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ABSTRACT

We present 21-cm absorption measurements towards 12 radio continuum sources with previously iden-
tified thermally-unstable warm neutral medium (WNM). These observations were obtained with the
Expanded Very Large Array (EVLA) and were complemented with the HI emission spectra obtained
with the Arecibo Observatory. Out of 12 sources, HI absorption was detected along 5 lines of sight (seven
new absorption features in total), resulting in a detection rate of ~ 42 %. While our observations are
sensitive to the WNM with a spin temperature Ts < 3000 K, we detected only two wide absorption lines
with Ts = 400 — 900 K. These temperatures lie above the range allowed for the cold neutral medium
(CNM) by the thermal equilbrium models and signify the thermally unstable WNM. Several absorption
features have an optical depth of only a few x1073. While this is close or lower than what is theoreti-
cally expected for the CNM, we show that these weak lines are important for constraining the fraction
of the thermally unstable WNM. Our observations demonstrate that, for the first time, high bandpass
stability can be achieved with the VLA, allowing detection of absorption lines with a peak optical depth

of ~ 1073.

Subject headings: ISM: clouds — ISM: structure — radio lines: ISM

1. INTRODUCTION

The diffuse neutral interstellar medium (ISM) is known
to exist in two flavors: the cold neutral medium (CNM)
and the warm neutral medium (WNM). Traditionally,
the CNM and WNM are understood as being two ther-
mal equilibrium states of the neutral ISM with temper-
ature of 40 — 200 K and ~ 8000 K (Field et all 1969;
McKee & Ostriken [1977; [Wolfire et all[2003). In addition,
for the CNM the spin temperature, Ts ~ Ty is expected
from theoretical considerations. The situation is more
complicated in the case of the WNM and 7T could be
lower than T}, (_Lisztl 2001). Observationally, the CNM
is easily studied with the 21-cm line absorption. While
the CNM properties have been measured extensively, only
three direct measurements of the WNM spin temperature
exist to date (Kanekar et al. | 2003; [Dwarakanath et al.
2002; |Carilli et al. | [1998). The main reason for this ob-
servational paucity is the low optical depth of the WNM,
7 < 1073, which creates a need for very sensitive radio
instruments. Properties of the WNM are traditionally in-
directly inferred only through HI emission line profiles.
Out of all ISM phases, the WNM is the least understood;
yet it seems to hold the key for constraining ISM models
and the formation of CNM clouds.

The theoretical and numerical models of the ISM take
into account heating and cooling processes and try to re-
produce the observed physical properties of the CNM and
the WNM. These properties include temperature distribu-
tion, column density probability density functions (PDFs),
the gas fraction in each phase, and even profiles of emis-
sion and absorption spectra. McKee & Ostriken (1977),
and similarly [Wolfire et all (2003), predict that most of the
WNM, which in their model envelopes the CNM, should

be in thermal equilibrium and comprise only about 4% of
the total column density. However, observers have tradi-
tionally found a much higher fraction for the WNM.

In addition, a significant fraction of the WNM could
be thermally unstable. Using a statistically meaningful
sample and the Arecibo radio telescope, Heiles & Troland
(2003; HT03) found that 48% of the WNM in their survey
was in the thermally unstable phase, with kinetic temper-
atures in the range of 500 — 5000 K. The HTO03 results
question the meaning of a two-phase neutral medium and
have triggered substantial numerical studies. Numerical
models of the ISM which include turbulence easily find
thermally unstable gas and lead to the conclusion that dy-
namical processes overshadow the microscopic ones in de-
termining gas temperature. Macroscopical processes are
hard to calculate theoretically because they depend on
many forms of energy input (HT03). As a result, the
predicted column density fraction of the thermally unsta-
ble gas varies wildly; from very large values strongly de-
pendent on the SN rate, as in IMac Low et al. | (2005), to
~ 30% in [Hennebelle et al. | (2007).

