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ABSTRACT 

 

The equilibrium resulting in a recombining plasma with arbitrary metallicity Z, heated by a mean radiation field E as 

well as by sound waves dissipation due to thermal conduction, dynamic and bulk viscosities is analyzed. Generally, the 

heating by acoustic waves’ dissipation induces drastic changes in the range of temperature where the thermochemical 

equilibrium may exist. An additional equilibrium state appears which is characterized by a lower ionization and higher 

gas pressure than the equilibrium resulting when the wave dissipation is neglected. The above-mentioned effects are 

sensible to the values of the gas parameters as well as the wavelength and intensity of the acoustic waves. Implications in 

the interstellar gas, in particular, in the high velocity clouds are outlined.  

 

Keywords: Recombining astrophysical plasma, interstellar medium (ISM), high velocity clouds (HvCs), metallicity, 

mean radiation field.  
 

 

INTRODUCTION  

 

It has been well established (Landau and Lifshitz, 1987; 

Mihalas et al., 1984; Stix, 1992) that when the gas 

dynamic equations are linearized, assuming small 

disturbances, a rotational mode and a potential mode 

result by the way that they are independent of each other. 

If viscosity is accounted for, it produces damping on the 

potential mode and if thermal conduction is taken into 

account an additional damped thermal mode appears 

(Landau and Lifshitz, 1987).  

 

The above two dissipative effects have been invoked as 

one of the mechanisms of heat input in different 

astrophysical plasmas, particularly, in the solar one, and 

more generally in stellar atmospheric plasmas (Bird, 

1964; Narain et al., 1990; Stein et al., 1972; Stein et al., 

1974) in the interstellar medium (ISM) (Spitzer, 1978; 

Spitzer, 1982, Spitzer, 1990) and more recently in the 

intracluster gas (Fabian et al., 2003; Fabian et al., 2005; 

Ruszkowski et al., 2004; Ferland et al., 2009; Ibañez et 

al., 2005; Fajardo et al., 2021).  

 

Most of the works on this subject does not consider bulk 

viscosity dissipation, none the less the corresponding 

dissipation can be larger than both the dynamic viscosity 

and the thermal conduction dissipation when chemical 

processes are present (including ionization and 

recombination processes) (Ibañez et al., 1993, 2019). In 

addition to the quantitative changes in the acoustic 

dissipation, the bulk viscosity also introduces important 

qualitative changes, in particular, due to the fact that the 

bulk viscosity coefficient is dispersive (depends on the 

wave frequency) as it will be shown later on. 

 

The present work is aimed to analyze how much a 

thermochemical equilibrium is modified if heating by 

sound wave dissipation is taken into account in an 

homogeneous recombining plasma able to cool down by 

the well-known cooling function for plasmas with 

arbitrary metallicity Z, ionized and heated by a mean 

radiation field E as well as by dissipation of the acoustic 

waves. Implications in the structure of the interstellar 

medium (ISM) and in high velocity clouds (HvCs) will be 

outlined. 

 

Inhomogeneity effects will be neglected and only three 

dissipative mechanisms will be considered, i.e. the 

thermal conduction κ, the dynamic viscosity η, and the 

bulk viscosity ζ. Molecular formation which appears once 

the hydrogen molecule H2 forms (in gas phase or 

adsorption on cool grains) in particular, the formation of 

the CO molecule (which is a much more stronger coolant 

than the corresponding atomic cooling) as well as the 

strong cooling by solid grains and their important opacity 

effects will not be taken into account at the present 

approximation. These additional effects completely 

change the radiative heating and cooling of the interstellar 

gas. These complications as well as 
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magnetohydrodynamic effects will be carried out 

elsewhere (Fajardo et al., 2021).  

 

BASIC EQUATIONS 

 

For a fluid where a chemical reaction can have the form 

ΣibiCi = 0, the equations of gas dynamics can be written in 

the following form:  
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where d/dt is the convective derivative, X(ρ, T, ξ) is the 

net rate function, L(ρ, T, ξ) the net rate of cooling per unit 

mass and time, which are functions of the degree of 

ionization ξ (parameter determining the advance of the 

reaction), the density ρ, and the temperature T. Also, κ is 

the thermal conduction coefficient, η is the dynamic 

viscosity, and ζ the bulk viscosity (complex parameter in 

this case). Furthermore, an ideal gas state in equation (5) 

has been assumed. R is the universal gas constant, and the 

coefficients A, B, and μ are defined as follows:  
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where xi

