrate the amplitude and passband. The observations
were made in 2 polarizations, with a bandwidth of 3.125 MHz centered at a helio-
centric frequency of 1301.81 MHz. The band was divided into 128 spectral channels
which gave a channel separation of 5.6 km/s. The data were reduced using standard
routines in AIPS. An unresolved 21cm absorption line was observed at a redshift of
z = 0:09118, with an optical depth � = 0:08 and a FWHM velocity ∆v= 13:4 km s�1.
By comparing the 21cm line characteristics with the column density from the DLA
measurement, a harmonic mean spin temperature of < Ts > = 775� 100 K was de-
rived. This temperature represents a column density weighted harmonic mean of the
spin temperatures of all of the neutral gas clouds along the sight line. The derived
harmonic mean spin temperature is typical of values found in most other redshifted
21cm/DLA absorbers, and is considerably higher than typical values at similar op-
tical depths in the Milky Way (Lane et al. 1998 and references therein).

5.2.3 VLBA

The z = 0:0912 line was observed on 1998 October 8 for just under 6 hours, using
the VLBA, as part of a project that observed both 21cm lines on this QSO sight line
simultaneously. All 10 VLBA stations participated in the experiment, but due to
technical problems, data from Kitt Peak and Los Alamos were not useful. Pie Town
had a fatal clock error which was corrected halfway through the experiment. The
compact source B0742+103 was observed for calibration purposes. The data were
reduced using standard routines in the AIPS data reduction package. The VLBA
telescopes have a poor sensitivity at 1163 MHz because it lies at the lower edge of
the L-band. As a result the observations of the z = 0:2212 system provided little
useful information, and were only able to confirm the line detection.

The observations of the z = 0:0912 absorber were more successful. At 1302 MHz
the QSO center is lightly resolved into a core and an extended component, as shown
in Figure 5.2, and all of the “core” flux from unresolved observations is recovered.
The symmetric, weak, extended lobes, which lie at roughly 3000 to the north and
south of the quasar (Murphy et al. 1993), have been resolved away. Spectra from
three locations across the QSO have been extracted. The upper spectrum is offset by
one synthesized beam-width (full width at half power) to the north; the lower offset
is one beam-width to the south, and two beam-widths to the east, corresponding to a
position along the extension of the QSO. Although nearly 65% of the continuum level
in the upper spectrum is due to contaminating signal from the center sight line, the
lower position is nearly completely independent and is unlikely to be contaminated
at a detectable level. The total shift in position on the sky between the center and
lower-most sight line is 13.2 mas, which corresponds to 20 h�1

75 pc at the redshift of
the absorber.

5.2.4 Arecibo

The Arecibo Radio Telescope was used to make three one-hour on source integra-
tions of the 1665 and 1667 MHz OH lines in the two absorption systems on the
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Figure 5.2: Contour plot of the core of B0738+313 observed with the VLBA at 1302 MHz.
The quasar is lightly resolved showing a slight extension to the southeast. Spectra have been
extracted at the three positions indicated by the arrows. The top spectrum is at Æx= 0; Æy= 10
mas, the center is at Æx = 0; Æy = 0, and the bottom at Æx = �10 mas, Æy = �10 mas. At a
redshift of z = 0:0912, 10 mas corresponds to 15 h�1

75 pc. The synthesized beam (FWHP) is
roughly 5 mas by 10 mas. The velocity scale is centered with v = 0 at a heliocentric frequency
of 1301.65 MHz.

