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Figure 3. Left: VLA D-configuration H i 21 cm column density contour image of UGC 7408 overlaid as green contours on an SDSS-r band image. The contour
levels are at 1.8, 3.6, 7.2, 14.4, 28.8, and 57.6 × 1019× cm−2, respectively. The beam size associated with the H i data obtained using natural weighting is shown
at the bottom left corner (67.′′51 × 45.′′31). The blue contours represent the VLA FIRST survey image of the background quasar J122106.87+454852.1 at 1, 5, and
25 mJy beam−1 and the white contours represent the VLA D-configuration 21 cm continuum image obtained using uniform weighting at 5 and 50 mJy beam−1

(position angle = −86.◦75). The higher resolution FIRST survey images show three peaks from the background source, which are blended together into a single source
in the D-configuration image. The black square represents the region corresponding to the red spectrum in Figure 4, which is roughly the size of the beam for the
uniformly weighted data. Right: a magnified version of the left-hand panel showing the background quasar as imaged by the FIRST survey. The brightest background
source at 1.4 GHz is the southern component of the quasar. The three peaks of the background quasar mark the sight lines 12, 13, and 14.

Figure 4. Left: a comparison plot showing the GBT H i spectrum from a region of size 9.′1 (equivalent to the GBT beam at 21 cm) toward UGC 7408 in black and the
VLA spectrum, obtained using natural weighting, encompassing the entire H i associated with UGC 7408 in blue. The good match between the two spectra proves that
the VLA recovered almost 100% of the H i associated with this galaxy. The VLA H i spectrum from the region marked by the black rectangle (Figure 3, right panel)
of size 40′′×50′′ is shown in red in the comparison plot. The spectrum was obtained from data reduced using uniform weighting, which resulted in a better spatial
resolution. Right: a magnified version of the red spectrum showing two emission peaks and a dip in between at 442.2 km s−1. Interestingly, the stronger peak at 436.3
km s−1 is toward the low-velocity end of the profile unlike the global H i profile of the galaxy at that velocity. The green solid line and the blue dotted line represent
Gaussian fits to the emission and the absorption profile, respectively. The absorption is narrow with FWHM of 4.75 km s−1 corresponding to a kinetic temperature of
!493 K.

In the other two galaxies with H i emission (J141629.25+
372120.4 and J160659.13+271642.6), the expected H i diame-
ters estimated using the relationship shown in Figure 7 of Swa-
ters et al. (2002) are 30.7 and 60.2 kpc, respectively. Thus, the
sight lines, SL 22 and 23, are expected to pierce through the
H i distribution in these systems. Although we detect dips in
the GBT spectra, it is unclear if there is real absorption or are
overlapping individual emission features mimicking absorption.
Hence, we consider these two cases as nondetections. A detailed
discussion of possible beam effects and how the GBT spectra in
these two cases may be a result of the beam being filled-in by
emission is presented in Section 4.2.

Besides the H i emitting galaxies, we detected one unam-
biguous H i absorption feature at 21 cm in the foreground
galaxy GQ1042+0747 (SL 10), a result we discussed in detail in
Borthakur et al. (2010). GQ1042+0747 is a dwarf spiral galaxy
of luminosity 0.048L∗. The sight line pierces through the opti-
cal disk in this moderately star-forming galaxy. We estimated
the kinetic temperature of the cloud to be !283 K based on the

absorption line FWHM of 3.6 km s−1. Assuming the spin tem-
perature to be same as the kinetic temperature, we estimated the
column density of the absorber to be N(H i) !9.6 × 1019 cm−2.
A detailed analysis of the properties of the absorber, the fore-
ground galaxy, and its environment is presented in Borthakur
et al. (2010). Table 3 presents the 3σ limiting optical depths
for each of the sight lines along with the flux density sensitiv-
ity achieved. Assuming Tspin = 100 K for the absorbing gas
with fcov = 1 and a line-width of ∼5 km s−1, the correspond-
ing limiting column densities would range from 0.09 to 5.83
× 1020 cm−2, with a median of 1.46 × 1020 cm−2.

4. DISCUSSION

4.1. Covering Fraction

The covering fraction of cold gas in galactic halos has been a
matter of debate. While low-ionization gas in the Lyα and Mg ii
transition have been detected in the halos of various galaxies,
H i 21 cm transitions have not been explored extensively. For
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Figure 5. VLA D-configuration H i spectrum extracted from a region the
size of the synthesized beam centered at the quasar (first published by B11).
The data show a Gaussian H i emission feature with an absorption feature
(FWHM = 4.75 km s−1) superimposed at the peak of emission. B11 concluded
that the broad Gaussian emission feature was produced by the atomic gas that
filled in the beam, whereas the gas toward the quasar sightline, covering only a
small fraction of the beam, produced the superimposed absorption.
(A color version of this figure is available in the online journal.)

3.1.2. Physical Properties of the H i Absorber

A spectrum extracted from the position of the absorber
(identified as a white oval of same size as the beam) is shown
on the right. We measured the peak depth in flux density
for the feature to be 10.41 mJy. For comparison, we also

present in Figure 6 the D-configuration absorption spectrum
that was obtained by subtracting the H i emission model from
the spectrum in Figure 5. The region of the galaxy from
which the D-configuration spectrum was extracted is shown
as the white dashed rectangle on the image in the left panel
of Figure 6. As noted earlier, the absorption feature seen
in the B-configuration data is deeper and narrower than that
seen in the VLA D-configuration data. The B-configuration
data have higher spectral and spatial resolution; however, they
have lower signal-to-noise ratio than the D-configuration data.
Nevertheless, the feature was confirmed at >5σ at that channel
or at >3σaverage, the average noise over all channel.

From our B-configuration data, we estimated the peak optical
depth of this absorber to 1.37 using the following relation:

τ = −ln

!
Io − Iabs

Io

"
, (1)

where Io is the flux density of the background quasar at the
position of the absorber of 13.98 mJy and Iabs is the peak strength
of the absorption feature of 10.41 mJy (see Figure 6, left panel).
If we assume the width of the line is due to collisional excitation
of the hydrogen atoms, we can relate the kinetic temperature of
the gas to the width of the line as

Tk ! 21.855(∆v)2, (2)

where ∆v is the FWHM of the line in km s−1. In this case,
∆v =1.1 km s−1 and implies a kinetic temperature, Tk ! 26.4 K.
This indicates that the temperature of this absorber is similar to
that observed in cold neutral medium (CNM) of the LMC and
SMC (Dickey et al. 1994, 2000).