However, the estimated fraction of the thermally un-
stable WNM in HTO03 could be significantly biased by
the low sensitivity of this survey. In many of the ob-
served directions (16 out of 79 in this survey) the CNM
was not detected at all. In addition, there were many
cases where relatively narrow WNM components (based
on Gaussian fits) were found without corresponding CNM
features. These WNM components often implied kinetic
temperatures of 2000-3000 K and are typical representa-
tives of the thermally unstable phase. As discussed in
HTO03, one possibility is that these lines of sight trace spe-
cial conditions where the CNM was destroyed in some way
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TABLE 1
EVLA OBSERVATIONS

Source RA(J2000) Dec (J2000) Si420 rms Trms  Synthesized beam Time

(Deg) (Deg) (Jy)  (mJy) (arcsec?) (hrs)
J00224+-002  00:22:25.4 +00:14:56 3.05 4.4 0.0014 14.0 x 10.0 5.0
J0025-260 00:25:49.2 —26:02:12 8.81 7.5 0.0009 17.0 x 12.0 1.0
P03474+05*  03:49:46.7 +05:51:38 1.96 4.7 0.0024 14.0 x 9.0 5.0
3C234* 10:01:49.0 +28:47:12 2.12 8.0 0.0038 13.0 x 9.0 2.0
3C236 10:06:01.8 +34:54:12 3.22 4.8 0.0015 13.0 x 9.0 5.0
3C263.1 11:46:19.9 +22:04:10 3.23 3.8 0.0011 13.0 x9.0 5.0
3C273* 12:29:06.4 +02:03:05 32.7 10.0 0.0003 14.0x9.0 1.0
3C287 13:30:37.7 +25:09:10 6.69 6.0 0.0009 13.0%x9.0 1.0
3C286 13:31:08.3 +30:30:33 16.0 3.2 0.0002 13.0 x 12.0 10.0
J1613+324 16:13:41.1 +34:12:47 4.40 5.0 0.0011 12.5 x 9.0 2.0
J16344-627  16:34:33.8 +62:45:35 5.14 5.8 0.0011 13.0 x 10.0 2.0
J1635+381 16:35:15.5 +38:08:04 2.52 4.0 0.0016 13.4 x 8.6 5.0

* The continuum source is resolved with the EVLA observations.

(SNe etc). However, the integration time of only 15 min
per source resulted in a typical optical depth sensitivity of
~ 1072, [Stanimirovié¢ & Heiles! (2005) showed that with
longer Arecibo integrations, weak absorption lines, with
AT ~ 1073, are easily detected. These weak absorption
lines play an important role in the fitting of HI emission
spectra and the derivation of the spin temperature. If com-
monly found in observations, the weak absorption lines
would result in a decrease of the estimated fraction of the
thermally unstable WNM.

In this paper we report the results of deep HI absorp-
tion observations with the Expanded VLA (EVLA) in the
directions of thermally-unstable WNM. The main goal of
this project was to test the feasibility of sensitive HI ab-
sorption measurements with a peak optical depth 7 ~
a few x1073 with the EVLA. In two independent pilot
projects carried out with the VLA in 2006 & 2009, we ob-
served a sample of 12 continuum sources. The sources were
chosen from the previous emission/absorption surveys of
HT03 and Mohan et al. | (2004). We specifically focused
on lines of sight where previous observations indicated the
existence of the thermally-unstable WNM with a kinetic
temperature < 5000 K. All continuum sources in our sam-
ple are at high Galactic latitudes i.e. |b] > 40°, to avoid
complicated CNM profiles.

The structure of this paper is organized in the following
way. Section 2] summarizes the EVLA observations and
the data reduction. Our results are presented in Section 3]
and discussed in Section[dl We summarize our findings in
Section 5.

2. OBSERVATIONS AND DATA PROCESSING

We observed 3C286 in April 2008 with the VLA dur-
ing the configuration move CnB—C and using 14 EVLA
antennas. HI absorption observations of additional 11
sources were carried out in May 2009 during the B—C
configuration move and using 20 EVLA antennas.

