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Abstract

Several generalizations of the well-known fluid model of Braginskii (1965) are considered. We use the Landau
collisional operator and the moment method of Grad. We focus on the 21-moment model that is analogous to the
Braginskii model, and we also consider a 22-moment model. Both models are formulated for general
multispecies plasmas with arbitrary masses and temperatures, where all of the fluid moments are described by
their evolution equations. The 21-moment model contains two “heat flux vectors” (third- and fifth-order
moments) and two “viscosity tensors” (second- and fourth-order moments). The Braginskii model is then
obtained as a particular case of a one ion—electron plasma with similar temperatures, with decoupled heat fluxes
and viscosity tensors expressed in a quasistatic approximation. We provide all of the numerical values of the
Braginskii model in a fully analytic form (together with the fourth- and fifth-order moments). For multispecies
plasmas, the model makes the calculation of the transport coefficients straightforward. Formulation in fluid
moments (instead of Hermite moments) is also suitable for implementation into existing numerical codes. It is
emphasized that it is the quasistatic approximation that makes some Braginskii coefficients divergent in a
weakly collisional regime. Importantly, we show that the heat fluxes and viscosity tensors are coupled even in
the linear approximation, and that the fully contracted (scalar) perturbations of the fourth-order moment,
which are accounted for in the 22-moment model, modify the energy exchange rates. We also provide
several appendices, which can be useful as a guide for deriving the Braginskii model with the moment method
of Grad.

Unified Astronomy Thesaurus concepts: Collision processes (2065); Plasma physics (2089); Space plasmas (1544)

1. Introduction

The fluid model of Braginskii (1958, 1965) represents a cornerstone of plasma transport theory, and it is used in many different
areas, from solar physics to laboratory plasmas. The Braginskii model and its generalizations can be derived through two major
classical routes: (1) Chapman-Enskog expansions (Chapman & Cowling 1939) and (2) the moment method of Grad
(1949a, 1949b, 1958). There also exists a more modern route, with the projection operator (Krommes 2018a, 2018b). Both
classical routes were originally developed for gases, where the full Boltzmann collisional operator has to be used. As was shown by
Landau (1936, 1937), for charged particles interacting through Coulomb collisions, the Boltzmann operator can be partially
simplified, and this collisional operator is known as the Landau operator. It is now well established that for Coulomb collisions both
the Landau and Boltzmann operators yield the same results, if in the Boltzmann operator one introduces integration cutoffs that
remove the divergences in the same way as the Coulomb logarithm does. With the Landau operator, the Boltzmann equation is then
typically called the Landau equation. By introducing Rosenbluth potentials, the Landau operator can be rewritten into a general
Fokker—Planck form, and the name Fokker—Planck equation is often used as well. Nevertheless, many authors use the Boltzmann
operator during calculations even when Coulomb collisions are considered, because the simplification is not exceedingly large.
Braginskii used the Landau operator. Of course, both routes, through both Chapman—Enskog expansions and the moment method of
Grad, have subvariations as to how the methods are implemented that have been developed over the years. For the Chapman—Enskog
method, where the distribution function is expanded in Laguerre—Sonine polynomials, see, for example, Braginskii (1958), Hinton
(1983), Helander & Sigmar (2002), and Kunz (2021).

Here we use the moment method of Grad, which consists of expanding the distribution function in tensorial Hermite
polynomials. Concerning only viscosity tensors and heat fluxes (and neglecting fully contracted scalar perturbations and higher-
order tensorial “anisotropies,” as Balescu (1988) calls them), the method of Grad consists of approximating the distribution
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function as a series
N
.ﬁz :fa(O)(l + Xa); X, = Z[hiyn)[_IIJQn) + hi(2n+1)[.1i(2n+1)]’ (1)
n=1

where fa(o) is Maxwellian, “a” is the species index, the indices i and j run from 1 to 3, H are Hermite polynomials, and % are

Hermite moments. Matrices hl§2”) are traceless and can be viewed as viscosity tensors (stress tensors), and vectors h,-(z"“) can be

viewed as heat fluxes. The series is cut at some chosen N, and this distribution function is then used in the Landau (or Boltzmann)
equation, which is integrated to obtain a corresponding fluid model. The usual quasistatic approximation does not have to be
applied, and one obtains evolution equations for all of the considered moments. For example, prescribing a strict Maxwellian with
perturbation x, = 0 (or, equivalently, N = 0) represents the 5S-moment model, with evolution equations for density, fluid velocity,
and scalar pressure (temperature), where stress tensors and heat fluxes are zero. Prescribing N =1 represents the 13-moment
model, which contains an evolution equation for one traceless viscosity tensor (five independent components) and an evolution
equation for one heat flux vector (three independent components). This model thus contains the main ingredients of the model of
Braginskii, i.e., the usual viscosity tensor and the usual heat flux vector are present. However, prescribing a quasistatic
approximation yields, for example, the coefficient of the parallel electron heat conductivity (for a one-ion electron plasma with ion
charge Z;=1) with a value of 1.34 instead of the Braginskii value of 3.16, meaning the model is not sufficiently precise.
Prescribing N =2 represents a 21-moment model, and this model can be viewed as containing evolution equations for two
viscosity tensors and two heat flux vectors. It can be shown that expressing the viscosity tensors and heat fluxes in a quasistatic
approximation yields a model that is equivalent to Braginskii (1965). In fact, as pointed out by Balescu (1988), for example, the
Hermite polynomials are directly related to the Laguerre—Sonine polynomials (see Equation (192)), and thus the Chapman—
Enskog method and the moment method of Grad have to yield equivalent results at the end. In general, if both heat fluxes and
viscosities are accounted for, an N-Laguerre model therefore represents a (5 + 8 N)-moment model. For a summary of the various
possible models, see Section 8.4 with Tables 1 and 2.

Of course, the model of Braginskii can be generalized in many different ways. Naturally, one might focus on the case of the one-
ion electron plasma considered by Braginskii, and increase the order of N to study the convergence of transport coefficients with
higher-order Laguerre (Hermite) schemes. Several studies of this kind have been done in the past (some being numerically imprecise,
some considering only unmagnetized plasmas, and some only having an ion charge of Z;=1). For example, before Braginskii,
Landshoff (1949, 1951) calculated several transport coefficients with models from N =1 to N =4. Kaneko (1960) improved the
numerical accuracy of Landshoff and also considered N =5. Kaneko & Taguchi (1978) and Kaneko & Yamao (1980) performed
large calculations up to N =49. Perhaps the most comprehensive study to date was done by Ji & Held (2013), who studied the
convergence of all of the transport coefficients up to N = 160. Other useful references can be found in Epperlein & Haines (1986).
These last two studies emphasize that while the transport coefficients parallel to the magnetic field (or for unmagnetized plasma)
converge rapidly for N > 2, this is not the case for some of the perpendicular transport coefficients. For clarity, in the famous work of
Spitzer & Hirm (1953), and the previous work of Cohen et al. (1950), where only unmagnetized plasma was considered and
viscosity tensors were neglected, the perturbation X, which satisfies the Landau equation, was found numerically, and the model thus
technically corresponds to N = oo . Their work was criticized (even though a bit unfairly) in the monograph of Balescu (1988, Part 1,
p- 266), who calculated all of the usual transport coefficients with the moment method of Grad for the N =2 and N = 3 cases (i.e., the
21-moment model and the 29-moment model). Note that the 3-Laguerre calculations of Balescu (1988) were shown to be incorrect
by Ji & Held (2013), who were able to trace the problem to his analytic collisional matrices (they have also corrected the coefficients
in the collisional matrices of Braginskii 1958, which were fortunately not used in his N = 2 calculation). That there is a problem with
the N = 3 transport coefficients of Balescu (1988) can be also seen by a comparison with Kaneko (1960), for example. Here we focus
on the 2-Laguerre approximation used by Braginskii (1965), i.e., the 21-moment model, with the goal of extracting more physical
information from that scheme.

For the 5-moment model and the 13-moment model, the method of Grad was explored in great detail by Burgers (1969) and
Schunk (1975, 1977, and references therein). The Boltzmann operator was used and several interaction potentials were considered,
such as collisions between neutral particles (hard-sphere interaction), between charges (Coulomb interaction), or an induced dipole
interaction when an ion polarizes a colliding neutral (so-called Maxwell molecule interaction). These models have two important
properties that the Braginskii model does not have: (1) because the formulation uses evolution equations for stress tensors and heat
fluxes, rather than quasistatic approximation, these models do not become divergent if a regime of low collisionality is encountered;
and (2) the formulation is a general multifluid description with arbitrary masses m,,, m; and temperatures 7,, 7). Note that the review
paper of Braginskii (1965) also contains Section 7, about multicomponent plasmas, which is often implicitly cited in the solar
literature; but this section should be viewed as heuristic from a perspective that no heat fluxes or stress tensors were calculated. In
plasma physics, the work of Braginskii (1958, 1965) is celebrated for his results for a one ion—electron plasma. Here we use the
Landau operator and consider only Coulomb collisions. Nevertheless, we will employ the 21-moment model, and we thus improve
the precision of the 13-moment model of Burgers (1969)-Schunk (1977) for this interaction potential, so that the precision matches
Braginskii. We will use the restriction that the relative drift velocity between two colliding species must be small in comparison to
their thermal speeds. The same restriction applies for the Braginskii model, for the Burgers—Schunk 13-moment model (the exception
is Maxwell molecule interaction), and for higher-order schemes. For Coulomb collisions and hard-sphere collisions, only the simplest
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5-moment model has been fully calculated analytically without this restriction (Tanenbaum 1967; Burgers 1969; Schunk 1977),
yielding the runaway effect.

Several multifluid descriptions with the level of precision of Braginskii have been considered in the past: see, for example,
Hinton (1983), Zhdanov (2002; originally published in 1982), Ji & Held (2006; who actually consider general N), and Simakov &
Molvig (2014, 2016a, 2016b); or, for the case of neoclassical theory (toroidal geometry applicable to tokamaks), see Hirshman &
Sigmar (1977, 1981). Our model seems to be very close to the model of Zhdanov (2002), Chapter 8.1, who indeed uses the
method of Grad and calculates the 21-moment model with it. We did not verify full equivalence because of his puzzling notation.
Even if equivalence is eventually shown for the case of small temperature differences between ions, we consider a more general
case where the temperatures of all the species are arbitrary. Our clear formulation with fluid moments (instead of Hermite
moments) might also be easier to implement into existing numerical codes. Arbitrary temperatures were also considered by Ji &
Held (2006), but we did not verify equivalence with their model either. We only verified equivalence with their model for the
special case of a one ion—electron plasma with small temperature differences of Braginskii, by using the collisional matrices from
Ji & Held (2013).

Additionally, for all of the considered moments, we provide the left-hand sides of our evolution equations in a fully nonlinear
form, which is important for direct numerical simulations, and which are not typically given. An important difference then arises even
at the linear level, because calculations are typically performed with decoupled viscosity tensors and heat fluxes, meaning that the
two viscosity tensors interact only with each other, and the two heat fluxes interact only with each other. We consider coupling
between heat fluxes and stress tensors, where (even at the linear level in a quasistatic approximation) a heat flux enters a stress tensor
and a stress tensor enters a heat flux. Such couplings are often considered in the collisionless regime: see, e.g., Macmahon (1965),
Mikhailovskii & Smolyakov (1985), Goswami et al. (2005), Ramos (2005), Passot et al. (2012), and Hunana et al. (2019a, 2019b),
where the effect is important for the perpendicular fast mode, for example, or for the growth rate of the firehose instability (see, e.g.,
Figure 10 in Hunana et al. 2019b). The coupling might also be important in the highly collisional regime if sufficiently high
frequencies (or short wavelengths) are considered. The coupling was neglected by Braginskii (1958, 1965), Spitzer & Harm (1953),
and Spitzer (1962); and, as an example, we consider an unmagnetized one ion—electron plasma in detail, and we provide stress
tensors and heat fluxes where this coupling is taken into account.

The coupling between viscosity tensors and heat fluxes then inevitably leads to the next step, replacing Equation (1) with

N
1, :féo)(l +x); X, = Z[hgzn)flingl) + hi(2n+l)l_]i(2n+1) + pew e, )

n=1

where the scalar hermite moments 2™ can be viewed as fully contracted (scalar) perturbations of fluid moments. The lowest-order
moment 4® = 0 and all of the higher-order ones are generally nonzero. Thus, prescribing N = 1 still yields the 13-moment model,
but prescribing N = 2 now yields the 22-moment model. This model is a natural extension of the Braginskii model, because it takes

into account the fully contracted perturbations )754) = my f leal*(f, — f;o) )d3v of the fourth-order fluid moment. Accounting for the
scalar perturbations according to (2), for N > 1 an N-Laguerre model then represents a (4 4+ 9N)-moment model. Another possibility

for writing Equation (2) is to separate the matrices ZnN:1 hiﬁ»z")l-ll»]@”), and to write the sum for the vectors and scalars from n = 0, with

an imposed requirement that WO =0, h® =0, and hl-(l) = 0 (where the first one is nontrivial). This is the choice of Balescu (1988, p.
174), for example, in his Equations (3.11) and (3.16).

Finally, the main purpose of this work is to make the moment method of Grad and the exciting work of Braginskii more
understandable, as reflected in our relatively lengthy appendix.

The entire paper is separated into eight sections and 14 appendices. The main paper summarizes the obtained results, while the
appendices provide the detailed calculations.

In Section 2, we formulate the entire 21-moment model. We start with a formulation valid for a general collisional operator C(f,),
where both the left-hand sides and the collisional right-hand sides of the evolution equations are given in a fully nonlinear form. We
then provide the collisional contributions for arbitrary masses and temperatures calculated with the Landau operator. The collisional
contributions are calculated in the usual semilinear approximation, where the relative drifts between species are small in comparison
to their thermal speeds (i.e., the runaway effect is not considered), and the product of ff, is approximated as
L = fa(o) fb(o) (1 + x, + Xx;), where the “cross” contributions ,Y;, are neglected. We then provide a simplified model where
the differences in the temperatures between species are small. For clarity, we also reduce our model to the 13-moment model, and we
provide a formulation that is more compact than the one given by Burgers (1969)-Schunk (1977) (because we only consider
Coulomb collisions). We then simplify the evolution equations of our 21-moment model into a semilinear approximation where
viscosity tensors and heat fluxes are decoupled, and these are used in Sections 3 and 4.

In Section 3, we compare our model to Braginskii (1965) by considering a one ion—electron plasma with similar temperatures, i.e.,
where the temperature differences between species are small with respect to their mean values. We provide all of the transport
coefficients in a fully analytic form, and we verify the entire Table II of Braginskii (1965; two of his coefficients are not precise).
Parallel electron coefficients (or, equivalently, for an unmagnetized plasma) can also be found in Simakov & Molvig (2014). We also
provide analytic results for the viscosity of the fourth-order fluid moment and the heat flux of the fifth-order fluid moment, which are
not typically given.

In Section 4, we use the idea of Hinton (1983), Zhdanov (2002), and Simakov & Molvig (2014), for example, that because of the
smallness of the electron/ion mass ratios, the electron coefficients of Braginskii can be straightforwardly generalized to multiple ion

3
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species, by introducing an effective ion charge and effective ion velocity. All of the electron analytic coefficients that are given in
Section 3 are thus generalized to multi-ion species with a simple transformation.

In Section 5, we discuss the coupling between viscosity tensors and heat fluxes. We provide evolution equations in the semilinear
approximation, where this coupling is retained, and we introduce a technique for splitting the moments into their first and second
orders.

In Section 6, we consider an example of an unmagnetized one ion—electron plasma and explicitly calculate the coupling of stress
tensors and heat fluxes. All of the results are given in a fully analytic form, as well as with numerical values for the ion charge Z; = 1.

In Section 7, we first formulate the fully nonlinear 22-moment model for a general collisional operator. We then provide the
multifluid collisional contributions calculated with the Landau operator in the semilinear approximation, and we show that the

Y . . o . .
perturbations X @ modify the energy exchange rates. We also provide quasistatic solutions for a one ion—electron plasma, and we

. 2200} . N
show that the perturbations X ~ have their own heat conductivities.

In Section 8, we discuss various topics. (1) We discuss energy conservation. (2) We clarify that from a multifluid perspective, the
Braginskii choice of ion collisional time 7; should be interpreted as 7; = 7;;, and not as 7; = J2 Ti. (3) To clarify the higher-order
schemes, and to double-check our evolution equations, we calculate the fluid hierarchy for a general N, with an unspecified
collisional operator. (4) We discuss irreducible and reducible Hermite polynomials and show that both yield the same results. (5) We
provide fully nonlinear Rosenbluth potentials for the 22-moment model, which might be useful in further studies of the runaway
effect with this scheme. (6) We discuss Hermite closures and their relation to fluid closures, which are required to close the fluid
hierarchy. We also correct our previous erroneous interpretation that Landau fluid closures are necessary to go beyond the fourth-
order moment. (7) We discuss the inclusion of gravity. (8) We use our multifluid formulation to double-check the precision of the
m,/m; expansions. We consider unmagnetized proton—electron plasma and calculate the transport coefficients exactly, without using
the smallness of m,/m;. (9) We discuss the limitations of our approach. (10) We provide conclusions, with examples of where our
model might be useful.

Appendix A introduces the general concept of tensorial fluid moments and provides an evolution equation for an nth-order fluid

moment Xin) in the presence of a general (unspecified) collisional operator, Equation (A12). This evolution equation also remains
valid in the presence of gravity; see the discussion in Section 8.7.

Appendix B introduces the tensorial Hermite polynomials of Grad (1949a, 1949b, 1958) and discusses in detail the construction of
the perturbations around the Maxwellian distribution function, i.e., Equations (1) and (2), which are summarized in Tables 1 and 2.
The construction of Hermite closures is addressed as well.

Appendix C derives the evolution equations for the 22-moment model (for an unspecified collisional operator) by applying
contractions at the evolution equations from Appendix A and by using the decompositions of moments and Hermite closures from
Appendix B

Appendix D uses a different technique and, instead of applying contractions at the equations of Appendix A, a simplified fluid
hierarchy of a general nth-order is obtained directly, which only consists of evolution equations for scalars, vectors, and matrices. The
evaluation of these equations for a specific “n” recovers the 22-moment equations of Appendix C.

Appendix E introduces the BGK (relaxation-type) collisional operator of Bhatnagar et al. (1954) and Gross & Krook (1956),
which greatly clarifies the analytic forms of the Braginskii viscosity tensors and heat fluxes. The viscosities and heat
conductivities of both models are directly compared in Figures 3-5. The nonlinear solution for the viscosity tensor (with respect
to a general direction of the magnetic field b) is addressed in Appendix E.4, and Appendix E.6 clarifies the ambipolar diffusion
between two ion species.

Appendix F introduces a general (unspecified) Fokker—Planck collisional operator with its dynamical friction vector A,, and
diffusion tensor Dab General relations for the collisional integrals (of nth order) are provided, which can be used once the A, and Dab
are specified. B

Appendix G introduces the Landau collisional operator, where the A, and D,;, are expressed in the usual form through the
Rosenbluth potentials. The 5-moment model (strict Maxwellians) is then considered, and the usual collisional momentum exchange
rates R, and energy exchange rates Q,,;,, with the assumption of small drifts between species, are derived in detail in Appendices G.1
and G.2. Both contributions are then recalculated with unrestricted drifts in Appendix G.3, where instead of the Rosenbluth
potentials, the “center-of-mass” transformation typically used with the Boltzmann collisional operator has to be used, because the
collisional integrals seem to be too complicated to calculate directly. This is further discussed in Appendix G.4.

Appendix H considers the 8-moment model, where the simplest heat flux is present, and the multifluid model of Burgers (1969)—
Schunk (1977) is calculated in detail. For a direct comparison with Braginskii, a one ion—electron plasma is then considered, and
quasistatic heat fluxes, together with the resulting momentum exchange rates, are obtained as well. It is shown that in the limit of a
strong magnetic field, the perpendicular and cross conductivities x, and x, match the Braginskii model exactly (for both the ion and
electron species), and only the parallel conductivities ; are different.

Appendix I compares the parallel heat fluxes and momentum exchange rates of Braginskii (1965) with the models of Burgers
(1969)-Schunk (1977), Killie et al. (2004), Landshoff (1949, 1951), and Spitzer & Héarm (1953); see Tables 8—12. Useful
conversion relations for the results of Kaneko (1960) and Balescu (1988) are provided as well. The notation of Spitzer & Hiarm
(1953) is clarified in Appendix 1.1, and it is shown that their model, as well as the model of Killie et al. (2004), break the Onsager
symmetry.

Appendix J calculates in detail the 10-moment multifluid model of Burgers (1969)-Schunk (1977), where the simplest
viscosity tensor is present. It is shown that in the limit of a strong magnetic field, the perpendicular viscosities and gyroviscosities
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N1, N2, M3, N4 mMatch the Braginskii model exactly (for both the ion and electron species), and only the parallel viscosities 7, are
different.