B0738+313 sight line. Given the narrowness of the 21cm absorption features at both
redshifts (Lane et al. 1998, Chengalur and Kanekar 1999), we knew that the absorb-
ing clouds must be very cold and therefore might contain detectable molecular gas.
The observations were carried out by K. O’Neill on 1998 November 30 and 1998 De-
cember 1&3. Using the post-upgrade system, the L-Band wide receiver, and the new
autocorrelation spectrometer, it was possible to observe both OH lines at the red-
shifts of both DLA systems simultaneously by placing 4 bandpass subcorrelators at
appropriate frequencies. A bandwidth of 3.125 MHz and 1024 channels gave a ve-
locity resolution of 0.7 km s�1 in two polarizations. The observations were made in
an on/off “total power” mode. Total power spectra for the calibration source 3C236
were processed to form gain templates for the spectral passbands, and these tem-
plates were applied to the B0738+313 difference spectra using Analyz software. The
band centered on the OH 1665 MHz line at z1 = 0:0912 was badly corrupted by inter-
ference, and could not be used. No OH was detected in the other three bands (OH
1667 MHz at z1 = 0:0912 and both OH 1667 and 1665 MHz at z 2 = 0:2212), which
were Hanning smoothed to a velocity resolution of Æv = 1:4 km s�1 and had a 3�
detection limit of � = 0:0012.
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Figure 5.3: An Arecibo spec-
trum showing the H I 21cm line
at z = 0:0912 towards the QSO
B0738+313. Channel spacing is
0.35 km s�1, allowing this ex-
tremely narrow line system to be
resolved for the first time. The
thin horizontal line marks the
continuum level. A second ab-
sorption feature is clearly sepa-
rated from the main line. The
shallow feature on the high fre-
quency side of the main absorp-
tion is real.

On 1999 April 24-25, we observed the 21cm line in the z1 = 0:0912 system for
45 minutes on source using the on/off observation technique, in two polarizations.
Placing 2048 channels across the 3.125 MHz bandwidth gave a velocity resolution of
0.35 km s�1. The nearby source J0745+317 was observed as a calibrator. After gain
calibration and averaging, a linear baseline was removed from the data using Ana-
lyz to produce the spectrum shown in Figure 5.3. Two narrow absorption lines, the
principal component observed in the VLA data and the weak secondary component
first seen in the GMRT spectrum of Chengular & Kanekar (1999), are clearly resolved
and separated from each other in the Arecibo spectrum. In fitting the absorption fea-
tures we assume that the signal from any 21cm emission in this system is negligible
at this velocity resolution.

5.2.5 WSRT

Using the WSRT, we attempted a sensitive search for HI emission associated with
the z = 0:0912 absorber. The observations were made on five separate days with the
WSRT (6 November 1998, 16 November 1998, 2 December 1998, 18 December 1998,
and 14 January 1999), for a standard 12 hours each, or as close to that as scheduling
of the instrument allowed. The standard sources 3C48 and 3C147 were observed for
primary flux and passband calibration. A bandwidth of 5 MHz, divided into 256
channels, provided roughly 5.4 km s�1 resolution. The new DZB correlator as well
as the new cooled 21cm MFFE receivers were used to provide the greatest sensitivity
possible. Due to the ongoing upgrade, all 14 telescopes were never available, and
most of the data used either 10 or 11 telescopes only.

Several of the data sets had their U and V values switched. This was visible in the
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Figure 5.4: Continuum sub-
tracted WSRT spectra extracted
from the QSO core position. The
top panel shows the full reso-
lution spectrum, with channel
spacings ∆v = 5:4 km s�1. The
bottom panel shows the same
spectrum after it has been Han-
ning smoothed and resampled
at a velocity spacing of ∆v= 22:5
km s�1. The 3� RMS noise lev-
els are marked in both panels by
dashed lines.

map plane as a 90 degree rotation and a distortion of the sources, due to incorrect ap-
plication of the cos(dec) factor. All of the datasets are affected by a clock error, which
led to errors in the delay corrections applied by the on-line system. The roughly 10
second error was constant over a given observation, changing value only between
sources, which allowed each dataset to be fixed before calibration by applying an
appropriate phase correction to the raw visibilities. We modified the NEWTASK
routine in AIPS to fix both the delay and U/V switching errors, as described in Ap-
pendices A,B, and C.