In Table [0l we list coordinates and the 21-cm flux den-
sity of all observed sources, as well as a few observational
details. Column (1) gives the source name, columns (2)
and (3) the source RA and Dec in J2000 coordinates, col-
umn (4) the flux density at 21 cm determined from our

EVLA observations, column (5) the rms noise in each line
channel in mJy, column (6) the rms noise per channel in
the optical depth units, column (7) the synthesized beam
size, and column (8) the total on-source integration time.

For all observations we used a bandwidth of 1.56 MHz,
centered at the frequency of the 21-cm HI line, with 256
spectral channels. The resulting velocity resolution is 1.56
km s~!. For absolute flux density calibration we observed
sources 3C286 and 3C48. Since most of our the sources are
bright, amplitude and phase calibrations of the antennas
were carried out through self-calibration. The bandpass
calibration was obtained through frequency switching on
the source itself. For this purpose, each 15 minute “on-
line” scan was sandwiched between two 7 minute “off-line”
scans. The off-line scans were offset in frequency from the
on-line scans by 1.56 MHz and were not affected by con-
tamination due to Galactic HI. This observing strategy
provided accurate bandpasses. To test the quality of our
bandpasses, we used one of the “off-line” scans as a band-
pass for the other “off-line” scan. This resulted in a flat
spectrum with a rms noise of 2 x 1073 for weak sources
such as 3C263.1, and ~ 10~ for stronger sources.

The visibility data was analyzed using the Astronom-
ical Image Processing System (AIPS). For each source,
line-free channels were averaged to construct a single con-
tinuum channel. The amplitude and phase antenna solu-
tions were obtained through normal and self calibration of
this continuum channel and then transferred to the spec-
tral line visibility data. The calibrated and bandpass cor-
rected spectral line data was used for further analysis. The
continuum was removed using the AIPS task UVLSF by
performing a polynomial fit to the visibilities in the line-
free channels and subtracting it from the source visibilities
in all the spectral channels. For most sources a first or a
second-order fit was used to remove the continuum. In the
case of two sources, 3C286 and J1635+381, a 3rd-order
polynomial was required to obtain a flat baseline. Before
continuum subtraction the spectrum from each source was
carefully inspected to select line-free channels. The con-
tinuum subtracted visibilities were used to make spectral
cubes of the HI absorption in the direction of each source.
The spectral cubes were CLEANed using the AIPS task
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Fic. 1.— The HI absorption spectrum in the direction of 3C286 obtained with VLA antennas only (left), and the EVLA antennas only
(right). The bandpass stability is largely improved with the use of EVLA antennas and allowed a clear detection of spectral lines with very
low optical depth. The deepest absorption feature in the right-hand figure corresponds to 7 ~ 6 x 10~3.