Appendix K calculates in detail the momentum exchange rates and collisional contributions for the heat fluxes in our 21- and 22-
moment multifluid models. The calculations are shown for the 11-moment model, where only the heat fluxes are present (and
viscosities and scalar perturbation are absent), because in the semilinear approximation the calculations can be split. Similarly, the
collisional contributions for viscosity tensors are calculated in Appendix L, and the contributions for the scalar perturbation of the
fourth-order moment are calculated in Appendix M.

Appendix N uses our 21-moment model and calculates the heat conductivities and viscosities for two examples of an
unmagnetized plasma consisting of two ion species (collisions with electrons are neglected). The first example (Appendix N.1) is a
plasma consisting of protons and alpha particles (fully ionized Helium), typical in astrophysical applications. The second example
(Appendix N.3) is a deuterium—tritium plasma used in plasma fusion.

2. Multifluid Generalization of Braginskii (21-moment Model)

Our model is formulated with heat flux vectors
X =m, [elerav=2q;: X0 =m, [ele,d. 3)

and traceless viscosity tensors

- I = I
Hi;z) = my f(cacu - Elcalz)fgdSV; HE¢4) = my f(caca - glca |2)|ca|2f(‘1 d3V, (4)

9

where the fluctuating velocity ¢, = v — u, and “a” is the species index. We are using free wording because X is not really a heat

flux and 151514) is not really a viscosity tensor. Also, we use the wording “viscosity tensor” and “stress tensor” interchangeably
throughout the entire text. The species indices are moved freely up and down. We also define the usual rate-of-strain tensor
W, = (Vu,)S — 2/3)IV - u,, symmetric operator A,-JS = A;; + Aj;, and gravitational acceleration G. All other definitions are
addressed in Appendix A. We note that the definition of the heat flux in Equation (1.21) of Braginskii (1965) contains two well-
known misprints, with prime symbols missing on his fluctuating velocities v’. The heat flux is defined correctly in
Braginskii (1958).

We first present a formulation with a general (unspecified) collisional operator C(f,). We define the (tensorial) collisional
contributions

_ 3. _ g 2 3.
Ry =m, [vC(fpdv: 0o =22 [lePC(fdy:
0 = mafcacaC(fa)d3v; 0 = mafcacacaC(ﬁl)d3v;

Qza = My fcacacacac(f;;)dSV; Q=a(5) = My fCaCaCaCaCaC(L)d3V, Q)

where R, are the usual momentum exchange rates and Q, are the usual energy exchange rates. Then, it can be shown that the
integration of the Boltzmann equation yields the following nonlinear 21-moment model (see the details in Appendix C), where the
basic evolution equations read

d

5. + 1,V - u, =0; (6)
dt
éua+LV-ﬁafoe—Za(E+lua><B):&; (7)
dt pa mg ¢ pa
d, 5 2 2= 2
—p, + —p,V-u, +=V-q,+=1I,: (Vu,) = =0Q,, 8
aibe T 3P 3V 4t 3 (Vuy,) 3Q 3
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and are accompanied by evolution equations for the stress tensors and heat flux vectors:

2
d, 1o,
o 07V u, + Q6 x OO) + @17 - Vu,)s — —I(Hf) Vut,)
2 2. = = I= -
+§[(an)5 -3Iv: qa] + W, Q =0, - gTrQa ; 9
d.q 7 7 2 A 5 D,
“+— Vou, +—=q, Vu, + =(Vu,) - q, + Qb x q, + =p, V| =
& q, 54 5( )4, 9+ P ( 3
+ v ¥ kg f? Ly a?
2 Py Pa
zqwzéngﬁfgi _ g, 1% (10)
Pa Py
daH s _ ®) 9 =@ 9 =@ s
S+ | (VX I(V X |+ (Vw0 - Vi)
2
L 2((Vua) 9 - 25 vy + 0.6 x 1) + 75w,
7 21 o,
14 B} 2-
— —[((V )4, — P ) -qa]
5p,
@) 14 2=
~6"r= 16" Tremg E 2wy - 2w, 0 | (1)
da 4 (5) © 96 5) 4 ® )
XD 4V I, 5X (v - )+5X Vg + < (Vug) - XD+ Qb x X
P2 )2 p2 2) (€]
+70“v(“) - 350V -0, - 4. 0
Pa Pa Py, a
5y — =(5) Paz 4 = (4)
=09 =TT1Q, — 35%R, — —R, - 11, . (12)

The last equation is closed with a fluid closure (derived from a Hermite closure):

1 muf(caca - I|cu|2)|ca|4fad3 IRy 63p i, (13)
3 Pa I

The system above thus represents a generalized model of Braginskii (1965), where the evolution equations for all of the moments are

fully nonlinear and valid for a general collisional operator C(f,). It is a 21-moment model (1 density, 3 velocity, and 1 scalar

pressure; 3 for each heat flux vector and 5 for each viscosity tensor).

2.1. Collisional Contributions (Arbitrary Masses and Temperatures)

We use the Landau collisional operator. All of the collisional contributions are evaluated in a semilinear approximation, with an
assumption that the differences in the drift velocities u;, — u, are small with respect to thermal velocities. All of the nonlinear
quantities, such as g, - (u, —u,), including |u; — ua| are thus neglected in the multifluid description, which is consistent with
models of Burgers (1969) and Schunk (1977). For energy conservation and a particular case of a one ion—electron plasma, see
Section 8.1. The wording “semilinear” just means that expressions containing pressures and densities, such as (p,/p.)q., are retained
and not fully linearized with their mean pressure/ densny values. However for example, the last terms of the collisional contributions

in Equations (10)-(12) proportional to R.q,, R, I_Ia ,and R, H are neglected in the semilinear approximation.
We introduce the usual reduced mass and reduced temperature

mgm my T, + myT,
Hap = == T = = (14)
my + my, my + my
together with the collisional frequency (178). The momentum exchange rates are given by
Ha Pa
R, = ZVab{pa(ub —u) + Tb [Vab(l)qa - Vab(z)p—qb]
b

b=a ab

3 Hap 6 Pay0
X7 — =X ) 15
56( ) [ ‘ Py b ()

with coefficients that include both masses and temperatures, but which we simply call “mass-ratio coefficients”:

21/10)T,my, + (3/5)Tymy, 3/5)T,my + (21/10)Tym,
Vab(1y = ; Vab2) = . (16)
Tompy + Tymg Tompy + Tymg
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These and the other mass-ratio coefficients given below come from the Landau collisional operator introduced in Appendices F and
G, where one uses perturbed distribution functions of the 21-moment model; see Section 8.4 and Appendix B, with the calculations
of the collisional integrals in Appendices K and L. The energy exchange rates are given by

- T,
= Y3 v (17)

b=a my + mb

where |u, — u, 2 are neglected, as discussed above. The heat flux exchange rates are given by

A Pa
Q(S)/ = —[2u, + ZVabDab(l)]qa ZVabDab(Z) _qb
b=a b=a /0

3

+ | ==Vaa + ZVabEab(l) —X(S) ZVabEab(Z)__X(S)
70 b=a Pu b=a Py pb

= P> Vab Wy — ) Unp(1), (18)
b=a

with mass-ratio coefficients
2 3mb(3];1ma + Tamb — zz;zma) .

U, =
"0 T Ty + Tyma) (my + my)

Dapy = {753 mamg} + 95T my} + 174T2 Tymam? + 3007, T2 m2my, + 498T, T m2m? + 60T m}
+104T; m; mp} [20(Tymy, + Tymy)>(my + my)1 ™'

5 9T,mZ (10T2mymy, + 6T>m? + 45T, Tym? + 27T, Tymamy, — 14Thm2)
“= 20(T,my + Tymg)>(my + my)
£ 3T,my(19T2mami + 23T2m; — 2T, Tym?2my, + 36T, Tymom + 84T¢m> + 118Tm? mb)
abm 560(T,my + Tymy)3(mg + my)
. 9T, Tymam? (1T,m, + 5T,my, — 2T,m,
Eupoy = b 5 ( b b ). (19)

L2(Tmy + Tymg) (mg + my)

The fifth-order-moment exchange rates are given by

76 A D r P
QP =~ [?Vua + ZVabFab(l):lp_aqa + ZVabFab(Z)_ap_aqb
a

b=a b=a a b

3 .
- [_Vaa + ZVabGab(l)]X(gs) ZVabGub(Z)_X o)
35 b=a b=a Pp
7
> vy — ua) Unpa),s (20)
Pa b=a

with mass-ratio coefficients

 3my (17T mgmy, + 9Tomy; + 42T,Tym? + 6T, Tymm, — 28Tym.)

Uy =
" (Tamb + Tbma)z(ma + mb)
Fyy = (855 mym, + T59T.my) + 23407, Tyn.m; + 19727, Tynm, + 26407, T;ym m;

+2332T T m}m; + 58807 T;m, m,, + 33247, T)m}m; — 3080T,T,m m, — 560T,m_}

X [10(Tym, + Tymyy*om, + m)T,1
Eyoy = 3T,m; (10T ,m,m; + 102T,m; + 385T, Tym;m,, + 561T, Tyn,m; + 1890T,T;m;

+1446T, Tymim,, — 588T,m\[10(T,my, + Tym,)*(m, + m)l
Gty = — {S65T,mym; + S33Tym; + 12707, Tynlm; + 11907, Tymm, + 10207, T;m m;

+1152T,T,mim; + 3640T,T,m m, + 1916T,T,m;m; — 1400T,'m.] — 3304T,m;m,)
—1
X [280(T,my, + Tym,)*(m, + my)]
A 3T, Lynm; (3T mm, — STomj — 42T, Tym? — 38T, Tym,my, + 12T;m.} ) en

Gp) =
" 8(Tym, + Tyn,)'(m, + m,)
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The exchange rates for the usual stress tensor are given by

Q=(2>, 21 MH<2> n i pa 1‘[
“ 10 70 “p,
).V, N 1 1 =@
+y — FoTab [ Kab(l)_H gt Kab(Z)_Hb
b=aMa + my, Nq
) =) = (4)
Ly TL — Ly 211, ] (22)
aly nppy,
with mass-ratio coefficients
. 10T mym? + 15T2mj + 35T, Tym>my, + 42T, T,mam? + 10T m> + 12T m? m,
Koy =
5(Tumy + Tymg)*my
7 _ 6Tazmamh + 4Ta2m,,2 + 217;7},ma + 14T, T,m,my, — 5Tb2m2.
e 5(Tumy + Tyma)? ’
I 3T, m, 2T, m,my, + 3T, mh + 77},m + 8nmamb)
o 35(Tymy, + Tyma P,
Lap) = 3m,T,(ST,m, + 41,my, — ];Jma) (23)
35(Tymy + Tym,)?
Finally, the fourth-order stress tensor exchange rates are given by
= (4 53 = (2 79 = (4
Qu( = p“ H( ) VaaH(a) + > vw| — ab(l)&
pa 140 b=a
p2 =(2) = (4) =
+Mapoy——1I," — NypyII,” — ab(2) H , (24)
PaPb pb Pa
with mass-ratio coefficients
M1y = (48T mam + 36T ¢ myt + 216T>Tym2Zmi + 107T2 Tymamg) + 378T2 T m>my,
+36T2Tm2m?E — 315T, T3 m>my — 70T m> Y [5(Tymy, + Tomga)3T,(my + m)]™
Moy = — {Tyma (18T mam? — 4T mj + S1T2TymZmy, — 18T2 Tymam? — 147T, T m}
—189T, T m2my, + 35T m)V[S(Tumy + Tym, ) Tu(my + mo)I ™
Ny = — {16T2mam; + 12T m;} + 12T2 TymZmi + 21T Tymamg} + 126T, TEm> my,
— 54T, Trm2m? — 140T3m} — 273T3m>my,) [35(Tymy + Tymy)>(my, + ma)]™";
3TEm2 (35T mymy, + 12T2m? — 35T, Tom? — 51T, Tymamy, + 7Tbm2)
Napy = — (25)

35(T,my + Tymy) T, (my + my)

The entire system is now fully specified, and it represents a multifluid generalization of the model of Braginskii (1965). Coupled with
Maxwell’s equations, it can be used in multifluid numerical simulations. Importantly, when the collisional frequencies become small,
the right-hand sides of the evolution equations just become small and no coefficients become divergent, which is in contrast to the
model of Braginskii, where the quasistatic approximation is used for the stress tensors and heat fluxes. For a detailed discussion of the
limitations of our model in a regime of low collisionality, see Section 8.9. The model of Braginskii is obtained as a particular case of
a one ion—electron plasma with similar temperatures, in a quasistatic and quasilinear approximation for the viscosity tensors and heat
fluxes, where, additionally, the coupling between the viscosity tensors and heat fluxes is neglected.

2.2. Collisional Contributions for Small Temperature Differences

In many instances, it might be satisfactory to consider a situation where the temperature differences between species are small. The
mass-ratio coefficients (16) then become

21/10 + 3/5)m, 3/5 + (21/10
Yy = G0 + G/S)ma - G/Smy + 21/10)m, 26)
my + my mp + my
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the mass-ratio coefficients (19) simplify into

A 3mS 4+ (86/5)mZmy + (17/10)ymam? + (19/4)mb
Dypy = 3
(mg + my)
. (279/20)ymami + (27/10)m;
Dypo) = 3 ;
(mg + mp)
A (9/20)m my + (6/35)mamb + (69/560)mb
Eupaqy= 3
(mg + my)
N 45/112)ym,m A 3
ub(2) = (/—)%b; Uy = _L’ (27)
(mg + mp)” 2 (mg + my)
the mass-ratio coefficients (21) become
7 (— 56)m + 336m my + (1302/5)m mb + (1034/5)mumb + (759/10)mb
v (mg + my)*
A (1953/5)m m,, + (1587/10)mam,7 + (153/5)mb
Fap@) = 2
(mq + mp)
& (31/5)m my — (30/7)m mb (611/140)mumb (533/280)mb
= (mg + my)*
A 45/4)ym>mg + (15/8)ymam; . 2mamy, + 2Tm}
ab(2) = . ; Uy = ——————5— (28)
(my + mp) (mg + my)
the mass-ratio coefficients (23) become
. 10m? + 37mgmy + 15m} . 4(4my + my)
Kby = ; Kipp) = ——mm=;
Smg(my + my) S(my + my)
3(Tm, + 3 12m,
Lapy = STma & 3mp)my -y o 12ma (29
35m,(my + my) 35(m, + my)
and the mass-ratio coefficients (25) simplify into
. 70m>} — 133m2my, — 119mam} — 36m; . 4m,(28m? — mamy + mi)
My = — 3 ; Mup2) = 3 ;
5(myp + my) S5(mp + mg)
140m + 7m mp — 25mamf — 12m;} 12ma2 Tm, — 3m
Napiy = b b b, b (2) = ( b)- (30)

35(mp + my)? 35(mp + my)?

2.3. Reduction to the 13-moment Model

As a partial double-check of our calculations, neglecting the evolution Equations (11)—(12) for IEI(;) and X, and, in the evolution
Equations (9)—(10) for IEI(;) and g, prescribing the closures (which are derived from Hermite closures)
x® =o8fey . AP —7Pg? G1)
Pa Pa

our 21-moment model simplifies into the 13-moment model, given by the collisional contributions

3 a a
R, = Zl/ab[ﬂa(ub u) + — 'ub(‘l - Z—‘Ib)l

b=a 5 7:117

4 A Pu A
QS)/ = *gVaaqa + ZVab[Dab(l)qa + Db(2) Py —=q, — p,(up — uy) Uab(l)];

b=a

=) 6 @ PuVab -k @ 1 =@
Q A 5 aaH + z ﬁ [ _Kab(l) e H + Kah(2) Hh ], (32)
b=a''ta b
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with the mass-ratio coefficients

Ak 9T2mam? + 13T>m; — 6T, Tym2my, + 20T, Tymam; + 30T m> + 52Tb2mazmb.
v 100m, + my)(Tymy, + Tym, ) ’

sk 9Tmy (STumy + 3T,my — 2Tymy) |
PO 100, + mp) (Tumy + Tymg)?

o 2QTmgmy, + 3T,mE + STym? + 6Tymamy) o _ 20GTumg + 2Tmy — Tymy)
vt Sma(Tymy, + Tymy) ’ @@ 5(Tymy + Tymy)

(33)

where (7[,;,( 1) is unchanged from the 21-moment model. It can be shown that for Coulomb collisions, this model is equivalent to
Equations (44)-(49) of Schunk (1977), first calculated by Burgers (1969). For small temperature differences, the mass-ratio
coefficients become

A 30m2 + 16mamy, + 13mj A 27m}
Dy = ; Doy =
10(m, + mp)? 10(m, + mp)?
N 2m, 4+ (6/5)m, 5k 4 N 3 m,
Kapay = —ni m, Ko =35 Uan() = CYTRY +”m 5 (34)
a a b

Our new 21-moment model can thus be viewed as a generalization of the multifluid description of Burgers (1969) and Schunk
(1977), where the heat fluxes and stress tensors are described more accurately, and with the same level of precision as in Braginskii
(1965). Nevertheless, we only use the Landau collisional operator applicable for Coulomb collisions, whereas Burgers—Schunk use
the more general Boltzmann collisional operator and account for several different interaction potentials.

2.4. Semilinear Approximation (Decoupled Stress Tensors and Heat Fluxes)

Here we consider the 21-moment model with evolution Equations (9)—(12) in the semilinear approximation, where additionally
viscosity tensors and heat fluxes are decoupled. It will be shown later that the contributions introduced by the coupling are smaller by
a factor of 1/v,,. Within the semilinear approximation, we also assume that there are no large-scale gradients of considered fluid
moments. For example, the decoupling removes the last terms on the left-hand sides of Equations (10), (11), and (12) proportional to

(Vpa)ga (Vp,) - ﬂf) and (Vp,) - f[(a4). We also neglect these terms within the semilinear approximation when the coupling is
considered (see Sections 5 and 6). In the presence of large-scale gradients in pressure/temperature, these terms might become
significant, together with many other terms that are neglected in the semilinear approximation. The evolution equations for the heat
flux vectors simplify into

a0 b x g, + 2p, 9| 2| = Q% (35)
dt 2 )
d P of 2
X + Qb x X9 + 70iv(—a) =Y, (36)
dt Pa \ Pa
and the evolution equations for the viscosity tensors become
SR+ 6 < T+ W =6, 37
t
d; =@ =(4) pz = =4)
d—“f[a + Qb xIL,)S +7-2W, =0, . (38)
t Pq

The above system will be used to recover the transport coefficients of Braginskii (1965). In some instances, it might actually be
advantageous to suppress the nonlinearities in numerical simulations, and to perform multifluid simulations with the system (35)—
(38) instead of the system (9)—(12).

10
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3. One Ion-Electron Plasma

3.1. Ion Heat Flux q, of Braginskii (Self-collisions)

Here we consider a one ion—electron plasma of similar temperatures, which is the choice of Braginskii (1965). For the ion heat
flux, Braginskii neglects ion—electron collisions. Considering only self-collisions, the evolution equations for ion heat fluxes read

d, A 5 D 4 3 Pu (5
=g, + Wb x q, + =p, V| 2| = — thaq, + —Vaa| 22X — 28¢, |; 39
o q ZP(a) S Vaada + o ( q (39)
2
day® L b x x9 4 70Pey| Po| = 88, Py 3 Ix6) _gglay | (40)
dt 2 \p, 5 ) 35 ’

Neglecting the evolution Equation (40), and prescribing closure (31), which neglects the second term on the right-hand side of (39),
yields the ion heat flux model of Burgers—Schunk, with the well-known —4/5 constant. However, now the equations read:

ﬂqu + QabA X qa + épav & = _zyﬂaqa + iyaa &XG(S);
dr 2 3 70 “ p,
2
@Xf) + Qb x X + 70 ay| P | = —7—6%&% — iyaaXf). (41)
dt La La 5 ) 35

Prescribing the quasistatic approximation (by canceling the d,,/df) yields an analytic solution (see, for example, the general vector
Equation (E23) with solution (E24))

q, = —liﬁ’VHTa - kLT, + Hgé x VT, (42)
and thermal conductivities
125 n
I 32 vy
o — _La 2x% + (648/245) _
+ ViaMg x* + (3313/1225)x% + (20736/30625)’
3
o = D (5/2)x° + (2277,/490)x 3)

Viama x* + (3313/1225)x% + (20736,/30625)°

where x =, /v,,. Alternatively, by using numerical values,

kit = 3.906—L—;
l/tl[lmtl
o 2x2 + 2.645 ,
L am, x* 4 2704x2 + 0.6771°
3
)l = D, (5/2)x° + 4.647x (44)

VaaMa X* + 2.704x2 + 0.6771°

which recovers the ion heat flux of Braginskii (1965), his Equation (4.40). We use the Braginskii notation with vectors V| = bb - v
andV, =1, - V=—5bxbxV.

