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A B S T R A C T 

Atomic Hydrogen-21 cm transition (H I ) is an excellent tracer to study and understand the properties of the atomic gas in the 
Galaxy. Using the Westerbork Synthesis Radio Telescope, we observed 12 quasar sightlines to detect galactic H I in absorption. 
We achieve an optical depth rms of ∼1 −2 × 10 

−3 , essential to detect the warm neutral medium (WNM). We detect H I absorption 

in all our sightlines except along 1006 + 349, for which we set a strict upper limit on the spin temperature as 〈 T s 〉 > 570 K. 
We find around 50 per cent of our sightlines have 〈 T s 〉 > 500 K, indicating a WNM dominance. Further, we calculate an upper 
limit of the cold neutral medium (CNM) fraction along our sightlines and find a median CNM fraction of ∼0.12. With our 
observations, we reconfirm the existence of a threshold column density of ∼2 × 10 

20 atoms cm 

−2 to form CNM in the interstellar 
medium (ISM). Using a two-temperature model of the H I disc, we explore the distribution of spin temperature in the Galactic 
ISM. We find that a simple fixed axisymmetric two-temperature model could not produce either the observed column density or 
the integral optical depth. This indicates the existence of a more complex distribution of spin temperatures in the Galaxy. 

Key words: ISM: atoms – ISM: kinematics and dynamics – galaxies: ISM – galaxies: spiral – radio lines: galaxies – radio lines: 
ISM. 
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 I N T RO D U C T I O N  

he neutral component of the interstellar medium (ISM) plays a 
rucial role in galaxy formation and evolution. It acts as a long-
erm fuel reservoir for star formation and, hence, can significantly 
nfluence the physical and chemical properties of the ISM (Krumholz, 
eroy & McKee 2011 ; Glo v er & Clark 2012 ). Not only that, it almost
akes up for half of the ISM in the Galaxy (see e.g. McClure-
riffiths, Stanimirovi ́c & Rybarczyk 2023 for a re vie w). In that

ense, it is essential to investigate the conditions and temperatures 
f different phases of the neutral ISM to understand the physical 
onnection between gas and star formation. 

The neutral hydrogen (H I ) largely dominates the neutral part of
he ISM, making almost three-fourths of it (see e.g. Carilli & Walter
013 ). The H I in the ISM of galaxies can be found in a range
f temperatures (Heiles & Troland 2003b ). Theoretical calculations 
how that in thermal equilibrium, the H I would settle in two distinct
hases, namely, the cold neutral medium (CNM) and the warm 

eutral medium (WNM). Gas in these two phases would also be 
n pressure balance to maintain a steady state. The CNM is the
old component of the ISM with a kinetic temperature of � 300 K
ith a high particle density of ∼10 −100 cm 

−3 (Kulkarni & Heiles
988 ; Dickey & Lockman 1990 ). A stable WNM, on the other hand,
s expected to have a kinetic temperature of ∼5000 −8000 K with
 much lower particle density of ∼0.1 −1 cm 

−3 (see e.g. Dickey,
alpeter & Terzian 1978 ; Payne, Salpeter & Terzian 1983 ; Heiles &
roland 2003a ; Roy, Chengalur & Srianand 2006 ). Theoretically, the 
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igh sensitivity of the heating and cooling processes in the ISM on
he ambient temperature leads the thermal runaway processes, such 
s any gas in the intermediate temperature (i.e. neither in CNM nor
NM phase) quickly mo v es into one of the stable phases (see e.g.

ield, Goldsmith & Habing 1969 ; Wolfire et al. 1995 , 2003 ; Bialy &
ternberg 2019 ). In that sense, a minimal amount of gas is expected

o be observed in the unstable phase in galaxies. Ho we ver, recent
ensiti ve observ ations of the ISM in the Galaxy provide enough
ndication that a considerable amount of gas might be present in the
ntermediate unstable phase (Kanekar & Chengalur 2003 ; Heiles & 

roland 2003a , b ; Roy et al. 2013a ; Murray et al. 2015 , 2018 ). This
alls for an understanding of the mechanisms required to drive a
ignificant amount of stable gas into the unstable intermediate phase. 
everal numerical studies suggest that the typical supernovae rate 

n a galaxy can significantly influence the amount of gas in CNM
nd WNM through shock propagation and inducing turbulence in 
he medium (Koyama & Inutsuka 2002 ; Mac Low et al. 2005 ; Kim,
striker & Kim 2013 , 2014 ; Gazol & Villagran 2016 ). Audit &
ennebelle ( 2005 ) showed that turbulent flow collisions in the ISM

ould produce up to 30 per cent intermediate gas. While considering
nly collisions from the wind-blown superbubble, Ntormousi et al. 
 2011 ) have found that only 8–10 per cent gas could be pushed to
he intermediate phase. These studies steer towards the necessity of 

ore observational inputs to understand the abundance and physical 
rocesses dictating the phases in the ISM. 
The physical conditions of the H I in different phases of the ISM

an be described by two temperatures, i.e. the excitation temperature 
r the spin temperature ( T s ) and the kinetic temperature ( T k ). T s 
etermines the level populations of the two hyperfine levels of the H I

n ground state, whereas the T k represents the kinetic temperature of
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Distribution of the target line of sights for detecting galactic H I 

absorption is shown in the Mollweide projection of Galactic coordinates. 
R13 in the legend represents Roy et al. ( 2013a ). As can be seen, the sightlines 
are randomly distributed in Galactic latitude, eliminating any bias on the 
statistical properties of the ISM. See the text for more details. 
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he gas. Determination of these temperatures is crucial to understand
he physical processes in the ISM. Though the emission studies
n galaxies (Young & Lo 1996 , 1997 ; Warren et al. 2012 ; Patra
t al. 2016 ; Saikia et al. 2020 ; Hunter et al. 2021 ; Biswas et al.
022 ) provide spatially resolved details of ISM phases and decidedly
onfirmed the existence of a two-phase medium through multiple
aussian decompositions of H I emission spectra, these studies can
ot determine the spin temperature of the gas independently. 
None the less, a combination of both the absorption and emission

tudies allows one to determine the spin and the kinetic temperature
t the same time (see e.g. Carilli, Dwarakanath & Goss 1998 ;
warakanath, Carilli & Goss 2002 ; Kanekar et al. 2003 ; Roy et al.
013a ; Roy, Kanekar & Chengalur 2013b ; Murray et al. 2014 , 2015 ,
018 , 2021 ; Patra et al. 2018 ; Rybarczyk et al. 2020 ; Allison et al.
022 ; Hu et al. 2023 ; Smith et al. 2023 ). Ho we ver, as the absorption
tudies cut through a pencil beam, it only probes the characteristics
f the intervening gas along that sightline. Also, due to the optical
epth dominance of the CNM, these studies mostly returned the
roperties of the CNM. F or e xample the kinetic temperature of the
NM gas was found to be � 300 K. Collisional processes and the