After these corrections, the five datasets were calibrated individually using stan-
dard AIPS tasks. They were combined using the task DBCON, which applies scaling
to account for the slight change in frequency on the different observing dates. Map
image cubes at full spatial resolution (FWHP = 15.8” x 28.7” at PA 1.3) and tapered
to lower spatial resolution (FWHP = 49.5” x 53.5” at PA 8.0) were synthesized and
spectra were extracted at the position of the QSO. The spectra were then Hanning
smoothed and resampled at a resolution of 22.5 km s�1. Channels affected by the
absorption lines were given a zero weight in the smoothing and averaging. The
full resolution spectra and the smoothed version, both at full spatial resolution, are
shown in Figure 5.4. In order to search for extended emission around the QSO
position, the continuum subtracted data in the central 25 channels were made into
a small cube at full velocity and spatial resolution, in which each plane had been
individually cleaned to remove side-lobes from the strong absorption.

No convincing H I emission signal was detected. Section 5.4 presents a discussion
of the limits this places on the H I mass of the intervening system.
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5.3 H I Absorption

5.3.1 The Covering Factor of the Gas

The equation relating neutral hydrogen column density, NHI, to the observed H I
21cm absorption profile is:

NHI = 1:8� 1018Ts

Z
� (v) dv cm�2 (5.1)

where Ts is the spin temperature of the absorbing gas. � (v) is the optical depth of the
line at velocity v, calculated as:

� (v)= � ln
�

1�
∆S(v)

f S

�
(5.2)

where f is the fraction of the continuum source covered by the absorber, S is the
continuum flux density, and ∆S(v) is the line depth at velocity v. For a single line
with a Gaussian profile, the integral of the optical depth over velocity is

Z
� (v) dv= 1:06 �21cm ∆v (5.3)

where �21cm is the peak optical depth of the line at the line center and ∆v is the full
width at half maximum velocity in km s�1. We call this quantity, which is propor-
tional to the column density divided by the spin temperature, EW21 although it is
only equal to a true equivalent width as measured for optical absorption features in
the limit � (v) << 1 over the entire absorption profile.

The covering factor f of the gas in 21cm absorbers is usually assumed to be f � 1
for compact QSOs, based on a variety of arguments (for a summary, see Carilli et al.
1996). VLBI measurements can be used to refine estimates for f for more complex
sources (Briggs and Wolfe 1983). Adoption of a value for f allows a calculation of
either the column density, if the temperature is known, or of the temperature if the
neutral column density is known from a DLA measurement.

The quasar B0738+313 is core dominated, but has two very weak and diffuse
lobes at roughly�3000 separation from the core along a nearly north-south line (Mur-
phy et al. 1993). This extended structure is lightly resolved by the synthesized beam
in the WSRT data. We extract spectra at the position of the peak in each lobe as
identified by the clean components. The northern lobe peaks at an offset of Æx =
�1000; Æy = 3000 from the QSO center, while the southern is at Æx = 1000; Æy = �3500.
These positions are in very good agreement the 18cm maps of Murphy et al. (1993).
A contour map of the QSO and the off-center spectra are shown in Figure 5.5.

The southern spectrum shows no sign of absorption. In the northern spectrum,
the small absorption feature is caused by contamination from the strong absorption
against the core. Neither spectrum shows any significant evidence for emission. The
RMS noise gives optical depth limits of �north = 0:03 and �south = 0:08 for velocity
resolution Æv = 5:4 km s�1) over velocities in a range of several hundred km s�1 to
either side of the main component redshift. These limits can be compared to the
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Figure 5.5: Spectra extracted at the position of the weak north and south lobes. The three �

noise levels are shown by horizontal lines, and the dotted vertical line marks the frequency of
the main absorption line against the core of the QSO.

absorption line optical depth of �21 = 0:11 measured against the QSO core. These
spectra allow us to directly estimate the covering factor of the absorbing gas against
the QSO. Since we see no absorption against the lobes, which comprise roughly 2%
of the total QSO flux, the absorbing gas must have a covering factor f � 98%.