3.2. Ion Heat Flux Xf) (Self-collisions)

The solution for the vector X® has a similar form:

X = Bt OVT, — KOV, + 1895 x VT, (45)
0

a

11
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with “thermal conductivities”

ﬁl(s) 2975 D,

24 VaaMa
——
123.96
(4 — 1A 44x% 4 (14688 /175) .
VaaMa X* + (3313 /1225)x2 + (20736,/30625)
3
KO = )2 70x° + (1086,/7)x 46)

Vaaa X* + (3313/1225)x2 + (20736/30625)
3.3. Electron Heat Flux q. of Braginskii
Considering a one ion—electron plasma with similar temperatures, and keeping only the dominant term in an m,/m; expansion, the

mass-ratio coefficients (26), (27), and (28) simplify into

21,
Vaiqy = Vaoy = =5
= 10 @ 5

A 19 A 27 A 69 A 45 m N
D,; —;  Deig) = — iy = —= Eug) = ——; i1y = =
a0y @00 Y T 560" Y T 2w Y T 2
A 759 A 153 A 533 A 15m A
Finy=—=: kio=—: Giny=— —= Gip=——7; Ui =27, 47
i =70 @ = ) 230 ®= @ 47)
and the collisional exchange rates become
Re = — peygiéu + E&Veiqe 3 p e[X(S) (48)
10 p, 56 2
3 19 3 69 )
(€ e (5)
=+ —pvibu — |20, + —Ve,] L+ [ Vee + —— ] =X, 49
Q. 2" [ 4% T 707 T 560 9
2
Gy p, 76 759 ] D [ 3 533 ] )
=4+ 27T200U — | —Vee + — Vi | =4, — | =—=Vee — —1ei | X0, 50
Qe ) e [ 5 ee 10 e pgq 35 280 ( )

where du = u, — u;, and enter the right-hand sides of the electron momentum equation and the evolution equations for the electron
heat flux vectors

d—qe + Qb x g, + ;pev(p“’] =097

dt ),
de ZXO 4+ Qb x XO + 70 Pe V( ) =09 (51)
dt Le \ P

In Braginskii (1965), the results are expressed through the collisional frequency v,;, and conversion with v,, = 1,;/(Z;/2) yields

3 2 19 3 69
0P = +2peye,6u [£ + ] Veiq, + [— + ]V p”Xf);

7 4 70422z, 560
2
76 759 p 3 533
S _ e o)
407, su - + = |wittq, — — 222 X9 52
2 o, [sﬁzi 0 ] “ [35J§z,~ 280] ¢ 62

In a quasistatic approximation, the solution of (51), (52) recovers the famous electron heat flux of Braginskii (1965), together with
vector X© (which is of course not given by Braginskii). Substituting these results into the momentum exchange rates (48) recovers
the R, of Braginskii.

We use the same notation as Braginskii (1965) with x = §2,./v,;, except (as is the norm in more recent papers) our €2, is formulated
as a general ), and is thus negative, whereas in Braginskii (2, is defined as positive. This yields a simple change of signs in front of
the “cross” (x) terms with respect to Braginskii. In a quasistatic approximation, the electron heat flux is split into a thermal part and a
frictional part ¢, = g/ + ¢", where

qu — _K/ﬁvHTE — /{jVLT —+ K}eﬁ X V];;,

"3 "
q" = Bop, buy + p,ou, T+50 _pbx 6uw, (53)

12



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.
and the heat conductivities are given by
o _ _P P 71X+ % e _ P X+ 95x

e . e __ . —
K= —Lqg g =L T I0 e o . (54)
Me Vi M Vi A M Vi A

The momentum exchange rates are also split into a thermal part and a frictional part R, = R + R/ (thermal force and friction
force), according to

/.2 !/ n.3 "
R — —avop, vty — peyei&,l(l _ W_w)) b x &,w;
2 n.3 "
RI = ~fon Vit = n Wt P00 g AL OO (55)

Instead of the numerical Table II on p. 25 of Braginskii (1965), we provide all of the coefficients in a fully analytic form for a general
ion charge Z;, which are given by
_ 4(16ZF + 61ZN2 + 72)
217Z% + 604Z;\/2 + 288"
25Z:(433Z; + 1804/2)

30Z:(11Z; + 152)

Bo = ;
" 21727 604742 + 288

= ; (56)
421727 + 604Z;\2 + 288)
A=x* 4+ §x% + 6
s (21722 + 604212 + 288"
0 70022 ’
58660177 + 33015272 + 106016
5 = 4 (57)
78400Z;
o = (403377, + 10996+/2)
! 78400Z; ’
o = 2@17Z2 + 60472 + 288)(17Z; + 40J_)
0 490000Z;
2 .
ar = ATT g 6AZ 1512,25 +253), 58)
280 6125Z;
g — 3(709Z; + 17242)
b 560Z; ’
1 — 3(217Z% 4 604Z;+2 + 288)(11Z; + 15J—)
0 490002
y_ 3. g — 3(5729Z7 + 6711Z:2 + 4728), 59)
1 — ’ 0 2
2 19600Z;
, 132+ 42
71 74% ’
, (217ZF 4 604Z;\2 + 288)(433Z; + 180\/—)
To= 7840027
2
e 5, o 32079722 + 20224822 2+ 72864 (©0)
2 31360Z,

The numerical values for Z; =1 are given in the first column of Table II of Braginskii (1965), and the parallel coefficients are
ap=0.5129, 5, =0.7110, and ~, = 3.1616, for example, matching his values exactly. We checked the entire Table II of Braginskii,
and his table is very precise, except for two values. For the « coefficient, the values for Z; =2, 3 should be changed according to
0.4408 — 0.4309, 0.3965 — 0.3954. The rest of his table is calculated very accurately, with a handful of irrelevant last digit rounding
changes (such as 3.7703 — 3.7702 in &, (Z; = 1) and 0.2400 — 0.2399 in o (Z; = 3); and for the Z; = 4 charge, 0.3752 — 0.3751 in
g, 9.055 — 9.056 in &, and 0.4478 — 0.4477 in 3, etc.).

Analytic results (56) for parallel coefficients o, 5y, and -y, were also obtained by Simakov & Molvig (2014); see also Section 4.
To triple-check our other results, we recalculated our approach with the analytic collisional matrices of Ji & Held (2013), see their
Equations (28a)—(28f), together with (40)—(44) and other formulas, which yielded the same analytic expressions. Unfortunately, the
analytic results of Balescu (1988) are written in a such a complicated form (see his p. 236, with the collisional matrices on p. 198 and

13
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the required conversion Equation (5.7.13) on p. 270) that we were only able to verify an analytic match with his parallel coefficients.
The formulation of Balescu (1988) is so different from Braginskii that Balescu himself (p. 275) only claims a match of below 1% for

the 21-moment model, without further analyzing possible discrepancies.

3.4. Electron Heat Flux X©

Similar to the usual electron heat flux g., a quasistatic solution for the heat flux vector X> has to be split into a thermal part and a

frictional part, according to

XOT =Ly eogr, - wONT + wOB x VI

e

2 (5)',.2 5)' (5)" 3 5"
Xés)”:p—e B buy + B <" + B ou — B x* + o b x bu )
P A A
with the thermal conductivities
e _ _Pe 5. ) _ P 7'x2 4 A . ey Do ¥ X3+ ) x
K= Yo s K = ; Kyl = .
M Vi M Vi A Mg Vi A
The analytic coefficients are given by
50— 840Z;(13V2 + 12Z))
21727 + 604Z;\2 + 288~
o _ 3(5829Z + 117242)
! 280Z;
o _ 321727 + 604Z;\2 + 288)(12Z; + 1332) .
0 17502 ’
2
B _ g7, g 3061Z2 4 842972 + 5000)

700Z7
and

s 175220432 + 571Z)

O 21727 + 604242 + 288’

oy 113Z; + 4442
nE
27,

Lo (21727 + 604Z:\2 + 288)(571Z; + 20442) |
0 - ’

280077

430783Z} + 261672Z;\/2 + 86880

(5)// — 70; (5)// —
7 70 112022

b}

(61)

(62)

(63)

(64)

with A unchanged and given by (57). These results were substituted into the momentum exchange rates R,, Equation (48), to obtain
the final expression for the friction force and the thermal force. The useful relations are

21 3 21 3 /
a=1_2lg 350, 2Ly 340
0 1050 566 1 1051 566]

21 3 / 21 3 "
ah =223 — =2 (5); ol = 2o — 2 (5); o
=797 ~ 3567 T 0
_ 21 3 s, , 21, 3 6y
Bo 1070 5670 5 Bi 10’71 56% 5
21 3 / 21 3 "
e P ) LN no_ AL n 2 " "
Bo 1070 56% > 1 10’71 56% > Bo

For Z; =1, the transport coefficients (63), (64) have numerical values

S 21, 3 e
107° 5660 ’
21, 3 sy
1070 56% .

B6) =18.778; B =180.212; BY" =170.797; BgY" =27, BY" = 105.135;

7 =110.664; AP =87.613; 4 =417221; 4P
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3.5. Ion Viscosity IE[EIZ) of Braginskii (Self-collisions)

Considering self-collisions, the evolution equations for the ion viscosity tensors read

@ L b x 1% 4+ p W, = — S0uf1® 4 Ly | L1 — 702 (67)
at 5 70 “\ p,
Lg® Lo x iy 4 7P — - B, a0 10, (59 Rg®) 68)
dt pa 5 pu 140 pa

Neglecting (68), and prescribing closure (31), which neglects the second term on the right-hand side of (67), yields the ion viscosity
model of Burgers—Schunk, with the well-known —6/5 constant. However, now the equations read

dy (2) .0 H )s + oW, = — ﬂyaaﬁf) n iyaa&ﬁ?);
10 70 " p,
2
daﬂm) b x A 4 by, = - B, e _ 10, /O (69)
i ’ 20y, 140

In a quasistatic approximation, the solution of (69) yields IEIEIZ) in the following form (see, for example, Appendix E.4):

=(2)

o, =—niW — 1°Wi — 15Wa + W5 + 0 Wi (70)
Wo = 2 (W by 66 — L.
2 3
= = = = 1 = A~ =
W W, - I + E(Lzbb)b

Wo =, - W, - bb)S;
Wsz%(ﬁ x W, - 1),
=0 x W, - bb)s, (71)

which is equivalent to Equations (4.41) and (4.42) of Braginskii (1965), after one prescribes in his VT’O that the matrix VT{Z is traceless.
Alternatively, with respect to b= 0,0, 1) (a straight magnetic field applied in the z-direction),

Hii”:f%(vv“ +we) - 1(W,?x Wa) — e e

a
I = W — W) — W

H(;Z(Z) = _774Wa -1, sz’

a 77 a a na a a
T2 = =2 Wi + Wy) + -5 = W)+ 13 W
Ha(z) =naWe — Wi
thzz(2) — Wf;, (72)
which is Equation (2.21) of Braginskii (1965). The ion viscosities are
a_ 1025 p,
0= 7068 10
a_ Pu (6/5)x% + (10947 /4900) )
= Vaa X%+ (79321/19600)x + (71289/30625)°
a_ D x3 4 (46561 /19600)x 73)

T4 e X 1 (79321, 19600)x2 + (71289/30625)°

where x =, /v,, and 7} (x) = 15(2x); n(x) = 13(2x). (The solution is easﬂy obtalned for the parallel “zz” direction with €2, =0,
and for perpendicular directions, for example, by choosing coupled “xz” and “yz” directions, and solvmg four equations in four
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unknowns.) Alternatively, using numerical values,
ne = 0.960-22;
Vaa
a_ D (6/5)x* + 2.234
T e X+ 404722 + 2328
«_ D x3 4+ 2.376x

T X+ 404722 1 2328

(74)

recovering the ion viscosities of Braginskii (1965), his Equation (4.44). The numerical values in Braginskii are evaluated precisely,
with the sole exception of one value in the denominator, where his rounded 4.03 should be replaced by 4.05.

3.6. Ion Viscosity IEIE:‘) (Self-collisions)

. . . =4) . .
The ion viscosity tensor Hi,) is given by

= (4) = = = = =

11, = 2o g @ — nfOWi — g Ws + 3 OW; + g O], (75)
a

with the matrices Wy — W, (71) unchanged, and the viscosities

at) _ 8435 p,

O 1068 vy
a) _ Pa (33/5)x* + (64347 /3500) )
T2 Vo X* + (79321 /19600)x2 + (71289/30625)
@ — Da 7x3 4+ (59989 /2800)x (76)
4 Vea X* + (79321 /19600)x2 + (71289 /30625)°
where n°® (x) = n¢®(2x), 75 W)y =19 4@ (2x) holds, or with numerical values,
™ m 4
i@ = 7.898 Lo ;
Vaa
a@ _ Pu 6.600x> + 18.385
T e ¥ 1 404727 1 2328
a 2 Tx3 + 21.425x
=L : . (77)
Via X* + 4.047x% + 2.328
3.7. Electron Viscosity ].EIE,z) of Braginskii
For a one ion—electron plasma with similar temperatures, the mass-ratio coefficients (29), (30) simplify into
X m; A 4 9 m; 12 m
Kei = 3_1; Kei = = Let — Lei = ——1;
1) m, 2) 5 @O = 35 ) 35 m;
- 36 . 4m 12 36 m;
Meiy = —; M) = ——; Neiy = — ——; Nei@) = — ———5> 78
e = 3 [ = 3 ei (1) T ei (2) 35 m? (78)
and the collisional exchange rates for the viscosity tensors become
Q(Z)’z—(ﬂvee + 31/9,)1'1“ + ( 2 e+ — )peﬂe ;
¢ 10 70 35 D,
0" = (53 . )pen(” ( B+ 2 el)ﬁf). (79)
¢ 20 5 o, 140 35
Converting everything to v,; with v,, = v,;/ (Z:\2) yields
=2, 21 =(2) 9 9 = (4)
=- + 3|l 4+ | ——= + — H
2 (102,-J— ) (702&5 35
Q=g(4) P 53 43 36 peHa) 79 12 I/e,fl(f), (80)
20ZN2 S ) ©140Z; J_
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and these contributions enter the right-hand sides of the evolution equations

%ﬁf) + Qb x I 4 p W =07,

d, =@ A = (4) P’ - =@

d—;f[e + Qb xIL,)S +75W, =Q, . (81)
Pe

In a quasistatic approximation, the solution of (80), (81) yields the electron viscosity tensor 15122) in the form (70), (71), with the
electron viscosities

ne =L 5Z;,(408Z; +205V2)
Oy 6(192Z2 + 301Z:2 + 178)
0 = &[3‘/5 +6Zi 5 3(192Z2 + 301Z;v2 + 178)(408Z; + zosﬁ)]/ N

2 L 5Z; 196000Z;
e D |, 119520Z% + 1017842Z; + 46561
Ny =—X|x -+ 5 A
Vei 39200Z;
L 21225677 + 176376\2/52, +79321 , (3019222 + 301Z;V2 + 178) ’ )
39200Z; 70022

where x =, /v,; and the relations 7;(x) = 75(2x), n5(x) = 13(2x). For the particular case of Z;= 1, these electron viscosities
become

e — P 2040 & 1025V2
07w 2220 + 180642
ne=&[3ﬁ+6x2+ 297987 15 82311]/A;

2

Upi 5 98000 19600
e D , 12723 166081 ]/
=—x|x" + V2 + A
e [ 4900 39200
A—xh 4 (22047 7 291577)x2 (1431459 n 14319 2), 83)
4900 39200 245000 3500
or with numerical values,
ne = 0.73004 L ;
Vei
ns = 22.2.049x2 + 8.500)/ & ;
Vei
e __ pe 2 .
ng = ;x(x 4+ 7.909)/ A ;
A=x*+ 13.801x% + 11.628, (84)

recovering the electron viscosity of Braginskii (1965), his Equation (4.45). It appears that the Braginskii parallel viscosity value of
0.733 is slightly imprecise, and should be 0.731 instead. The analytic result for parallel viscosity 7, agrees with Simakov & Molvig
(2014), and the value 0.73094 agrees with Ji & Held (2013); see the inset of their Figure 3 (curiously, in a more precise 3-Laguerre
approximation, the coefficient changes to 0.733). Note that for x — 0, viscosity 75 — 7. As discussed previously, our (2, is negative
and in Braginskii it is positive, yielding an opposite sign in front of 7j. Braginskii offers electron viscosities only for Z; = 1. The
analytic result (82) is useful for quickly calculating the electron viscosities for any Z;. Ji & Held (2013, 2015) also provide useful
fitting formulas.
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. R C))
3.8. Electron Viscosity 11,

The solution for the electron viscosity tensor 15124) has the form (75) with the viscosities
ety P 35Zi(552Z; + 24142)
Oy 6(192Z2 + 301ZiV2 + 178)°
e = P [33& +48Zi o 3(192Z7% + 301Z;+2 + 178)(552Z; + 241J—)]/ N
2 - )
Vei

10Z; 2800077
2
772(4) _ P, 7 4+ 173088Z; + 14203222 J2 + 59989 A, (85)
Vei 5600Z;
where the denominator A is equivalent to (82). For the particular case of Z; = 1, these electron viscosities become
e _ P 352412 +552)
°  w 603012 +370)
778(4) 3342 + 48 24 382983\/5 + 523983 A
I/ei 10 14000 14000
7]2(4)2&)5[“2 n 8877ﬁ n 233077]/ AL (86)
Vpi 350 5600
with A equal to (83), and with numerical values,
ne® = 6.546 7
Vei
ns® = Lo 9.467x2 + 76.114) / A
I/El
ne® = Lex(7x2 4 77.489)
Vez
A=x* 4 13.801x% + 11.628. 87)

4. Generalized Electron Coefficients for Multispecies Plasmas

Here we use the idea of Simakov & Molvig (2014), and before that Zhdanov (2002; originally published in 1982) and Hinton
(1983), for example, who pointed out that because of the smallness of the mass ratios m,/m;, the electron coefficients of Braginskii
(1965) can be straightforwardly generalized for multispecies plasmas. Simakov & Molvig (2014) considered unmagnetized plasmas
and provide analytic parallel coefficients a, 5o, and 7o, together with the parallel electron viscosity 7. Here we show that the same
construction applies when a magnetic field is present, and that all of the electron coefficients provided in the previous section can be
easily generalized in the same way. One starts by considering the general multispecies description with the collisional contributions
given in Section 2.2. Because of the smallness of m,/m;,, the mass-ratio coefficients for each ion species simplify into (47). One
introduces an effective ion charge together with an effective ion velocity:

Y LmiZi > Veilli
L = N = y ; (Wi )etr = W’ (88)
and it is straightforward to show that the collisional contributions for a one ion—electron plasma (48), (52) are then replaced by
21 p, 3 ,08
Re = _pg(ZVei)(ue - <u1 eff) + p (Z ez) 56 Z(Z et)X(S); (89)
@ V2 19 3 Pex ),
=+ e( Vel)(ue — (Ui )e ) - + — ( Vei) e + ( el) X (90)
Q. p Z (i e [zeff 4 Z T 202 2 560 Z
76 759 3 533
& _ Pe 5),
= +27—= ( Vel)(ue — (Ui)e ) - ( Vel) ( el)X (91)
e 2 Z o I:S‘/_Zeft ] Z Pe [35\/§Zetf 280] Z

The contributions (90), (91) enter the right-hand sides of the electron evolution Equations (51). The system is completely the same as
for the one ion—electron plasma, if in (48), (52) the following replacement is applied:

Zi — Zest; Vei — 3 Vi3 ou=u, —u — u, — (Uj)esr. 92)
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If the evolution equations can be obtained with the transformation (92), then of course their solutions can be obtained with the same
transformation as well. The same transformation applies for the viscous evolution Equations (80), (81) and their solutions. As an
example, the generalized (thermal) electron heat of Braginskii (1965) for multispecies plasmas reads

q] = — K{V|T. — &\ VLT, + kb x VT (93)
. ), . ), /xz _|_ !/ . ), ”)C3 + //x
K/H _ P, Y0 K = )2 Y1 /70’ kS = P. Y1 Y0 : (94)
me(zl‘yei) me(zl‘yei) A me(ZiVei) A
o= 2574t (433 Zer + 18042) = 13Z¢ + 442 y_ 5.
4Q17Z2; + 604Zee N2 + 288) ! AZg o
v (Q17Z2; + 604Z.i2 + 288)(433Zes + 1804/2 ) o 32079722 + 202248742 + 72864
0 7840022, 0 3136022 ’
2 2
A= by 6y = | T2 O04Zar 2 1 288 )
70022
51— 58660122 + 330152Z;~2 + 106016 ©5)

7840022

where x = Q,/(>_iv;). With recipe (92), one obtains generalized solutions for the frictional electron heat flux g, together with

.. =(2) =4 .
solutions for X and the viscosity tensors H(e ), Hi ), which are not repeated here.
From the electron momentum equation, the electric field then becomes

E-—Ltu xB-Lv.j+™¢
C e

en,

+ (ZVet) _( u; >eff ue) + __qe s
e dt

2lme ip_ix@ _ Mmedette (96)
10 ep, 56 enepe2

and the expressions for the heat fluxes ¢, and X,  enter the electric field.