Assuming the kinetic temperature as a proxy for spin temper-
ature (i.e., Tk = Ts = 26.4 K), we estimate the column density
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Figure 6. Left: 21 cm H i absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1. The colors show the observed flux densities such
that blue represents pixels with negative flux density, i.e., absorption, yellow/red represents pixels with positive flux density, i.e., emission, and green indicate pixels
within the observed noise (±1σ ) in the data. The background source is shown in black contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy beam−1. It is
worth noting that we are sensitive to absorption only against the background radio source. However, we are sensitive to emission in the entire region. The synthesized
beam size (≡230 pc×173 pc in physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration H i emission map with contour
levels indicating 14.4, 21.7, and 28.9 × 1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right: VLA B-configuration H i
spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in black. The absorption has a peak depth of 10.41 mJy
and the flux density of the background source at the same region is 13.98 mJy. The absorption feature is unresolved and the limiting FWHM was measured to be
1.1 km s−1. This corresponds to a kinetic temperature, Tk ! 26 K. The VLA D-configuration H i spectrum extracted from the white dashed rectangular region (similar
in size to the D-configuration beam) is shown in the lower panel in blue. The feature has an FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1. The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.
(A color version of this figure is available in the online journal.)
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Figure 1. GBT H i spectra toward background quasars probing three foreground galaxies from the survey by B11. The GBT beam covered the quasar sightline along
with the foreground galaxy. The spectra show strong H i emission features believed to be associated with the ISM of the foreground galaxy. The spectra toward quasar
J122106+454852 probing galaxy UGC 7408 show the data at original resolution. The spectra toward the other two sightlines probing galaxies J141629+372120
(labeled as J141629) and J160659+271642 (labeled as J160659) are smoothed by 30 pixels (≡10.6 km s−1) to increase signal-to-noise ratio. No clear indication of
21 cm H i absorption were seen in the raw or the smoothed data. The large GBT beam of FWHM 9.′1 makes it impossible to interpret the physical significance of
the non-detections of H i absorption toward these quasar sightlines. One explanation could be that there is an absence of gas in the region probed by the sightlines.
However, it is also possible that 21 cm absorption produced toward the quasar sightlines is being filled in by H i emission associated with gas elsewhere in the galaxies.
Higher spatial resolution is warranted to distinguish between the two possible scenarios, thus our motivation for obtaining higher spatial resolution VLA observations.

to qualify as a DLA is about 20 kpc (Strasser et al. 2007; Kalberla
& Kerp 2009, and references therein), although the disk extends
to about twice that radius at much lower column densities (see
Figure 8, Kalberla & Kerp 2009).

In this paper, we present follow-up observations of three of
the galaxies from our previous H i absorption survey (B11). In
our previous work, we reported non-detection of H i absorption
in two of the targets based on observations with the Green
Bank Telescope (GBT). However, we noted that due to the
large GBT beam, it is possible that H i absorption against the
background source is filled in by emission from elsewhere in
the galaxy. The GBT spectra obtained by B11 are shown in
Figure 1. These single dish data were obtained using ON–OFF
position switching mode. Therefore, in order to confirm the
absence of absorption, we conducted follow-up observations
with the Karl G. Jansky Very Large Array (VLA) of the NRAO7

in B-configuration. These new observations provide almost two
orders of magnitude higher spatial resolution than the GBT.
In addition, we also obtained Hubble Space Telescope (HST)
ultraviolet (UV) spectra of the background quasi-stellar objects
(QSOs) in order to get an independent measurement of H i
column density.

We proceed by describing our targets, followed by details of
the observations and data analysis in Section 2. The results and

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

a discussion on the implications of the findings are presented
in Section 3. Finally, we conclude in Section 4 and comment
on the potential of similar studies with upcoming facilities in
the future. The cosmological parameters used in this study are
H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

2. OBSERVATION

2.1. Targets

2.1.1. Targets for High Spatial Resolution 21 cm H i
Imaging with the VLA

We carried out follow-up VLA observations of three galaxies
with radio-bright background sources. Properties of the target
galaxies such as their redshifts, stellar and H i masses, central
metallicities, H i velocity centroids, and widths are provided
in Table 1. The GBT spectrum of the three galaxies obtained
by B11 shows strong H i emission. The measured H i masses
indicate that these galaxies have more H i than stars. Based on
the H i mass to disk size relationship derived by Swaters et al.
(2002), these galaxies are expected to have extended H i disks
well beyond their optical disks.

These three galaxies are probed by six sightlines correspond-
ing to six radio-bright background sources. Information on each
of the sightlines including their IDs from the study by B11, po-
sition of the background radio sources, their 20 cm fluxes, and
impact parameters is provided in Table 2. Three of the sightlines
are QSOs with optical spectroscopic data from the Sloan Digital

2

GBT)Spectrum)
(en.re)galaxy))



21cm%HI%(D*conf.)%%%%%%%%%
Continuum%(B*conf.)%

Physical Properties of HI!

21)x)1019)) 14)x)1019))
29)x)1019))

Channel)Map)at)444)km/s))

Borthakur$et$al.$2014,$ApJ,$795,$98$$

VLA)B%configura.on)
)

8 Borthakur et al.

!"

!#

!$
    

-10

-5

0

5

F
lu

x
 d

e
n
s
it

y
 (

m
J
y
/b

e
a
m

) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

UCG 7408:#2

(VLA B-conf.)

Flux density

Error

Fit

430 440 450 460

Velocity (km/s)

-10

-5

0

5

UCG 7408

(VLA D-conf.)

Flux density

Fit

20.1620.3420.46

Fig. 6.— Left: 21 cm Hi absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1 . The colors show the
observed flux densities such that blue represents pixels with negative flux density i.e. absorption, yellow/red represents pixels with positive
flux density i.e. emission, and green indicate pixels within the observed noise (±1σ) in the data. The background source is shown in black
contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy/beam. It is worth noting that we are sensitive to absorption only against
the background radio source. However, we are sensitive to emission in the entire region. The synthesized beam size (≡230 pc×173 pc in
physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration Hi emission map with contour
levels indicating 14.4, 21.7, and 28.9 ×1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right:
VLA B-configuration Hi spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in
black. The absorption has a peak depth of 10.41 mJy and the flux density of the background source at the same region is 13.98 mJy. The
absorption feature is unresolved and the limiting FWHM of was measured to be 1.1 km s−1 . This corresponds to a kinetic temperature,
Tk ≤26 K. The VLA-D configuration Hi spectrum extracted from the white dashed rectangular region (similar in size to the D-configuration
beam) is shown in the lower panel in blue. The feature has a FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1 . The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.

of this absorber is similar to that observed in cold neu-
tral medium (CNM) of the LMC and SMC (Dickey et al.
1994, 2000).
Assuming the kinetic temperature as a proxy for spin

temperature (i.e. Tk = Ts = 26.4 K), we estimate
the column density of H I in this absorber to be
6.3× 1019 cm−2 using the following expression

N(H I) = 1.823× 1018
Ts

f

!