Within the errors, the width, depth and redshift of the main absorption line do
not change across the core of the quasar in the VLBA data, as seen in Figure 5.2. The
size scale and low velocity dispersion of the gas causing the main absorption feature
suggest that it belongs to a single cold cloud or cloud complex. More sensitive VLBA
measurements would be necessary to determine if the weak secondary absorption is
also present over this size scale, or is part of a smaller scale feature. The constancy
of the primary line characteristics over the slightly resolved core in the VLBA data
suggests that it is completely covered ( fcore = 1) by the absorbing gas in that com-
ponent, and we assume this is true for the weaker component as well. We therefore
adopt the view that the absorbing gas entirely covers the core but not the extended
weak lobes, and that the covering factor of the gas is f � 0:98.

5.3.2 Kinetic Temperature

The extreme narrowness of the absorption features (as measured in the Arecibo data)
places a firm upper limit on the amount of thermal broadening in the lines, and
consequently on any turbulence or bulk motions of the absorbing gas. As a result,
an upper limit to the kinetic temperature for each cloud can be found directly from
the widths of the lines, without having to rely on a comparison between the DLA
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and 21cm line characteristics to calculate a harmonic mean spin temperature for the
entire ensemble of clouds which lie on the sight line. The kinetic temperature of the
gas is related to the width of the absorption line by:

Tk �
1:2119� 102∆v2

8 ln 2
K (5.4)

where ∆v is the FWHM velocity measured in km s�1.

5.3.3 H I Gas in Two Temperature Phases

In order to further analyze the kinematics of the absorbing H I gas, we fit the 21cm
profile with overlapping Gaussian components. A simultaneous two component
fit to the Arecibo spectrum left large residuals and had a reduced �

2
= 2:34. By

adding a third component to the fit, the reduced �
2
= 1:02, and the residuals were all

within the noise. The first or main component has a velocity width at half maximum
(FWHM) of ∆v = 3:687� 0:019 km s�1, and an optical depth of � = 0:2462� 0:0010.
It lies at a heliocentric frequency of 1301.6496 MHz, corresponding to z = 0:09123.
The second, weaker line is separated from the first by ∆Voffset = 7:69� 0:04 km s�1. It
has a FWHM velocity of ∆v = 2:18� 0:11 km s�1 and an optical depth � = 0:0253�
0:0010. The third component has an optical depth � = 0:0063� 0:0008 and FWHM
velocity ∆v = 15:2� 1:4 km s�1. The absorption is shifted by ∆Voffset = �1:59� 0:66
km s�1 with respect to the main narrow absorption feature. Attempts to force the
third component to lie at the position of either of the other two components resulted
in much poorer fits. Figure 5.6 shows the Arecibo spectrum after the fits to the
first two components have been removed. The fit to the third component has been
marked, and the residuals after removing all three Gaussian fits are shown. Param-
eters for each of the absorption components are summarized in Table 5.1.

Table 5.1: Three Component Fit to the 21cm Absorption

Component: 1 2 3
Optical depth: 0.2462�0.0010 0.02527�0.0010 0.0063�0.0008
∆ Voffset(km s�1) 7.69�0.04 -1.59�0.66
FWHM(km s�1) 3.687�0.019 2.18�0.11 15.2�1.4
Tk (K) 297�3 103�10 5046�953
NHI (1020 cm�2) 5:27� 0:02 0:11� 0:01 9:4� 2:3

Using equation 5.4, the kinetic temperature is Tk � 297�3 K for the main compo-
nent and Tk � 103� 10 K for the secondary line. Both of these temperatures would
fall within the scatter in the Galactic relation for < Ts >-� (Braun and Walterbos
1992), unlike the considerably higher temperature < Ts > = 725� 100 K. This is the
first redshifted system for which it can be shown that Tk is less than < Ts >, ie. that
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Figure 5.6: Arecibo spectrum
showing the warm component
and its fit. The velocity scale is
set so that v= 0 corresponds to a
redshift of z1 = 0:09123. The up-
per panel shows the spectrum
after the Gaussian fits to the
two cold component absorption
lines have been subtracted. The
third warm component is clearly
visible, and a dashed line shows
the Gaussian fit to it simultane-
ously with the two cold compo-
nents. The lower panel shows
the residuals after subtracting
all 3 components, with 1� error
levels marked by the dash-dot
lines.