0 is some initial concentration, γi and ϵi
0 are the 

specific heat ration and zero-point energy of the i-esime 

gas component, respectively, and kB is the Boltzmann 

constant. Additionally, for a plasma with the ionization 

degree ξ, the thermal conduction becomes 

 

𝜅 = 2.5 ×  103   1 −  𝜉  𝑇
1
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     (7) 

 

where ln[Λs(ρ, T, ξ)] is the relation between the Debye 

screening and the impact particles’ parameter (Braginskii, 

1965; Spitzer, 1962). The dynamic viscosity following the 

work by Braginskii (1965) and Spitzer (1962) takes the 

following form:  

 

𝜂 =  2.21 ×  10−15 
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      (8) 

 

On the other hand, the complex bulk viscosity ζ becomes 
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where τ is the chemical relaxation time 
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and the sound velocities c∞
2 and c0

2 are defined as 

follows:  
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Here ξ0 is the value of the chemical parameter at chemical 

equilibrium and the derivative ∂ξ0/∂ρ is also at 

equilibrium (Landau and Lifshitz, 1987). In this work, the 

c.g.s. unit system is used. 

 

LINEAR WAVES 

 

If the velocity field of sound disturbances with the 

wavenumber k and the frequency ω is assumed to be v = 

vx = v1 cos(kx – ωt), where t is time and vy = vz = 0 as a 

first approximation, the time averaged in some volume V 

of energy dissipation by the bulk viscosity ζ of sound 

waves becomes 
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And as can be realized easily, the real part ζR of the bulk 

viscosity ζ is 
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𝜁𝑅 =
𝜌 𝜏

1 + (𝜔𝜏)2
 𝑐∞

2 − 𝑐0
2  

    (13) 

 

On the other hand, we have that 

 

𝑐∞
2 − 𝑐0

2 =   
𝜕𝑝

𝜕𝜉
 
𝜌

 
     (14) 

 

where (∂ξ/∂ρ)eq is calculated at equilibrium. This result 

will allow some calculations of the bulk viscosity 

coefficients for reacting gases, as it will be shown later 

on. 

 

Therefore, the heat inputs due to the dynamic viscosity as 

well as the bulk viscosity (Landau and Lifshitz, 1987) and 

the thermal conduction becomes 
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and cP is the specific heat at constant pressure. 

 

THERMAL EQUILIBRIUM OF A PHOTOIONIZED 

GAS 

 

Commonly the heat/loss function for a low-density 

plasma at equilibrium temperatures (neglecting molecular 

formation as quoted out in the introduction) in the range 

30 [K] < T < 3 × 104 [K] can be written (dimension [erg × 

cm–3 × s–1]) as follows:  

 

𝜌ℒ  𝜌,𝑇, 𝜉 = Λ  𝜌, 𝑇, 𝜉 − Γ0 𝜌,𝑇, 𝜉 −  Γ𝜔 𝜌,𝑇, 𝜉      
(17) 

 

where Λ(ρ, T, ξ) is the cooling rate and Γ0(ρ, T, ξ) is the 

heating input (different from wave dissipation) per unit 

volume and time, respectively. So, at thermal equilibrium 

we have L(ρ, T, ξ) = 0, i.e. the cooling rate becomes 
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For an optically thin hydrogen plasma with the ionization 

rate ς and the metallicity Z heated and ionized by a 

background radiation field of mean photon energy E, the 

net rate function X(ρ, T, ξ) and the cooling and heating 

rates per unit volume and time are respectively given by 

Corbelli et al. (1995) as follows: 
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and 
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where ϕ denotes the number of secondary electrons, Eh 

the heat released per photoionization (Shull et al., 1985), 

ΛHZ, ΛeZ, ΛeH, and ΛeH+ respectively are the cooling 

efficiencies by collisions of neutral hydrogen-ions and 

metal atoms (Launay et al., 1977; Dalgamo et al., 1972), 

electrons-ions and metal atoms (Dalgamo et al., 1972), 

Lya emission by neutral hydrogen (Spitzer, 1978), and 

hydrogen recombination, on the spot approximation 

(Seaton, 1959). 

 

From the results obtained in the paper by Corbelli et al. 

(1995), it follows that at ionization equilibrium state X(ρ, 

T, ξ) = 0 we have  
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On the other hand, the damping scale length ld is given by 
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where equation (18) holds as far as the damping scale-

length is larger than the sound wave length λ = 2π/k, i.e. 
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where ϵ = v1/c0 (notice that the parameter ϵ does not have 

units). So, the dimensions of the region heated by sound 

waves’ dissipation is larger than the sound wavelength 

and the above-written approximation holds. 
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APPLICATIONS 

 

Interstellar gas (ISM) 

At the present subsection the results obtained previously 

will be applied to a gas with characteristic values of the 

parameters representative of the interstellar medium, i.e. 