τ(v)dv cm−2, (3)

where τ(v) is the 21 cm optical depth as a function of
velocity in km s−1. From the Gaussian fit to the ab-
sorber, we estimate

"

τ(v) dv = 1.3. In this case, the
covering fraction is unity, f = 1, as we are measuring op-
tical depth, τ(v), at the region of the background source
where the absorber was detected.
The column density of cold gas as derived from the

absorption feature is significantly lower than the total
H I column density seen in emission. By comparing the
two, we find that the ratio of cold-to-total H I column
density associated with the absorber to be ≈ 30%. Fold-
ing in the covering fraction, we find that only ≈ 10%
of the total H I by mass exists in the cold phase. The
non-detections of H I in absorption towards sightlines
1 and 3 provide upper limits on the column densities of
2.9 and 14.2 ×1019 cm−2 respectively. The same exercise
of comparing these column densities to that observed in
emission implies that the cold-to-total H I towards sight-
lines 1 and 3 are ! 20% and ! 50%, respectively.

3.1.3. Nature of H I in UGC 7408

Our results suggest that the process of condensation
is suppressed in UGC 7408. We found that a large frac-
tion of atomic gas in the extended disk of this galaxy is
warm with temperature much larger than a few 100 K.
Therefore, we conclude that most of the atomic gas in
the extended disk of UCG 7408 failed to condense into
the atomic gas clouds of 100-50 K (typically found in the
Milky Way ISM). We did detect a small fraction of gas
in the cold phase with temperature ∼ 25 K. This is much
lower than the temperatures commonly seen in the CNM
of the Milky Way (Heiles & Troland 2003; Strasser et al.
2007). In fact, at such low temperatures most of the gas
in the Milky Way is in the molecular phase. The exis-
tence of such cold atomic gas suggests that the fraction
of H I that was able to condense into the cold phase re-
mained in the atomic state and avoided the transition to
molecular phase.
The atomic hydrogen in the SMC also exhibits very

similar properties. For instance, Dickey et al. found that
less than 15% of the total H I in the SMC is in the cold-
phase. They also found the temperature of cold phase to
be typically 40 K or less. They suggested that the dif-
ference in the properties of the CNM between the SMC
and the Milky Way is a consequence of the difference in
the metallicity in the ISM. Low-metallicity implies lower
radiative cooling. In particular for clouds where cooling
is dominated by fine-structure line emission, the thermal
equilibrium between the warm and the cold phase re-
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Figure 5. VLA D-configuration H i spectrum extracted from a region the
size of the synthesized beam centered at the quasar (first published by B11).
The data show a Gaussian H i emission feature with an absorption feature
(FWHM = 4.75 km s−1) superimposed at the peak of emission. B11 concluded
that the broad Gaussian emission feature was produced by the atomic gas that
filled in the beam, whereas the gas toward the quasar sightline, covering only a
small fraction of the beam, produced the superimposed absorption.
(A color version of this figure is available in the online journal.)

3.1.2. Physical Properties of the H i Absorber

A spectrum extracted from the position of the absorber
(identified as a white oval of same size as the beam) is shown
on the right. We measured the peak depth in flux density
for the feature to be 10.41 mJy. For comparison, we also

present in Figure 6 the D-configuration absorption spectrum
that was obtained by subtracting the H i emission model from
the spectrum in Figure 5. The region of the galaxy from
which the D-configuration spectrum was extracted is shown
as the white dashed rectangle on the image in the left panel
of Figure 6. As noted earlier, the absorption feature seen
in the B-configuration data is deeper and narrower than that
seen in the VLA D-configuration data. The B-configuration
data have higher spectral and spatial resolution; however, they
have lower signal-to-noise ratio than the D-configuration data.
Nevertheless, the feature was confirmed at >5σ at that channel
or at >3σaverage, the average noise over all channel.

From our B-configuration data, we estimated the peak optical
depth of this absorber to 1.37 using the following relation:

τ = −ln

!
Io − Iabs

Io

"
, (1)

where Io is the flux density of the background quasar at the
position of the absorber of 13.98 mJy and Iabs is the peak strength
of the absorption feature of 10.41 mJy (see Figure 6, left panel).
If we assume the width of the line is due to collisional excitation
of the hydrogen atoms, we can relate the kinetic temperature of
the gas to the width of the line as

Tk ! 21.855(∆v)2, (2)

where ∆v is the FWHM of the line in km s−1. In this case,
∆v =1.1 km s−1 and implies a kinetic temperature, Tk ! 26.4 K.
This indicates that the temperature of this absorber is similar to
that observed in cold neutral medium (CNM) of the LMC and
SMC (Dickey et al. 1994, 2000).

Assuming the kinetic temperature as a proxy for spin temper-
ature (i.e., Tk = Ts = 26.4 K), we estimate the column density
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Figure 6. Left: 21 cm H i absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1. The colors show the observed flux densities such
that blue represents pixels with negative flux density, i.e., absorption, yellow/red represents pixels with positive flux density, i.e., emission, and green indicate pixels
within the observed noise (±1σ ) in the data. The background source is shown in black contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy beam−1. It is
worth noting that we are sensitive to absorption only against the background radio source. However, we are sensitive to emission in the entire region. The synthesized
beam size (≡230 pc×173 pc in physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration H i emission map with contour
levels indicating 14.4, 21.7, and 28.9 × 1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right: VLA B-configuration H i
spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in black. The absorption has a peak depth of 10.41 mJy
and the flux density of the background source at the same region is 13.98 mJy. The absorption feature is unresolved and the limiting FWHM was measured to be
1.1 km s−1. This corresponds to a kinetic temperature, Tk ! 26 K. The VLA D-configuration H i spectrum extracted from the white dashed rectangular region (similar
in size to the D-configuration beam) is shown in the lower panel in blue. The feature has an FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1. The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.
(A color version of this figure is available in the online journal.)
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Figure 5. VLA D-configuration H i spectrum extracted from a region the
size of the synthesized beam centered at the quasar (first published by B11).
The data show a Gaussian H i emission feature with an absorption feature
(FWHM = 4.75 km s−1) superimposed at the peak of emission. B11 concluded
that the broad Gaussian emission feature was produced by the atomic gas that
filled in the beam, whereas the gas toward the quasar sightline, covering only a
small fraction of the beam, produced the superimposed absorption.
(A color version of this figure is available in the online journal.)

3.1.2. Physical Properties of the H i Absorber

A spectrum extracted from the position of the absorber
(identified as a white oval of same size as the beam) is shown
on the right. We measured the peak depth in flux density
for the feature to be 10.41 mJy. For comparison, we also

present in Figure 6 the D-configuration absorption spectrum
that was obtained by subtracting the H i emission model from
the spectrum in Figure 5. The region of the galaxy from
which the D-configuration spectrum was extracted is shown
as the white dashed rectangle on the image in the left panel
of Figure 6. As noted earlier, the absorption feature seen
in the B-configuration data is deeper and narrower than that
seen in the VLA D-configuration data. The B-configuration
data have higher spectral and spatial resolution; however, they
have lower signal-to-noise ratio than the D-configuration data.
Nevertheless, the feature was confirmed at >5σ at that channel
or at >3σaverage, the average noise over all channel.