esonant scattering of the Ly α photons force the T s to approach T k 
n the dense ISM of the CNM (Field 1958 ; Deguchi & Watson 1985 ;
iszt 2001 ). The WNM (or the intermediate gas), on the other hand,
as a low particle density with a high kinetic temperature. This gas
onsecutively produces very low peak optical depth, which is very
ften missed in the previous shallow observations. 
To examine the properties of the WNM and the intermediate gas

n the Galaxy, we have undertaken a large project to detect Galactic
 I in absorption against background quasars through sensitive

nterferometric observations. As part of this effort, we reported
bservations of 32 sightlines previously (Roy et al. 2013a , b ; Patra
t al. 2018 ) with the Giant Meter wave Radio Telescope (GMRT;
warup et al. 1991 ) and the Westerbork Synthesis Radio Telescope
WSRT; Baars et al. 1973 ). In continuation of the same effort,
e observed another 12 sightlines using the WSRT and detected
alactic H I in absorption in 11 of them. In this paper, we present our
bservations, data analysis, and the resulting spectra. We also use the
mission spectra from the Leiden −Argentine −Bonn (LAB) surv e y
Kalberla & Dedes 2008 ) along our sightlines to further investigate
he properties of the ISM in the Galaxy. 

 OBSERVATION  A N D  DATA  ANALYSIS  

n Fig. 1 , we show the distribution of our new (empty red circles) and
ld (empty up and down triangles) target sightlines in the sky. As can
e seen from the figure, our target directions are randomly distributed
NRAS 529, 4037–4049 (2024) 
n Galactic latitude, which eliminates any bias on the statistical
roperties of the ISM. All our sightlines are selected, such as the
ackground souces to have a flux � 3 Jy at 1.4 GHz. A high flux of
he background continuum source results in a lower optical depth rms.
o we ver, due to the paucity of the high flux density backgrounded

ources on the sky, one must resort to more extended integration to
chieve a low optical depth rms. For typical ISM conditions, a 5 σ
etection of the WNM requires an optical depth rms of ∼10 −3 . Not
nly that, due to high kinetic temperature, the width of the WNM
pectra is also high with low peak optical depth. At the same time,
lmost all the sightlines host high optical depth CNM along with
he WNM or intermediate gas. These ISM conditions require not
nly low optical depth rms but also a high dynamic range and high
pectral resolution. Our sensiti ve observ ations accomplish all these
onditions making it feasible to detect the WNM or intermediate gas
n the Galaxy. 

We use the WSRT to observe a sample of 12 sightlines to detect
alactic H I in absorption. The observations were carried out between

une and No v ember of 2008. All the sources were observed with a
andwidth of 2.5 MHz with 2048 channels or 5 MHz with 4096
hannels yielding a spectral resolution of ∼0.26 km s −1 . An in-band
requency-switching technique is used for bandpass calibration. In
his technique, the frequency of the observation was switched every 5
in, and the data were recorded in separate Intermediate Frequencies

IFs.) The switching frequency was calculated carefully, such as the
ine al w ays remains inside the observing band. This provides a unique
dvantage o v er the position switching as in position switching, half of
he time is lost during off-source observation. However, it should be

entioned here that, for frequency-switching to work, one must have
 flat bandpass response of the telescope. Otherwise, any residual
tructure o v er flat bandpass will introduce an artificial shape (residual
and shape) in the line o v er applying the bandpass calibration. We
nd the band shapes of all the WSRT antennas are flat such as it can be
sed to perform frequency-switching observations. All our sources
ere observed with an on-source time of 12 h resulting in an optical
epth rms sensitivity of ∼10 −3 per 0.26 km s −1 channel, which is
ssential for detection of high T s gas in an absorption spectrum. 

All the data are analysed using the tasks of the standard Astro-
omical Image Processing System ( AIPS ; Jacoby 1996 ; van Moorsel,
emball & Greisen 1996 ) and the Common Astronomy Software
pplication ( CASA ; CASA Team et al. 2022 ). First, the visibilities are

nspected and edited to remo v e an y bad data due to radio frequency
nterference, system failure, etc. After the editing of the data, a flux
alibration is performed and applied to the data using the standard
ux calibrators on the WSRT sky (3C48 or 3C147 or 3C286). The flux
alibrators were observed for 10 min in the beginning and at the end
f every observing run. For our observations, the target source itself
s used as a phase and bandpass calibrator. It should be mentioned
ere that both the IFs are calibrated separately for flux, phase, and
andpass calibration. Ho we ver, in each IF, some of the channels
ould be affected by the presence of the absorption line. In these

hannels (for a particular IF), the bandpass solutions would not be
ccurate. Ho we ver, due to frequency switching, the channel numbers
ffected by the absorption line would be different in different IFs.
ssuming a flat bandpass, we then exchange the bandpass tables and

pply it to the IFs. Thus, the correct bandpass solutions are applied
o the channels containing the absorption line in each IF. After all the
alibrations applied, the continuum is subtracted from the visibility
ata by fitting a linear curve to the visibilities of line-free channels,
sing the AIPS task UVLIN . 
Thus obtained continuum-subtracted visibilities are then imaged

o extract the spectrum along the quasar sightline. Ho we ver, due
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o the requirement of high spectral resolution, the visibility cubes 
ontain a large number of spectral channels (2048 or 4096). Imaging 
his large number of spectral channels is compute-intensive and hard 
o perform in AIPS as it does not implement parallel processing. To
 v oid the same, we perform the imaging in CASA , which works faster
s it can image different spectral channels in parallel. The Doppler 
orrection to the data was performed on the fly during imaging. The
maging was done using a natural weighting, and no cleaning was 
one as we are interested in the point source at the phase centre. The
requenc y ax es of the image cubes are then converted to velocities
ith respect to the local standard of rest ( V LSR ), and a spectral cut

s taken along the position of the compact point source at the phase
entre. Thus produced absorption spectra are then converted into 
ptical depth spectra using the flux density of the background source 
s determined from the continuum maps. In Fig. 2 middle panel, we
how the optical depth spectra of our target sightlines. 