TABLE 2
THE GAUSSIAN PARAMETERS FROM THE FIT OF THE EVLA ABSORPTION SPECTRA

Source Tpeak Visr FWHM Tipin Tk max N(HI)CNM N(Hl)gﬁzr

(kms—!)  (kms™!) (K) (K) (102 ¢cm~2) (102 cm—2)
J0022+002 0.0074 4+ 0.0011 1.58 7.92 421 + 46 1358 0.477 £+ 0.158 1.54
J0022+-002 0.0132 £ 0.0018 —5.51 4.18 137 £+ 33 377 0.147 £ 0.048 0.40
P0347+05 0.9564 + 0.0199 8.09 3.18 61 £5 219 3.609 £+ 0.113 12.97
P0347+405 0.2972 £ 0.0168 9.75 7.31 148 + 3 1155 6.266 £+ 0.398 48.89
P03474+05 0.0459 + 0.0046 —0.47 4.05 175 + 12 355 0.632 £+ 0.112 1.29
3C263.1 0.0252 £+ 0.0024 —54.12 2.22 25 + 10 107 0.027 £ 0.004 0.12
3C273 0.0177 £ 0.0016 —6.28 2.59 71 +5 146 0.063 £ 0.009 0.13
3C273 0.0036 + 0.0017 —5.89 777 910 £ 19 1307 0.516 £ 0.258 0.74
3C286 0.0046 + 0.0004 —28.79 2.66 95 + 16 153 0.024 £ 0.005 0.04
3C286 0.0067 £ 0.0004 —14.26 2.58 39 £ 12 144 0.013 £ 0.004 0.05
3C286 0.0064 £ 0.0003 —7.39 4.49 26 £+ 18 437 0.015 £ 0.010 0.25
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The bandpass stability was greatly improved in the case
of the upgraded VLA antennas. Figure [I] shows the HI
absorption spectrum in the direction of 3C286, obtained
using the VLA antennas only (left) and the EVLA anten-
nas only (right). The improved bandpass stability allowed
a clear detection of spectral lines with a low optical depth
of a few x1073. Hence, for all sources, only the EVLA an-
tennas were used to produce the final HI absorption spec-
tra.

In order to estimate the spin temperature of the de-
tected HI absorption components, the EVLA absorption
profiles were complemented by the Arecibo HI emission
profiles with an angular resolution of 3.5 arcmin (HT03).
The emission spectra for all sources except 3C286 and
J0022+002 were obtained from HTO03. Since the source
J0022+002 was not observed by HT03, its emission spec-
trum was kindly provided to us by Lou Nigra. This spec-
trum was also obtained with the Arecibo telescope us-
ing exactly the same observing technique as in HT03. In
the case of 3C286, the HT03 emission spectrum was very
noisy and we used the Arecibo emission spectrum from
Stanimirovi¢ & Heiles | (2005).

3. RESULTS

We have observed a total of 12 sources and detected HI
absorption in five directions: 3C286, J0022+002, 3C263.1,
P0347+05, and 3C273. This results in a detection rate
of ~ 42% for our experiment. Several detected absorp-
tion features have a peak optical depth of only few x1073.
Therefore, our pilot studies successfully demonstrate the
suitability of the EVLA for sensitive absorption measure-
ments.

Figures 24| show HI emission and absorption spectra
for the sources with detected HI absorption. We have ap-
plied the method of HT03 to estimate the spin temper-
ature and the HI column density of the absorbing CNM,
assuming that the CNM contributes to both HI absorption
and emission spectra while the WNM contributes only to
the HI emission spectrum. The technique is based on the
Gaussian decomposition of both absorption and emission
spectra, and it takes into account the fact that a certain
fraction of the WNM gas may be located in front of the
CNM clouds, resulting in only a portion of the WNM being
absorbed by the CNM.

The results of our Gaussian decomposition are over-
plotted in Figures 2H4l Three panels are shown for each
source. The top panel shows the Arecibo HI emission spec-
trum and the separate contributions from the CNM and
WNM to the HI brightness temperature are shown with
different lines; the final (simultaneous) fit to the spectrum
is also overlayed. In the middle panel the EVLA HI ab-
sorption spectrum fitted with individual Gaussian compo-
nents is shown. In the bottom panel we show the resid-
uals of the absorption spectrum after the fitting process.
For each source the residual spectrum looks random and
demonstrates that the fit is perfect at the present level of
the signal-to-noise ratio and that the Gaussian representa-
tion of CNM components is valid. The residual spectrum
for each source was smoothed to various coarser velocity
resolutions, up to ~ 25.0 kms™!, to search for additional
broad absorption; no new components were detected.

Table 2] shows the best fitted CNM parameters. Col-
umn (1) gives the source name, column (2) the peak op-
tical depth (7peak) of the CNM component along with the
errorbar, column (3) the LSR velocity of the component
in km s7!, column (4) the full width at half maximum
(FWHM) of the absorption component in km s~!, and
column (5) the spin temperature Typi, along with its error-
bar, in Kelvin. In column (6) we list T ynqs, the maximum
kinetic temperature in the case of no non-thermal broad-
ening. Column (7) gives the HI column density associated
with the CNM component along with its errorbar, in units
of 102° em~2, and column (8) the upper limit on the CNM
HI column density, N(HI)¢F57, also in units of 102 cm 2.
To derive N(HI) #%%; we used used T, maz instead of Typin.