N0ρ = 1, Z = 1, and E = 102 [eV], and in the range of 

temperatures where the hydrogen ionization-

recombination takes place. 

 

Figure 1 shows the following parameters in dependence 

on the temperature T: the ionization ξ (a), the pressure 

p/kBς (b), the heat input Γ0 (c), and the dissipative 

coefficients (γ – 1)κ/cP (the dash line in Figure 1d), 4η/3 

(the point line in Figure 1d), ζR and γd (the thick line in 

Figure 1d) without heat input by sound waves’ 

dissipation, (ϵk = 0 [cm–1]), and for a plasma at 

equilibrium, i.e. X(ρ, T, ξ) = 0 and L(ρ, T, ξ) = 0.  
 

For the above-mentioned particular values of density, 

metallicity, and mean photon energy, the thermal 

equilibrium may only exist for T < 2.254 × 104 [K], and 

the nature of the equilibrium for this particular case has 

been analyzed, see some approximation by Ibañez (2009). 

As it can be seen in Figure 1d, the dynamic viscosity term 

(point line), and the thermal conduction term (dash line) 

are very small respect to the bulk viscosity ζR (thick line) 

which determines the total dissipation γd that is 

undistinguished from ζR at the scale shown in Figure 1d. 

 

When one considers sound waves’ dissipation the above 

results can drastically change depending on the value of 

the sound wavelength, more exactly on the value of ϵk. In 

fact, for the above-written values of parameters of the gas, 

sound waves with ϵk ≲ 10–18 [cm–1] only produce small 

changes on variables the of interest, in particular at high 

temperatures T > 103 [K] as it is apparent in Figure 2 that 

 
Fig. 1. The ionization ξ (a), the pressure at equilibrium (b), the heating input Γ0 (c), and four dissipative terms (d) for a 

gas with N0ρ = 1, Z = 1, and E = 102 [eV] when ϵk = 0 [cm–1] for a plasma at equilibrium, i.e., X(ρ, T, ξ) = 0 and L(ρ, T, 

ξ) = 0. The dissipation γd is undistinguished from the values of the real part of the bulk viscosity ζR at the scale shown in 

Figure 1d. 
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shows the plots as those shown in Figure 1 but for ϵk = 

10–18 [cm–1]. This is due to the fact that the heat input Γ0 

by dissipation of sounds shown by the dash line in Figure 

2c, at these wavelengths, is one order of magnitude 

smaller than the magnitude of the radiative heating Γω 

shown by the thick line in Figure 2c. 

 

The results shown in Figure 3 are similar to the ones 

shown in Figure 2 but for ϵk = 10–17 [cm–1]. At this shorter 

value of the acoustic wavelength, qualitative changes 

appear. In addition to a modified equilibrium ionization 

given by the upper branch in Figure 3a there is some 

comparison with the case when wave heat input is 

neglected. Also, an additional ionization branch appears 

(lower branch in Fig. 3a) but this ionization corresponds 

to a higher pressure (upper branch in Figure 3b) which 

occurs in the following narrow interval of temperatures: 7 

× 103 [K] < T < 104 [K].  

 

These two values of ionization and pressure produce two 

values of the heating rates Γ0(ρ, T, ξ) and Γω(ρ, T, ξ) 

shown in Figure 3c as well as two values in the 

dissipation coefficients κ, η, and ζR shown in Figure 3d in 

the above-written interval of temperatures. From the 

physical point of view, the above-obtained results imply 

that when the heat input by acoustic waves in a 

recombining gas becomes important, the gas can be at 

equilibrium in two different phases: one at high ionization 

and low pressure, and the another one at low ionization 

and high pressure for the same value of the density. 

 

The effects shown in Figure 3 shift towards higher values 

of the temperature when the value of ϵk increases as can 

be seen in Figure 4 that shows the results shown in Figure 

3 but for the value of ϵk = 10–16 [cm–1]. For this particular 

value of ϵk, the ionization (Fig. 4a), pressure (Fig. 4b), 

both heating rates (Fig. 4c), as well as the dissipative 

terms (Fig. 4d) show some bifurcation point at certain 

temperature T = 1.14 × 104 [K].  