We calculate the noise on the absorption spectra, adopting a similar
pproach, as described in Roy et al. ( 2013a ). The total noise on an
bsorption spectrum has a contribution from two components. The 
rst component ( n c ) originated due to the system temperature, which
epends on the frequency dependent sky brightness temperature. 
he second component ( n b ) originates due to the errors in bandpass

could be due to poor band stability, error in calibration, etc.). The
ky brightness temperature (and hence the n c ) would be higher at
requencies where there is emission from galactic H I . We assume
hat, at frequencies, where there is no emission or absorption, these 
wo components will contribute equally in quadrature to the noise. 
ence, we estimate the noise in line-free channels and calculate n c 

nd n b . The n b is frequency independent, and hence, it would be
he same o v er the full spectrum. But, n c w ould raise by a f actor of
 T sky + T sys )/ T sys , due to enhanced sky brightness due to galactic H I

mission. We obtain the T sky from the LAB emission spectra, and 
 sys for WSRT at L band is ∼30 K. The final noise in any channel

s then estimated by adding these two components ( n c and n b ) in
uadrature. 

 RESULTS  A N D  DISCUSSION  

.1 CNM/WNM fraction in the ISM of the Galaxy 

n Table 1 , we summarize a few essential parameters computed from
he absorption spectra of our target sightlines. In column (1), we 
resent the names of the background sources, whereas columns (2) 
nd (3) represent their galactic coordinates in degrees. Column (4) 
hows the flux of the continuum source in the L band as obtained
rom the NRAO VLA Sky Survey (NVSS) catalogue. Columns (5) 
nd (6) present the rms and peak optical depth, respectively. Column 
7) quotes the integral optical depth ( 

∫ 
τd v ) over the absorption

ine, whereas column (8) presents the H I emission column density 
owards the sightlines as obtained from the LAB surv e y adopting an
ptically thin approximation. We note that the peak optical depths 
re less than unity for all our sightlines except one (0431 + 206).
ence, an optically thin approximation to calculate the H I emission

olumn density should be mostly valid. In column (9), we present 
he column density weighted harmonic mean spin temperatures 
 〈 T s 〉 ), defined as, 〈 T s 〉 = 

∫ 
T B d v/ 

∫ 
(1 − e −τ ) d v, along our target

ightlines. Columns (10) and (11) show the � 90 of the absorption and
he emission profiles, respectively, where � 90 represents the width 
n km s −1 containing the 90 per cent of total integral optical depth or
mission. 

Due to much higher column density and lower spin temperature, 
he CNM along a line of sight heavily biases the calculated harmonic
ean spin temperature. For example a line of sight having 90 per cent
arm gas with a spin temperature of ∼8000 K and 10 per cent cold
as with a spin temperature of ∼100 K would produce a 〈 T s 〉 ∼900 K.
his indicates that any sightline with a high 〈 T s 〉 must be dominated
y the WNM. As can be seen from Table 1 , ∼ half of our sightlines
ave line-of-sight (LOS) averaged 〈 T s 〉 > 500 K, indicating the
resence of a significant WNM along them. In Fig. 2 bottom panel, we
resent the per channel 〈 T s 〉 ( v) of our target sightlines. We calculate
he per channel 〈 T s 〉 ( v) using 〈 T s 〉 ( v) = T B ( v) / (1 − e −τ ( v) ) ( T B ( v)
nd τ ( v) are per channel values, integrated over the width of the
pectral channel), where T B is the observed brightness temperature 
n LAB emission spectra as shown in the top panel of the figure. It
hould be mentioned here that the absorption spectra were resampled 
as it has higher spectral resolution than the LAB spectra) to the
elocities where the T B is measured in the LAB spectra. The solid red
ircles with error bars in the bottom panels represent the 〈 T s 〉 , where
oth the emission and the absorption spectra were detected with more
han 3 σ significance. In contrast, the blue points with up-arrows 
epresent a 3 σ lower limit to the 〈 T s 〉 . We note here that the 〈 T s 〉 per
pectral channel here cannot be directly associated with a specific 
omponent; rather, it is the column density weighted harmonic mean 
pin temperature of all the components that are o v erlapping in
elocity corresponding to that specific channel. Hence, a 〈 T s 〉 value
n the stable CNM/WNM range is likely to indicate contributions 
ominantly from the corresponding phase, but 〈 T s 〉 value in the
unstable’ range can simply be a result of a mix of CNM and

NM contributing. Ho we ver, the distribution of T B ( v ), τ ( v ), and/or
 T s 〉 ( v) contain more information, complementary to parameters
xtracted from Gaussian decomposition, of the distribution of the 
as temperature than merely the line of sight average values of T s . A
etailed analysis of this is beyond the scope of the current work and
e refer the readers to Bhattacharjee et al. ( 2023 ) who has explored

he same using realistic simulations of multiphase ISM. 
Ho we ver, the high v alue of 〈 T s 〉 in our sightlines only provides a

ualitative account of CNM/WNM along our sightlines. A more 
uantitati ve lo wer limit of the CNM fraction can be estimated
y using the absorption and emission line profiles. In the CNM,
ue to thermalization, the spin temperature approaches the kinetic 
emperature, which varies between 40 and 200 K. Given the optical
epth spectrum, one can then calculate the CNM column density as 

 H I , CNM 

= 1 . 823 × 10 18 × T s , CNM 

×
∫ 

τ d v, (1) 

here T s,CNM 

is the spin temperature of the CNM. 
A lower limit to the observed H I column ( N H I ,EM 

) density can
e calculated using the emission spectra adopting an optically thin 
pproximation. An optically thin approximation while calculating H I 

olumn density from the emission spectra guarantees a strict lower 
imit to the H I column density. At the same time, if one assumes
ll the gas is in CNM (with a spin temperature of ∼70 K), the
alculated N H I ,CNM 

would then represent a conserv ati ve upper limit
o the observed H I column density. The ratio N H I ,CNM 

/ N H I ,EM 

then
ould provide a measure of the upper limit of the CNM fraction

long a line of sight. In Fig. 3 , we plot this ratio as a function of H I

olumn density, N H I ,EM 

. For comparison, we also include the results
or the 30 sources from our earlier studies (Roy et al. 2013a ; Patra
t al. 2018 ). The median of the maximum CNM fraction for the
urrent sample is found to be ∼12 per cent, whereas the same for the
ntire sample is measured to be ∼ 16 per cent (blue dashed line in
he figure). 