5. Generalization with Coupling of Stress Tensors and Heat Fluxes

Here we consider the coupling between viscosity tensors and heat fluxes. Using the semilinear approximation, and retaining the
coupling, the 21-moment model (9)—(12) simplifies into

dafi® L b x TI®) 4+ p W, + ((an)s - —IV qa)
LI gTr@fn o7
oy Qb x g, + 2p iyl -2k g
dt "2 2 fa
_ O — Tr 539 EKRQ, (98)
2 p,
dafy® 0. x T 4 77 W + = [(VX(S))S 2w XSS))]
dt Pa
Q(‘”/ - Tréa(4) - éTrTerf); 99
2
daxo) L 06 x X 170 “v( ) + 182y . i1 —ogley . A
dt Pa \ Pa Pa P
= (5) P2
=QP ' =TiTrQ,” — 35-4R,. (100)

a

Terms such as (Vp,)q, are neglected, and large-scale gradients are assumed to be small (see Section 2.4). The right-hand sides were
given in Sections 2.1 and 2.2, and those for one ion—electron plasmas in Section 3. The system now represents a generalization of
Braginskii (1965), where heat fluxes and stress tensors are coupled. For the highest level of precision, one should solve dispersion
relations directly with the above system, where all of the heat fluxes and stress tensors are independent variables. At the lowest level

19



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

of precision, one prescribes the quasistatic approximation and cancels the time derivatives d/dt. Nevertheless, for sufficiently low
frequencies there exists a “middle-route” procedure, known from the algebra of collisionless models, by decomposing each moment
into its first and second orders:

0.=q" +q¢?  XO=X5D 4 x5,

= (2 2,1 = (2,2 = (4 4,1
) H() () “) H()

I L i 1

+ IO, (101)

and by neglecting the time derivative of the second-order moments. One can consider

Ztn(z V0. x T 4 p W + ((qu)s 2fv . qél)) =07, (102)
dafgD 0,6 x 1Y) 4 7P W + - [(VX<5 by 2E(v - Xf’”)] =0,"; (103)
dt £y 3

d. ) A 5 Pu @n  Sp @1 oy
Lag® 4 Qb x g, + 2p,V + v I, Lg . i, = 0%, (104)
dt 2 3 2 Pa
2
dayG) L b x XO + 7op—“v(&) +1gley . gt - 98—v " = o, (105)
dt Pa \ Pa Pa o

where the collisional contributions on the right-hand sides contain the full moments H I'Ia , s and XV, In the collisionless
regime, a similar procedure was used by Macmahon (1965), Mikhailovskii & Smolyakov (1985), Goswami et al. (2005), Ramos
(2005), and Passot et al. (2012), for example, and it is well known that retaining the time derivatives d/dt is crucial for recovering the
dispersion relation of the perpendicular fast mode with respect to kinetic theory (its wavenumber dependence in the long-wavelength

limit). It is straightforward to further increase the precision by retaining full ¢, and X;S) in the last terms of (102) and (103), for

example, or by retaining full H(z) and 151514) in the last terms of (104) and (105) (which we do not show). The procedure and its

application is described in detail in Hunana et al. (2019b; see Sections 5.8 and 5.9), and the coupling of stress tensors and heat fluxes
is also crucial for the firehose instability (see Figures 7 and 10 there; see also figures with simpler models in Hunana & Zank 2017).

6. Coupling for Unmagnetized One Ion—Electron Plasma

We further focus on the particular case of a one ion—electron plasma with similar temperatures. It is of course possible to
algebraically solve the entire system (102)—(105) with a magnetic field present, which will be presented elsewhere. Here, for clarity
and to demonstrate our point, we find it sufficient to focus on an unmagnetized plasma. Equivalently, we thus only consider solutions
for parallel moments along the magnetic field, similar to the heat flux model of Spitzer & Hiarm (1953). For the heat flux
Equations (102), (103), it is beneficial to introduce the matrices

e A A A2 S %iv (XED, (106)

which are symmetric and traceless, analogous to the matrix W,

6.1. lon Species (Self-collisions)

For the ion species, the viscosity tensors have the following form:

=an 1025 p, =
“ 1068 vy
2,1) = (4,1)
ﬁf,z):7i 2?;3,1) i&iﬁs,l) 395 81‘1 L5 81'[
534 178 p, 1068 ot 178 p, 0Ot

=(a4,1)_ 8435 P ﬁé;

1068 Py Vaa

(107)

4y 1 +ﬂ&1‘/(3” 49 o6 1855 p, of1, " 245 o1,
534 p, ¢ 178 ¢ 1068 p, Ot 178 ot
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and the heat fluxes become

g =125 P

V1

a 32 Mglag
(1) 5.1

g@ =+ 2B g /O U DG ghy 5%, _ 5p0%" |
e 96 g, 9% 48 or 96 p, o

2

XCES’I) _ 2975 pa V’El,
24 p, MV

(108)

= - oq Y 6.1
X604y L 1 +p_ 13825 v. 512 ) 2485 2850y . f{ (4 1) n 665 p, %4, " 17_56Xa
Via pa 2 72 p, 36 p, Ot 72 Ot

The model is fully specified and closed, and can be used in the given form. Nevertheless, it is possible to further apply the semilinear
approximation, in which case the viscosity corrections simplify into

15122,2):Jr 45575 p, [2VVTa B %I:VZYL] 1164025 pa oW, .

17088 m,v2, 1140624 12, Ot
— —
2.6671

1.0205
2 2 =
1=[£l4,2):Jr 536725 p, g [2VVT B —IV2 ] 10498075 Pa2 8‘%’ (109)
17088 p,m,v 1140624 p vi, Ot
" — =" Fa%aa
31.4095 9.2038

and the heat flux corrections become

2
o_ 45575 P o g, 31625 p OV,

“ 17088 p, 12, ¢ 4608 mg12, Or
2.6671 6.8631
xoo_ 1131725 p3 W 4 T918TS P, OVT, a10)
“ 12816 p12, ¢ 3456 pma, Ot
88.3056 229.1305

6.2. Electron Species
For the electron species, it is useful to introduce the denominator

D, = 19277 + 301y22Z; + 178,

(111)
and the solutions for the stress tensors are:
ﬁfJ) _ 57;(2052 + 408Z;) &VT/;;
6D, Vi
(T p— [—(79J‘ —962) T + 32,42 + 4zp Lep Y
D, Pe
= (2,1) = (4,1)
+= Z(79J§—962) 1L, +15Z,(VZ + 4z) pe O11, :
ot p, Ot
D _ 357241V + 5527) P
‘ 6Dl Lo Vei -
7 g +L[3z (5342 + 2887 %7 _ 77,742 + 202)7>"
1Vei Lo
= (2,1) = (4,1)
3652 (5342 + 2887 % 81;—6 _35Z,(142 + 20Z) M;; ] (112)
p, Ot t
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with the matrices Y, defined by (106). For the heat fluxes, it is useful to define the denominator
D, = 217Z% + 604Z;\/2 + 288, (113)
together with éu = u, — u;, and the results read

o 257,(180v2 + 433Z) p, 30Z:(15V2 + HZ) ) g

=— VT, +
4D, M Vi D,
q? = +;[ZZ(1236\/— + 4097z v . % - %zi(zzsﬁ +709Z)V - IS
2 Vei Lo

(l) 15 3 (5 1)
— —z 122 — 5332-)— — —Z»(4«/_ 2+ 237) % a :
D, t

| 175Z,2042 +571Z) P}

2
X6 VI 4 8407;(13+2 + 1zzi)p_géu,
D2 LpMe Vei D2 Le
XSV = l+17sz (31632 + 1103z) % v ™" — 35,2842 + 951zpFew . At
2 Vei e Le
8 (€)) (GR)]
+70Z,(76Y2 + 759Z,~)&% — 175Z:(442 + 19Z)) ‘9X5 . (114)
P ‘

The system is now fully specified and can be used in this form. For the particular case of Z; = 1, the numerical values become

™" = 07300 LW
Vei
= (2,1) = (4,1)
1% = — 100065877 + 00204127 1 0016472 4 0102129 |,
Vpj pe ot Pe or
2
" = 65455 L yi;
Pe Vei
= (2,1) = (4,1)
A%~ | 106442750 — 0263077 1 2.6600% e s, (115)
Vei Pe Pe ot
" = —3.1616—LVT, + 0.7110p, 6u;
mel/el
) o 1 (5 D
¢ = 153754 %" — 0.9486V - ' 4094922 _ 0079062 2% ;
Vei Le 8t Pe 8t
2 2
XD =_—110.664 Pe VT, + 18.7783p—65u;
Lo Vei Pe
OagV (CRY)
X6 = 2| 199554 v %) — 34831y 0% 1 as605P e 3174995 (116)
Vei pe Pe Pe ot ot
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By further applying the quasilinear approximation, the corrections to the electron viscosities become

O 25Z2(119520Z2 + 101784Z;7/2 + 46561) p, OW,
¢ 18D} V2 ot
10Z7(11040Z7 + 15557232 + 8922) p,
B D, D, Vei

N 25Z2(534000Z7 + 366451Z;+/2 + 131256) p,
12D, D, vim,

[(Vc‘iu)s — %fv : 6u]

[2vvn - %ivzz;]; (117)

fe_ 175 2(173088Z2 + 142032Z;\/2 + 59989) p’ OW,
‘ 18Dl ezpe 8l
| 70Z2(16992Z2 + 23993Z;y2 + 13698) p.
D, D, Vei P,
N 17522 (834576Z2 + 603679Z;\/2 + 220824) p’
12D, D, Vaoimep,

[(Véu)s - %I:V . 6u]

[2VV7; - %ivzn]; (118)

together with the corrections for the heat fluxes:

0= 25Z2(534000Z2 + 366451Z:+/2 + 131256) p? v.W
¢ 12D1D2 peygl
7527(5729Z7 + 6711Z:\2 + 4728) p, 96u
D22 Vi or
L1257, (32079727 + 202248Z;\2 + 72864) p, OV,
8D} vim, ot
X6 _ 17522 (71227227 + 463249Z;4/2 + 155208) p,; VoW
¢ 3D1D2 pzygl
_ 2100Z7(7611Z + 8429Z;7/2 + 5000) P’ dbu
D} Vei P, o
8752 2(430783Z2 + 261672Z;\2 + 86880) p’ OVT, (119)
2D7 vipm. Ot
For the ion charge Z; = 1, the numerical values read
" = +0.68012 M. . &[(v(su)s _ 2y 6u]
Ve, Vi 3
+2.2799 [wvn - zivzn]; (120)
Ve,me 3
2
= oW, p—f[(wu)s _2iv. 6u]
elpe ot Vei Py 3
P 2
+25.7440——* [ZVVTe — —ivae]; (121)
Vil P, 3
together with
2
g =22799-_v . W, — 0.8098 = 2% oo 57487 L VT
pe % v, Ot ye,me ot
3 2
X5 = 8212782 _v . W, — 27.8859-L P08 5100318 2”6 VT (122)
pe Vet Vei P ot VeiPelMe ot

The rate-of-strain tensor W, obviously enters the electron heat fluxes, even in a quasistatic approximation.
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6.3. Momentum Exchange Rates

The collisional momentum exchange rates R,= —R;, given by (48), can also be split into first- and second-order
R, = RV + R®, according to

2
21 p, 3p
RV =—puybu + —"1,qV — —1¢p, X5,
e Lo Ve 106e¢1€ 36 ezee
2
RO 2P, 0 _ 3P, 62 123)
‘ 10 p, “ife sep? ¢

Then by using results given in the previous section,

5 D2 = 15327 — 360Z\2) . 30Z:(15V2 + 11Z)

RV =—y, n VI,
D2 D2
RO — +6Zl~(47\/§ +69Z) Aey 6Zi (1142 + 13Z) p 6D
D2 D2 pe
127,292 + 4Z) p, 94" N 32,242 — 2) p; 0XED 124)
D2 P, ot D2 pe2 ot
or for a particular case of Z; =1,
R® = 105980 - I1°" — 0.1261%v . i1
P
o )] 2 xG-D
—03974 % | 0.004036%8 . (125)
p, Ot 28
Finally, at a semilinear level,
2 2
RO — 10Z2(11040Z7 + 15557Z;\2 + 8922) p, W
DD, Vi
720226427 + 151232 + 253)  d(6u)
D; e o
2 2 )
| I522(57297 + 67211215 + 4728) ne OV, (126)
D, Vs Ot
and for Z; = 1, the full momentum exchange rates become
R.=—0.5129,p,6u — 0.7110n,VT, + 0.3880L2v - W, — 0.20685, 0w 0.80982¥, (127)
Vi Vei !

where du =u, — u;. Only the first two terms of (127) were considered by Braginskii (1965) and Spitzer & Harm (1953; with this
latter having slightly different proportionality constants—see Appendix I). A further generalization, by keeping the full IEIE,Z) and 151514)
viscosity tensors in the last terms of (104) and (105), brings another three terms to R, (not shown). Naturally, in a highly collisional
regime (v,; > w), all of the additional terms are small in comparison to the first two terms of (127). Nevertheless, at higher
frequencies (shorter-length scales), these additional contributions might become significant. Interestingly, the rate-of-strain tensor W,
enters the momentum exchange rates (even at the linear level), with the contribution V - V=Ve = VZu, + (1/3)V(V - u,). Note that
some terms are proportional to 1/v,; and become unbounded (divergent) in a regime of low collisionality, which is a consequence of
the expansion procedure (i.e., a quasistatic approximation). The evolution Equations (97)-(100) are of course well defined in the
regime of low collisionality.

7. Multifluid 22-moment Model

Here we consider a natural generalization of the 21-moment model, by accounting for a fully contracted perturbation of the fourth-
order fluid moment Xi;‘,y) =m, f cf'cf¢icf f,d. The fully contracted (scalar) moment is decomposed into its Maxwellian core and
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(128)

(denoted with tilde), according to
P2 4)
X9 = m, flca|4fad3v — 15k L 9
Pa
~(4
i ; ) enters the

Fg3%, where f© is Maxwellian. The scalar perturbation X

(C))
= my flca|4(fg —Ja

meaning a definition of X,
decomposition of the fourth-order moment

Lo
a perturbation X,

(129)

4)
)(5ij5kl + 6 bjr + 6ubjx)
a@é)
gkl

X4 =—[15-4%
T O
+ D 8 + TP 6 + TG 65 + TP 65 + TP by + TV 651 + o

so the entire model now represents the 22-moment model. The fully nonlinear model is

where we neglect the traceless tensor af’,ﬁ‘}) !
given by the evolution Equations (6)— (9) which are unchanged, together with
deq, 7 7 5 P
+ —an cUg + =-q, - vua (vuu) q, + Qab X 4, + pav
dt 5 5 2 Pa
>@ 1 =(4)—5&v-ﬁ(2)——(v )'ﬁf)
a
(130)

3 paRa _ iRa . ﬁf);

w1 + 2<ﬁ; Vi,)s

[(VXP)S - gi(v : Xﬁ)]

“H(4) n 1
dt 5
2 = (4) @ 14 2= -
+ 7((Vua) 10,5 — 1(1'I 1 Vu,) — —[((V 2.)4.)° — EI(V ) 'qa]
2
+ 0. x Ty + L 15 @ |w,
IS0 »
=g, =1g,” - J11g,” - ﬁ[(kaqa)s -, ~qa)] (131)
dag® | v.x 200y g + 1%V u) + 4( R L3 HQ)) Vu,
dt Pa Pa
- ~(4) 4 ) 8
2w hq, =00 =g — 2020, - 2R, g, (132)
pa pﬂ a
days) | 1ogp® ) 9 %) 4 ) b x©
EX” + EVXa +V-II,” + 5X V -u,) + gXu - Vu, + —(Vua) X7+ Qb x X,
o o =(2) 7 @) )
+ 70—“V(—) — 35—‘;V I — — (V- p9HX, — —(V p*) - 1=I
Pa \ Pa P, 30 Pa
2
_ Q;S) I = Qa(S) _ 35p—‘;R,1 LR Y(M iRa . f[fj). (133)
p 30 Pa
The last Equation (133) is closed with closure (13) for the stress tensor qu , together with a closure for the scalar perturbation
(derived from a Hermite closure)
2 =my [leao(f, = £ = 21287 (134)
Pa
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In the semilinear approximations, the 22-moment model reads

Z 1% + 0,6 x %) + p, W, + ((an)s - —Iv qa)
-0 f) ', (135)
ﬁqa + Qb x q, + épaV P + lV . lEI(;) — EQV . ﬁf)
dt 2 Py 2 2 p,
@ G 1.
- vxa =0 (136)
da = @, Gns _ 27 ®)
Lafq® 0.6 x YY1 7k W+ (VXSS — ZF(v - X))
dt La 3 ¢
5, (137)
dag® g .x9 — 200y . ¢, = 3% =mmig® — 2020, (138)
dr Pa Pa
2
dax) 1 b x X 4 707 v[ ) + 182y . i@l - ogfey . A
dt Pa \ Pa Pa I
7y — 9o, (139)

a

As discussed in Section 2.4, in the semilinear approximation, we are neglecting terms such as (Vp,)q,, which might become
significant in the presence of large-scale gradients, together with the other terms that are neglected. In comparison to the 21-moment
model given by (97)—(100), the evolution Equations (135) and (137) for stress tensors ﬁi,z) and 151514) remain unchanged. Importantly,
the collisional contributions R, Q( ) Q(3) ! Q( & , and Qés) !, given in Section 2.1, remain unchanged as well. The only differences
are: (1) the scalar perturbations X now enter the left hand sides of the evolution Equations (136) and (139) for heat fluxes ¢, and

~(4
X, (3 (2) a new evolution Equation (138) for scalar X 1s present, with collisional contributions Qa( Vi that need to be specified; and
(3) the energy exchange rates Q, entering the scalar pressure Equation (8) are modified, and given below.

7.1. Collisional Contributions (Arbitrary Temperatures)

The energy exchange rates entering Equation (8) are now given by

Vab 5 NI NG
0u = 30w = Z”“i“{m — ) + By LR — By 2R, } (140)
b=a b=a (ma + mb) apa nbpb
with the mass-ratio coefficients
D 37;1mb(57;)mb + 47}7"1(1 - T;tmb) . 3’1;7ma(5’1;1ma + 47, aMp — ’I;)ma)

Bypay = ; Ph(2) = (141)

40(T,my, + Tym,)? 40(Tymy, + Tymy)?

Interestingly, the scalar perturbations )7(1(4) thus enter the energy exchange rates. For self-collisions, all of the contributions naturally
disappear. As also discussed later, in Section 8.1, for multifluid models the conservation of energy Q., + Op, = U, —u,) - Ry is
only satisfied approximately, because in the semilinear approximation the differences in the drifts u, — u,, are assumed to be small,
meaning Q. + O, =0 holds. To satisfy the energy conservation exactly, the collisional integrals would have to be calculated
nonlinearly, with unrestricted drifts (i.e., with the runaway effect). Nevertheless, for a plasma consisting of only two species (such as
a one ion—electron plasma), the conservation of energy can be imposed by hand, by calculating Q,;, according to (140), (141), and
prescribing Oy, = — Qup + (Up — Ug) - Ry
The collisional exchange rates entering evolution Equation (138) are given by

2
~ (4 4 o p, (1, p Pp ) o
0, "=~ gVa(lXa + Zl/ub{—p—“M o — X, Sab(l) + 22X, Sab@)}’ (142)

b=a I pb Pa

a

26



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

with the mass-ratio coefficients
& 36]2Jmamb
Sab©) = ;
(szb + 7?J’na)(’/nb + ma)
Sapty = — (ma(TT3m — 36T Tymami — 69T Tym + 12T, T2 mZmy, — 48T, T} mam;
— 40T m3 — 84T m>my)}[10(Tymy + Tymy)>(my, + ma)]™";
A 3TEm2my(1Tym, + 4T,my, — 3Tymy,)

Sab) = (143)
@ 2(Tumy, + Tymy)* (my 4 my)
where the self-collisional contributions are represented by the first term of (142).
7.1.1. Small Temperature Differences
For small temperature differences, the mass-ratio coefficients become
A 3m 5 3ma
Ry = — BPpoy = ————;
10(my, + my) 10(my, + my)
4 36m,m a 2m,(10m?2 + 8mymy, + 13m} 4 6mzm
Sy = g = a2 IMG) g e (144)
(mp + mg) 5(mp + mg) (mp + mg)
and, for example, for self-collisions §aa(1) =31 / 20 and §aa(g) =3 / 4. We further consider a one ion—electron plasma.
7.2. Ion Species (Self-collisions)
In a quasistatic approximation, the solution of Equation (138) becomes
) i[v x® — 20tay . qa]. (145)
4Vaa pa

The quasistatic solution is thus completely determined by the heat fluxes g, and X, and for a magnetized plasma it has the
following form:

K@z—ilbf{&PW@WE—%@WE+H¢@xVD4
4q Pa
—ZO%V (=T, = KIVLT, + kSb x Vﬂz)}, (146)

where the thermal conductivities are given by (43), (46).
~(4
It feels natural to define the thermal conductivities (of the moment Xa( )):

. 5 B " a 5 a a a 5 a a
RO = 2069 =208 R = SO < 208D wE® = 2(rE0 - 2082, (147)

and result (146) then transforms into

8= LV [OYT, - KOV, + 9B x VT
Vaa Py
— 2 (CROT, - KOVT, + 149 x VT - [ 22| (148)
41/640 Pa

with the thermal conductivities

. 1375 p,
“umZ_

24 y,,my, ’
@) D, 5x% + (9504 /245) )
+ Vaalla X4 4+ (3313/1225)x2 + (20736/30625)°
3
52(4) __ P 25x° + (3810/49)x (149)

Vaala x* 1 (3313/1225)x2 + (20736,/30625)

27



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

The second term of (148) is strictly nonlinear, and may be neglected for simplicity. The solution for Yf) can thus be written as a
divergence of a heat flux vector defined by the expression in the square brackets of (148). We have used Braginskii notation with
VectorsVH:I;l;-VandVL:Ii-V:—bA x b x V.

