
MNRAS 000, 1–13 (2023) Preprint 23 January 2023 Compiled using MNRAS LATEX style file v3.0

On the distribution of the CNM in spiral galaxies
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ABSTRACT

The Cold Neutral Medium (CNM) is an important part of the galactic gas cycle and a precondition for the formation of molecular

and star forming gas, yet its distribution is still not fully understood. In this work we present extremely high resolution simulations

of spiral galaxies with time-dependent chemistry such that we can track the formation of the CNM, its distribution within the

galaxy, and its correlation with star formation. We find no strong radial dependence between the CNM fraction and total Hi due

to the decreasing interstellar radiation field counterbalancing the decreasing gas column density at larger galactic radii. However,

the CNM fraction does increase in spiral arms where the CNM distribution is clumpy, rather than continuous, overlapping more

closely with H2. The CNM doesn’t extend out radially as far as Hi, and the vertical scale height is smaller in the outer galaxy

compared to Hi with no flaring. The CNM column density scales with total midplane pressure and disappears from the gas phase

below values of 𝑃𝑇 /𝑘𝐵 = 1000 K cm−3. We find that the star formation rate density follows a similar scaling law with CNM

column density to the total gas Kennicutt-Schmidt law. In the outer galaxy we produce realistic vertical velocity dispersions in

the Hi purely from galactic dynamics but our models do not predict CNM at the extremely large radii observed in Hi absorption

studies of the Milky Way. We suggest that extended spiral arms might produce isolated clumps of CNM at these radii.
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1 INTRODUCTION

The interstellar medium (ISM) exists in a complex, multi-phase, form

from hot ionised gas, to cold molecular star-forming clouds (e.g. Mc-

Kee & Ostriker 1977; Draine 2011; Tielens 2005; Klessen & Glover

2016). Matter cycles through these phases as stars formed in the cold

dense molecular clouds release energetic feedback and momentum

into their surroundings, which then influences the subsequent evo-

lution of the galaxy by setting the equilibrium disc structure and

depletion time.

A crucial component in this phase matter cycle is the cold neutral

medium or CNM. This consists of the neutral atomic hydrogen (Hi)

with temperatures around 100 K (Kulkarni & Heiles 1987; Dickey &

Lockman 1990) that makes up the bulk of the neutral gas in galaxies,

alongside the warm neutral medium (WNM) which has temperatures

of order 104 K. These atomic phases exist together in pressure equi-

librium such that they can be considered as a two-phase medium

(Field et al. 1969; Wolfire et al. 2003; Bialy & Sternberg 2019). It is

from the CNM that gas is compressed and cooled to form individual

molecular clouds where stars are born (e.g. McKee & Ostriker 2007;

★ E-mail: rowan.smith@manchester.ac.uk

Girichidis et al. 2020). The CNM is consequently a gateway and a

pre-condition for star formation in galaxies, and determining its dis-

tribution is crucial for any theory of galaxy evolution. In this paper,

we seek to use numerical models to investigate the broad trends of

where the CNM is located in galaxies, what sets this distribution,

and how it corresponds to star formation.

The phases of the ISM are usually explained in terms of pres-

sure equilibrium (Field et al. 1969; McKee & Ostriker 1977). As

summarised by Ostriker & Kim (2022), the midplane pressure is

in vertical dynamical equilibrium with the weight of the ISM. This

midplane pressure then determines the balance between hot and two-

phase (warm+cold) gas such that they have median pressures within

50% of each other. Ultimately this leads to a near linear relationship

with star formation (ΣSFR ∝ 𝑃1.2) due to the importance of feed-

back in setting this disc pressure. Similarly, the existence of the cold

neutral gas phase should also be related to the local pressure envi-

ronment. Wolfire et al. (2003) have shown that there is a minimum

thermal pressure for the CNM phase to coexist with the WNM, which

has a value of 𝑃th/𝑘𝐵 ≈ 3000 K cm−3 at the solar circle. As the pres-

sure falls with galactocentric radius, this leads to a predicted limit of

𝑅 < 18 kpc for the CNM in the Milky Way.

One of the key ways of observing the CNM is through deep surveys
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of the absorption of the 21 cm line of neutral hydrogen against radio

continuum sources since the emission is dominated by the warm

phase. Using the Millenium Arecibo 21 cm absorption line survey,

Heiles & Troland (2003) found that in the solar neighbourhood the

CNM component makes up about 40% of the neutral gas, whereas

more recently Murray et al. (2018) estimated the CNM was 28% of

the total Hi but that 20% of the Hi was in a thermally unstable phase.

Dickey et al. (2009) combined multiple 21 cm emission surveys

of the galactic plane to deduce that the CNM in the Milky Way

was similarly located to the WNM. Moreover, recent work with the

Australian Square Kilometer Array Pathfinder (ASKAP) by Dickey

et al. (2022) found that in the inner Milky Way, the CNM has a similar

scale height to the molecular gas, but in the outer galaxy the CNM

and WNM are well mixed and maintain a constant CNM/WNM ratio

out to radii of at least 40 kpc. Similarly, Strasser et al. (2007) found

CNM at large galactocentric radii in spiral arms in the outer galaxy.

Soler et al. (2022) investigated the filamentary structure in the Hi

emission toward the Galactic disk using a Hessian matrix method.

The identified filamentary structures correspond to roughly 80% of

the Hi emission and most likely consist of CNM material due to

their higher density. The mean scale height of the filamentary Hi,

was lower than that of the total Hi in the outer galaxy, suggesting

that the CNM and WNM have different scale heights in this regime.

These results are at odds with the aforementioned pressure equilib-

rium models, which suggest that in the low-pressure environment of

the outer galaxy, the CNM phase should become increasingly less

prevalent (Wolfire et al. 2003).