Table Bl shows the best fit WNM components for each
source. Column (1) gives the source name, column (2) the
LSR velocity of the WNM component in km s~!, column
(3) the FWHM in km s™!, and column (4) the maximum
kinetic temperature Tj ;mqz, in Kelvin. We discuss the in-
dividual sources with HI absorption detections in the fol-
lowing sections.

For sources with no HI absorption detection, we esti-
mated limits on the CNM column density and the CNM
fraction along each line of sight. The CNM fraction is
defined as the ratio of the CNM column density to the
total HI column density along the line of sight. Table 4
shows the 30 limit on the peak optical depth, the CNM
column density, and the CNM fraction for sources without
a detection of HI absorption.

3.1. J0022+002 (Figures[3, left)

No HI absorption was detected in the direction of
J00224-002 by Mohan et al. | (2004), whereas our more
sensitive EVLA observations detected two absorption fea-
tures. One of the absorption features is weak and wide
with Theak ~ 7 x 1072 and FWHM ~ 8 km s~!. While
Tkmaz ~ 1350 K, our estimated Tgpin ~ 420 K. This
component is likely to trace the WNM seen in absorption.
However, its temperature of 420 K is significantly lower
than the expected 5000-8000 K and corresponds to the
thermally unstable gas.

By fitting Gaussian functions to the emission profile
alone, Mohan et al. | (2004) found 5 emission components,
with two components; having excitation temperatures cor-
responding to the thermally unstable regime. Our best so-
lution results in two emission components, with one com-
ponent having 7, < 1500 K and corresponding to the
thermally unstable WNM. The total CNM column density
along the line of sight of J00224-002 is ~ 6 x 10'° cm™2,
whereas the total WNM column density is ~ 2x102° cm~2;
i.e the total CNM fraction is ~30 %.

3.2. P0347+05 (Figures[3, right)

In addition to the main absorption component at a ve-
locity of ~ 8 km s~!, HT03 found a narrow emission
feature around Visr ~ 0 km s~! without corresponding
absorption. This resulted in a thermally unstable WNM
component. Figure 2] shows the EVLA absorption spec-
trum for this source: our detection of an additional ab-
sorption feature at —0.5 km s~! results in the best-fit solu-
tion without any thermally-unstable WNM. As discussed
in the introduction, this clearly demonstrates that weak
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TABLE 3
THE GAUSSIAN PARAMETERS FROM THE FIT OF THE EMISSION SPECTRA
Source Visg (kms™') FWHM (kms™ ') Tk e (10°) K
J0022+002 —2.28 22.39 108.5
J0022+002 —4.66 8.41 1.5
P0347405 4.95 17.33 6.5
3C263.1 —44.22 37.08 29.8
3C263.1 —39.09 8.37 1.5
3C263.1 —7.04 20.04 8.7
3C273 24.92 23.71 12.1
3C273 —15.56 35.49 27.2
3C286 —5.92 50.19 54.5
3C286 —6.08 11.35 2.8
3C286 —26.45 22.15 10.6
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Fi1G. 2.— The HI emission and absorption spectra for J0022+002 (Left) and P03474-05 (Right). The top panel shows the Arecibo emis-
sion spectrum. The separate contributions from the CNM and WNM to the HI emission profile are shown with dashed and dotted lines,
respectively, while the final, simultaneous fit is shown with the thick solid line. The middle panels shows the EVLA HI absorption spectrum.