the kinetic temperature in the individual cold phase gas clouds is less than the de-
rived harmonic mean spin temperature for all of the neutral gas on the sight line.
The kinetic temperature of the third line, derived from the velocity width of the line,
is Tk � 5046� 953 K, in reasonable agreement with measurements of temperature in
the WNM of our own Galaxy (Kulkarni and Heiles 1988, Carilli et al. 1998), where
typical temperatures fall in the range 5000-8000 K.

For a given cloud, Ts � Tk under usual conditions found in the ISM (Kulkarni
and Heiles, 1988). For the two cold absorption components, we set Ts = Tk and
f = 0:98 (because the Arecibo beam covers both the core and the extended lobes of
the quasar), and calculate the column density for each 21cm line component from
equations 5.1 and 5.3. Adding the two together, and bearing in mind that our val-
ues for Tk are upper limits, we find a total column of NHI 21cm � 5:4� 0:1� 1020

cm�2 in the narrow absorption features. This is approximately one third of the
measured H I column density in the DLA line: NHI DLA = 1:5� 0:2� 1021 cm�2

(Rao and Turnshek 1998).
The calculated column density in the warm component is NHI � 9:4� 2:3� 1020

cm�2 for a covering factor of f = 0:98. Although we do not have the needed sen-
sitivity to determine the core covering factor for this component in the VLBA data,
warm gas in our Galaxy is distributed more widely and more uniformly than the
cold gas (Dickey and Lockman 1990), so it seems unlikely that the gas would have a
lower core covering factor than the cold gas. There is the possibility that the warm
gas covers one or both of the weak extended radio lobes as well as the core (ie. that
f > 0:98), but given that 3000 � 45 h�1

75 kpc at z1 = 0:0912, it seems unlikely. The ab-
sorption limits against the extended lobes measured using the WSRT data and the
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EW21 of the warm absorption in the Arecibo spectrum rule out the possibility that
the absorption covers one of the lobes but not the core as well.

When the warm and cold component column densities are added together, the
total column density in 21cm absorption on this sight line is NHI21cm � 1:48� 0:24�
1021 cm�2. This is in remarkable agreement with the column density from the fit to
the DLA line.

5.3.4 Discussion of Warm Phase H I Gas

The existence of a second gas phase has often been suggested to explain the large har-
monic mean spin temperature values, typically < Ts > � 1000 K (Carilli et al. 1996)
found in redshifted DLA/21cm absorbers. If the gas on the sight line has two (or
more) temperature phases, then the Ts calculated by comparing the 21cm and DLA
absorption profiles will not be equal to the kinetic temperature in either phase, but
rather to a column-density weighted harmonic mean of the temperature of each
phase. Thus a sight line with mostly warm phase gas will have a higher calculated
< Ts > than one with mostly or only cold phase gas. The values found for < Ts >

can then best be interpreted as an upper limit to the temperature of the cold phase
gas. When this quantity is derived for redshifted systems, it is usually a value some-
where between the measured temperatures of stable cold and stable warm neutral
gas in our own Galaxy. In most redshifted 21 cm absorbers, the absorption lines
are broadened by bulk kinematic motions of the gas, and the limit on the kinetic
temperature is higher than that of the < Ts >.

This is the first redshifted 21cm absorber measured for which the calculated ther-
mal Tk which constrains the cold gas temperature more tightly than the derived
< Ts >, and shows directly that not all of the gas column density seen in the DLA line
appears in the cold components of the 21cm lines. It suggests that some two-thirds
of the column density on this sight line, if not more, is contained in warm phase gas.
If the broad shallow component we have detected in our Arecibo data were to be
resolved by more sensitive observations into a collection of shallow narrow absorp-
tions lines, then the conclusion that warm phase gas is necessary to explain all of the
DLA fitted neutral column density in this system would still remain. The integrated
NHI in such an ensemble of little narrow cold components would be very small, and
we would still need to find the rest of the gas sensed by the DLA observation. The
logical place for it to be “hiding” from the 21cm absorption measurement would
still be in a warm neutral component, appearing as an even broader and shallower
absorption feature.