 

A low ionization branch and high-pressure branch appear 

in the range of temperatures 1.14 × 104 [K] < T < 1.268 × 

 
Fig. 2. The ionization ξ (a), the pressure (b), the radiative heating Γω and the heating input Γ0 (c), and four dissipative 

terms (d) for a gas with N0ρ = 1, Z = 1, and E = 102 [eV] when ϵk = 10–18 [cm–1]. The dissipation γd again is 

undistinguished from the values of the real part of the bulk viscosity ζR at the scale shown in Figure 2d. 
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104 [K]. For these equilibrium states the heating Γ0(ρ, T, 

ξ) < Γω(ρ, T, ξ). In Figures 4a, 4b, and 4c, the radiation 

heating is higher than the wave heating, contrary to the 

high ionization (and pressure) branch. For this case, the 

thermal conduction dissipation terms dominate over the 

viscosity terms. The low ionization branch corresponds to 

the total dissipative branch γd higher than the 

corresponding higher ionization shown in Figure 4d. 

 

When the value of ϵk increases the interval of temperature 

where this equilibrium may exist decreases in such a way 

that the equilibrium cannot exist for ϵk = 5 × 10–16 [cm–1]. 

Figure 5 shows the plot of the variables under discussion 

that have been plotted for ϵk = 5 × 10–16 [cm–1]. For this 

particular value, the ionization and pressure become one-

valued functions of temperature (as in the case ϵk = 10–18 

[cm–1]) but the gas pressure shows a minimum value at T 

= 1.849 × 104 [K] shown in Figure 5b. At this limiting 

value the acoustic dissipation Γω(ρ, T, ξ) becomes higher 

than the radiation heating Γ0(ρ, T, ξ) as it is apparent from 

the results shown in Figure 5c. Note that in this case, the 

dissipation is mainly due to the thermal conduction, as for 

the previous ϵk-value, please, see in Figure 5d. 

 

The values of the damping length scale ld shown in Figure 

6 were obtained for the following four values of the 

magnitude ϵk [cm–1], i.e., ϵk = 10–18 [cm–1] (a), ϵk = 10–17 

[cm–1] (b), ϵk = 10–16 [cm–1] (c), and ϵk = 5 × 10–16 [cm–1] 

(d). The temperature dependences of the damping length 

scale ld (equation (24)) are shown in Figures 6a, 6b, 6c, 

and 6d, respectively.  

 

Figure 7 shows the plots for the corresponding ratios 

λ/(2πld). For large wavelengths when the sound wave heat 

input is much smaller than the radiative heating shown in 

Figure 6a, some regions of the order of parsecs up to 

kiloparsecs can exist in thermochemical equilibrium in a 

wide range of temperatures. When the wave number 

decreases this temperature range decreases (as well as the 

dimensions of the regions where such an equilibrium may 

exist) and the two equilibria become apparent.  

 

 

 
Fig. 3. The ionization ξ (a), the pressure (b), the radiative heating Γω and the heating input Γ0 (c), the four dissipative 

terms (d) for a gas when ϵk = 10–17 [cm–1]. 
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Fig. 4. The ionization ξ (a), the pressure (b), the radiative heating Γω and the heating input Γ0 (c), the four dissipative 

terms (d) for a gas when ϵk = 10–16 [cm–1]. A bifurcation point is seen in all four Figures for T = 1.14 × 104 [K]. 

 

 
Fig. 5. The ionization ξ (a), the pressure (b), the radiative heating Γω and the heating input Γ0 (c), the four dissipative 

terms (d) for a gas when ϵk = 5 × 10–16 [cm–1]. In Figure 5d, the higher lines correspond to the thermal conduction.  
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Fig. 6. The damping length scale ld as the function of the temperature T, for the following four values of the magnitude 

ϵk [cm–1], i.e., ϵk = 10–18 (a), ϵk = 10–17 (b), ϵk = 10–16 (c), and ϵk = 5 × 10–16 (d). 

 

 
Fig. 7. The ratios λ/ld for ϵk = 10–18 (a), ϵk = 10–17 (b), ϵk = 10–16 (c), and ϵk = 5 × 10–16 (d).  
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Regions of high pressure are larger than those at lower 

pressure for ϵk = 10–17 [cm–1] (Fig. 6b) but the opposite 

occurs for ϵk = 10–16 [cm–1] (Fig. 6c). Close to the limiting 

value where the equilibrium may exist, only small regions 

of the order of 10–3 [pc] can exist in a narrow interval of 

temperatures. As it is apparent from the results shown in 

Figure 7, the present approximation holds, λ/ld < 1 in the 

range of temperatures where the recombination-ionization 

becomes important. 