The fitted Gaussian functions are shown as dashed lines. The bottom panel shows the residuals of the absorption profile after the fitting
procedure.
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absorption lines can have a significant effect on the esti-
mated fraction of the thermally unstable WNM. One of
the detected absorption features at Vigg ~ 10 kms™! is
wide and results in Ti maz ~1155 K, but with Typin ~ 150
K. From Table &3] the total CNM fraction along the line
of sight of P0347+05 is 69%.

3.3. 3C263.1 (Figurel3, left)

We detected a narrow HI absorption component to-
wards 3C263.1 at Visr ~ —54.0 kms~!. HTO03 did not
detect any HI absorption in the direction of this source;
their best fit to the emission/absorption profiles resulted
in four emission components, with three components hav-
ing T mae corresponding to the thermally unstable WNM.
From our simultaneous fitting of emission and absorption
profiles, we find that the narrow emission feature cor-
responding to the HI absorption can be reproduced by
the CNM alone without the need for a thermally-unstable
WNM component. Again, the detection of weak absorp-
tion lines seems to decrease the fraction of the thermally
unstable WNM. Our best-fit solution results in only one
thermally unstable WNM component with T}, 4, < 1500
K, while HT03 had three.

The spin temperature for the absorption component for
3C263.1 is only ~ 30 K and is not well constrained by our
method. The resulting CNM HI column density, propor-
tional to this temperature, is very low i.e 3 x 10'® cm~2.
The total WNM column density in this direction is 1.6
%102 cm~2, meaning that the CNM comprises only ~ 2
% of total HI column density.

3.4. 3C273 (Figureld, right)

Dwarakanath et al. | (2002) obtained very deep obser-
vations with the Westerbork radio telescope (WSRT) of
3C273 and detected four HI absorption components. We
detected only two absorption components. The two ad-
dition components lie at the edge of our bandpass, hence
they were not detected by the EVLA due to the lack of sen-
sitivity. The two absorption components detected by the
EVLA are in good agreement with [Dwarakanath et al.
(2002).

Figure Bl shows our emission/absorption profiles in the
direction of 3C273. The HI emission profile shows three
features; the HI absorption only corresponds to the nar-
rowest emission component. Using the HT03 method
we find that the narrow emission feature can be repro-
duced by the CNM alone with a temperature of ~ 70 K.
The HI in absorption has a narrow and a wide compo-
nent. The wide component has a FWHM ~ 8 kms~! and
Tpeak ~ 3 X 1073. The corresponding Tspin = 900 K and
suggests a thermally-unstable WNM. From Table 2 & [,
the total CNM column density along the line of sight of
3C273 is ~30 %. No HI absorption is detected correspond-
ing to the two additional emission peaks. This places the
30 upper limit on their spin temperature of 1665 K and
900 K, respectively.

3.5. 8C286 (Figure[q)

HTO03 detected two emission components in the direction
of 3C286 but no HI absorption. |Stanimirovié¢ & Heiles
(2005) using Arecibo and Braun & Kanekar (2005) using
the WSRT detected three weak HI absorption features

through much longer integration times. As shown in Fig-
ure[d] the EVLA absorption spectrum shows three distinct
features in good agreement with the Arecibo and WSRT
detections. All three absorption features are weak, with
Tpeak = (4 — 6) x 1073, From our best-fit solutions to
the emission and absorption spectra, we find that two out
of three absorption components have a very small contri-
bution to the HI emission profiles and their Typi, is not
well constrained. The spin temperature of these compo-
nents are likely to be low, ~ 30 K. In addition, their HI
column densities are also small, a few x 10'® cm=2. We
find that the total CNM column density in the direction
of this source is 5.2x10'® cm™2, whereas the total WNM
column density is 1.2x10%° cm™2. The CNM comprises
only 4% of total HI column density. Our best-fit solution
results in three emission components; with only one having
Tk maz < 2800 K and indicating the presence of thermally
unstable gas.