The resulting (148) can be further simplified in the semilinear approximation, where one may use V - (b x VT,) = 0, and so

o~(4
%) =+ L[V, + kOVIT, (150)

aa Fg

with scalars Vﬁ =bb: VV and V2 = V2 — Vﬁ, and, for zero magnetic field,

2
)?1(4) - 1375 P, V2T, (151)
a 2
24 v pMa
57.292

Note that the result is proportional to 1/22,, and thus small in a highly collisional regime.

7.3. Electron Species (One lon—Electron Plasma)

Here we consider a one ion—electron plasma with small temperature differences. Similar to Braginskii, an exact energy
conservation can be imposed by hand, according to

~(4) ~(4)

i Vie 3 Xi X,

o = 2231, — 1) + m, -  Qu=— 0w — (W —u) Ry (152)
ni; 10 p; P

The electron coefficients (144) become §gi(1) = (26 / 5)(m, / m;) and §e,-(2) = 6(m,/m;)?, and the collisional contributions (142) have
a simple form:

D %Veeij‘”, (153)

determined solely by the electron—electron collisions. A quasistatic solution of Equation (138) then becomes

)78(4) _ 5\/§Z,‘|:

V. x9 —20fy. qe], (154)

4Vei pe

where we have used v,, = 1,;/ (Z,«/E ). The electron heat fluxes are given by (53) and (61), and are of course determined by both
(4 ~(4 ~du
electron—electron and electron—ion collisions. The full solution thus consists of the thermal and frictional parts Xe( ' = Xe( " + X @

e k)
where

~ 2,Z A
g __52% l{v : [%(Hf@w; ~ KOVLT, + wEDb x vn)]

41/”' A
— 202V - (—R{VT - KOV + KB VT»}; (153)
‘ 2 )2 ) 53 36
Xg(4)u _ 5Z,«/§{v. p—e(ﬁg)&q n By x* + 3 Sup — M[, % 5u)]
4Vei A A A
1.2 ! N n..3 "
_ 20ty . (ﬁopeéu + peéuL‘xTJrﬁo — pb x 5"@)}’ (156)

. . . C . 5@
with éu =u, — u;. It is again natural to define the electron thermal conductivities (of the moment X, ):

Kf® = —S‘EZ" (56 — 20r); (K5 — 20K%);

K@ = Sf% (k5 — 20k5), (157)

e@ 5V2Z;
) 4

28



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

together with the transport coefficients

SJ— 22 / SJ— 27 ) / 5J— 27 )
By = =05 — 2080 B = =B - 208D B = =088 — 2080);
g =2 J—Z NBZgor 08y B =2 fz N2 56— 208p); (158)
1 0 0
sﬁzi / sﬁzi / o 5\2Z, s
vy = T(WBS) — 207); AP = T(V(ls) — 207D; 784) = ng) - 2070);
" 5\/521 " " 5\/§Zl "
W == =200 A = =00 - 2000), (159)
The thermal and frictional parts then become
P ouL— V’?p Vo (—KOVT — kONT + 569 x VT)
324 wOVIT = KOV, + 1Db x VT,) - v(&); (160)
4Vei Pe
@’,2 @’ @3 "
Xe(4)" = Ly. (584)196514 + B+ By p, 0w — Bt By x xpeb X (5u)
Vei Py A A
. 57,2 5 (5”3 5" .
_ @V . (/365)176(5”' + MPE&Q - wl,ﬁb X 6u] . v(&) (161)
4v,; A A Pe

where the second terms of (160) and (161) are purely nonlinear and may be neglected for simplicity. The thermal conductivities are

@®',2 (O} ®H",.3 @"
X<+ x° + X
f‘iﬁ(‘” P SO, R — P M Yo, Re® — LT Joo X (162)
M Vyi M Vi A M Vi A

and the transport coefficients become

150222 (1632 +29Z;) 3J2(548V2 + 1261Z;)

BH = . 5<14)’ -
217Z7 + 604Z;2 + 288 224
' 342 (21727 + 604Z;2 + 288)(162 + 292)
0 980022
@ 15Z:\2 @ _ 342 (307927 + 3181Z;2 + 1420)
By == —; By’ = (163)
4 490Z;
@ _ 250Z722 (6642 + 229Z;) @ SV24V2 —172) .
O 21722 + 604Z;\2 + 288 ! 8 ’
@' _ N2QU7Z} + 604Z;V2 + 288)(66v2 + 2297
7o 1960Z7
2
Y SN V2 (17643722 + 102558Z;42 + 30480) (164)
784Z;
A= xY 4+ 522 + 8¢;
21722 + 604Z;\Z + 288 Y’ 586601272 + 330152Z;2 + 106016
bp= 5 ; o = > (165)
700Z; 78400Z;
and with numerical values for Z; =1,
B = 8.0576; B = — 38.5624; B = 30.3787; B = — 5.3033; BY" = 77.9054;
75 = 83.8471; ~A®" = — 10.0260; " = 316.1179; A" = 353553, " = 634.8735;
8o =3.7702; 8, = 14.7898. (166)
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At the semilinear level, the solution becomes

~HT
I = ¢ POV 4 e OVAT (167)
Vei P,
2 @' 2 )’ "3 A"
~(4 ~
Xe( w o P BN - buy + Mv bu — Mv b % 6w |, (168)
Vei Pp
and for zero magnetic field,
@ A n
X, =90 —5~—VT, - B’V - bu. (169)
VeiPpMMe Vei Py

8. Discussion and Conclusions

Here we discuss various topics that we find to be of importance.

8.1. Energy Conservation

The collisional integrals were calculated in a semilinear approximation, where all quantities such as ¢, - (u, — u,) or |u, — ua\z
were neglected and considered small. This approach is typically used for calculations with Landau or Boltzmann collisional
operators, and is used in the models of Burgers (1969) and Schunk (1977), for example. Importantly, an exact energy conservation
O + Opa = (up — uy,) - Ry, cannot be achieved, because the collisional integrals would have to be calculated nonlinearly. An exact
conservation of energy can be achieved only in two particular cases, the first being a one ion—electron plasma (or a two-species
plasma) where the conservation of energy can be imposed by hand, according to

Qie = 3nel/ei(7:z - E)ﬂ; Qei = - Qie — (. —u;) - R, (170)
m;

which is the choice of Braginskii (1965); see his Equation (2.18). Such a construction cannot be done in general for multispecies
plasmas, and the conservation of energy is thus satisfied only approximately.

The second particular case involves neglecting all heat fluxes and stress tensors, and considering only a 5-moment model with
perturbation x,=0. In this specific example of collisions between strict Maxwellians, multifluid calculations can be done for
unrestricted drifts (see Burgers 1969; Schunk 1977; and our Appendix G.3), yielding

Ry = p vy — 1) Pup; (171)
T, — T, m
Qab = paVabI:S b b+ b |ub — Uy |2cI)ab:I’ (172)
m, + my Mg + my
where one defines the functions
_e2 -
4 € 2 ¢ vt%la + Vt%lb

the thermal velocities v[ﬁa = 2T, /m,, and the collisional frequencies (178). Because p,v,; = ppVp, holds, both momentum and
energy are conserved. The collisional exchange rates (171), (172) represent the “runaway” effect, and the function ®,, is directly
related to the Chandrasekhar function; for further details, see Appendix G.3 and Figure 6.

For a particular case, when the differences in the drift velocities |u;, — u,| become much smaller than the thermal velocities, so that
€ < 1, functions ®,, — 1 and ¥, — 1 and R, = p.p(up, — u,). To correctly account for the small |u;, — uu|2 contributions in Q,,,
while keeping the differences in temperatures unrestricted, is achieved by W,, = 1 — €, yielding the following equivalent forms:

T, — T, |y, — u, | mp ’
ab = PaVab |3 - + u, — ug* |; 174
Ouwb = PuVab p— EAET mb-i—mu'h (174)
mg mp
Ouw = p,Vab 3M+§ 1,my _ l ny |ub _ua|2 : (175)
m, + my 2\ 1T,my, + Tym, 3myp + my
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and see also (G32). Energy is still conserved. When, additionally, the differences in temperatures are small as well (with respect to
their mean temperature), the frictional part simplifies into
T, — T, m
QMZW%Fb <+ b|m—%4. (176)

mg + ny mg + ny

One can of course neglect the runaway effect from the beginning, and account for small |u; — ua\z contributions either through the
center-of-mass velocity transformation, as is done in the appendix of Braginskii (1965), for example, or by using the Rosenbluth
potentials; see Appendices G.1, G.2.

o . N, . .
Note that, considering the 22-moment model, the fully contracted scalar perturbations X @ modify the energy conservation,
according to

. Vab N ) ~ ~(4)
Qab:pi 3(Th — T) + By & X, — Ep i X, |
(my + mp) nap, nppy,
A 3T.my(STymy, + 4Tym, — T,my) A 3T,m,(STym, + AT,my, — Tymy,)
Fabay = > ; Fap) = 3 ; a7
40(’1—;lmb + I;Jma) 40(]:1mb + 7Zrnaz)

and for only two species one can again impose an exact energy conservation by hand; see, e.g., (152).

8.2. Collisional Frequencies for lon—Electron Plasma

The Landau collisional operator yields the following collisional frequencies (see, for example, Hinton 1983 or our Appendix G.1):

16 47272 In A .
Vip = Tgh = — T D] 2, (178)
3 m; (Vg + Vinp)Y/ mp
where vt%,a = 2T, /my,, and p,v., = ppVp, holds. Equivalently, in the form of Burgers (1969) and Schunk (1977),
3/2 47272
Vab—_'\/— Hap mpny, eZaZ217 lnA’ (179
2T my + my ey
where the reduced mass p,;, and reduced temperature 7, are defined in (14). For a particular case of self-collisions,
4Z4n A
Vi = 2 lac Zalnd (180)
3 1372 Jmy,
For a particular case of T, =T, =T,
A Hap
Yy — _\/—nbe 47272 1n Hab (181)

7372 m,

which identifies with Equation (7.6) of Braginskii (1965; after one uses v, = 1,0’ /m,). For a particular case of a one ion—
electron plasma, the collisional frequencies simplify into

e4ZIn A 4Z2In A
Wziﬂﬂ%%iﬁ %:iaygﬁgg
3 T/ N 3 Te/ N
4 e*InA 4 e*Z2In A
Voo = S le M 2 g lie Zi A (182)
3 T m, 3 7% Jm,

where one assumes T;/m; < T,/m,, so the ions cannot be extremely hot. Obviously, v; > v;, (by a factor of \/m;/m, for equal
temperatures and Z; = 1), but v,, ~ v,;, with the exact relation v,; = Z; J2 v, after one uses n, = Zn;. The relation PiVie = PeVei holds
exactly in (182). Note the important difference that while v,; contains a factor of J2, v;; does not. Thus, comparing the Braginskii
(1965) expressions (2.51) and (2.5¢) with the (182) definitions, Braginskii clearly uses

=T Te = Tes (183)

which also agrees with his definition (7.6), equivalent to our (181).
However, very often when considering ion—electron plasma, a different definition of v, is used, without the reduced mass, in the
following form:

npeZ2Z2 In A _\/—nbe 47272 In A

16

. -1

A T T,
a “tha my

, (184)
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which, for example, agrees with the appendix of Helander & Sigmar (2002, p. 277; after using cgs units €y — 1/(4m)). We have
added the m,, < m,;, designation, even though it is not present in Helander & Sigmar (2002), because obviously it is the only way of
obtaining (184) from the general (178). Importantly, p,v., = pyVpe and if one were to use (184) to calculate v, the result would be
erroneous. Instead, the v;, must be calculated from v,;, so that the momentum is conserved. Technically, (184) should not be used for
self-collisions either. Nevertheless, using (184) yields the following collisional frequencies:

— ne*z? 472

Vi = i 27 nle'; Z2l 1nA9 Vie = Melte Vei = im—”ei fl InA

3 T“/ Jmi m;n; 3 Te/ N

e*Z2In A

Ve = 377 113327111/\ v = NI e Z (185)

3 32 Jm, 3 7372 Jm,

Now v;; contains a factor of J2, leading to an interpretation that Braginskii uses:
T =27 =T (186)

Also, for Z; =1, the relation v,, = v,; now holds. These definitions of the collisional frequencies are used in the majority of the
modern plasma literature, where one argues that it seems unnatural to introduce asymmetry between v; and v,; (see, e.g., Part 1 of
Balescu 1988, p.192, p.274). Obviously, for multispecies plasmas, collisional frequencies (178) have to be used, and we thus find it
much more natural to use the original Braginskii (1965) definitions (182), (183) for an ion—electron plasma also. Of course, for the
Landau operator, both approaches yield the same results, because the collisional integrals are properly calculated. However, a
difference arises for the phenomenological operators such as the BGK or the Dougherty (Lenard—Bernstein) operators, where one
needs to add v,, + v,;, for example. Calculating this addition according to (185) would be incorrect, and one has to use (182) instead.
A comparison of the Braginskii viscosities and heat conductivities with the BGK operator can be found in Appendix E.3.

8.3. Fluid Hierarchy

Even though we do not calculate the collisional integrals for general nth order moments, we find it useful to discuss the fluid
hierarchy and formulate it for a general collisional operator C(f,). One defines heat flux vectors, stress tensors, and fully contracted
moments according to

X270 =y [ eqleaPrs, dv;

= (2n) I= _
i, :maf(caca - §|0a|2)|ca|2” 2f d;

K=, [P = an s 1L 5 s
Pa
together with the collisional contributions
A
Q" = my [leiPre,C(fd:
5Cm _ 2n—2 3
9" = ma [ leaPr2esciC(f)d
$=my [lefrcidv: 0 =20 [lefCir)d. (188)

where, to prevent incompatibility with the previous notation, we use @ (mathcal Q) instead of Q for vectors and matrices. The new
notation fixes the problem that, for example, Qf') " was used for the right-hand side of the evolution equation of the heat flux ¢, and

. . . . &2 52
not for X, It also clarifies that in the vector notation, the matrix QL " — TrTr ... Tr Qa( " Note that Q;z) =20, XLEZ) = 3p,

X? =0, X9 =24, and XV = 0.
Fully nonhnear evolution equations are given in Appendix D; see (D13)—(D15). In the semilinear approximation, these simplify
into evolution equations for vectors valid for n > 1:

o~NZin 5 n !' =
j"X(Z”“) L V5 GSUARUNER VN | pulhe @nt I P 7; DU p LY - 0% 4+ Qb x x@+H
~(2n (2n np'
+@n+ 3 (’;) o lv(&) . R, | wl’—k (189)
a pa a
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stress tensors valid for n > 1:

d“H(Zn) l[(VXf"“))S _ %iv .X(52n+1):| + Qb x 1=I(2"))5
dt 5 3
" " = (2n = (2n ]
SC IR LN/ A ST S P (190)
15 o, 3
and scalar perturbations valid for n > 2:
n—1
dagr® o x@0 2 4 11 20 V.q,
dt 3 pa
n—1
= 0" = 08" — 20 + 1! (23")( ) Qu» (191)
Pa

where (n) without a species index should not be confused with the number density. Equation (191) is also valid for n =1, but it is

(),72Q(3), (5),:Q(5), é?),:é(z)/ an dQ(4)/:Q(4)/
a 4 a

identically zero. In comparison to the previous notation, Q
8.4. Reducible and Irreducible Hermite Polynomials

The irreducible Hermite polynomials H (¢) (notation without tilde) are usually defined through Laguerre—Sonine polynomials L (¢)
(see, for example, Equation (G1.4.4) on p. 326 of Balescu 1988):

52 3 EZ
H(Zn)(E) = LYEI/Z) g B H'(2n+1)(5) _ _EiL’?/Z) i
2 ! 2 2
@ = 2 @6 - —@)L””( ) (192)

where we use tilde for the normalized fluctuating velocity ¢ = /m,/T,c,, with the species indices dropped. In our calculations, we
find it more natural to use the reducible Hermite polynomials H (¢) (notation with tilde) of Grad, defined according to

(m) @2 0 0 0 _&
Iy , 193
r1r2 (C) ( ) 36” acrz agrm e 2 ( )

Applying a sufficient number of contractions then yields definitions of fully contracted scalars, vectors, and matrices:

I_~I(2n) H(Zn) . ﬁ'(2n+ 1) H(2n+1) . I:I-(»Z") H(zn) (194)

LARARRRY /Y 14 wriry...yly? y YR eyl —1?
together with conveniently defined traceless matrices (notation with hat):

A~ (2n) @
I-Iij - I{zl

5ijﬁ<2'1>. (195)

The relation between the irreducible and reducible Hermite polynomials can then be shown to be

1 1/2~2 3 ]/2~(2n+l)
H(zn) _ H( n); I_Ii(2n+l) — Hi :
2'n!(2n + ! 2'n!(2n + 3)!!

1,2
H ( > ) A", (196)

2(n — 1)!2n + 3)!!

with both approaches using essentially the same polynomials, the only difference being the location of the normalization factors. The
reducible Hermite polynomials are used to define the Hermite moments

E(zn) _ L f]zl:l(zn)d%; ﬁi(2n+1) _ ifﬂlﬁi(an)dSC; (2'1) _ _ff A(Zn) (197)
n(l na

and analogously for the irreducible ones. Note that the scalar 7P = 0, and we thus often use h( ) h(z) = / ng) f £ I:I,-](»z)d3c.
Finally, by using orthogonality relations, one obtains the perturbation Y, of the distribution function f, = f[fo) (1 + x,) around the
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Table 1
Summary of the Various Models with the Perturbation x, Given in Reducible Hermite Moments

Model Name Corresponding Perturbation of f, = féo) (I + x,) in Hermite Moments
5-moment Xa =
8-moment X, = 110 h~(3) Flim
10-moment X, = h(2) H_(_Z)
13-moment X, = h(Z)H_(_Z) + 10h(3)HI(3)

(2) (2) 173)7503)
20-moment Xo = h H-- + ghijk Hy,
21-moment X, = 7}1(2)[;,;2) + %hiG)I{iG) i 5(4)H§4) + %h(S)H(S)
22-moment X, = h(2) H_(2) + % ﬁi(S) I:II_(S) + 3 h(4) H(_4> + - h(4) a9 + h(S) H(s)
9-moment X, = h(B) H(s) T % PAO) =0

3) (3) 1 75 706)
11-moment Xo = —l H Mh" H;
12- moment X, = h(*)H(S) + h(4)H(4> + 3 h<5)H<5)
15-moment X, = 7}1 2 H<2) + h(4> ~(4>
16-moment X, = h(2) H_(_Z) h(4>~(4> + % K4 g@w

“q”

Note. Species indices are dropped. The upper half of the table contains “major” models, and the lower half contains other
possibilities. Note that the 16-moment model should not be confused with the anisotropic (bi-Maxwellian-based) 16-moment
model described in Section 8.9.

Maxwellian f(fo), in the following form:

N
X, = Z 15 A;Zn) A;Zn) 1 ﬁ(zn)ﬁ(zn)
2'(n — )!2n + 3! 2"'n!(2n + 1!

n=1

—|—;]:1‘4(2”+1)I:I-(2n+1) . (198)
2'nl(2n + 3)1 ' ’

N
L= Z[hiEZn)I_Ilj(Zn) 4 h(Zn)H(Zn) + hi(2n+l)Hi(2n+l)]’ (199)

n=1

~ (2n) 2 2

and the two approaches are equivalent. Alternatively, because h,]( are traceless, it is possible to use h( "A (Zn) h( ”)H @" Note

that 2"n!(2n + 1)!!'=2n + 1)!. The 13-moment model of Burgers—Schunk is obtained by N=1. Prescrlblng N=2 ylelds the 22-
moment model

. _ 1 (2)H n 1 Liope Lh,j l“4> n L jwg@ " Lﬁi(5>ﬁi<5>’ (200)
2 10 28 120 280
with Hermite polynomials
Y =&@ -5);  HY =&@ — 148 + 35);
N bij A ; -
Hf)(aisj - 2) A = (aiaj - —’52)(2 7 HY =& — 1082 + 15, (201)
and neglecting =0 (meaning XY = 0) yields the 21-moment model.
The transformation from Hermite to fluid moments is done according to
~3) 2 [my 5 1 [mg (mg
ha = — 549 ha = _Xa - qua 5
.\ Ta N T \Ta
2(2) =(2) = 24 - = ~ i
i o=k =la® g = Layy? — TAa®, ;@ _ Lagi®, (202)
Pa Py Pa 128

Various models are summarized in Tables 1 and 2. In Table 1, the perturbation X, is given in reducible Hermite moments, and in
Table 2 the perturbation is given in fluid moments.
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Summary of the Various Models withT;?ll;lli(sznurbation X« Given in Fluid Moments
Model Name Corresponding Perturbation of f, = f(go) (I + x,) in Fluid Moments
5-moment Xa=0
8-moment Xo = — p:';”(qa ~ca)(1 - ;"—T””caz)
10-moment Xo = Z;MTH( 2. c.C)
13-moment Xa = g, i’ ): CaCa) — (qa ~ca)( - %cf)
20-moment Xo = 2;"‘;H( c,,ca) + 2 ” T2 (ca 4, €aCa) — pjl(,'b (q, - ¢a)
21-moment Yo = o0 68 + [”" (@ .6 — " éuéu)]( )

511“ (qa &)@ —5)
+28:)p” o [” @O - &) — 28(q, ~z,,)](a;‘ — 1487 + 35)

22-moment Yo = 0568 + & [”“ (" .6 — " auau)](c )

+7 ﬂ(qa E)@E —5)

zsop,, o [”“ x> &) — 28, @,)](Ej — 1482 + 35)
1 o @ 4
+E”—2x @ — 1022 + 15)

Note. The results for the 21- and 22-moment models are written with normalized ¢, = /m,/T,c,.