From our B-configuration data, we estimated the peak optical
depth of this absorber to 1.37 using the following relation:

τ = −ln

!
Io − Iabs

Io

"
, (1)

where Io is the flux density of the background quasar at the
position of the absorber of 13.98 mJy and Iabs is the peak strength
of the absorption feature of 10.41 mJy (see Figure 6, left panel).
If we assume the width of the line is due to collisional excitation
of the hydrogen atoms, we can relate the kinetic temperature of
the gas to the width of the line as

Tk ! 21.855(∆v)2, (2)

where ∆v is the FWHM of the line in km s−1. In this case,
∆v =1.1 km s−1 and implies a kinetic temperature, Tk ! 26.4 K.
This indicates that the temperature of this absorber is similar to
that observed in cold neutral medium (CNM) of the LMC and
SMC (Dickey et al. 1994, 2000).

Assuming the kinetic temperature as a proxy for spin temper-
ature (i.e., Tk = Ts = 26.4 K), we estimate the column density
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Figure 6. Left: 21 cm H i absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1. The colors show the observed flux densities such
that blue represents pixels with negative flux density, i.e., absorption, yellow/red represents pixels with positive flux density, i.e., emission, and green indicate pixels
within the observed noise (±1σ ) in the data. The background source is shown in black contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy beam−1. It is
worth noting that we are sensitive to absorption only against the background radio source. However, we are sensitive to emission in the entire region. The synthesized
beam size (≡230 pc×173 pc in physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration H i emission map with contour
levels indicating 14.4, 21.7, and 28.9 × 1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right: VLA B-configuration H i
spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in black. The absorption has a peak depth of 10.41 mJy
and the flux density of the background source at the same region is 13.98 mJy. The absorption feature is unresolved and the limiting FWHM was measured to be
1.1 km s−1. This corresponds to a kinetic temperature, Tk ! 26 K. The VLA D-configuration H i spectrum extracted from the white dashed rectangular region (similar
in size to the D-configuration beam) is shown in the lower panel in blue. The feature has an FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1. The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.
(A color version of this figure is available in the online journal.)
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Figure 1. The dust optical depth of the H i shielding layer τH i (upper panel)
and the corresponding H i column NH i (lower panel) for very large clouds,
τR → ∞. We show these results computed for φCNM = 3 (thick lines) and for
φCNM = 1 and 10 (upper and lower thin lines, respectively). The circles indicate
our values for the Milky Way, Z′ = 1, for our fiducial φCNM = 3: τH i = 0.40,
NH i = 4.0 × 1020. To compute NH i from τH i, we assume a dust absorption
cross section per H nucleus in the LW band of σd = 10−21Z/Z⊙. We also show
the visual extinction AV corresponding to our τH i and the mass column density
Σ corresponding to NH i. For the former we have assumed AV /τH i = 0.48,
following the models of Draine (2003a, 2003b, 2003c) as explained in the
text. To compute the latter we assume a mean particle mass per H nucleus of
2.34×10−24 g cm−2, corresponding to a standard cosmic mixture of H and He.

respectively). These values are the total column densities along
pencil-beam lines of sight at which the fraction of the gas column
in the form of H2 reaches about 10% of the total. In contrast,
in the two-zone approximation we adopt in Paper I, we assume
that the atomic-to-molecular transition is infinitely sharp, and
under this approximation the shielding column we report is
the column at which the gas goes from fully atomic to fully
molecular. Were the transition truly infinitely sharp as we have
approximated it to be, the ratio of H2 to total column density
would be zero at our computed shielding column. Comparing
our theoretical shielding columns to the detailed numerical
radiative transfer models we present in Paper I shows that in
reality, for conditions typical of the Milky Way, the ratio of H2
column to total column at our calculated transition column NH i
is roughly 20%. Since this is a factor of 2 larger than the 10%
ratio used in the observationally defined transition column, and
in our simple model the H2 fraction increases linearly with total
column density once we pass our predicted transition point, we
expect our shielding column to be a factor of ∼ 2 larger than
the values reported by Savage et al. and Tumlinson et al. We
compare our model predictions to these data sets in more detail
in Section 4.2.

Using the extinction and absorption curves of Draine (2003a,
2003b, 2003c), the ratio of visual extinction to 1000 Å absorp-
tion is AV /τH i = 0.48 for Draine’s RV = 4.0 model, so the
visual extinction corresponding to τH i = 0.40 is AV = 0.19.
Adopting the RV = 5.5 curve instead, appropriate for denser

clouds, gives AV = 0.28, while RV = 3.1, for diffuse regions,
gives AV = 0.13. Our estimates for the LW dust optical depth
and visual extinction vary little with metallicity, changing by
only a factor of 2.7 for a metallicity ranging from 10−2 Z⊙ to
100.5 Z⊙.

The variation between the curves with φCNM = 1, 3, and 10
shows the full plausible range of variation in shielding column
arising from our uncertainty about the true density in the atomic
envelopes of molecular clouds. The φCNM = 1 and 10 curves
are both within a factor of 2.6 of the fiducial model, so this is
an upper bound on our uncertainty. The actual error is likely
to be smaller than this, since φCNM = 1 and 10 correspond to
the extreme assumptions that the CNM assumes its minimum
or maximum possible equilibrium densities.

We can obtain a quick approximation to the results shown in
Figure 1 simply by noting that at solar metallicity our fiducial
normalized radiation field is χ = 3.1, and we show in Paper I
that for a giant cloud with χ < 4.1 (corresponding to Z′ < 2.5
for our fiducial parameters), the LW dust optical depth through
the atomic shielding layer is

τH i = ψ

4
, (9)

where

ψ = χ
2.5 + χ

2.5 + χe
. (10)

The dust-adjusted radiation field ψ is a function only of metallic-
ity; for our fiducial parameters φCNM = 3 and σd,−21/R−16.5 =
1, and Milky Way metallicity Z′ = 1, we obtain ψ = 1.6.
Moreover, the dependence on metallicity is weak: at Z′ = 1/10,
ψ = 1.0, while at Z′ = 1/100, ψ = 0.77. Because ψ depends
only on metallicity, we can also express the characteristic H i
shielding column on one side of a giant cloud solely as a function
of Z′:

ΣH i = µH

σd
τH i(Z′,φχ ) (11)

= 4.5 M⊙ pc−2 f (Z′,φχ )
σ0,−21Z′ , (12)

where µH = 2.34 × 10−24 g is the mean mass per hydrogen
nucleus, and σ0,−21 is the dust absorption cross section at Milky
Way metallicity (log Z′ = 0) in units of 10−21 cm2. The function
f (Z′,φχ ) is given by

f (Z′,φχ ) = 0.54(0.32 + Z′0.385)φ−1
χ

×
!