It can also be seen from Fig. 3 that the CNM fraction increases
ith increasing H I column density. It can be explained as with an
MNRAS 529, 4037–4049 (2024) 
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Figure 2. The spin temperature spectra of our target sightlines. The top panels show the brightness temperature spectra observed in H I emission from the LAB 

surv e y. The middle panels represent the optical depth spectra as obtained from our observations. The bottom panels show the spin temperature spectra. The 
red solid circles with error bars represent spin temperatures where both the optical depth and the brightness temperature could be measured with more than 3 σ
significance. Whereas, the blue circles with the up arrows indicates the lower limits of the spin temperature. At these velocities, only T B could be detected at 
more than 3 σ significance but the τ is not detected with more than 3 σ significance. 
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ncreasing H I column density, self-shielding becomes more ef fecti ve
gainst background ionizing radiation, producing fa v ourable condi-
ions for CNM formation (Murray et al. 2015 , 2018 ; Saha, Roy &
hattacharya 2018 ; Sofue 2018 ; Basu et al. 2022 ; Dempsey et al.
NRAS 529, 4037–4049 (2024) 
022 ). This also suggests that there might exist a threshold H I column
ensity below which it is tough to form CNM in the ISM. In fact, in
n earlier study, Kanekar, Braun & Roy ( 2011 ) has shown that there
xists a threshold column density of ∼2 × 10 20 cm 

−2 below which no
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Figure 2. Fig. 2 continued. 
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onsiderable amount of CNM has been found in galactic absorption 
pectra (see also, Schaye ( 2004 )). In Fig. 4 , we plot the 〈 T s 〉 as a
unction of H I column density for our sample (solid red circles). For
ompleteness, we also plot the points from Kanekar et al. ( 2011 ) (blue
p triangles). As can be seen from the figure, all the sightlines having
olumn densities less than the threshold value (vertical dashed line) 
ave spin temperatures ≥600 K with a median of ∼2000 K. On the
ther hand, the sightlines abo v e the threshold column density have
uch lower 〈 T s 〉 values, with a median of ∼350 K. As discussed

arlier, a 〈 T s 〉 ∼2000 K means that, ef fecti vely, all the gas is in the
NM. Conversely, a 〈 T s 〉 of ∼350 K signifies a considerable amount

f cold gas along these sightlines. 
MNRAS 529, 4037–4049 (2024) 
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Table 1. Summary of observation results. 

Name l b S NVSS τ rms τ peak 
∫ 

τd v N H I < T s > �V 

em 
90 �V 

abs 
90 

(deg) (deg) (Jy) ( × 10 −3 ) ( × 10 −3 ) (km s −1 ) ( × 10 20 ) (K) (km s −1 ) (km s −1 ) 

0431 + 206 176.8 −18.6 3.9 1.13 2816.400 12.281 ± 0.005 19.9 89 ± 0.04 28 9 
1006 + 349 190.1 54.0 3.3 1.20 < 3.6 < 0.077 0.8 > 570 114 −
1352 + 314 54.6 76.1 3.5 1.12 16.170 0.079 ± 0.004 1.2 834 ± 40.40 43 26 
1400 + 621 109.6 53.1 4.4 1.40 6.94 0.009 ± 0.002 1.6 9875 ± 1980 149 2 
1609 + 266 44.2 46.2 4.8 0.87 168.050 0.963 ± 0.003 3.8 218 ± 0.64 35 12 
1634 + 627 93.6 39.4 4.8 0.93 15.040 0.090 ± 0.002 1.8 1097 ± 28.25 120 11 
1638 + 625 93.2 39.0 4.5 0.89 55.100 0.186 ± 0.001 2.3 670 ± 4.92 144 4 
1924 + 334 66.4 8.4 3.9 1.24 325.450 2.137 ± 0.005 13.5 347 ± 0.84 136 27 
1927 + 739 105.6 23.5 3.1 1.17 187.660 0.818 ± 0.006 7.0 469 ± 3.28 72 60 
2007 + 404 76.8 4.3 3.7 2.66 239.650 4.473 ± 0.024 47.5 582 ± 3.10 108 101 
2137 −207 30.3 −45.6 3.6 1.95 21.300 0.153 ± 0.007 3.0 1091 ± 48.79 31 24 
2344 + 824 120.6 19.9 3.8 0.91 441.380 3.121 ± 0.006 11.9 209 ± 0.39 95 26 

Figure 3. The lower limit on the CNM fraction along our observed sightlines. 
The red solid circles represent the current sample, whereas, the blue up 
triangles are taken from Roy et al. ( 2013a ) and Patra et al. ( 2018 ). The blue 
dashed line represents the median fraction of ∼50 per cent for the full sample. 
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.2 Mulicomponent Gaussian decomposition of absorption 

pectra 

o we ver, the harmonic mean spin temperature is only an indicator
f the possible dominance of CNM or WNM. It does not provide
n y quantitativ e account of the amount of CNM or WNM along a
ine of sight. To obtain the same, one needs more detailed modelling
f the absorption/emission spectra. In the simplest description of
he ISM, along any line of sight through the Galaxy, it can be
hought to consist of multiple H I clouds with different physical
roperties. As a result, the observed absorption/emission spectrum
ill bear the signature of the physical properties of all the clouds.
heoretically, the CNM and the WNM in a thermalized cloud would
oexist in pressure equilibrium (Field et al. 1969 ; Wolfire et al. 1995 ;
ialy & Sternberg 2019 ). Consequently, the absorption/emission

pectra will have two Gaussian components with distinct widths.
 kinetic temperature of T K would produce a width of [(full width

t half-maximun (FWHM)] �V = ( T K / 21 . 855) 1 / 2 , T K is in Kelvin
nd � V in km s −1 . Under this circumstance, any line of sight hosting
ultiple H I cloud would produce an absorption profile consisting of
NRAS 529, 4037–4049 (2024) 
everal Gaussian components representing the physical properties of
ndividual clouds. 

The observed absorption/emission spectrum can then be decom-
osed into multiple Gaussian components to obtain the physical
arameters of the individual clouds along the line of sight. This
echnique is widely used to understand the properties of the ISM
n galaxies, both using emission and absorption spectra (Young &
o 1996 ; Kanekar & Chengalur 2003 ; Young et al. 2003 ; Warren
t al. 2012 ; Roy et al. 2013a ; Murray et al. 2015 , 2018 ; Patra
t al. 2016 ; Basu et al. 2022 ; Bhattacharjee et al. 2023 ). Ho we ver,
he interpretation of the obtained parameters through modelling the
bserved H I spectra with multiple Gaussian components has several
hortcomings. F or e xample in the ISM, the kinetic temperature does
ot decide the line width alone (see e.g. Sridhar & Goldreich 1994 ;
oldreich & Sridhar 1995 ; Choudhuri & Roy 2019 ; Kalberla & Haud
019 ; Koley 2023 ). The presence of non-thermal motions in the ISM
rimarily determines the final spectral widths. This, in turn, will only
rovide an upper limit to the kinetic temperature. Not only that, but
he Gaussian components also do not form an orthogonal basis, and
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Table 2. Properties of the decomposed Gaussian components. 