8.5. Rosenbluth Potentials (22-moment Model)

Here we summarize the Rosenbluth potentials, defined according to

AD)

H,(v) = T

>, Gy = f W — vIf, )W, (203)

where the first potential should not be confused with the irreducible Hermite polynomials. For the 22-moment model, the fully

nonlinear results read
~ ,)72/2 7 (5)
Hy(v) = ny, |22 éerf S _\/ze yohy + G- )—h
T, |y V2 m 10 28
22 3 )7 2 1 3 =2
+— (h )| =erf| =| — . [Z]| = + = |e 7 /2
by [ys (ﬁ) w(y” y~4)
24 -
— Ly 5y Ze T 4 o3 - ~2>f - (204)
28 s
T, \/? 52 ~ 1 y
G,(v)=n Ze V24 + — |erf| —
»(v) =nyp mb{ - (y )7 7
erf(5 /~+/2) 27 2 e s
5y w5y m 140
1 260 |3 |2 . 1 3 y
— =y, :yy) N—\/je /2+(~———)erf(—)
2 v\ 33 J2
1 24 2( 1 3 52 3 y 1 ~@ |2
— —(hy, :3y) \/j — + = |7’ /2——erf(—) — —h, e (205)
4 yy[ w(yZ )74) FOANZ)| et VT

where we use the variable
~ ny,
= |— @ — uyp). 206
| T ( b) (2006)
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Table 3
Summary of (MHD) Hermite Closures, Together with Corresponding Fluid Closures
Hermite Closures Fluid Closures
=0 x® =0
i@ _ 9 TP _o
PP =0 X = 142x®
1 1 p 1
5©_ o KO _ 2 2%®
P
r (M _ p (5 2 3
m” =0 XD = 272X — 18955 X
P =0 X = 3628 - 3782%
14 /)2
i =0 X = 442XD — 5042x) 1 27722
P 14 14

Note. Species indices “a” are dropped. The usual heat flux g, = Xi(3) / 2. Note that beyond the fourth-
order moment, both classes start to differ. It can be shown that erroneously prescribing closures at the last

. (6
retained moment, such as Xl-(S) =0orX ©

= 0, leads to unphysical instabilities (unless one prescribes
XI.G) or X @ _9 as well), which is later demonstrated in Appendix B.8, Table 5. A general form for the
closures corresponding to ﬂi(z'l“) =0 and A% =0 is given by (208). An analogous table can be
constructed for CGL parallel closures; see Appendix B.9, Table 6.

These Rosenbluth potentials are used to calculate the dynamical friction vector A, and the diffusion tensor l=)ab, which then form the
Landau collisional operator, according to

- 2
Aa ) =22 (1 T %)—ng(”); B = 28800 anezizim:
a b a
0 10 —
Clhyofy) == = [Aabfa oy (Dm;)]. 207

The dynamical friction vectors and diffusion tensors can be found in the appendix; see Equations (K15)-(K16), (L13)—(L14), and
(M4)—(M5). For clarity, we split the calculations into heat fluxes (Appendix K), viscosities (Appendix L), and scalar perturbations
(Appendix M). These results are fully nonlinear and could potentially be useful for constructing more sophisticated models that could
capture collisional effects beyond the semilinear approximation, or perhaps for exploring the runaway effect numerically. All of the
equations can be transformed from Hermite moments to fluid moments by (202).

8.6. Hermite Closures

The general hierarchy of evolution Equations (189)—(191) needs to be closed with appropriate closures at the last retained fluid
moment. The correct form of a fluid closure is obtained in the Hermite space, by cutting the perturbation y, given by (198) at an
appropriate N. For example, the 22-moment model is obtained with Hermite closures ﬁa(ﬁ) =0 and ﬁ; © — 0, which translate into
fluid closures (134) and (13).

It is useful to summarize the closures for higher-order moments, with the details given in Appendix B. It can be shown that for
vectors and scalars, the fluid closures derived from the Hermite closures read

n71 n—m
Xé2n+1) _ Z(_1)1n+n+1 & n! @n+ 3! Xé2m+1);
m!(n — m)! 2m + 3)!!

m=1 a

~(2n n—1 n—m ' N e

X;z - Z(_l)m+n+l Pu n! 2n 4+ 1N Xa(z )’ 208)
m=2 a m'(n - m)’ (2m + 1)”

together the with closures for stress-tensors

- On n—2 n—m—1 _ ' N = om
Hf ) — Z(_l)m+n(&) (n 1) (271 + 3) H(Z +2) (209)

m=0 a mi(n —m — 1! Qm + 511 ¢ ’

o~ (4
where the result is zero if the upper summation index is less than the lower summation index, yielding closures X’ = 0, Xa( ) = 0,
and IE[E,Z) = 0. The closures are summarized in Tables 3 and 4.

Here we need to address one incorrect interpretation that we used in some of our previous papers. In the last paragraph of Hunana
et al. (2018), and also in Hunana et al. (2019a, 2019b), it is claimed that Landau fluid closures are necessary to go beyond the fourth-
order moment in the fluid hierarchy. This interpretation was obtained in the Chew, Goldberger, and Low (Chew et al. 1956; CGL)
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Table 4
Similar to Table 3, but for Hermite Closures ﬁ,-;z") =0

Hermite Closures Fluid Closures

PP o o =0

s @ —0 g = 7o

ﬁ“’) 0 TP = 182015 — 6351

=0 ne — 3%1’11(6) 207251189 + 693211

Note. A general form for the closures corresponding to fz,-ﬁ»zn) = 0 is given by (209).

framework for parallel moments by considering the closures at the last retained moment, )A(Ja(zn) =0 and X (Z”H) = 0. It was shown
(see the detailed proof in Section 12.2 in Hunana et al. 2019b) that beyond the fourth-order moment, all fluid models become
unstable if these closures are used. The proof is constructed correctly. What is incorrect is the interpretation that the proof implies—
that Landau fluid closures are required to overcome this issue. The much simpler Hermite closures overcome this difficulty as well.

In other words, beyond the fourth-order moment it is not possible to cut the fluid hierarchy by simply neglecting the next order
~(6
moment with closures such as Xés) =0or Xa( )= 0, and such closures should be viewed as erroneous. For the CGL model, the

closures have different coefficients than for the MHD model, because the moments are defined differently (a brief summary is given
in Appendix B.9, Table 6). The CGL closures will be addressed in detail in a separate publication.
Importantly, the problem also disappears when one decouples the fluid hierarchy. For example, higher-order Laguerre (Hermite)

schemes that are typically used to obtain more precise transport coefficients for ¢, and II,” neglect all of the scalar perturbations
NON ~(2n)

X, ==X, =0, together with neglecting the coupling between heat fluxes and stress tensors. In our formulation, this yields
the system
daX(211+1) Qb x XD 4 2n 4+ 3yn (n) b, g Pa
dt 3 \r
~(2n "py
Qz +D 2n + 3) p—“Ra; 210)
3 o
" - nopto-
dag (2)+Q(b H ) (2n+3) lla
dt 15 ph

= (27!) I= (27[)
- =0,

=9, 3

The closures (208), (209) are not required, because the equations are decoupled. We did not calculate the collisional contributions for
higher-order moments, but in the semilinear approximation Equations (210)—(211) remain decoupled and represent two independent
hierarchies. An essential feature of the Landau (or the Boltzmann) collisional operator is that the operator couples all of the heat
fluxes together, and it also couples all of the stress tensors together. Thus, going higher and higher in the fluid hierarchy does not

@211)

create new contributions in a quasistatic approximation, but yields increasingly precise transport coefficients for ¢, and ﬁf). Also,
because the momentum exchange rates R,, contain contributions from all of the heat fluxes X> ... X\***1, they become increasingly
precise as well. System (210)—(211) nicely clarifies how higher-order schemes can be viewed. Reinstating the coupling between heat
fluxes and viscosity tensors introduces additional contributions, but does not change the transport coefficients of the decoupled
system. A brief comparison of the various models is presented in Appendix I.

8.7. Inclusion of Gravity

We have not explicitly considered the force of gravity in our calculations in the appendix; nevertheless, its inclusion is trivial. With
the gravitational acceleration G included, the Boltzmann equation reads

.
ot

We use big G instead of small g to clearly distinguish it from the heat flux ¢g. Gravity does not enter the collisional operator, and
collisional integrals with the right-hand side are not affected. Gravity enters the left-hand side, and when the Boltzmann equation is
integrated gravity of course enters the fluid hierarchy of moments. With the two exceptions of the density equation and the pressure
tensor equation, gravity enters the evolution equations for all other moments, analogously as the electric field does. An explicit

+v~Vfa+[G+eZ"

mg

(E+lv><3)]-vvfa:C(fa). (212)
C
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collisionless equation for a general nth-order moment with the electric field present is Equation (12.13) of Hunana et al. (2019b), for
example. Because no Maxwell equations are used in deriving the fluid hierarchy, the presence of gravity can be accounted for by
simply replacing

EZ“E—>G+ ez,

myg mg

E. (213)

Furthermore, such a hierarchy is not very useful, because the evolution equation for an nth-order moment is coupled with “n”
momentum equations. Subtracting these momentum equations yields the final Equation (12.16) in Hunana et al. (2019b), where the
electric field is not present, meaning that gravity is not present either. In other words, the collisionless Equation (12.16) of Hunana
et al., as well as our new collisional Equation (A12), remain valid in the presence of gravitational force. The inclusion of gravity in
the entire model is thus achieved trivially, by adding — G into the left-hand side of the momentum Equation (7) (which we have
done), and no additional calculations are required. In the main text, the only other equation that contains gravity is the electric field
Equation (96).

8.8. Precision of my/m; Expansions (Unmagnetized Proton—Electron Plasma)

The multifluid formulation is also an excellent tool for double-checking the precision of m,/m; expansions. It is again possible to
consider a one ion—electron plasma, but this time to calculate the transport coefficients precisely, without any expansions in the
smallness of m,/m;. As an example, we consider an unmagnetized proton—electron plasma (Z, =1, m,/m, = 1836.15267) with
similar temperatures T, = T,, = T,,. Charge neutrality implies n, = n,, and so p, = p,. We maintain VT, = VT,, however, because
the gradients can be different. We first calculate the heat fluxes. For clarity, we are solving four coupled evolution equations, which
are explicitly given in Appendix N; see Equations (N1)—(N4).

A precise calculation should not use simplified collisional times (182) where expansions in m,/m; have been made, but exact
collisional times (178) with numerical values v,, = 0.707299v,, and v,,=0.0165063v,, (we take InA to be constant). The
quasistatic approximation then yields the heat fluxes

g, =[—3.159370VT, + 8301 x 10-°VT,]—L=— 1 0.711046p, su;
meVep
P’ P
X9 =[-110.5793VT, + 1.376 x 1073V T,] —%— + 18.78249-%6u;
PeMeVep Le
g, =[—3.302411VT, + 0.2516 x 10 VT, ] P 0206535 x 10~*p, éu;
MpVpp
P, P,
XD =[-103.3984V7T, + 0.7863 x 1072VT,]—— + 0.646475 x 1073L6u, (214)
PpMpVpp Pp

where ou = (u, — u,,). For the electron heat flux ¢., note the difference of the thermal conductivity 3.1594 from the Braginskii value
3.1616. The difference is caused by calculating the mass-ratio coefficients (27), (28) exactly, without m,/m,, expansions, as well as
by using slightly different ratios of frequencies (a less-precise calculation, neglecting proton—proton collisions by v, = 0 and using
simplified ,, = 1, / J2 yields 3.1600).

For the proton heat flux g, the relatively large difference between the thermal conductivity 3.302 and the Braginskii self-
collisional value 125/32 = 3.906 is caused by the proton—electron collisions. This is similarly the case for the X{>, where the self-
collisional value is 2975/24 = 123.96. Calculating the coupled system exactly has a nice advantage, since one can calculate the
momentum exchange rates in two different ways:

2
He P 3 [ Hep 5 Pe v (5
R, = vyl —pbu + =2 Vipyg, — Vip)—2 _ x® — Lexo| L
p{ P Tep[ p(1)Y, p(Z)pPQp} 56(7"613)[ , ’, P

2
Rp = Vpe[+pp(5u + fpl:vpe(l)qp - Vpg(z)gqejl - %(fp Xp - EXe 5 (215)
and both options yield the same result:
R, = — R, = — 0.711046n,VT, — 0.2065 x 10~*n, VT, — 0.513306p, v, 0u. (216)
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The viscosities of the proton—electron plasma are (for clarity, we are solving four equations in four unknowns, explicitly given by
(N5)—-(N8))

=(2)

) = [—0.730622W, — 0.2800 x 10-2W,] 2~
Vei
= @) - .
I, =[—6.542519W, + 3.1509 x 10~2W,]——;
peVEi
n?— 5 —ayw1 L.
o =[—0.892105W, — 0.4621 x 10*W,]—;
Vpp
2
= (4) = g Py
I, =[—7.250870W, — 0.3759 x 1073W,] : (217)
PpVpp

and for proton species, the relatively large differences from self-collisional values 1025/1068 = 0.960 and 8435,/1068 = 7.898 are
again caused by proton—electron collisions. In Appendix N, we consider other examples of coupling between the two species, and we
calculate the heat fluxes and viscosities for protons and alpha particles (fully ionized Helium), and for the deuterium—tritium plasma
used in plasma fusion.

8.9. Limitations of Our Approach

It is important to clarify the limitations of our model. In the highly collisional regime, our limitations are the same as for the model
of Braginskii (1965). For example, we describe only Coulomb collisions and we do not take into account ionization, recombination,
or radiative transfer. Additionally, our approach shows that the coupling of stress tensors and heat fluxes should ideally be
investigated with the 22-moment model. Even though this model is fully formulated in Section 7, including its collisional
contributions calculated with the Landau operator, we have not used this model to further explore the resulting coupling.

8.9.1. Weakly Collisional Regime: Expansions around Bi-Maxwellians

The situation becomes more complicated in the weakly collisional regime where there might not be enough collisions to keep the
distribution function sufficiently close to the equilibrium Maxwellian fcfo). The distribution function might evolve to such an extent
that the core assumptions in the entire derivation break down, i.e., Equation (1) loses its validity. A better approach then is to consider
expansions similar to Equation (1), but around a bi-Maxwellian f;o) (see e.g., Oraevskii et al. 1968; Chodura & Pohl 1971; Demars &
Schunk 1979; Barakat & Schunk 1982, and references therein), which can handle much larger departures from the highly collisional
Maxwellian distribution. In order to point out the differences and difficulties associated with this approach, it is of interest to briefly
describe how the expansions around an anisotropic bi-Maxwellian would look. The simplest anisotropic model is known as the CGL,
after the pioneering work of Chew, Goldberger, and Low (Chew et al. 1956). The differences with our current approach start with the
decomposition of the pressure tensor pl.]‘? defined in (A2), and the decomposition reads

isotropic: b o=pI+11; (218)
anisotropic: D, = pHabAbA +p - bb) + ﬁzz)CGL
=pd + (pj, — pm)(l;l; - %) I 219
with scalar pressures
Pla =B, bb =m, fcuzafad%; Pa=0:1/2= %fkla Pf. dv. (220)
Directly from the above definitions, the stress tensors satisfy
Tl = % =0, O bb =0, [0 bb=o, (221)

and while IE[(az) has five independent components, IE[(az)CGL has only four.
The decomposition of the heat flux tensor ql.]‘.’k defined by Equation (A2) is slightly more complicated. In an arbitrary collisional

regime, one needs to define two heat flux vectors:

Sl =g, bb = m, f cheaf,d; St =g 0 /2 = m? f lealPea f, d. (222)
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These heat flux vectors are further split by projecting them along the b, which defines the gyrotropic (scalar) heat fluxes g, and g | 4,
and the perpendicular projection defines the nongyrotropic heat flux vectors SL and ST, according to

A A my
Ga="b- S =m, fcfacuafad%; 4. =b-S; = Tflqalzcuafad%;
Sl =L -8l =m, f cheafd;  St,=1 -8 = m? f leralPeraf, d. (223)

The following relations then hold S|l = qHuI; + SL and S; = qlabA + Si,, together with b - SL =0 and b - S, = 0. The two
different decompositions of the entire heat flux tensor then read

isotropic: q,= %[qal= P’ + & (224)

anisotropic: q,= qHal;l;ﬁ +q,,bLY + (S| bb1 + %[Sfali]s + oy
Az Aan 1 = St \as i
= QalbIP + (q) — 39,)bbb + ZISTIF + (SM - %)bb + & (225)

where both &, and &, are traceless. Neglecting these traceless contributions, the isotropic approach accounts for three (out of 10)
scalar components of g,, and represents a 13-moment model (one density, three velocity, one scalar pressure, five stress tensor, and
three heat flux g, components). The anisotropic approach accounts for six scalar components of ¢, and represents a 16-moment
model, described by 16 scalar evolution Equations. (One density, three velocity, two scalar pressures, four stress tensor components,
and three for each heat flux vector SCU and S;".) Unfortunately, such a complicated decomposition of the heat flux is necessary in an
arbitrary collisional regime, and we only used decomposition (224). For clarity, the direct relation with the usual heat flux vector ¢,
reads

1 1 ~ 1
4, =35 + S = (Equa + qm)b + Sl + St (226)

Note that both g, and ¢, , denote components along the b. The highly collisional limit is achieved by ¢, = 3¢, and SL =S, / 2,
in which case g, = (S/Z)QMI; + (5/4)Sfa or, equivalently, g, = (5/6)qHabA + (5/2)SL. We use the same notation as, for
example, the collisionless papers by Passot & Sulem (2007), Sulem & Passot (2015), and Hunana et al. (2019a, 2019b).

These anisotropic decompositions must be retained in an arbitrary collisional regime. However, calculations with the Landau
(Boltzmann) collisional operators then become very complicated. Notably, Chodura & Pohl (1971), Demars & Schunk (1979), and
Barakat & Schunk (1982) used the anisotropic 16-moment model, as described above, and calculated the collisional contributions for
several interaction potentials. Judging from the papers above, maintaining the precision of our current model (where the fourth- and
fifth-order moments are considered), and extending it to an anisotropic (bi-Maxwellian) regime, seems to be so complicated that it
might not be worth the effort. Curiously, in a simplified spherically symmetric radial geometry, Cuperman et al. (1980, 1981) and
Cuperman & Dryer (1985) considered what seems like a mixture of anisotropic and isotropic moments, with anisotropic
temperatures, an isotropic heat flux vector, and the parallel (anisotropic) perturbation of the fourth-order moment (which we
call 7).

8.9.2. Landau Fluid Closures for the Collisionless Case

In contrast to the free-streaming formula of Hollweg (1974, 1976), in plasma physics the collisionless heat flux is typically
associated with the phenomenon of Landau damping. For example, the collisionless linear kinetic theory expanded around a bi-
Maxwellian with mean zero drifts in gyrotropic limit yields in Fourier space a perturbation of the distribution function
f = f[g()) (1 + x,) in the following form:

(€)) 2
O N N 0%k (227)
‘B 21f) T (w — kv T (W — kv
with the electrostatic potential ® = iEH(l) / k. Integrating (227) then yields a parallel collisionless heat flux,
BT o
g = — v an @ TOsign() (G, + 2CR(C,) ~ 3gaR(<a))[B—OTfO“) + @Kg) , (228)

with variable ¢, = w/(|ky|vinja), parallel thermal speed vy o = /274 /M., plasma response function R((,) = 1 + (,Z((,), and plasma

dispersion function Z((,) = iv7 exp(—(g)[l + erf(i¢,)]. Such a kinetic answer can be expressed in fluid variables by searching for
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Figure 1. Comparison of normalized collisionless heat fluxes ‘?H o =G+ (2(2 — 3¢,)R((,) in a weakly damped regime with real-valued (,. Left: the imaginary part
of ‘2\\11- Right: the real part of qHa. The colors are described in the text. Our Braginskii-type models do not contain these collisionless heat fluxes.