3.6. Effect of stray radiation

The emission measurements from single dish telescopes
could suffer from stray radiation entering through the side-
lobes of the telescope beam. This could result in weak
emission line wings and therefore affect the estimated spin
temperature. To check the reliability of our temperature
estimates, we compared Arecibo emission spectra with the
corresponding spectra from the LAB (Leiden-Argentine-
Bonn) Galactic HI survey ((Kalberla et al. |12005), where
the stray radiation correction has been carefully done.

We find that the Arecibo emission spectra for
J0022+002, P0347+4-05 and 3C263.1 match well with the
LAB spectra. This suggests that the Arecibo data for
these sources are not effected by stray radiation and that
our estimates of spin temperatures are robust. On the
other hand, the Arecibo spectra for 3C273 and 3C286 show
deviations from the LAB spectra. In the case of 3C273, the
emission feature at ~ 25 km s~! is stronger in the Arecibo
data compared to the LAB spectrum, whereas the Arecibo
spectrum for 3C286 shows a faint velocity tail at ~ 20 km
s~! which is not seen in the LAB stray-radiation corrected
data. To check how these differences affect our estimate
of Tgpin, We repeated the Gaussian fitting analysis using
the LAB emission spectra for 3C273 and 3C286. For both
sources, we find that the best Tgpi, solutions derived using
the LAB spectrum are consistent with the Arecibo results
within the error-bars. For 3C273, the number of thermally
stable/unstable WNM components is consistent with the
Arecibo results. However, for 3C286, the best-fit solution
using the LAB data results in three WNM components,
with two being in the thermally unstable regime, as com-
pared to only one thermally unstable WNM component
when using the Arecibo data.

We conclude that majority of our sources are not ef-
fected by stray radiation and that the spin temperature
derivation is robust.

4. DISCUSSION AND CONCLUSIONS

As mentioned in the previous section, we detected three
wide absorption features in the direction of J0022+002,
P0347+05 and 3C273, with a velocity FWHM of 7-8 km
s~1, and corresponding Tk mas of 1100-1400 K. For two of
these sources, our best-fit solution resulted in Typi, > 400
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F1G. 3.— The HI emission and absorption spectra for 3C263.1 (Left) and 3C273 (Right). The top panel shows the Arecibo emission spec-

trum. The

separate contributions from the CNM and WNM to the HI emission profile are shown with dashed and dotted lines, respectively,

while the final, simultaneous fit is shown with the thick solid line. The middle panels shows the EVLA HI absorption spectrum. The fitted
Gaussian functions are shown as dashed lines. The bottom panel shows the residuals of the absorption profile after the fitting procedure.

TABLE 4
LIMITS ON NON DETECTIONS
Source Tpeak NHD&yy  CNM Fraction?
(102° cm™?) (%)
J0025-260 < 0.0027 < 0.016 <12
30234 < 0.0114 < 0.066 <4.1
3C236 < 0.0045 < 0.026 <22
3C287 < 0.0027 < 0.016 <14
J1613+324 < 0.0033 < 0.019 <1.6
J1634+627 < 0.0033 < 0.019 <1.2
J1635+4+-381 < 0.0048 < 0.028 <1.5

@ N(HI)cnm was derived assuming Tipin=100 K and FWHM=3 km s~ .
b The total HI column density was provided by HT03 and Mohan et al. (2004).
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is shown with the thick solid line. The middle panels shows the EVLA HI absorption spectrum. The fitted Gaussian functions are shown as
dashed lines. The bottom panel shows the residuals of the absorption profile after the fitting procedure.
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K. These temperatures lie above the temperature range
theoretically allowed for the CNM (Wolfire et al 2003) and
therefore signify the presence of thermally unstable WNM
gas with a temperature < 5000 K (Wolfire et al! 2003).
An alternative explanation could be that these broad ab-
sorption features represent a blending of several narrow
CNM absorption components. Our current velocity res-
olution of 1.6 km s~! does not allow us to dismiss this
possibility. Future EVLA observations with the WIDAR
correlator will yeild a higher velocity resolution and will
allow us to address this question.