Name N comp τ peak V c b T D χ2 
Red 

(km s −1 ) (km s −1 ) (K) 

1352 + 314 1 0.01446 ± 0.00064 −12.01 ± 0.04 1.16 ± 0.06 80 ± 8 1.026 
2 0.00807 ± 0.00067 −5.55 ± 0.07 1.04 ± 0.11 65 ± 13 
3 0.00178 ± 0.00028 −28.88 ± 0.66 5.10 ± 0.94 1573 ± 583 
4 0.00151 ± 0.00036 −8.68 ± 1.24 7.16 ± 1.38 3106 ± 1201 

1400 + 621 1 0.00455 ± 0.00085 0.02 ± 0.17 1.09 ± 0.23 71 ± 30 0.863 
1609 + 266 1 0.09226 ± 0.00253 −1.87 ± 0.03 2.08 ± 0.03 262 ± 8 0.973 

2 0.05487 ± 0.00548 −2.01 ± 0.05 0.65 ± 0.04 25 ± 3 
3 0.00553 ± 0.00067 2.44 ± 0.10 1.08 ± 0.17 71 ± 21 
4 0.01123 ± 0.00057 −5.67 ± 0.37 7.21 ± 0.24 3149 ± 212 
5 0.04731 ± 0.00802 −10.52 ± 0.03 1.85 ± 0.11 206 ± 24 
6 0.06728 ± 0.00380 −3.01 ± 0.05 0.73 ± 0.04 32 ± 3 
7 0.08992 ± 0.00813 −10.61 ± 0.01 1.02 ± 0.03 62 ± 4 

1634 + 627 1 0.00948 ± 0.00117 −24.84 ± 0.06 1.20 ± 0.13 87 ± 19 0.963 
2 0.00436 ± 0.00123 −21.45 ± 0.13 1.14 ± 0.30 78 ± 41 
3 0.00339 ± 0.00080 −0.63 ± 0.08 0.42 ± 0.11 10 ± 5 
4 0.00192 ± 0.00055 9.78 ± 0.20 0.87 ± 0.29 45 ± 29 
5 0.00674 ± 0.00147 −22.84 ± 0.21 4.93 ± 0.47 1470 ± 278 
6 0.00114 ± 0.00038 −34.68 ± 0.48 1.75 ± 0.69 184 ± 144 

1638 + 625 1 0.04821 ± 0.00347 −19.99 ± 0.05 1.34 ± 0.04 108 ± 6 1.088 
2 0.02119 ± 0.00164 −22.06 ± 0.23 1.85 ± 0.17 207 ± 38 

1927 + 739 1 0.14169 ± 0.00396 −2.73 ± 0.01 1.51 ± 0.02 137 ± 4 1.022 
2 0.04373 ± 0.00406 −2.62 ± 0.04 3.27 ± 0.13 646 ± 51 
3 0.01091 ± 0.00067 −61.67 ± 0.07 1.52 ± 0.12 140 ± 21 
4 0.00323 ± 0.00044 −59.05 ± 0.61 6.38 ± 0.67 2464 ± 519 
5 0.00253 ± 0.00038 −10.94 ± 1.33 18.63 ± 1.82 21 040 ± 4100 
6 0.00873 ± 0.00056 −11.00 ± 0.13 2.74 ± 0.22 455 ± 71 
7 0.00237 ± 0.00062 −76.28 ± 0.24 1.13 ± 0.34 76 ± 46 

2137–207 1 0.01183 ± 0.00127 −0.72 ± 0.09 1.08 ± 0.15 70 ± 19 1.069 
2 0.00735 ± 0.00116 5.55 ± 0.14 1.19 ± 0.24 85 ± 34 
3 0.00761 ± 0.00063 −2.20 ± 0.47 7.44 ± 0.62 3355 ± 557 
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ence, any decomposition of the spectra can not be unique, especially 
n the presence of noise. This is a severe limitation as a complex
pectrum can be fitted with different sets of Gaussian components 
ith similar confidence. To a v oid these shortcomings, there have 
een se veral ef forts to fit the observed absorption spectra with
ore complicated model-based parametrization (Heiles & Troland 

003a ; Murray et al. 2014 ). Ho we ver, these models, too, have
ev eral de generacies and do not pose a higher de gree of physical
oti v ation than a simple Gaussian fit. Due to these reasons, a
ulticomponent Gaussian fitting to the absorption spectra remains 

o date, one of the essential methods to investigate the neutral ISM in
alaxies. 

Hence, we fit the H I absorption spectra of our target sightlines
sing multiple Gaussian components. We decide the optimum 

umber of Gaussian components required to fit a spectrum based 
n the reduced χ2 and the residuals. For a model well describing 
 spectrum, it is expected to result in a reduced χ2 close to unity
nd a noise-like residual. Ho we ver, as the noise on our spectra
s not uniform (see Section 2), the residual (data-model) is not 
xpected to follow a normal distribution unless normalized by the 
oise spectrum. Hence, we check for Gaussianity in the residual 
fter normalizing it with the noise spectrum. We select a minimum 

umber of Gaussian components to fit a spectrum, which results in 
 reduced χ2 close to unity and a normalized residual following a 
ormal distribution. For four sightlines in our sample, i.e. 0431 + 206,
924 + 334, 2007 + 404, and 2344 + 824, the optical depth spectra are
ound to be highly complex. As discussed earlier, there could be 
ultiple sets of Gaussian components for these sightlines, which can 
roduce equally reasonable models. Hence, exclude these sightlines 
nd do not decompose them into multiple Gaussian components. 

In Fig. 8 , we show the Gaussian fittings to our absorption spectra.
s can be seen from the figure, for our fits, the normalized residuals

bottom panel) resemble noise-like. Ho we ver, to check Gaussian- 
ty, we performed a Kolmogoro v–Smirno v rank-1 and Anderson–
arling tests with better than 99 per cent confidence. In Table 2 ,
e present the parameters of the fitted Gaussian components. The 
rst column shows the name of the background source, and column
2) quotes the number of Gaussian components used to fit the
pectra. Columns (3) and (4) show the peak optical depth and the
ocation of the peak, respectively. Column (5) shows the b -parameter
f the Gaussian component, and column (6) presents the doppler 
emperature. The last column in the table shows the achieved reduced

2 v alues for indi vidual spectra. As can be seen, the reduced χ2 for
ur spectra are close to unity, indicating good modeling of the spectra. 
he doppler temperature is calculated using T D = 21.855 × �v 2 ,
here �v is the FWHM of the Gaussian component. As mentioned

arlier, these Gaussian components can be regarded as representative 
f individual ISM phases, and hence, their properties can be further
xplored to investigate the ISM conditions in the Galaxy. 