1.05φχ + 0.42 + Z′0.385

0.39φχ + 0.42 + Z′0.385

"
, (13)

where

φχ ≡
!

φCNM

3

" !
R−16.5

σd,−21

"
, (14)

f (1, 1) = 1, and for our fiducial parameters φχ = 1. The nu-
merical factors that appear in f (Z′,φχ ) are derived simply by
substituting Equation (7) for χ into Equation (10) and thence
into Equation (11). These equations, and therefore the numer-
ical values in the function f, depend solely on microphysical
constants that describe the properties of molecular hydrogen
and the chemistry of its formation on grain surfaces (which set
fdiss and σd/R) and the shapes of the C ii and O i cooling curves
(which set the ratio E∗

0/n). We have therefore calculated the
shielding column to a good approximation solely in terms of
microphysical constants.
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Figure 3. Left: SDSS r-band image of SDSS J141629.25+372120.4 in grayscale overlaid with contours of VLA B-configuration continuum map shown in red.
The target galaxy, J141629, is marked with a dashed rectangle in white and the sightlines are labeled. The red contours are at flux density levels of 5, 10, 15, and
20 mJy beam−1. The beam is shown at the bottom right corner in red and the physical scale at the rest frame of the target galaxy is shown on the top right-hand corner.
Right: spectra extracted at the position of the background sources (sightlines #4 and 5) are presented. The standard deviation in flux density (−1σ ) in each of the
channel maps are plotted in green. We do not see any absorption feature at strength 3σ or higher for both the sightlines.
(A color version of this figure is available in the online journal.)
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Figure 4. Left: SDSS r-band image of SDSS J160659.13+271642.6 in grayscale overlaid with contours of VLA B-configuration continuum map shown in red. The
target galaxy, J160659, is marked with a dashed rectangle in white and the sightlines are labeled. The red contours are at flux density levels of 50, 100, 150, and
170 mJy beam−1. The VLA beam is shown at the bottom right corner in red and the physical scale at the rest frame of the target galaxy is shown on the top right-hand
corner. Right: spectrum extract at the position of the background sources (sightline #6) is presented. The standard deviation in flux density (−1σ ) in the channel maps
is plotted in green. We do not see any absorption feature at strengths 3σ or higher toward this sightline. This being the background source with the largest integrated
flux among the six sightlines discussed in this paper, we estimate the most stringent optical depth limit of τ#6 ! 0.03 for this target.
(A color version of this figure is available in the online journal.)
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Figure 3. Left: SDSS r-band image of SDSS J141629.25+372120.4 in grayscale overlaid with contours of VLA B-configuration continuum map shown in red.
The target galaxy, J141629, is marked with a dashed rectangle in white and the sightlines are labeled. The red contours are at flux density levels of 5, 10, 15, and
20 mJy beam−1. The beam is shown at the bottom right corner in red and the physical scale at the rest frame of the target galaxy is shown on the top right-hand corner.
Right: spectra extracted at the position of the background sources (sightlines #4 and 5) are presented. The standard deviation in flux density (−1σ ) in each of the
channel maps are plotted in green. We do not see any absorption feature at strength 3σ or higher for both the sightlines.
(A color version of this figure is available in the online journal.)
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Figure 4. Left: SDSS r-band image of SDSS J160659.13+271642.6 in grayscale overlaid with contours of VLA B-configuration continuum map shown in red. The
target galaxy, J160659, is marked with a dashed rectangle in white and the sightlines are labeled. The red contours are at flux density levels of 50, 100, 150, and
170 mJy beam−1. The VLA beam is shown at the bottom right corner in red and the physical scale at the rest frame of the target galaxy is shown on the top right-hand
corner. Right: spectrum extract at the position of the background sources (sightline #6) is presented. The standard deviation in flux density (−1σ ) in the channel maps
is plotted in green. We do not see any absorption feature at strengths 3σ or higher toward this sightline. This being the background source with the largest integrated
flux among the six sightlines discussed in this paper, we estimate the most stringent optical depth limit of τ#6 ! 0.03 for this target.
(A color version of this figure is available in the online journal.)
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Figure 1. GBT H i spectra toward background quasars probing three foreground galaxies from the survey by B11. The GBT beam covered the quasar sightline along
with the foreground galaxy. The spectra show strong H i emission features believed to be associated with the ISM of the foreground galaxy. The spectra toward quasar
J122106+454852 probing galaxy UGC 7408 show the data at original resolution. The spectra toward the other two sightlines probing galaxies J141629+372120
(labeled as J141629) and J160659+271642 (labeled as J160659) are smoothed by 30 pixels (≡10.6 km s−1) to increase signal-to-noise ratio. No clear indication of
21 cm H i absorption were seen in the raw or the smoothed data. The large GBT beam of FWHM 9.′1 makes it impossible to interpret the physical significance of
the non-detections of H i absorption toward these quasar sightlines. One explanation could be that there is an absence of gas in the region probed by the sightlines.
However, it is also possible that 21 cm absorption produced toward the quasar sightlines is being filled in by H i emission associated with gas elsewhere in the galaxies.
Higher spatial resolution is warranted to distinguish between the two possible scenarios, thus our motivation for obtaining higher spatial resolution VLA observations.

to qualify as a DLA is about 20 kpc (Strasser et al. 2007; Kalberla
& Kerp 2009, and references therein), although the disk extends
to about twice that radius at much lower column densities (see
Figure 8, Kalberla & Kerp 2009).

In this paper, we present follow-up observations of three of
the galaxies from our previous H i absorption survey (B11). In
our previous work, we reported non-detection of H i absorption
in two of the targets based on observations with the Green
Bank Telescope (GBT). However, we noted that due to the
large GBT beam, it is possible that H i absorption against the
background source is filled in by emission from elsewhere in
the galaxy. The GBT spectra obtained by B11 are shown in
Figure 1. These single dish data were obtained using ON–OFF
position switching mode. Therefore, in order to confirm the
absence of absorption, we conducted follow-up observations
with the Karl G. Jansky Very Large Array (VLA) of the NRAO7

in B-configuration. These new observations provide almost two
orders of magnitude higher spatial resolution than the GBT.
In addition, we also obtained Hubble Space Telescope (HST)
ultraviolet (UV) spectra of the background quasi-stellar objects
(QSOs) in order to get an independent measurement of H i
column density.