This system offers an explanation for why some DLA absorbers which fall in
front of radio-bright QSOs do not show 21cm absorption. There is NHI � 1021 cm�2

column of gas which was “unseen” in the 21cm spectrum until extremely sensitive
observations were made. This amount is well over the canonical lower limit for
DLA systems, and its existence here suggests that some fraction of the DLA sys-
tems may arise in entirely warm phase gas. This idea is strengthened by the lower
limits found on < Ts > for 21cm non-detections, which are typically several times
103 K, suggestive of either unstable or warm phase gas (WNM) (Carilli et al. 1996).
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Given that the WNM is more widely and uniformly distributed than the CNM in
our own Galaxy (Dickey and Lockman 1990) and in observations of local Dwarfs
(Young and Lo 1996, Young and Lo 1997a, Young and Lo 1997b), it seems likely that
the gas responsible for any detection of DLA absorption would include a large frac-
tion of warm phase neutral gas.

5.4 H I Emission

No significant emission was seen in any of the WSRT spectra (Figure 5.4, nor at
any off-center location in the map cubes. The original data were taken with a chan-
nel spacing of 4.5 km s�1 in order to more carefully separate the narrow absorption
features from any possible emission. The absorption affected a total of 12 channels
(roughly 55 km s�1) which were given a zero weight before the data were smoothed
to 22.5 km s�1 in order to search for weak emission. At the smoothed resolution, the
absorption completely fills the central channel, and affects one channel to each side
as well.

The full resolution spectrum has an RMS noise per 4.5 km s�1 channel of � =
0:393 mJy. This is equal to the WSRT expected theoretical noise for a 60 hour integra-
tion at this frequency, and implies a spectral dynamic range of � 5500:1 for this 2.2
Jy continuum source. However the spectrum suffers from the presence of a broad
sinusoidal feature which has an amplitude of � 5� peak to peak, and appears in the
individual as well as the combined data sets at roughly the same level of significance.
As a result, the RMS noise in the smoothed spectrum does not decrease as much as
expected. The RMS noise in the 22.5 km s�1 resolution spectrum is � = 0:285 mJy,
as opposed to the theoretical value of �theor = 0:175 mJy. While we are uncertain as
to the cause of this sinusoid, it is possible that more frequent passband calibrations
(van Gorkom et al. 1993) could be used to minimize or remove it in future observa-
tions.

5.4.1 Limits on MH I

In order to convert the measured spectral noise into an upper limit on the H I mass of
the 21cm absorber, we need to assume a shape and a velocity width for the emission
profile. For simplicity, we choose a rectangular emission profile with width ∆V in
km s�1 and height S measured in mJy. The H I mass is then given by:

MH I � 235� S� ∆V � D2
L M

�
(5.5)

where DL is the luminosity distance to the system in Mpc, and DL = 372:8 Mpc for
z = 0:0912 (Ho = 75 km s�1 Mpc�1). Using the smoothed, 22.5 km s�1 resolution
spectrum, the 3� limit to the line flux is S = 0:855 mJy, and the 3� upper limit to the
H I mass is

MH I � 2:8� 107∆V M
�
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The H I mass of a typical (L�L?) spiral galaxy is M?
H I

� 5� 109 M
�

.
The velocity width, ∆V, of the 21cm emission profile varies with the inclination

of a galaxy’s disk to the line of sight. In face on spirals, ∆V can be as little as 20-
30 km s�1, which is comparable to the resolution of our smoothed spectrum. Using
∆V = 22:5 km s�1, the upper limit of the mass in this system is MH I � 6:3� 108 M

�
.

This is only valid if the bulk of the emitting H I is separated in velocity from the H I
absorbing gas. However, it seems likely that the emission would in fact overlap the
strong absorption features at least in part, making the mass limit in the face-on case
very tentative.