In Table 2 , we list 30 Gaussian components from our absorption
pectra. We assume that these Gaussian components represent differ- 
nt phases of the ISM in the Galaxy. Along with these components,
e also include 214 Gaussian components from our previous studies 

Roy et al. 2013b ; Patra 2018 ). This makes the total number of
aussian components 244, which we use to investigate the properties 
f the ISM. Using the FWHM of individual Gaussian components, 
MNRAS 529, 4037–4049 (2024) 
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M

Figure 5. The ratio of N H I ,abs to N H I . The blue triangles are taken from Roy 
et al. ( 2013b ), whereas the red solid circles represent lines of sights presented 
in this work. The median value for N H I ,abs / N H I is found to be ∼2. See the 
text for more details. 

Figure 6. The histogram of maximum kinetic temperatures (of all the clouds) 
along different sightlines. The maximum kinetic temperatures are chosen 
amongst all the decomposed Gaussian components along a line of sight. This 
histogram includes sightlines from this study and Roy et al. ( 2013b ). We found 
16 sightlines for which the maximum kinetic temperatures are considerably 
lower than the stable WNM. We use these sightlines to test a strict two-phase 
model. See the text for more details. 
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Figure 7. The ratio of the maximum kinetic temperature, Tk ,max to the spin 
temperature of the CNM, T s,CNM 

of the decomposed Gaussian components. 
The red points are from this study, whereas the blue triangles are from our 
earlier papers (Roy et al. 2013b ; Patra 2018 ). This ratio acts as an indicator 
of the non-thermal broadening of the components. The median ratio is found 
to be 2.1, which is the same as the median of N H I ,abs / N H I (Fig. 5 ). See the 
text for more details. 
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e estimate the doppler temperature, T D (or T k,max ), and estimate the
raction of the clouds having T D consistent with that of CNM ( T k,max 

 500K), WNM ( T k,max > 5000K) or the unstable neutral medium
NM, (500 < T k,max < 5000). We find that for the full sample, ∼72
er cent, 24 per cent, and 4 per cent of the total components have T D 

onsistent with that of the CNM, UNM, and WNM, respectively. We
mphasize that these fractions are not the gas fractions along a line of
ight but are based solely on the number of components. To estimate
NRAS 529, 4037–4049 (2024) 
he fractional column densities in these ISM phases, a knowledge of
he spin temperature ( T s ) of the individual components is essential.
o we ver, T s is not a directly measurable quantity in an absorption

pectrum, and estimation of which requires complicated modelling,
hich very often produces degenerate solutions for moderately

omplex spectra (Roy et al. 2013b ). 
Ho we ver, the doppler temperature can be used as an upper limit to

he spin temperature. An assumption of T s ≈ T k,max then can be used
o calculate an upper limit to the column density in the absorption
pectra, N H I ,abs . Where, 

 H I , abs = 1 . 823 × 10 18 × T k, max ×
∫ 

(1 − e −τ ( v) ) d v 

� 1 . 823 × 10 18 × T k, max ×
∫ 

τ ( v ) d v . (2) 

ere, we assume our sightlines to be optically thin with τ ( v) < 0.5
which is true for all the sightlines with a possible exception along
431 + 206). 
For an optically thin cloud, column density can be given in terms

f observed brightness temperature, T B as, 

 H I = 1 . 823 × 10 18 
∫ 

T B ( v ) d v . (3) 

On the other hand, the emission spectra are often used to calculate
he column density along a line of sight, N H I , employing an optically
hin approximation. This, N H I , represents a lower limit to the line-of-
ight column density . Ideally , for a thermalized cloud, in the absence
f any non-thermal broadening and low optical depth (optically thin
pproximation holds), N H I ,abs should match N H I closely. Ho we ver,
ue to the presence of non-thermal broadening in the ISM (Audit &
ennebelle 2005 ; Hennebelle & Falgarone 2012 ; Choudhuri & Roy
019 ; Kalberla & Haud 2019 ; Koley & Roy 2019 ), T k,max is expected
o be larger than T s resulting N H I ,abs to be higher than N H I . In this
ense, the ratio N H I ,abs / N H I can indicate the non-thermal broadening
long a line of sight. For example using equations ( 1 ) and ( 2 ) one
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Figure 8. Gaussian decomposition of our absorption spectra. In the top panels, the solid red points represent the absorption spectra whereas the blue solid lines 
represent the fits. In the bottom panels, we show the residual of the fit normalized by the noise (see Section 3 for more details). As can be seen from the bottom 

panel, the normalized residuals look noise-like without any strong feature. See the text for more details. 
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an obtain, 

 H I , abs = N H I , CNM 

× T k, max 

T s , CNM 

. (4) 

In the abo v e equation, N H I ,abs is proportional to the ratio
 k,max / T s,CNM 

, which is a measure of the non-thermal broadening.
hus, N H I ,abs / N H I along any line of sight can be used as an indicator
f the non-thermal broadening. In Fig. 5 , we plot N H I ,abs / N H I as a
unction of N H I . If there is no non-thermal broadening along our
ightlines, an N H I ,abs / N H I value close to unity is expected. Ho we ver,
s can be seen from the figure, there are several sightlines for which
 H I ,abs / N H I > 1 with an o v erall median value of ∼2.1. This indicates

he existence of a significant non-thermal broadening along our 
ightlines. 
MNRAS 529, 4037–4049 (2024) 
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Further, in Fig. 7 , we plot T k,max / T s,CNM 

as a function of the
olumn density of individual Gaussian components (assuming a
pin temperature of 70 K). Ideally, as this ratio implies the amount
f non-thermal broadening, we expect a similar result as found in
ig. 5 . Interestingly, we found here also many components with
 k,max / T s,CNM 

> 1, with a median value of ∼2.1. This indicates the
onsistency of the parameter N H I ,abs / N H I for measuring non-thermal
roadening and our assumption of T s,CNM 

∼ 70 K. 
Using the parameters of the decomposed Gaussian components,

e investigate if a purely two-component model of the ISM consist-
ng of only CNM and WNM is consistent with our observations. We
rst identify the sightlines where the maximum kinetic temperature,
 k,max , is much lower than classical WNM temperatures. In Fig. 6 ,
e plot the histogram of the maximum kinetic temperatures along
ur sightlines. We find 16 sightlines from the previous sample, and
our sightlines in the current sample have kinetic temperatures much
ower than that of the WNM. If a two-phase model is pre v alent in
hese sightlines, all the gas along them can be considered to have
riginated from the CNM. Then, a higher T k,max can be attributed
o a non-thermal broadening. In that case, for this gas, a maximum
NM spin temperature of T s,CNM 

= 200 K can be adopted to calculate
 maximum column density ( N H ,CNM,max ) expected to be detected in
bsorption. 