We proceed by describing our targets, followed by details of
the observations and data analysis in Section 2. The results and

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

a discussion on the implications of the findings are presented
in Section 3. Finally, we conclude in Section 4 and comment
on the potential of similar studies with upcoming facilities in
the future. The cosmological parameters used in this study are
H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

2. OBSERVATION

2.1. Targets

2.1.1. Targets for High Spatial Resolution 21 cm H i
Imaging with the VLA

We carried out follow-up VLA observations of three galaxies
with radio-bright background sources. Properties of the target
galaxies such as their redshifts, stellar and H i masses, central
metallicities, H i velocity centroids, and widths are provided
in Table 1. The GBT spectrum of the three galaxies obtained
by B11 shows strong H i emission. The measured H i masses
indicate that these galaxies have more H i than stars. Based on
the H i mass to disk size relationship derived by Swaters et al.
(2002), these galaxies are expected to have extended H i disks
well beyond their optical disks.

These three galaxies are probed by six sightlines correspond-
ing to six radio-bright background sources. Information on each
of the sightlines including their IDs from the study by B11, po-
sition of the background radio sources, their 20 cm fluxes, and
impact parameters is provided in Table 2. Three of the sightlines
are QSOs with optical spectroscopic data from the Sloan Digital

2

The Astrophysical Journal, 795:98 (10pp), 2014 November 1 Borthakur et al.

Figure 1. GBT H i spectra toward background quasars probing three foreground galaxies from the survey by B11. The GBT beam covered the quasar sightline along
with the foreground galaxy. The spectra show strong H i emission features believed to be associated with the ISM of the foreground galaxy. The spectra toward quasar
J122106+454852 probing galaxy UGC 7408 show the data at original resolution. The spectra toward the other two sightlines probing galaxies J141629+372120
(labeled as J141629) and J160659+271642 (labeled as J160659) are smoothed by 30 pixels (≡10.6 km s−1) to increase signal-to-noise ratio. No clear indication of
21 cm H i absorption were seen in the raw or the smoothed data. The large GBT beam of FWHM 9.′1 makes it impossible to interpret the physical significance of
the non-detections of H i absorption toward these quasar sightlines. One explanation could be that there is an absence of gas in the region probed by the sightlines.
However, it is also possible that 21 cm absorption produced toward the quasar sightlines is being filled in by H i emission associated with gas elsewhere in the galaxies.
Higher spatial resolution is warranted to distinguish between the two possible scenarios, thus our motivation for obtaining higher spatial resolution VLA observations.

to qualify as a DLA is about 20 kpc (Strasser et al. 2007; Kalberla
& Kerp 2009, and references therein), although the disk extends
to about twice that radius at much lower column densities (see
Figure 8, Kalberla & Kerp 2009).

In this paper, we present follow-up observations of three of
the galaxies from our previous H i absorption survey (B11). In
our previous work, we reported non-detection of H i absorption
in two of the targets based on observations with the Green
Bank Telescope (GBT). However, we noted that due to the
large GBT beam, it is possible that H i absorption against the
background source is filled in by emission from elsewhere in
the galaxy. The GBT spectra obtained by B11 are shown in
Figure 1. These single dish data were obtained using ON–OFF
position switching mode. Therefore, in order to confirm the
absence of absorption, we conducted follow-up observations
with the Karl G. Jansky Very Large Array (VLA) of the NRAO7

in B-configuration. These new observations provide almost two
orders of magnitude higher spatial resolution than the GBT.
In addition, we also obtained Hubble Space Telescope (HST)
ultraviolet (UV) spectra of the background quasi-stellar objects
(QSOs) in order to get an independent measurement of H i
column density.

We proceed by describing our targets, followed by details of
the observations and data analysis in Section 2. The results and

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

a discussion on the implications of the findings are presented
in Section 3. Finally, we conclude in Section 4 and comment
on the potential of similar studies with upcoming facilities in
the future. The cosmological parameters used in this study are
H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

2. OBSERVATION

2.1. Targets

2.1.1. Targets for High Spatial Resolution 21 cm H i
Imaging with the VLA

We carried out follow-up VLA observations of three galaxies
with radio-bright background sources. Properties of the target
galaxies such as their redshifts, stellar and H i masses, central
metallicities, H i velocity centroids, and widths are provided
in Table 1. The GBT spectrum of the three galaxies obtained
by B11 shows strong H i emission. The measured H i masses
indicate that these galaxies have more H i than stars. Based on
the H i mass to disk size relationship derived by Swaters et al.
(2002), these galaxies are expected to have extended H i disks
well beyond their optical disks.

These three galaxies are probed by six sightlines correspond-
ing to six radio-bright background sources. Information on each
of the sightlines including their IDs from the study by B11, po-
sition of the background radio sources, their 20 cm fluxes, and
impact parameters is provided in Table 2. Three of the sightlines
are QSOs with optical spectroscopic data from the Sloan Digital
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Figure 7. Continuum-subtracted GBT, VLA, and VLBA spectra of SDSS
J104257.58+074850.5 covering the velocity range of redshifted 21 cm absorp-
tion associated with the foreground galaxy. The VLBA spectrum is extracted
from pixels with more than 400 µJy (i.e., 5σ ) continuum flux. The vertical
dotted line marks a significant absorption feature that is evident in all the three
spectra at 9924 km s−1. An expanded plot of the 21 cm absorption profile in the
GBT data and its comparison with VLBA data is shown in Figure 8.

within the absolute calibration uncertainty of the VLA. The
unresolved radio source is centered on the QSO and is clearly
offset from the center of the foreground galaxy by 2.′′5 to the
southwest.

The continuum-subtracted VLA H i spectrum of SDSS
J104257.58+074850.5 covering the velocity range between
9820 km s−1 and 10,150 km s−1 is shown in Figure 7. The rms
noise in each 10.6 km s−1 channel map is ∼0.7 mJy beam−1

(21 K), and no H i is significantly detected in emission. The nar-
row absorption feature seen at V = 9924 km s−1 is spectrally un-
resolved with an average optical depth of τH i = 0.0101±0.0018
(5.6σ ) over the 10.6 km s−1 channel width.

4.3. Very Long Baseline Array Observations

The VLBA observations of this source were carried out in
two 8 hr observing sessions on the nights of 2008 June 15 and
16 under program ID BY124. Four adjacent 4 MHz baseband
channel pairs were used in the observations, with both right-
and left-hand circular polarizations, and sampled at 2 bits.
The data were correlated at the VLBA correlator in Socorro,
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Figure 8. Top: continuum-normalized GBT spectrum of the 21 cm absorption
detected at 9923.97 ± 0.17 km s−1 in the spectrum of the background QSO,
SDSS J104257.58+074850.5. The absorption profile can be represented by a
single Gaussian component with a FWHM of 3.6 ± 0.4 km s−1 shown on the
spectrum. A second component (2.3σ ) can be seen centered at 9917.6 km s−1.
The properties of the absorber are consistent with that of a quiescent cloud that
has a kinematic temperature of < 283 K. Bottom: a comparison between the
GBT spectrum and the VLBA spectrum of the 21 cm absorption feature. The
GBT spectrum is binned to match the resolution of the VLBA spectrum. There
is a good match between the two spectra for the primary component, i.e., toward
the higher velocity end of the feature. However, the VLBA spectrum shows a
much stronger second component (4.6σ ) as compared to the GBT spectrum.