The majority of detected absorption lines (8 out of 11)
in this study have a velocity FWHM < 5 km s~! and the
corresponding T yaz < 500 K. While the 3-0 sensitivity
of our observations was good enough to detect a typical
WNM (~ 10%° em™2, HT03) in absorption with T <3000

K and a FWHM < 12 km s~!, only two broad WNM
components were detected. Both of these detections have
a FWHM ~ 8 km s~ and T, <1000 K. This could be an
indication that the WNM with a temperature < 3000 K
is not as abundant as indicated previously by indirect ob-
servations (e.g. HT03). In addition, as we clearly demon-
strated in the case of P0347, the detection of weak HI ab-
sorption lines can decrease the number of thermally unsta-
ble WNM components. For the five sources with EVLA HI
absorption detections, previous emission/absorption sur-
veys (HT03 and [Mohan et al. | (2004)) found seven ther-
mally unstable WNM components. Our best-fit solutions
resulted in five thermally unstable components (three seen
in emission and two in absorption). If applied globally, this
would decrease the fraction of thermally unstable WNM
components from HT03’s ~ 39% to < 27%. We note,
however, that our conclusion is based on a small num-
ber statistics and that larger and more sensitive emis-
sion/absorption surveys are required to determine the frac-
tion of the thermally unstable WNM in a statistically sig-
nificant manner.

In several cases (e.g. 3C286 and 3C263.1) we detected
absorption lines which have a low optical depth and a nar-
row line-width which result in a low CNM column den-
sity N(HI)enm < 5 x 10*® em™2. This is significantly
lower than the column density of typical CNM clouds,
Ngr ~ 10%° ecm~? (Dickey et all [1978; [Heiles & Troland
2003; Dickey et all2003), and is close to the lowest the-
oretical expectations for the CNM (McKee & Ostriker
1977). In addition, in these directions the CNM comprises
only 2—4% of the total HI column density. Sources with-
out detected HI absorption also suggest a very low CNM
fraction (Table ). This suggests, as also pointed out by
Stanimirovic, Heiles, & Kanekar (2007), that the low col-
umn density CNM population may be quite abundant in
the ISM. While such small column densities and CNM

fractions are hard to explain by thermal equilibrium ISM
models, they may be illuminating the tail-end of the CNM
population produced by dynamic and turbulent ISM pro-
cesses.

5. SUMMARY

In order to access the feasibility of sensitive HI ab-
sorption observations with the EVLA, we observed a
sample of 12 continuum sources, primarily along the
lines of sight which have indicated the existence of
the thermally-unstable WNM (T< 5000 K) in previ-
ous emission/absorption surveys (Heiles & Troland [2003;
Mohan et al. |[2004). The results from this pilot study are
as follows.

e For all, except three sources in our sample, we could
achieve the expected optical depth sensitivity of ~ 1073,
The remaining three sources were resolved with the EVLA;
yielding a much lower peak flux density, hence an optical
depth sensitivity ~ 2 — 3 times higher than the expected
value.

e Out of 12 sources observed with the EVLA, we de-
tected HI absorption in the direction of 5 sources; a de-
tection rate of ~42 % for our experiment. Seven new
absorption features, previously undetected in the emis-
sion/absorption surveys of Heiles & Troland (2003) and
Mohan et al. | (2004), were detected in the direction of
these 5 sources.

e In the case of several sources e.g. 3C273, P0347+05
and J00224-002, we detected wide HI absorption lines
(FWHM ~ 7 — 8 km s 1) resulting in Tk nax < 1500
K. These lines likely trace the thermally unstable WNM
seen in absorption.

e Several detected absorption features have a peak op-
tical depth of only a ~ few x1072 and trace the tail-end
of the CNM population. As we demonstrated, these weak
HI absorption lines play an important role in estimating
temperature of the WNM and can decrease the indirectly
suggested fraction of the thermally unstable WNM.

e We have successfully demonstrated the suitability of
the EVLA for future sensitive absorption measurements.
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