Landau fluid closures, by, for example, replacing the R((,) with its three-pole Padé approximants:

1 — i, 1 —i%e,
Ro() = ——m——5——= Rl =—— s (229)
1 —i==C, = 2¢, + iVT ¢, 1 —i—=(, = 2¢, + 2i=—,

The use of Padé approximants allows one to express (228) through lower-order moments and eliminate the explicit dependence on (,,
yielding collisionless heat fluxes in Fourier space:

.2 .
R3»(C): CIH(al) == zﬁnjo)vm“as1gn(k”)T”(;); (230)
3r—8 . AT .
Rs 1(¢,): CIH(;) = e pH(g) u”(i) - 1—4 — 7Tnéo)vmua51gn(k”)T”(i), (231)

where T”(;) is the perturbed temperature and MH(;) is the perturbed fluid velocity (a mean value of u‘l(g) = 0 is assumed). The heat flux

closure (230) was obtained by Hammett & Perkins (1990) and Snyder et al. (1997), and closure (231) is Equation (2) in Hunana et al.
(2018; or Equation (3.211) in Hunana et al. 2019a). In real space, these collisionless heat fluxes become
o Tz +2) = T = 2)

2 a
R @1u@ = = =5nOva VP [ | dz'; (232)
™ 0 Z

/ dz, (233)

R31(C,): f]Ha(Z) = -

1 1
S M S G+~ 10 =2
4 letle T T ma ")

where the nonlocality presents itself as an integral over the entire magnetic field line, where the temperatures everywhere along that
field line matter in order to determine the heat flux at a specific spatial point. Note that the thermal part of (233) is almost two times
larger than (232). The Cauchy principal value can be replaced by lim,_, ¢ ff . This approach thus indeed allows one to have
expressions for collisionless heat fluxes in a quasistatic approximation. However, as is well known, these expressions are not very
precise with respect to kinetic theory. For example, the precision can easily be compared by plotting the normalized heat fluxes
(jHa =(, + ZCZR(CQ) — 3(,R((,), which are shown in Figure 1. A weakly damped regime with a real-valued ¢, is considered. The
left-hand panel shows the imaginary part of ‘}Hm and the right-hand panel shows the real part of c}Ha. The exact kinetic heat flux is
shown by the solid black line, the heat flux R, is shown by the dashed magenta line, and the heat flux R;; is shown by the dashed
cyan line. For comparison, higher-order fluid models with approximants Rs 5 (the dotted blue line) and R; s (the dashed red line) are
shown as well (see Equations (A11) and (A38) in Hunana et al. 2019a). The Rs; model represents a dynamic closure at the fourth-
order moment, and the R; 5 model represents a dynamic closure at the sixth-order moment, given by Equations (5) and (8) of Hunana
et al. (2018). The heat fluxes in these higher-order models are thus described by their usual evolution equations; nevertheless, their
precision can be compared with the same technique. Which quasistatic heat flux is a better choice depends on the value of (,, because
the R5; has a higher power series precision (for small (,) and the R; , has a higher asymptotic series precision (for large (,). Regimes
(s < 1 can be viewed as isothermal, and regimes (, > 1 can be viewed as adiabatic. In the left-hand panel of Figure 1, the Rz is
more precise up to roughly ¢, =2.3, and in the right-hand panel up to (, = 1.6. For larger (, values than shown, the R; heat flux
converges much more slowly to the correct zero values than the R;,, especially for the real part.
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Figure 2. Normalized damping rate ¢; = w;/(|ky|ve)) for a parallel propagating ion sound wave as a function of kyAyg,, Where A, is a mean-free path. Red line:
Braginskii-type (isotropic) 13-moment model with quasistatic stress tensor and heat flux. Green line: Braginskii-type 13-moment model with evolution equations for
the stress tensor and heat flux. Blue line: bi-Maxwellian 16-moment model with evolution equations for parallel and perpendicular pressures and (gyrotropic) heat
fluxes. Magenta line: Landau fluid model with the quasistatic heat fluxes of Snyder et al. (1997).

The major obstacle to precision for the quasistatic heat fluxes of the Landau fluid models actually comes from the perpendicular
heat flux ¢,, (which is along the b), because only a closure of Snyder et al. (1997) with a crude Padé approximant
Ri((,) =1/ — iJ7(,) is available. As a consequence, for large (, values, the quasistatic heat flux ¢, fails to disappear and
instead converges to a constant value. To recover the adiabatic behavior for ¢, ,, one has to abandon the idea of quasistatic ¢, , and
consider its evolution equation, with a closure at the fourth-order moment. There is a vast amount of literature about Landau fluids
with various approaches; see, e.g., Hammett & Perkins (1990), Hammett et al. (1992), Snyder et al. (1997), Snyder & Hammett
(2001), Goswami et al. (2005), Passot & Sulem (2007), Passot et al. (2012), Sulem & Passot (2015), Joseph & Dimits (2016),
Hunana et al. (2018), Ji & Joseph (2018), Chen et al. (2019), Wang et al. (2019), and references therein, where some authors also
include collisional effects. For a simple introductory guide to collisionless Landau fluids, see Hunana et al. (2019a). As a side note,
Landau fluid closures are not constructed with any specific mode in mind (as incorrectly criticized by Scudder 2021, for example).
The closures are constructed universally for all of the modes, so that numerical simulations can be performed; see e.g., Perrone et al.
(2018). Interestingly, as discussed by Meyrand et al. (2019), from a nonlinear perspective, the effect of Landau damping might be
canceled out by the effect of plasma echo. From a linear perspective, the presence of drifts also modifies the Landau damping,
because the variable ¢, that enters the plasma response function R((,) then contains the drift velocity u,. For sufficiently large drifts,
the sound mode can be generated by the current-driven ion-acoustic instability; see, e.g., Gurnett & Bhattacharjee (2005, p. 368), or
Fitzpatrick (2015, p. 258); and for a three-component plasma, which allows the net current to be zero by the ion—ion (or the electron—
ion and electron—electron) acoustic instability, see Gary (1993, pp. 44-55).

8.9.3. lon Sound Wave Damping in Homogeneous Media: Comparison of Various Models

To further clarify our limitations, it is useful to explore the linear properties of the waves propagating along the ambient magnetic
field (assumed to be straight and aligned with the z-coordinate) in a homogeneous medium, in regimes that range from highly
collisional to weakly collisional ones. In particular, let us consider the damping of a monochromatic ion sound wave of parallel
wavenumber k in a proton—electron plasma where the electrons are assumed to be cold. The latter assumption is not physically
appropriate, because kinetic theory is not well-defined for cold electrons (see, e.g., the discussion in Hunana et al. 2019a, p. 73), but it
allows one to simplify the presentation with the goal of describing the general behavior, not providing precise values of the damping
rates. Four different models are compared in Figure 2, all using the heuristic BGK collisional operator, which leads to much simpler
calculations for models with a distribution function expanded around a bi-Maxwellian. The x-axis shows kjAmgp, Where Ame, = vy /v
is the ion mean-free path and v is the collisional frequency, so that ky Ay << 1 represents a highly collisional regime and kyAyg > 1
represents a weakly collisional regime. The y-axis shows a damping rate as an imaginary part of (= w/(|ky|vu). The usual isotropic
13-moment model (the green line) and the anisotropic 16-moment model (the blue line), with all of the moments described by their
time-dependent (dynamical) evolution equations, were discussed after Equation (225). For the parallel sound mode at the linear level
considered here, the 13-moment model is reduced to evolution equations for p, u,, p, II.., and g, (we consider the case where II_, and
g are coupled) and the 16-moment model reduces to evolution equations for p, u,, p, p., q, and g, (we consider the mean equal
pressures p”(o) = pf))). Figure 2 shows that these two models behave in a similar way: both reach a maximum damping rate around
kjAmgp ~ 0.5 — 1, and converge toward a zero damping rate in the collisionless regime (with only a small shift in kyAyg, between
them). In contrast, the red line, corresponding to the 13-moment model with the II,, and ¢, taken in the quasistatic approximation,
shows that the damping rate does not reach a maximum and instead continues to increase in a weakly collisional regime, while
around kyAmg, ~ 6.3 the sound mode stops existing (it becomes nonpropagating, with zero real frequency). This is consequence of the
quasistatic approximation for the stress tensor I, ~ 1 /v, which in the collisionless regime becomes unbounded (the parallel heat flux
q.~ 1/v becomes unbounded as well, but this simply reflects an isothermal behavior with no damping present). While a vanishing
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damping is preferred against a quantity that blows up in a weakly collisional regime, all three models are technically incorrect,
because the Landau damping provides a significant contribution to the damping rate as the plasma becomes weakly collisional. To
illustrate the importance of the Landau damping, the magenta line displays the damping rate obtained with a Landau fluid model that
contains the evolution equations for p, u;, p, and p ,, but where the quasistatic g and g, are given by the collisionally modified 3+1
closures of Snyder et al. (1997), i.e., their Equations (48)—(49), which for the isotropic mean temperatures T\\(g) = Tiog considered
here are equivalent to (our thermal speed contains a factor of 2, which is not the case in that paper)
0),,2 1 ©),2

) _— 3r_s8a Vih|a i TV ay _ 5 " Vih||a
Ya =~ — | 207 K4 e 9a =~

Ta + 35 Vin[alk|l

— =ik T{), (234)
Uy + T/_VthHa |k

where, in general, 7, = >_, 1. Technically, closures (234) are only applicable to a weakly collisional regime, because g, = 3¢ |, in
the highly collisional limit. In spite of this, and the additional difficulty associated with the cold electron limit considered here, an
interesting point is that the behavior of the damping rate is very close to the predictions of the three other models in the highly
collisional regime, while the damping rate converges to a constant value in the collisionless case. This is in fact analogous to the case
of the damping of a pure sound wave in rarefied media, which was considered by Stubbe (1994) and Stubbe & Sukhorukov (1999).
In the former paper, the result of an experiment by Meyer & Sessler (1957; measuring the damping length of a sound wave of a given
frequency w, emitted at one end of a domain filled with a rarefied neutral gas) is compared with various theoretical models. The
results are very similar to those presented here, and show in particular that the damping is dominated by a nonlocal effect analogous
to Landau damping when 2v/w decreases below unity (see Figures 6 and 7 of Stubbe 1994). This simple result for the damping of an
ion sound wave shows that, in a homogeneous medium, a Braginskii-type model provides reasonable predictions, as long as the
typical wavelength is larger than the mean-free path, or, equivalently, when its frequency stays below the collision frequency. More
sophisticated models are needed in the weakly collisional case, which should retain new contributions originating from a Landau
fluid closure.

8.9.4. Large Gradients and Large Drifts

It is now of interest to consider inhomogeneous situations, where other applicability conditions apply for the Braginskii-type
models. In high-energy-density laser-produced plasmas, there are often situations that are relevant for inertial confinement fusion
experiments, where the typical electron mean-free path becomes of the order of the typical scale of the electron temperature gradients,
or even larger. In this case, the usual Braginskii formulas, used for the Nernst effect (see, e.g., Lancia et al. 2014), for example,
become invalid and have to be replaced by nonlocal expressions. In this context, an explicit nonlocal formula was proposed by
Luciani et al. (1983) for the electron thermal heat flux due to steep temperature gradients, offering an improvement (in the one-
dimensional case) to the Spitzer & Héarm (1953) heat flux, where one required proportionality constant is obtained by a fitting from
Fokker—Planck simulations. A further extension to three dimensions was proposed by Schurtz et al. (2000), but it is to be noted that
this approach is not appropriate in the very weakly collisional case, as, for example, in the Solar corona, when the density has
significantly decreased.

Additional complications arise in a regime of weak collisionality. In space physics, the collisionless heat flux is typically
associated with the free-streaming formula of Hollweg (1974, 1976):

Hollweg

q, = %pguswaa (235)

where one multiplies the thermal energy of one electron (3/2)T, (we take k;, = 1 throughout the entire paper) with the number density
n, and the solar wind speed u,,. The free “bugger factor” o, as Hollweg (1974) calls it, is dependent on a given form of an electron
distribution function, where the tail had departed and run away. Note that the parallel frictional heat fluxes (i.e., due to small
differences in the drifts du) of Spitzer & Harm (1953) and Braginskii (1965) are also independent of collisional frequencies, even
though they are derived from collisions, and up to the numerical values have the same form as (235). As a side note, in the numerical
model of Spitzer & Hérm (1953), the frictional heat flux is technically incorrect, because it does not satisfy the Onsager symmetry—
see our Tables 11 and 9—which was already criticized by Balescu (1988, p. 268). Of course, in our usual fluid formalism, a tail of a
distribution function cannot suddenly depart. Even though our model contains evolution equations for the perturbation of the fourth-
order moment (i.e., a “reduced kurtosis” that describes whether a distribution is tail-heavy or tail-light) and also for the fifth-order
moment (sometimes called a hyperskewness), our distribution functions still have to remain sufficiently close to Maxwellian. For the
isotropic 5-moment model (i.e., strict Maxwellians), the runaway effect is just represented through the collisional contributions R,
and Q,;, which decrease to zero for large drifts (see Equations (171)-(173) derived in Appendix G.3; see also Dreicer 1959;
Tanenbaum 1967; Burgers 1969; Schunk 1977; Balescu 1988). We note that for sufficiently large drifts between species, various
instabilities can develop with a subsequent development of turbulence, which should restrict the runaway effect long before
relativistic effects. Importantly, it is unclear how the heat flux collisional contributions Qa(g) " (and higher) would look for unrestricted
drifts, because the collisional integrals seem exceedingly complicated. Even if calculated, only the drifts between species would be
allowed to be unrestricted, and the distribution of each species would have to be restricted to remain close to Maxwellian. For the
simplest CGL plasmas (i.e., considering colliding strict bi-Maxwellians with no stress tensors or heat fluxes), the corresponding
collisional integrals were numerically evaluated for selected cases by Barakat & Schunk (1981). For a further particular case of
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unrestricted drifts only along the magnetic field and Coulomb collisions, Hellinger & Travnicek (2009) obtained exact analytic forms
for the collisional integrals (for p; and p ), which are expressed through double hypergeometric functions, however. Judging from
the two papers above, the proper extension of our model to an anisotropic regime with unrestricted drifts seems to be overly
complicated. Another approach for the heat flux modeling was presented by Canullo et al. (1996).

8.9.5. Comments on the Positivity of the Perturbed Distribution Function

An additional complication arises in a low-collisionality regime in the presence of sufficiently strong large-scale gradients. The
perturbations of the distribution function considered in Equation (1) might become so large that the corresponding model might
become invalid. The distribution function around which to expand is indeed not well defined in this case. Strictly speaking, in a
weakly collisional (or a collisionless) regime, one should abandon the construction of fluid models derived from the Boltzmann
equation, and perform kinetic simulations by directly evolving the Boltzmann equation. Perhaps the best example is a radially
expanding flow, such as the solar corona with emerging solar wind, where the spherical expansion creates strong large-scale
gradients and simultaneously drives the system toward a collisionless regime. It seems that in this extreme case it might indeed be
possible (but not with certainty) that the underlying distribution function could even become negative, f, < 0, which is of course
unphysical. We anticipate that our 21- and 22-moment models might fail in this particular situation, even if the evolution equations
are retained, but, as discussed below, we were unfortunately not able to reach a clear conclusion and further research is needed to
clearly establish the areas of validity.

The f, <0 has been criticized, for example, by Scudder (2021) and Cranmer & Schiff (2021), and references therein, on an
example of an 8-moment model in a quasistatic approximation. It is in fact questionable if the f, < O can be shown in a quasistatic
approximation. It is necessary to distinguish between two different cases, depending whether large-scale gradients are present or
absent during the transition into the low-collisionality regime. In the homogeneous case, the situation is clear, because one needs to
describe the presence of waves with frequencies w, and neglecting the time derivative d/dr in the evolution equations automatically
imposes the requirement w < v, i.e., the collisional frequencies v must remain sufficiently large. In this case, it is erroneous to simply
take the quasistatic heat flux g, ~ 1/v, evaluate it for some arbitrarily small v, and claim that f, < 0. Instead, it is necessary to retain
the evolution equations with dq,/dr; see, e.g., (41), (51) or the coupled system (135)-(139), which preclude one from reaching the
direct interpretation that f;, <0 (unless one calculates the eigenvector and shows otherwise). The negativity of the distribution
function may not take place and, as a consequence, the procedure seems inadequate for disproving the moment method of Grad in a
homogeneous low-collisionality regime. The situation is much less clear when large-scale gradients are present, as in the example of
solar wind expansion. In that case, it is possible to argue that keeping the evolution equations and solving an initial value problem
might only help temporarily, because the system eventually has to converge to some stationary solution, which might show that
Jf2<0. Such a possibility seems to be implied by the simple one-dimensional radially expanding quasistatic models (see, e.g.,
Cranmer & Schiff 2021, and references therein). However, the quasistatic approximation can be questioned in this case as well, but
from a different perspective. Introducing a heat flux or a stress tensor is analogous to introducing a new degree of freedom into a
system, and if this new degree of freedom is not restricted in any way, it might of course yield an unphysical system. In plasma
physics, degrees of freedom are usually restricted by associated instabilities that develop, which cannot be revealed in a quasistatic
approximation (even if an instability is nonpropagating). Useful examples are the anisotropic CGL and 16-moment models described
above. Using a quasistatic approximation, one might erroneously conclude that the temperature anisotropy can grow without bounds
in these models, whereas considering evolution equations reveals the firehose and mirror instabilities, which can restrict the
anisotropy. A similar situation might be applicable here, where sufficiently large drifts (and possibly large heat fluxes and stress
tensors) might cause various instabilities and also the development of turbulence, but further clarifications are needed as to whether
our fluid models contain some of these instabilities, especially considering that our collisional contributions are valid only when the
differences in the drifts between species are much smaller than their thermal velocities. In this regard, it is not clear if it is appropriate
to neglect the Alfvénic fluctuations in the radially expanding models. Finally, it is also not clear if it is physically meaningful to show
f. < 0 by skipping the stress tensor in the expansions of Grad (which is a second-order moment before the third-order heat flux
moment), because its contributions to a total f, might be significant. For a sufficient proof that the f, can become negative, it might be
necessary to consider at least the 13-moment model, where both the stress tensors and heat fluxes are retained.

8.10. Conclusions

We have discussed various generalizations of the 21-moment model of Braginskii (1958, 1965). (1) We have presented a
multifluid formulation for arbitrary masses m,, and m;, and arbitrary temperatures 7, and T,. (2) All of the fluid moments are described
by their evolution equations, whose left-hand sides are given in a fully nonlinear form. (3) Formulation with evolution equations has
the important consequence that the model does not become divergent (unbounded) if a regime of low collisionality is encountered.
(4) For a one ion—electron plasma, we have provided all of the Braginskii transport coefficients in a fully analytic form for a general
ion charge Z; (and arbitrary strength of magnetic field). (5) We have also provided fully analytic higher-order transport coefficients
(for 1 and X ), which are not typically given. (6) All of the electron coefficients were further generalized to multi-ion plasmas. (7)
We have considered coupling between viscosity tensors and heat fluxes, where a heat flux enters a viscosity tensor and a viscosity
tensor enters a heat flux. As a consequence, we have introduced new higher-order physical effects, even for the simplest case of the
unmagnetized one ion—electron plasma of Spitzer & Hirm (1953). For example, the electron rate of strain tensor W, enters the
electron heat fluxes even linearly, and thus it subsequently enters the momentum exchange rates linearly; see Equation (127). (8) We
have formulated the 22-moment model, which is a natural extension of the 21-moment model, where one takes into account fully
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. @) . " . ..
contracted scalar perturbations X, = entering the decomposition of the fourth-order moment X lj‘k(f), see Equation (129). The collisional
contributions for this model with arbitrary masses and temperatures are given in Section 7.1, and supplement those given in

~(4
Section 2.1 for the 21-moment model. Interestingly, the scalar perturbations Xa( ) modify the energy exchange rates; see Equations

(140) or (177). In the quasistatic approximation, the scalar perturbations )?; can be written as the divergence of heat flux vectors
with their own heat conductivities; see, for example, the solutions for a one ion—electron plasma with the ion heat conductivities
(149) and the electron heat conductivities (162). These corrections remain small in the highly collisional regime, but might become
significant at small wavelengths and/or at large frequencies.