 

High velocity clouds at high galactic latitude (HvCs) 

Observations suggest that for the hydrogen gas at large 

galactic latitude and in the halos of other galaxies, the 

metallicity ranges are between 0.03 ≲ Z ≲ 0.3 and the 

mean photon energy ones are between 0.3 [keV] ≲ E ≲ 2 

[keV] (Collins et al., 2004; Maller et al., 2004; Miller et 

al., 2015; Wakker et al., 2001; Wakker, 2004; Tripp et 

al., 2003; Olano, 2008; Lockman et al., 2008, Ibañez et 

al., 2011) and (Conde and Sandra, 2010. Calentamiento 

de plasmas por ondas hidrodinamicas. M. Sc. Thesis, 

University of Los Andes, Center for Fundamental 

Physics). Thus, equilibrium states may exist for the values 

of ϵk smaller than the threshold value of (ϵk)thr that 

depends on the exact values of Z and E (Fig. 8).  

 

 
Fig. 8. The threshold value of (ϵk)thr as a function of the 

mean radiation field E for the metallicity values of Z = 

0.03, 0.3 in HvCs with N0ρ = 3 × 10–3 [cm–3]. 

 

For ϵk > (ϵk)thr, equilibrium states cannot exit. Therefore, 

the hydrogen gas into High velocity Clouds (HvCs) can 

be in thermochemical equilibrium as far as the HvCs have 

dimensions l > lthr, where lthr = 3.24 × 10–19 × (ϵk)thr [pc] is 

the above-mentioned range of values of metallicity and 

mean photon energy. Strictly speaking this threshold 

value has to be taken as a limiting value, for real 

situations one should expect thermochemical equilibrium 

for gas clouds with dimensions l >> lthr. This conclusion 

can also be applied to the intracluster clouds. However, 

this important case will be analyzed elsewhere. 

 

Additionally, depending on the particular values of Z and 

E, temperature gaps appear where the equilibrium cannot 

exist. Say for instance, for Z = 0.3 and E = 0.3 [keV] the 

gap is situated between the following temperatures: 2.405 

× 104 [K] < T < 8.149 × 105 [K], and for Z = 0.03 it is 

between the ones: 2.297 × 104 [K] < T < 2.255 × 105 [K]. 

For this particular value of Z, only one equilibrium exists 

just at T = 2.255 × 105 [K]. From the above results one 

may conclude that HvCs at thermal equilibrium may only 

exist in well-defined ranges of temperature (depending on 

the E, Z, and N0ρ) and with dimensions l >> lthr.  

 

CONCLUSION 

 

Generally, the dissipation of acoustic waves by the 

thermal conduction, dynamic and bulk viscosities can 

introduce drastic quantitative and qualitative changes in 

the equilibrium of the interstellar gas. Depending on the 

particular values of the metallicity, the mean radiation 

energy input, and the particle density, we can state that: 

 

 The bulk viscosity can be the most important 

dissipation mechanism.  

 

 Several equilibrium branches may appear in certain 

temperature ranges that depend on the particular 

values of ϵk.  

 

 For large enough values of ϵk, the range of 

temperature where equilibrium may occurs becomes 

very narrow.  

 

 For the ϵk-values larger than the threshold value of 

(ϵk)thr, the equilibrium does not exist that imposes a 

limiting value to the scale length of equilibrium 

structures, in particular, to the dimensions of HvCs. 

 

Strictly speaking, in any plasma, in particular, in a very 

complex interstellar medium (ISM) a spectral distribution 

(discrete one as well as continuous one depending on the 

origin of the waves) for sound waves should be present. 

However, it is an important issue, namely determining for 

which particular values of the ϵk of such spectrum the 

equilibrium (X(ρ, T, ξ) = 0 and L(ρ, T, ξ) = 0) is modified 

by the waves’ dissipation.  

 

We emphasize that this work is essentially restricted to a 

linear approximation, in which the wave dissipation is a 

second order phenomenon (Landau and Lifshitz, 1987). 

For this, the results depend on the ϵk that allows one to 

get a "first" information on the dependence on the wave 

amplitude. 

 

On the other hand, turbulence is by itself a nonlinear 

phenomenon, and this problem out the scope of the paper. 

Certainly, turbulence should be present in the different 
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"regions" of the ISM, which is a typical (very complex) 

plasma where many relaxation time scales go into play. 

Models beyond the qualitative ones (Kolmogorov-like) 

(Braun et al., 2012) do not exist, and the understanding of 

turbulent plasmas under realistic physical conditions is an 

open question. 
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