More stringent constraints apply to a galaxy viewed at a greater inclination, for
which the H I emission profile is likely to be much broader, thus extending beyond
the absorption in velocity, even should an overlap occur. For a moderately inclined
galaxy, velocity widths of 70� 100 km s�1 are typical. If we set ∆V = 100km s�1, we
obtain a mass limit MH I � 2:8� 109 M

�
, which is still slightly less than the expected

mass of an L? galaxy.
However, a common emission profile for inclined, and particularly for highly in-

clined spirals is not rectangular but rather “double-horned”, and shows two narrow
peaks of emission, each a few tens of km s�1 in width, separated by a wide plateau.
In this case, we would expect to see at least one of the two horns in our spectrum.
The upper limit for the mass in one such undetected horn is the same as that derived
for a face-on galaxy.

The limits placed on the mass and inclination of the H I for this system agree with
optical images of the QSO and surrounding field, in which there is no obvious lumi-
nous spiral galaxy which could be responsible for the absorption (Rao and Turnshek
1998), and add strength to the argument for either a dwarf or low surface brightness
host-galaxy.

5.5 Conclusions

In conclusion, we are able to derive not only a harmonic mean spin temperature for
the z = 0:09 H I absorption system, but also a thermal kinetic temperature for the
gas in the narrow-line absorbing clouds. For the first time in a redshifted H I 21cm
absorber, the kinetic temperature derived from the velocity width of the absorption
is observed to be smaller than the derived spin temperature. The neutral gas must
be split into warm and cold phases in order to account for this discrepancy. We find
that the 21cm absorption spectrum is best fit by three components; two narrow deep
lines, assumed to arise in cold gas with Tk � 300 & 105 K, and a broad shallow ab-
sorption feature which we identify with the warm phase gas at Tk � 5050 K. Within
the errors, all of the neutral hydrogen column density seen in the DLA measurement
is recovered by these three 21cm absorption components. This is the first detection
of warm phase gas in absorption in an extragalactic system, and the highest redshift
detection of warm neutral phase gas known. It is also the first time limits on temper-
ature have been made in a redshifted DLA system which show a two temperature
distribution of the neutral gas, comparable to that found in our own Galaxy.
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We are unable to place stringent limits on the H I emission from this absorber.
If the galaxy is an inclined rotating disk system, then we find a limiting mass of
MH I � 2:8� 109 M

�
, which is slightly less than the mass of a typical L? galaxy. This

combined with the lack of an obvious luminous spiral in optical images of the QSO
field suggests that the absorption arises in some sort of dwarf or LSB-type galaxy,
which may in fact lie under the PSF of the ground-based images.
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A The U/V Error

Consider a matrix for the U,V, and W values expressed in units of wavelength, �:0
@ U

V
W

1
A= 1

�

0
@ sin Ho cos Ho 0
� sin Æ cos Ho sin Æ sin Ho cos Æ
cos Æ cos Ho � cos Æ sin Ho sin Æ

1
A
0
@ Bx

By

Bz

1
A (5.6)

where Ho; Æ are the Hour Angle and Declination of a reference position, and Bx; By;

and Bz are the coordinates for the difference in position between two antennae. For
an East-West array, Bx; Bz = 0 and By = B, which leaves the (much simpler) set of
equations:

U� =

1
�

B cos Ho (5.7)

V� =

1
�

B sin Ho sin Æ (5.8)

W� = �
1
�

B sin Ho cos Æ (5.9)

where U�;V�; andW� are are expressed in wavelengths.
During part of the WSRT/DZB commissioning phase, there was an error which

resulted in the U,V, and W values of the data being miscalculated. In fact, they were
calculated as if By; Bz = 0 and Bx = B. The effect in the data was to make it appear
that the U and V values had been “switched”. In terms of our formulae, this resulted
in the following erroneous values:

U�err =

1
�

B sin Ho (5.10)

V�err = �
1
�

B cos Ho sin Æ (5.11)

W�err =

1
�

B cos Ho cos Æ (5.12)
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This error can be easily corrected by combining the two sets of equations to find
that:

U� =

�V�err

sin Æ
(5.13)

V� = U�err sin Æ (5.14)
W� = �U�err cos Æ (5.15)

We chose to correct only the errors in U and V by modifying the NEWTASK
routine in AIPS to apply the corrections from Equations 5.13 and 5.14.