If there is no WNM component along these sightlines, this N
 ,CNM,max should al w ays be higher than the column density estimated
rom the emission spectra, N H . Ho we ver, we find that for all the
elected sightlines, N H > N H ,CNM,max . Nonetheless, WNM may exist
long these sightlines, but they were not detected in our absorption
pectra due to a lack of sensitivity. To check the same, we calculate
t what significance we should have detected this WNM gas given
ur observing parameters. We conserv ati vely use a spin temperature
f 5000 K for WNM and a line width of �V 

em 

90 to calculate the
xpected peak optical depth. We use this peak optical depth and the
ms optical depth of our observations to calculate the significance
t which the WNM should have been detected. We find that for 13
ightlines out of 16 from the previous sample and all four from the
urrent sample, WNM should have been detected with more than 3 σ
ignificance. This emphasizes the non-existence of a strict two-phase
edium along these sightlines, given our estimates are reasonably

onserv ati ve. 
To investigate the distribution of the spin temperatures in the

alaxy and see if a two-temperature model can explain our ob-
ervation, we build a model of the Milky Way and simulate the
SM conditions along our observing sightlines. The details of these
imulations are presented in the Appendix. We find that a simple two-
emperature model could not explain the observ ed inte gral optical
epths along our observed sightlines, and it suggests a more complex
pin temperature distribution in the Galaxy. 

 C O N C L U S I O N  

sing the WSRT in frequency switching mode, we observed 12
ightlines against background quasars to detect Galactic H I in
bsorption. We detect H I in absorption along all our sightlines
xcept one, along 0431 + 206. Utilizing 12 h observing time per
ource, we achieve an excellent optical depth rms of ∼1 − 2 × 10 −3 

er 0.26 km s −1 channel width. An optical depth sensitivity that we
ccomplish here is essential for detecting low optical depth WNM in
he absorption spectra. 

We further use the absorption spectra obtained along our target
ightlines to asses the properties of the neutral ISM in the Galaxy.
NRAS 529, 4037–4049 (2024) 
sing the spectra, we calculate the intensity weighted harmonic mean
pin temperature, 〈 T s 〉 , and find that ∼ 50 per cent of our sightlines
ave 〈 T s 〉 > 500 K indicating the existence of a high WNM fraction
long these sightlines. 

Using the absorption spectra, we also calculate a conserv ati ve
pper limit to the CNM fraction in our sightlines. Counting all the
as in CNM, a maximum CNM column density is calculated by
ssuming a maximum CNM spin temperature of 70 K. Comparing
his CNM column density with the observed column density from
mission spectra, we estimate a strict upper limit on the CNM fraction
long our sightlines. We find a median CNM fraction of ∼0.12 for
ur current sample, and this fraction increases to ∼0.16 for the total
ample, including 30 sightlines from Roy et al. ( 2013b ) and Patra
t al. ( 2018 ). 

The CNM fraction along any sightline is expected to depend
n the H I column density as it helps in self-shielding. Using our
re vious observ ations, Kanekar et al. ( 2011 ) have sho wn that there
xists a threshold column density of 2 × 10 20 atoms cm 

−2 below
hich, the ISM is dominated by WNM as indicated by a high
 T s 〉 . In the current sample, with the addition of 12 sightlines, we
bserve a similar trend and find that the threshold column density,
s found by Kanekar et al. ( 2011 ), continues to hold good for the
alaxy. 
Assuming the most straightforward description of the ISM, we de-

ompose the absorption spectra into multiple Gaussian components
o identify different phases of the ISM. We use the parameters of these
aussian components to examine the properties of the ISM phases.
e find that the maximum kinetic temperature of ∼ 72 per cent

f the total components (in our full sample) consistent with CNM
emperature while only ∼4 of the components show the kinetic
emperature of WNM gas. The rest of the detected components
ave a maximum kinetic temperature in the unstable medium or
NM. Further, assuming the kinetic temperature of each Gaussian

omponent to be the upper limit of the spin temperature, we calculate
he line-of-sight column density, N H I ,abs . In the absence of any non-
hermal broadening in a thermalized cloud, this N H I ,abs expected to
atch the N H I , the column density measured using H I emission

pectrum. Thus, the ratio N H I ,abs / N H I serves as an indicator of the
resence of non-thermal broadening in the ISM. We find that, for
ur full sample, there is significant non-thermal broadening with a
edian N H I ,abs / N H I ∼ 2. 
We further use the widths of the Gaussian components to calculate

he maximum kinetic temperature along a line of sight and identify
he lines of sight where the maximum kinetic temperatures are
uch lower than the classical WNM temperatures. Assuming a

lassical two-phase model, we calculate the maximum possible CNM
olumn density along these sightlines by adopting a maximum spin
emperature of 200 K for CNM. Using the observed H I column
ensity in emission, we then calculate the minimum WNM column
ensity along each line of sight and the signal to noise ratio (SNR) at
hich this WNM gas is supposed to be detected in our observations.
e find that, if all the gas were to be in a strict two-phase ISM, at least

3 out of 16 sightlines in our earlier sample (Roy et al. 2013b ) and all
our sightlines in our current sample would have detected WNM in
hem. 

We explored a two-temperature model to describe the H I disc in the
alaxy and investigate if such a description can explain the observed

otal optical depth distribution along our observed sightlines. We
nd that the two-temperature model fails to reproduce our observed

ntegral optical depths and suggests a more complex spin temperature
istribution in the Galaxy. 
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PPENDI X  A :  

1 Spin temperature distribution in the disc of the Galaxy 

o investigate the spin temperature distribution in the Galaxy and 
heck the validity of a simple two-temperature disc, we simulate 
ifferent quantities along our sightlines and compare them to the 
bservation. We assume a physically moti v ated two-temperature 
odel for the H I disc in the Galaxy, a cold, thin disc with a low

pin temperature and a warm disc with a higher spin temperature.
e first build a three-dimensional density model of the H I disc to

imulate different measurable quantities. We adopt the gas disc model 
rom McMillan ( 2017 ), which fits observational constraints and is
onsistent with theoretical expectations. The H I disc of the Milky
ay can be represented by a double exponential, 

d ( R, z) = 

	 0 

4 z d 
exp 

(
−R m 

R 

− R 

R d 

)
se c h 

2 ( z/ 2 z d ) . (A1) 