New Mexico in two passes. In the first pass, all the baseband
channels were correlated with 32 spectral channels per 4 MHz
for the purpose of imaging the radio continuum emission. The
second correlation pass was performed only on the second pair
of baseband channels, which were centered at 9925 km s−1.
This produced a data cube with 1024 spectral channels and
a resolution of 3.9 kHz (0.9 km s−1) per channel. The total
on-source integration time was 15 hr. Two of the ten VLBA
antennas were rendered unusable due to technical problems
(Brewster) and data corruption (Mauna Kea). The data reduction
was performed using AIPS.

After a priori flagging of data affected by interference in
both data sets, amplitude calibration was performed using the
measurements of the antenna gains and the system temperatures
for each station. Bandpass calibration was performed using 3C
273. The continuum data set was then self-calibrated and imaged
in an iterative cycle. Figure 10 shows the continuum image of
the background quasar SDSS J104257.58+074850.5 that was
obtained using an intermediate grid weighting between pure

Gaussian of  FWHM = 3.6 km/s
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Fig. 6.— Left: 21 cm Hi absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1 . The colors show the
observed flux densities such that blue represents pixels with negative flux density i.e. absorption, yellow/red represents pixels with positive
flux density i.e. emission, and green indicate pixels within the observed noise (±1σ) in the data. The background source is shown in black
contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy/beam. It is worth noting that we are sensitive to absorption only against
the background radio source. However, we are sensitive to emission in the entire region. The synthesized beam size (≡230 pc×173 pc in
physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration Hi emission map with contour
levels indicating 14.4, 21.7, and 28.9 ×1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right:
VLA B-configuration Hi spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in
black. The absorption has a peak depth of 10.41 mJy and the flux density of the background source at the same region is 13.98 mJy. The
absorption feature is unresolved and the limiting FWHM of was measured to be 1.1 km s−1 . This corresponds to a kinetic temperature,
Tk ≤26 K. The VLA-D configuration Hi spectrum extracted from the white dashed rectangular region (similar in size to the D-configuration
beam) is shown in the lower panel in blue. The feature has a FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1 . The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.

of this absorber is similar to that observed in cold neu-
tral medium (CNM) of the LMC and SMC (Dickey et al.
1994, 2000).
Assuming the kinetic temperature as a proxy for spin

temperature (i.e. Tk = Ts = 26.4 K), we estimate
the column density of H I in this absorber to be
6.3× 1019 cm−2 using the following expression

N(H I) = 1.823× 1018
Ts

f

!

τ(v)dv cm−2, (3)

where τ(v) is the 21 cm optical depth as a function of
velocity in km s−1. From the Gaussian fit to the ab-
sorber, we estimate

"

τ(v) dv = 1.3. In this case, the
covering fraction is unity, f = 1, as we are measuring op-
tical depth, τ(v), at the region of the background source
where the absorber was detected.
The column density of cold gas as derived from the

absorption feature is significantly lower than the total
H I column density seen in emission. By comparing the
two, we find that the ratio of cold-to-total H I column
density associated with the absorber to be ≈ 30%. Fold-
ing in the covering fraction, we find that only ≈ 10%
of the total H I by mass exists in the cold phase. The
non-detections of H I in absorption towards sightlines
1 and 3 provide upper limits on the column densities of
2.9 and 14.2 ×1019 cm−2 respectively. The same exercise
of comparing these column densities to that observed in
emission implies that the cold-to-total H I towards sight-
lines 1 and 3 are ! 20% and ! 50%, respectively.

3.1.3. Nature of H I in UGC 7408

Our results suggest that the process of condensation
is suppressed in UGC 7408. We found that a large frac-
tion of atomic gas in the extended disk of this galaxy is
warm with temperature much larger than a few 100 K.
Therefore, we conclude that most of the atomic gas in
the extended disk of UCG 7408 failed to condense into
the atomic gas clouds of 100-50 K (typically found in the
Milky Way ISM). We did detect a small fraction of gas
in the cold phase with temperature ∼ 25 K. This is much
lower than the temperatures commonly seen in the CNM
of the Milky Way (Heiles & Troland 2003; Strasser et al.
2007). In fact, at such low temperatures most of the gas
in the Milky Way is in the molecular phase. The exis-
tence of such cold atomic gas suggests that the fraction
of H I that was able to condense into the cold phase re-
mained in the atomic state and avoided the transition to
molecular phase.
The atomic hydrogen in the SMC also exhibits very

similar properties. For instance, Dickey et al. found that
less than 15% of the total H I in the SMC is in the cold-
phase. They also found the temperature of cold phase to
be typically 40 K or less. They suggested that the dif-
ference in the properties of the CNM between the SMC
and the Milky Way is a consequence of the difference in
the metallicity in the ISM. Low-metallicity implies lower
radiative cooling. In particular for clouds where cooling
is dominated by fine-structure line emission, the thermal
equilibrium between the warm and the cold phase re-
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Fig. 6.— Left: 21 cm Hi absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1 . The colors show the
observed flux densities such that blue represents pixels with negative flux density i.e. absorption, yellow/red represents pixels with positive
flux density i.e. emission, and green indicate pixels within the observed noise (±1σ) in the data. The background source is shown in black
contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy/beam. It is worth noting that we are sensitive to absorption only against
the background radio source. However, we are sensitive to emission in the entire region. The synthesized beam size (≡230 pc×173 pc in
physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration Hi emission map with contour
levels indicating 14.4, 21.7, and 28.9 ×1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right:
VLA B-configuration Hi spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in
black. The absorption has a peak depth of 10.41 mJy and the flux density of the background source at the same region is 13.98 mJy. The
absorption feature is unresolved and the limiting FWHM of was measured to be 1.1 km s−1 . This corresponds to a kinetic temperature,
Tk ≤26 K. The VLA-D configuration Hi spectrum extracted from the white dashed rectangular region (similar in size to the D-configuration
beam) is shown in the lower panel in blue. The feature has a FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1 . The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.

of this absorber is similar to that observed in cold neu-
tral medium (CNM) of the LMC and SMC (Dickey et al.
1994, 2000).
Assuming the kinetic temperature as a proxy for spin

temperature (i.e. Tk = Ts = 26.4 K), we estimate
the column density of H I in this absorber to be
6.3× 1019 cm−2 using the following expression
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where τ(v) is the 21 cm optical depth as a function of
velocity in km s−1. From the Gaussian fit to the ab-
sorber, we estimate
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τ(v) dv = 1.3. In this case, the
covering fraction is unity, f = 1, as we are measuring op-
tical depth, τ(v), at the region of the background source
where the absorber was detected.
The column density of cold gas as derived from the

absorption feature is significantly lower than the total
H I column density seen in emission. By comparing the
two, we find that the ratio of cold-to-total H I column
density associated with the absorber to be ≈ 30%. Fold-
ing in the covering fraction, we find that only ≈ 10%
of the total H I by mass exists in the cold phase. The
non-detections of H I in absorption towards sightlines
1 and 3 provide upper limits on the column densities of
2.9 and 14.2 ×1019 cm−2 respectively. The same exercise
of comparing these column densities to that observed in
emission implies that the cold-to-total H I towards sight-
lines 1 and 3 are ! 20% and ! 50%, respectively.