B The Delay Error

There was a period of time during the commissioning phase of the WSRT/DZB there
was a clock problem which caused an error in the online delay correction applied in
the correlator, as well as small errors in the U,V, and W values. In effect, every-
thing was calculated for an array geometry at a time t+ ∆t. In general, ∆t � 10
seconds. According to the “shift theorem” of Fourier transforms, the error in delay,
�err, leads to a small phase offset in the cross-correlated spectrum which varies lin-
early with frequency, �. In fact, affected data showed a slope in phase across the
band which varied with Hour Angle and baseline length (it was steeper for HA� 0
and the longest baselines).

Because ∆t is found to be constant over a given observation, it is possible to apply
a correction for this error directly to the visibilities. Consider the real and imaginary
part of each complex visibility, VeiΦV , which can be written as:

Real = jVj cosΦV (5.16)
Im = jVj sinΦV (5.17)

We need to add a phase correction ∆Φe(�) to each measured phase ΦV. Expanding
according to cos and sin angle addition rules, we find:

Realcorr = jVj (cos ΦV cos ∆Φe(�)� sin ΦV sin ∆Φe(�))
Imcorr = jVj (sin ΦV cos ∆Φe(�)+ cos ΦV sin ∆Φe(�))

However this can be more easily expressed as:

Realcorr = Real cos ∆Φe(�)� Im sin ∆Φe(�) (5.18)
Imcorr = Im cos ∆Φe(�)+ Real sin ∆Φe(�) (5.19)

Thus, once we now what ∆Φe(�) is, we can easily modify the existing visibilities
to correct for the delay error.
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We begin by writing:

∆Φe(�)= 2��err∆� (5.20)

where the ∆� = � � �o accounts for the frequency dependence across the band and
is taken relative to the fringe stopping frequency, which is positioned at the center of
the band, �o. �err is the delay error and depends on the error made in the computed
W. We compute this error from the equation:

�err =
1
c

dW
dt

∆t (5.21)

Differentiating Equation 5.9, we find that

�err = �
B
c

cos Ho cos Æ
dHo

dt
∆t (5.22)

or

�err = �
U�

�o
cos Æ

dHo

dt
∆t (5.23)

Substituting Equation 5.23 into Equation 5.20 and re-arranging, we find:

∆Φe(�)= �2�
dHo

dt
∆t

(�� �o)
�o

U� cos Æ (5.24)

The change in hour angle over time, is always 1 turn every 24 hours. Adjusting
this to radians and accounting for the slight difference between 1 second of UT time
and 1 second of LST, we find an expression in seconds:

dHo

dt
=

2�� 1:0027
86400

(5.25)

which in its turn can be substituted into Equation 5.24, to get:

∆Φe(�)=
�4�2(1:0027)

86400
∆t

(�� �o)
�o

U� cos Æ (5.26)

Using this expression for ∆Φe(�), our modified visibility equations 5.18 and 5.19,
and knowledge about the size of the timing error ∆t, we can now correct for the delay
error.

We modified the AIPS routine NEWTASK to apply the visibility modifications.
Each dataset taken during the period when the timing offsets were an issue was
examined separately for time errors over the range �10sec < ∆t < 20sec at 5 second
intervals. Typically the timing errors found were either 5 or 10 seconds.
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C Positional Errors

The timing error also causes small errors in U and V, which translate into small po-
sitional errors in the map, especially for sources far from the phase center. Rough
calculations suggest that even far away from the phase center the effect should be
only a fraction of the synthesized beam-size, and we have considered them to be
negligible. This is particularly true for fields which were self-calibrated.