This represents an exponential disc with a central density of 	 0 and
 scale length of R d . The disc has a central hole with an associated
MNRAS 529, 4037–4049 (2024) 
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Figure A1. Comparison of simulated and observed column densities along 
our lines of sight. The horizontal and v ertical ax es represent simulated and 
observ ed column densities, respectiv ely. The red circles represent column 
densities without optimization, i.e. considering the H I disc model parameters 
as quoted by McMillan ( 2017 ) ( 	 0 = 53 . 1 M � pc −2 , R d = 7 kpc, R m = 

4 kpc). The black dashed line shows the 1:1 line. As can be seen, the simulated 
column densities fail to produce the observed column densities along all the 
sight lines. See the text for more details. 
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Figure A2. Optimized τ int for a two-temperature model. The cyan squares 
represent τ int for optimized models along individual sightlines. The black 
dashed line indicates the 1:1 line. As can be seen, the optimized integral 
optical depth values match the observation reasonably well. See the text for 
more details. 
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cale length of R m . z d represents a constant vertical scale height
ith radius. For the H I disc, McMillan ( 2017 ) found the values for
 0 , R d , R m , and z d to be, 53 . 1 M � pc −2 , 7 kpc, 4 kpc, and 85 pc,

espectively. The density distribution in the vertical direction was
onsidered to follow a sech 2 profile with a constant scale height, z d ,
hroughout. Ho we ver, the scale height in galaxies is found to increase
ith radius (Patra 2019 , 2020 ), and hence, for the Galaxy, we adopt

n exponentially increasing scale height given by (Kalberla & Kerp
009 ) 

( R) = z 0 exp R/R z (A2) 

here, z 0 = 150 pc and R z = 9.8 kpc (see Kalberla & Kerp 2009 for
ore details). 
We calculate the H I column densities along our sightlines using

his description of the atomic disc and compare them with observation
n Fig. A1 . As can be seen from the figure, an azimuthally symmetric
odel of McMillan ( 2017 ) systematically produces lower column

ensities (solid red circles) than what is observed. We note that we
ave only 40 sightlines for which we compare the column densities.
cMillan ( 2017 ) optimized the model parameters using global data

f much larger size. 
None the less, we explore the possibility of different model pa-

ameters for our observations than what is used by McMillan ( 2017 ).
e also consider that these parameters can be direction dependent,

.e. in different directions, the disc can be described by different
arameters (non-symmetric model). With these considerations, we
erform an Markov chain Monte Carlo (MCMC) to find optimized
alaxy parameters in each sightline matching the observed column
ensity. For each sightline, we construct 10 000 uniformly sampled
arameter sets and calculate the column densities for each of them.
onsequently, we find the best parameter set by a χ2 minimiza-

ion. For MCMC, we adopt a range for 	 0 : 5 − 50 M � pc −2 , R d :
 − 9 kpc, and R m : 2 − 6 kpc. We use a flaring scale height as
NRAS 529, 4037–4049 (2024) 
escribed by equation ( A2 ) (Kalberla & Kerp 2009 ), but do not vary
ts parameters for MCMC. 

With this optimization, we get the best-fitting galaxy density
odel for each sightline. Using these models, we then test if a two-

emperature disc can reproduce observed integral optical depth along
ur sightlines. We assume that the H I disc consists of two discs, i.e.
 cold, thin disc with a low spin temperature and a warm, thick disc
ith a high spin temperature. We also assume that there exists a

haracteristic height, h spin , which separates these two discs. It is well
nown that the ISM in the Galaxy is predominantly found in one of
he two stable phases, i.e. CNM and WNM (see e.g. Wolfire et al.
995 ). As the CNM is dynamically cold, they are expected to settle
o a thin disc close to the mid-plane. On the other hand, the WNM,
aving a much higher kinetic temperature, is expected to extend much
eyond the mid-plane. Our two-temperature model is moti v ated by
hese expectations, which we probe using our observations. 

We assume that below the height h spin , the spin temperature
ssumes values between 50 and 500 K, and abo v e the height, it
an vary between 1000 and 10 000 K. With the density and the spin
emperature model, we calculate the integral optical depth along all
ur sightlines, which then can be compared to the observation. We
dopt a similar MCMC approach to find the best spin temperatures
nd h spin . For every sightline, we construct 10 000 parameter sets
 T s,CNM 

: 50 −500 K, T s,WNM 

: 1000 −10 000 K, h spin : 10 −200 pc) and
alculate integral optical depths for all of them. We then use a χ2 

inimization method to find the best values for T s,CNM 

, T s,WNM 

, and
 spin which explain the observed integral optical depth. In Fig. A2 ,
e show the optimized integral optical depth for our sight lines. As

an be seen, with adjustable temperatures and h spin , the optimized
int values explain the observations very well. However, there are

hree points (around τ int ∼ −1) for which the optimized τ int ∼ −1
o not match the observed value. We note that along these sightlines,
he integrated number density of the N H I is so high that lower optical
epths cannot be produced by altering the spin temperatures or
he height h spin within our chosen limit (physically moti v ated from
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Figure A3. Variation of optimized spin temperatures and h spin as a function of l and b . The top panels show optimized T s,CNM 

(left), T s,WNM 

(middle), and h spin 

(right) as a function of l . The bottom panels depict the same but as a function of b . As can be seen, optimized parameters show no dependence on l ; ho we ver, 
the T s,CNM 

shows a dependence on b . See the text for more details. 
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bservation). We conclude that, along these sightlines, the volume 
lling factor must be much less than one, and a uniform density
istribution cannot accurately model the ISM. A detailed modelling 
s required to capture the intricate details of the ISM structure. 
urther, our results indicate that a symmetric model with global 
pin temperatures is not fa v oured, and a substantial variation in the
odel parameter is expected along different sight lines. 
For our optimized model, we explore this variation in Fig. A3 ,

here we plot the optimized temperatures ( T s ,CNM 

, T s,WNM 

) and
eight ( h spin ) as a function of l and b . For a global two-temperature
odel to be true, the parameters should show minimal variation with l 

nd b . Ho we ver, as sho wn in the figure, the optimized values span the
ull range. This indicates that a single two-temperature model with 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
 thin cold disc with a fixed low spin temperature and a thick warm
isc with a high spin temperature is not viable. The ISM has more
omplex structures with different T s,CNM 

, and T s,WNM 

along different 
irections along with different filling factors. From the figure, we 
ote that the optimized T s,CNM 

shows a moderate dependency on the
alactic latitude, b . At low b ( b ∼ 0 ◦), the optimized T s,CNM 

values
et lower, and it increases gradually with increasing b on both sides.
his is consistent with the fact that at low b , the lines of sight cut a

onger path close to the mid-plane. 
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