Another way of probing the CNM phase is through the [Cii] 158

𝜇m emission line, as this is the main coolant of the diffuse ISM. As

the emission is sensitive to the density of the gas, that from the WNM

is a factor of∼ 20 less bright than that from the CNM. This means that

[Cii] 158 𝜇m emission from diffuse regions can be assigned to the

CNM phase. This exercise was done by the GOTC++ Herschel/HIFI

survey published by Pineda et al. (2013). In contrast to Hi absorption

studies these authors found that the CNM column density decreased

more rapidly with galactocentric radius than that of the WNM, and

consequently, the fraction of the atomic gas in the cold phase was

much lower in the outer galaxy (∼ 20%).

The distribution of the neutral atomic medium is something that

has not just been a focus of observational studies, but is also a topic

of interest for theoretical numerical studies. In cosmological simu-

lations, resolving the scale height of the Hi gas is a key challenge

for reproducing Milky Way type galaxies (e.g Hopkins et al. 2018).

Previously, the Hi scale heights of simulated galaxies were of order

of kiloparsecs (Bahé et al. 2016; Marinacci et al. 2017), however re-

cent FIREbox (Gensior et al. 2022) simulations have more realistic

heights of ∼ 100 pc in the galactic centres, rising to ∼ 800 pc in the

outer galaxy. The authors postulate that the solution to faithfully re-

producing galaxy scale heights comes from the inclusion of a realistic

multiphase medium with cold gas and small scale stellar feedback.

Such models typically omit a detailed chemical treatment of the gas,

and even FIREbox has a mass resolution of over 6× 104 𝑀� . To

obtain a finer description of the CNM, therefore, simulations of gas

in an isolated galaxy are needed.

One approach is to simulate gas in stratified boxes (e.g. Hennebelle

& Iffrig 2014; Walch et al. 2015; Girichidis et al. 2016; Rathjen et al.

2021). However, these studies have mainly focused on molecular gas

and star formation rather than Hi. One prominent example is the work

of Kim et al. (2013) which showed that the star formation rate surface

density varied almost linearly with the midplane pressure set by the

weight of the ISM. As earlier stated, the local pressure balance of the

ISM is also theorised to be extremely important in setting the CNM

fraction (Wolfire et al. 2003).

Unfortunately, stratified box simulations typically only cover an

area of a few square kiloparsecs of an idealised disc and are therefore

unable to investigate the full galactic distribution. One approach is to

embed a co-rotating high-resolution box within a galaxy simulation

as is done in the Cloud Factory simulations of Smith et al. (2020).

These models, and stratified boxes from the FRIGG project (Iffrig

& Hennebelle 2017), have been used to interpret the orientations of

the Hi filaments identified in The Hi/OH/Recombination-line survey

of the inner Milky Way (THOR, Beuther et al. 2016), as reported in

Soler et al. (2020). However, the simulations of Smith et al. (2020)

only reach a high resolution in a 3 kpc box in the star-forming disc.

To investigate the true galactic distribution of the CNM we need the

entire galaxy to be included. We, therefore, turn to an updated version

of the isolated hydrodynamic galaxy models presented by Tress et al.

(2020) and Tress et al. (2021), which reach parsec resolution or

better in the cold gas across the galaxy while including full hydrogen

chemistry.

The paper is structured as follows. We first outline the details of

the galaxy models and how they are analysed in Section 2. Then we

describe the radial and vertical distribution of the CNM that we find

in Section 3. In Section 4, we investigate how this relates to the local

pressure conditions in the galactic disc, and the effect of spiral arms.

Finally, in Section 5 we give our conclusions.

2 METHODS

2.1 Isolated Galaxy Simulations

Our simulations are carried out using the Arepo code (Springel

2010) with custom physics modules to describe star formation and

cold dense gas. For a full description of our numerical setup, see Tress

et al. (2020). However, we briefly summarise the major features and

differences from previous work here.

The models of Tress et al. (2020, 2021) consist of two simulations

of an isolated galaxy disc consisting of dark matter halo (6 × 1011

M�), bulge (5.3×109 M�), stellar disc (4.77×1010 M�), and gas disc

(5.3× 109 M�). The first model evolves into a flocculent spiral disc,

whereas the other is perturbed by a fly-by from a companion galaxy,

inducing the formation of strong spiral arms. For our analysis, we

focus on an updated version of the flocculent case as this best lends

itself to radial averaging. However, in Section 4.4 we will revisit the

latter model.

The original simulation assumed a constant interstellar radia-

tion field consistent with the solar neighbourhood value 𝐺0 = 1.7

in Habing units (Draine 1978; Habing 1968). However, this is not a

good description of the outer galaxy where the field will be lower due

to the low star formation rate. To account for this we computed the

time-averaged radial star formation rate surface density profile from

280 to 320 Myr in the original Tress et al. (2020) model during the

steady state period of the galaxy. We then fit an exponential function

to the star formation density and scale it such that the radius where

the star formation rate surface density is equal to the solar neigh-

bourhood value it takes the value of 𝐺0. The final expression takes

the form

𝐺 = 𝐺0 exp(−(𝑅 − 𝑅0)/1.047), (1)

where 𝐺 is the interstellar radiation field, 𝑅 the galactocentric radius

in units of kpc, and 𝑅0 the radius where the star formation surface

density matches the value of the solar neighbourhood. Figure 1 shows

the average radial star formation rate density profiles from the original
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(ix) Spiral arm features in the outer galaxy may give rise to iso-

lated clumps of CNM at extremely large radii, beyond where is

expected in our more symmetric flocculent models. This may be an

explanation for the CNM seen at extremely large galactic radii in the

Milky Way by Hi absorption studies (Dickey et al. 2022).
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