3.1.3. Nature of H I in UGC 7408

Our results suggest that the process of condensation
is suppressed in UGC 7408. We found that a large frac-
tion of atomic gas in the extended disk of this galaxy is
warm with temperature much larger than a few 100 K.
Therefore, we conclude that most of the atomic gas in
the extended disk of UCG 7408 failed to condense into
the atomic gas clouds of 100-50 K (typically found in the
Milky Way ISM). We did detect a small fraction of gas
in the cold phase with temperature ∼ 25 K. This is much
lower than the temperatures commonly seen in the CNM
of the Milky Way (Heiles & Troland 2003; Strasser et al.
2007). In fact, at such low temperatures most of the gas
in the Milky Way is in the molecular phase. The exis-
tence of such cold atomic gas suggests that the fraction
of H I that was able to condense into the cold phase re-
mained in the atomic state and avoided the transition to
molecular phase.
The atomic hydrogen in the SMC also exhibits very

similar properties. For instance, Dickey et al. found that
less than 15% of the total H I in the SMC is in the cold-
phase. They also found the temperature of cold phase to
be typically 40 K or less. They suggested that the dif-
ference in the properties of the CNM between the SMC
and the Milky Way is a consequence of the difference in
the metallicity in the ISM. Low-metallicity implies lower
radiative cooling. In particular for clouds where cooling
is dominated by fine-structure line emission, the thermal
equilibrium between the warm and the cold phase re-
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Fig. 6.— Left: 21 cm Hi absorption map of UCG 7408 corresponding to the channel at velocity, v = 444.5 km s−1 . The colors show the
observed flux densities such that blue represents pixels with negative flux density i.e. absorption, yellow/red represents pixels with positive
flux density i.e. emission, and green indicate pixels within the observed noise (±1σ) in the data. The background source is shown in black
contours at flux density levels of 5, 10, 20, 30, 40, and 50 mJy/beam. It is worth noting that we are sensitive to absorption only against
the background radio source. However, we are sensitive to emission in the entire region. The synthesized beam size (≡230 pc×173 pc in
physical units) is shown in the lower left-hand corner. The red contours show the VLA D-configuration Hi emission map with contour
levels indicating 14.4, 21.7, and 28.9 ×1019 cm−2. Spectra extracted from the regions marked in white are shown in the right panel. Right:
VLA B-configuration Hi spectrum extracted from the region marked in the white oval, the size of the beam, is shown in the top panel in
black. The absorption has a peak depth of 10.41 mJy and the flux density of the background source at the same region is 13.98 mJy. The
absorption feature is unresolved and the limiting FWHM of was measured to be 1.1 km s−1 . This corresponds to a kinetic temperature,
Tk ≤26 K. The VLA-D configuration Hi spectrum extracted from the white dashed rectangular region (similar in size to the D-configuration
beam) is shown in the lower panel in blue. The feature has a FWHM of 4.75 km s−1 and a centroid at 442.2 km s−1 . The absorption
spectrum was obtained by subtracting out the Gaussian emission profile from the raw spectrum as discussed in detail by B11.

of this absorber is similar to that observed in cold neu-
tral medium (CNM) of the LMC and SMC (Dickey et al.
1994, 2000).
Assuming the kinetic temperature as a proxy for spin

temperature (i.e. Tk = Ts = 26.4 K), we estimate
the column density of H I in this absorber to be
6.3× 1019 cm−2 using the following expression

N(H I) = 1.823× 1018
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where τ(v) is the 21 cm optical depth as a function of
velocity in km s−1. From the Gaussian fit to the ab-
sorber, we estimate

"

τ(v) dv = 1.3. In this case, the
covering fraction is unity, f = 1, as we are measuring op-
tical depth, τ(v), at the region of the background source
where the absorber was detected.
The column density of cold gas as derived from the

absorption feature is significantly lower than the total
H I column density seen in emission. By comparing the
two, we find that the ratio of cold-to-total H I column
density associated with the absorber to be ≈ 30%. Fold-
ing in the covering fraction, we find that only ≈ 10%
of the total H I by mass exists in the cold phase. The
non-detections of H I in absorption towards sightlines
1 and 3 provide upper limits on the column densities of
2.9 and 14.2 ×1019 cm−2 respectively. The same exercise
of comparing these column densities to that observed in
emission implies that the cold-to-total H I towards sight-
lines 1 and 3 are ! 20% and ! 50%, respectively.

3.1.3. Nature of H I in UGC 7408

Our results suggest that the process of condensation
is suppressed in UGC 7408. We found that a large frac-
tion of atomic gas in the extended disk of this galaxy is
warm with temperature much larger than a few 100 K.
Therefore, we conclude that most of the atomic gas in
the extended disk of UCG 7408 failed to condense into
the atomic gas clouds of 100-50 K (typically found in the
Milky Way ISM). We did detect a small fraction of gas
in the cold phase with temperature ∼ 25 K. This is much
lower than the temperatures commonly seen in the CNM
of the Milky Way (Heiles & Troland 2003; Strasser et al.
2007). In fact, at such low temperatures most of the gas
in the Milky Way is in the molecular phase. The exis-
tence of such cold atomic gas suggests that the fraction
of H I that was able to condense into the cold phase re-
mained in the atomic state and avoided the transition to
molecular phase.
The atomic hydrogen in the SMC also exhibits very

similar properties. For instance, Dickey et al. found that
less than 15% of the total H I in the SMC is in the cold-
phase. They also found the temperature of cold phase to
be typically 40 K or less. They suggested that the dif-
ference in the properties of the CNM between the SMC
and the Milky Way is a consequence of the difference in
the metallicity in the ISM. Low-metallicity implies lower
radiative cooling. In particular for clouds where cooling
is dominated by fine-structure line emission, the thermal
equilibrium between the warm and the cold phase re-
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