Our model can be useful for direct numerical simulations, as well as for the quick calculation of the transport coefficients in a
quasistatic approximation. We provide three examples for coupling between two species. Thermal conductivities and viscosities for
unmagnetized proton—electron plasma (without m,/m, expansions) were presented in Section 8.8, and two examples for protons—
alpha particles and deuterium—tritium were moved to Appendix N. Our model can also be useful from an observational perspective.
For example, the parallel thermal heat flux ¢, of Braginskii (1965) and Spitzer & Harm (1953; they only differ by 3.16 versus 3.20
factors, rounded as 3.2) is sometimes analyzed in observational studies; see, e.g., Salem et al. (2003), Bale et al. (2013), Halekas et al.
(2021), and Verscharen et al. (2019, p. 61). It is also measured in (exospheric) kinetic numerical simulations (Landi et al. 2014). Our
model suggests that it would be beneficial to analyze both parallel heat fluxes, which for Z; =1 read

3) 2
X™ _ 30 P oyr, x® - _ 07— _vr, (236)
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and which can be analyzed with the same techniques. For long parallel mean-free paths (in the low collisionality regime), both
heat fluxes naturally have to become nonlocal and independent of the mean-free path. Our limitations are described in
Section 8.9, and the “flattening /saturation” of the heat fluxes due to the runaway effect and Landau damping is not captured in
our model. Our model is aimed at the highly collisional regime, and in the low-collisionality regime our heat fluxes are just
described by their evolution equations, where the collisional right-hand sides are small. Nevertheless, it would be interesting to
see if in observational studies or kinetic simulations the X could be described by a free-streaming formula similar to the one of
Hollweg (1974, 1976), in a form Xe(s) = (3/2)(pe2/pe)uswoz5, where the “bugger factor” as has to be determined from a given

form of a distribution function, or if such a concept does not apply for X*. As a side note, concerning collisionless heat fluxes
for plasmas where spherical expansion and large drifts are not present and Landau damping dominates, our model actually
implies that a correct interpretation should not be that the Landau damping diminishes/saturates the heat flux in a low-
collisionality regime. The correct interpretation is that the Landau damping creates the collisionless heat flux. Collisionless
Landau fluid closures for quasistatic parallel scalar XH(S) can be found in Hunana et al. (2019a, p. 84). In addition to (236), it might
be also useful to analyze the scalar perturbation, which for Z; = 1 reads

p2
=+ 8381 —V7T, (237)

ezpeml’

Our multifluid model might also be useful for the modeling of the enrichment of minor ion abundances in stellar atmospheres,
because of the very precise thermal force (thermal diffusion). Let us summarize the thermal force description in three major models:
the model of Burgers (1969)-Schunk (1977), the model of Killie et al. (2004), and our model. Of course, all three models are
formulated as general multifluid models, but for the simplicity of the discussion let us simplify and compare only the thermal forces
given by

Burgers—Schunk: R! =+ %&Ve;qe; (238)
o 601
Killie et al.: R, =+ ——w.q,; (239)
35p,
21 p 30
resent paper: R =+ =&y - ——el/eiXe(S). 240
p pap 10 p Vei, 56 1’3 ) (240)

Note that the viscosity tensors are not required to describe the thermal force, and focusing only on the heat fluxes, instead of the 13-
moment model of Burgers—Schunk, one can consider only the 8-moment model. Similarly, instead of our 21- and 22-moment
models, one can consider only the 11-moment model. In general, the parallel thermal heat flux is given by ¢, = — Yop./ (M) VT,
and the resulting parallel thermal force by ReT = — Bon,VT,, with coefficients v, and . From the work of Spitzer & Hiarm (1953),
for Z; = 1, the correct coefficient of thermal conductivity is 79 = 3.203 and the correct coefficient of thermal force is Gy = 0.703. The
model of Burgers—Schunk (238) has thermal conductivity 7, = 1.34, and with that value it describes the thermal force actually quite
accurately, yielding Gy = 0.804 (for other Z; values, see the comparison in Table 9 in Appendix I). However, a problem arises if one
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uses the correct value of thermal conductivity vy = 3.2 in expression (238), which overestimates the thermal force. Killie et al. (2004)
developed a different 8-moment model, where the expansion is done differently than in Equation (1), with the goal of improving the
heat flux and the thermal force of Burgers—Schunk. The model is described in Appendix 1.2. For Z; =1, its heat flux value is
Yo =3.92, which greatly improves the model of Burgers—Schunk, and for that value it also improves the thermal force, yielding
Bo=0.672. Additionally, one can now use the correct o= 3.2 value in expression (239) and the thermal force will be roughly
correct (and 7/2 times smaller than Burgers—Schunk). However, as we point out in Appendix I (see Table 11), the model of Killie
et al. (2004) breaks the Onsager symmetry between the frictional heat flux and the thermal force. The numerical model of Spitzer &
Hirm (1953) also does not satisfy the Onsager symmetry, and its frictional heat flux is technically incorrect, even though in this case
the discrepancies are small. Our model satisfies the Onsager symmetry, and it has thermal conductivity y = 3.1616 and thermal force
Bo=0.711 (the same as Braginskii). In summary, our multifluid model has a very precise thermal force (240), with a precision equal
to Braginskii (1965), and we thus offer an improvement to the multifluid models of Burgers (1969)-Schunk (1977) and Killie et al.
(2004).
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Appendix A
General Evolution Equations

We consider the Boltzmann equation (in cgs units)

%H.vfa+eZa(E+lva).v,J;:C(ﬁ,), (A1)
ot my c

where “a” is a species index and C(f,) =>_,C.(fa f3) is the Landau collisional operator, so Equation (A1) is called the Landau
equation. One defines the usual number density n, = ffad3v, density p, =mgn,, fluid velocity u, = (1/n,) fvfad3v, and fluctuating
velocity ¢, =v — u,, and further defines the pressure tensor p,, heat flux tensor §,, fourth-order moment 7,, and fifth-order and sixth-

=(5) 56 . .
order moments Xa( ), Xa( ), respectively, according to

ﬁa =my fcacaf,‘;d3‘}; q=a = My fcacacuLd3V; ’='a = my fcacacacaﬁ;d3‘); (A2)

=(5) 5(6)
X, =m, fcacacacaca]zd%; X, =m, fcacacacacacafad3v. (A3)

The writing of the tensor product ® is suppressed everywhere and ¢c, = ¢, ® ¢,. For complicated fluid models, the species index “a”
often blurs the clarity of the tensor algebra, and thus in the vector notation (A2) we emphasize tensors of second rank and above with
the double overbar symbol. Sometimes we move the index “a” freely up and down (which here does not represent any mathematical

[Pl

operation), and in the index notation the index “a” is often dropped completely, so, for example, p; =my f c'ci' f, d® and

pi=m fcicjfd3v are equivalent. The Einstein summation convention does not apply for the species index “a”, and summations over
other particle species are written down explicitly. The divergence is defined through the first index (V - p,); = 8,»17;.

Here we do not consider ionization and recombination processes, and the Landau collisional operator conserves the number of
particles Jlet f.)d>v =0 for each species. One defines a unit vector in the direction of the magnetic field b =B/ |B|, cyclotron
frequency 2, = eZ,|B|/(m.c), and convective derivative d,,/dt = 0/0t+u, - V. It is also useful to define a symmetric operator 'S,
which acts on a matrix as Aif = A; + A; and on a tensor of the third rank as Aifk = Ajir + Aji + Ay, i.€., it cycles around all

€,

indices. We often use operator trace Tr and unit matrix I, where TrA =1I: A, and operator “:” represents double contraction. We
alsouse I, =1 — bb.

To derive the model of Braginskii (1965) with the moment method of Grad, it is necessary to consider the evolution equation for
the fifth-order moment )ZSS) and perform a closure at )?[56). Integrating (A1) over velocity space yields the the following hierarchy of
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evolution equations:

‘?+V(Ww_o (A4)
% + u, - Vua + iv .p=a — eZa (E + lua X B) = &, (AS)
ot Pa myg c Oa
op _ B
é%+v%%+m@>+mzVw+9bme—Qf, (A6)
S
9, 5 _ Lirg
5 + V- (f + uq,) + Vi, + Qb x §, — —(V e, | =0, — —I[Rp,T; (A7)
Pa Pa
Pl 5 s = (4 1
StV @”+wm+[ v%+9bxm—W1m%]—Q)—m@ﬁ (A8)
Pa Pa
0 =6 6 5 = 5 1 s =5 1
6—X()+V X +u X“)+[Xa( -V, + Qb x ()——(V-ﬁa)fa] — 07 — —R.ET, (A9)

where the collisional contributions on the right-hand sides are given by (5). It is also possible to define a general nth-order moment

)?[fn) and collisional contributions Qza(n)

xn o= mfcrlcr2 . Cpfd?v; = mfc,lc,2 e €, C(d, (A10)
together with a symmetric operator “S” that cycles around all of its indices:
[X(n)]rﬂzH -Tn Xr(lnr)zm Tn + Xr(fr)z Tl + Xr(sn) i toeeee + Xr(nnr)lrzrz -1 (All)
(so that it contains “n” terms) and derive the following evolution equation for )ZE”
0 s -
I 4 v @ 4w Z) + |27V, + Qb x 2 — LY
Ot Pa
5n—1)¢
0" — Lir "y, (A12)
Pa

valid for n > 2. The left-hand side of (A12) is equal to the collisionless Equation (12.16) of Hunana et al. (2019b). Evolution
Equations (A6)—(A9) can then easily be obtained by the evaluation of (A12). Note that definition (A10) yields x? = D, x® = q,
and XY = F, but xV —o.

As has already been pointed out by Grad (1949a, 1949b), who developed the moment approach considering rarefied gases, because
fluid moments are symmetric in all of their indices, a general nth-order moment x™ contains (”jz) = (n+ (@ + 2)/2 distinct

(scalar) components. So the density has 1, the velocity has 3, the pressure tensor has 6, the heat flux tensor has 10, X Y“ has 15, and
X® has 21 scalar components. The system (A4)—(A9) thus represents a 56-moment model.

Appendix B
Tensorial Hermite Decomposition

In the famous work of Grad (1949a, 1949b, 1958), the so-called tensorial Hermite decomposition is used, which is a generalization
of the one-dimensional version. The one-dimensional Hermite polynomials of order “m” are defined as

2 m 2

HM(x) = (— ey Lo (B1)
dx™

and evaluated step by step as H” =1, HV =x, H® =x* — 1, H® =x* — 3x, H® =x* — 6x* + 3, and H® = x> — 10x* + 15x. So
polynomials of even order contain only even powers of x and polynomials of odd order contain only odd powers of x. These
polynomials are orthogonal to each other by

o0 2
HD(x)H™ (x)e™ 2 dx = n!6,, (B2)

1
=L

Note that the “weight” exp(—x2 /2) was used by Grad instead of the quantum-mechanical exp(—x?). Of course, it is important to use
the correct weights with both classes of Hermite polynomials. Curiously, if the weight is accidentally mismatched (i.e., by using
exp(—x2) in our (B2) or exp(—x2/2) in the quantum version), in addition to naturally wrong numerical constants, the even—even and
odd—odd couples of polynomials are not orthogonal any more! The generalization to tensors for the isotropic Maxwellian distribution

47



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

reads

r (m) ~ &2 o0 0 0 &
H = (=1)"
(@) = (=12 d¢,, ¢, 0¢,,

ri,r.
We use the same notation as Balescu (1988), where reducible Hermite polynomials are denoted with tilde, and irreducible
polynomials have no tilde. We have added tilde on normalized ¢ to make transitioning to usual fluid moments straightforward. Then
explicit evaluation step by step gives

e 2. (B3)

A%@ =1;
A"@ =&;
A @) = &5 — oy;
1:1513{)(5) = ;i — (0Ck + O i + O
A @) = 6&a& — (6568 + 088 + 6udil; + 6iGick + Su&idr + 8,G8)
+ 046u + Owbj + i, (B4)
and quickly starts to grow:

AS) (&) = GGiaiEn — (§5Ck818m + OCiiCn + OuiCiGn + O4TTkin + 611G
+61CiCkCn + OimCiCkC1 + OjmCiCi€i + Oum€iCiCr + OunCi;Cr)
+0ij0Cm + O 01 + 6i10kCn + 04O Cr + 04 Oy Crc
+O0ikOmCi + Ot OimCr + OubimC + O OjmCi + 01iOjmCr
+01i6imC; + 0 6jm€ + it 0T + 6j16imCr + Oj1OmCi. (BS)

The choice of Grad with exp( — x2/2) has a great benefit, because no numerical constants are present in the entire hierarchy of
Hermite polynomials, which is not the case for the weight exp( — x%). Here, numerical factors appear only after one applies
contractions (traces) at the above expressions. Similar to the one-dimensional case, polynomials of even order contain only terms
with even numbers of velocities ¢, and polynomials of odd order contain only terms with odd numbers of ¢.

For a Maxwellian distribution, the normalized velocity is

¢ = /’%‘(v —u,) = /’%“c, (B6)

[Tl

where, for simplicity, we suppress the writing of species index “a” for velocity ¢ in the expressions that follow, and for many other
variables as well (the Hermite decomposition is done independently for each species, and the species variable “a” just makes the
expressions more blurry). It is possible to work in both normalized and physical units. The entire distribution function can be written
as

3/2 _2
— O £y =p|Ma O + v.): O__°* B7
£ =100+ x) (T O e (B7)
where y, represents the wanted perturbation. One can go quickly between the physical and normalized units by
[r@de =n [600 + y,@)d%. (BS)
The tensorial polynomials are again orthogonal to each other, where, by using “weight” ¢©:
f SOAOFO % — 1
(D) (1) 53~ .
f(b(O)Hi Hj d%¢ = by;
f SO HT 4% = 608y + Sad:
f¢<0>ﬁ<3) A A% = 81,4,6115,005, + Ory516r25:6ra5 + OrysyOros, O
rirarst Lsysys3 — UrisiVrasaYrsss ris1Yras3®rasy r152Yr281%r3s83
+6r1x26r2s36r3s| + 6r1‘v36r2x16r3x2 + 5r1s35r2x26r3s1, (Bg)
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and the expressions quickly become long:

0) 5@ (C))] 3~
f ¢( )Hr]rgr;mHs]szs;ud +6V1516 zszéhszémm + 6r|$|6r2526r3546r453 + 5r1316r2536r3S26V4S4
+5r1$15rﬂ36h$46m$2 + 5r1$15f2Y45"3325f4Y3 + 5“316’2Y46f3$%6"432
+6r|sz rzs](sns;(smm + 6r|sz rzslérzm(smsz + 6r152 1283 V3516V4S4
r2545r;s16

+611S4 rzszér;s; 48 + 6r1s4 r28§3¥r3s) F28§3Yr3sa Yrysye (Blo)
The general orthogonality can be written by introducing the multi-indices r =r;...r, and § = s5y...5,,;:
[o0B" 8" d% = 5,0, (B11)

where the new symbol 5(”) is equal to one, if the indices 7;...r, are a permutation of s;...s,, but otherwise is zero. In other words, for
n = m, the right-hand side contains n! terms, where each of these terms has the form 6,,5,6,,5, ... 6;,5,, and to calculate the other terms
it is necessary to keep the r-indices fixed, and do all the possible permutations with s-indices (or vice versa). A particular case of
(B11) reads

m = 0: f POA™ % = 0, (B12)

i.e., the integral over a single Hermite polynomial with weight ¢ is zero.
The goal of the Hermite expansion is to find the perturbation of the distribution function x, in (B7). For the most general
decomposition, one can chose to express the perturbation Y, as a sum of Hermite polynomials:

~(m)
ZAEI"Q i,

7A(1)H(1) LTAQFD L A0 O L 4@ g& . (B13)

riry i rirar3 r1r2r3 rirorary r1r2r3r4+

where the coefficients A,(l"}; ;, need to be found. Note that full contractions over all indices are present and the result is a scalar.

Multiplying (B13) by weight ¢© and polynomial A, ™ 5,» and integrating over d>¢ by using orthogonality (B11), then yields

S1852.-

[roOB d = AP 8W = A, (B14)

where the last equality holds because coefficient AS(”) is a fluid variable and symmetric in all of its indices. The coefficients As(”) are
thus found according to

AP = L [ 00R @ = L [ 1+ )e0R" @ = L
n.

ff A" @)d], (B15)

_(n)
h

s

where we have used the orthogonality relation (B12) and changed the integration variable to d°c with (B8). The quantities in the

brackets of (B15) are called Hermite moments h~s(n). The entire Hermite expansion then can be summarized into two easy steps.
(1) Calculate the Hermite moments:

~a(m) 1 a(m
i, = — LA, @d. (B16)
(2) the final perturbation is:
>, 1 ~ a(m) ~a(m) ~
Xa = Zﬁ r|r2...r,,lHr1r2...rm(c)' (B17)
m=1""*

“ th)

It is useful to omit writing the species indices on both /2 and H, as well as on the fluid moments, so we will keep the species index
only for n,, m,, T,, and p,. The final perturbations will be written in a full form.
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By using definitions of general fluid moments, one straightforwardly calculates the Hermite moments:

g L

~(2) (2)
s _—ffH d’c Hff),
(3) (3) m
i = —ff A (B18)
T,

together with

4 4 3
zj(kl) = ff Hljkz)( ydc = %rijkl + 661 + 6wl + 6

_;(&jl’kz + Supy + Oupy + dupy + oupy + Supy)
a
= p_(;rijkl B (6ij6k1 + 6ik6jl + (5i16jk)

a

1
—— (&I + 607 + 5le,(j2) + 511'H(,%¢) + 5ikn(ﬁ) + 611, (B19)
a
and
3/2 1/2
7o g% Py P
ijiim = f SoHijan(©)dPc = pe /lej(iz)m - ﬁ(éijqklm + Ok Giim + Okt + O Gt
a
+(5ikt]ﬂm + éj[qikm + 5zmﬂ]jk[ + 6jm‘]ikl + 6kmq,'j1 + (Slnzq,'jk)~ (B20)

B.1. Usual Perturbations of Grad
B.1.1. 20-moment Model

Using the definition of the perturbation (B17) and cutting the hierarchy at

@ 75D 1~ 50 3) (3)
=h 'H + 2h H + 6huk ik » (B21)
yields the 20-moment perturbation of Grad:
2
20-moment: X, = (H D CaCa) + —25(Ca G, €aCa) — —=(q, * Ca), (B22)
2pa a 6pa T(12 pu 7;1

where one defines vector g, = (1/2)Trgq,.

B.1.2. 13-moment Model

To quickly obtain the simplified 13-moment model of Grad, one can use § = (2/ 5)(qI= )S + o’ with o’ neglected (the validity of
this equation is shown below), and calculating ¢ - §: c¢c = (6/5)(q - ¢)c? yields the 13-moment model:

(2)

13-moment: Xg =

Cats) — —2 (g, - ca>( T cf). (B23)
p. T

2pa u 5T,

Rederiving the heat flux contribution of the 13-moment model from scratch can be done by using a contracted Hermite polynomial:

(3)

a wHy = &(& — 5). (B24)

However, one needs to be careful about the normalization constant, because applying the contractions 6,,,, and 6,5, on (B9) yields

5152

~3) 50) 134
fq’)(o)Hi H;" d%¢ = 106y, (B25)

which can be also verified by direct calculation. (Note that it is important to apply the contractions on (B9) as stated above, and not
accidentally as 6, ,,s,» which would yield an erroneous coefficient 20, as the contraction must satisfy definition (B24)). Then, one
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calculates the Hermite moment:

ﬁi(3) — Lf]zlq[@)d36' — z ﬂq;, (826)
Na PN T

(which is equal to ﬂ,-fk) ) and the heat flux perturbation becomes

1 ~ -
— P8 = - Taq, ~ca>(1 - ;”]i’ cf), (B27)

8-moment: =
AT T .

recovering (B23).

B.1.3. Double-checking the Fluid Moments

Using the 8-moment perturbation (B27) (or the perturbation of the 13-moment model (B23)), it is possible to calculate the heat
flux moment, for example, by switching to normalized units and using the integral (B89), which is valid for any vector g,
yielding

~2
13-moment: gy = m, f e fO (1 + x)de = — f AXACE 5)(1 - %)w))d%

2 =
= Sqlji. (B28)

In contrast, using the 20-moment perturbation (B22) and integral (B91) yields the identity § = ¢, as it should. Thus, the full heat flux
tensor can be decomposed as

j= %[I:q]s + o, (B29)

where o represents the highest-order irreducible part of the heat flux tensor, and by applying a trace at (B29) it can be verified that o’
is traceless. The calculation of the fourth-order moment 7 yields (with either the 10-, 13-, or 20-moment model)

Pkl = Mg fcicjckc,fso)(l + x)d’c

2
= p_”fE[Ejgkglqﬁ(O)dfig + &f&‘lizjgkgléé ﬂ(2)¢(0)d35
Pu 2p,
2
= —%[66u + 6uwbj + 6udul +

Pa a

Py
26D + 6a 11D + 6411 + 63 IP + 6511 + 6115, (B30)

where one can use the integrals (B84), (B100). Applying a trace at (B30) yields

2 2
i = sPaf 4 7P®. e = 158 (B31)
pa p(l pa

If one does not want to use our provided integrals from Appendix B.6 (or wants to verify them), all of the needed integrals can be
calculated by using the powerful orthogonality theorem. As an example,

~ ~x ~ 1703) = 7(3) 75 3) = ~ ~ ~\g® ~
Jaaahinovae = [APAL6O0 + [Gi6+ ot + wepHig e, (B32)

where the first term is calculated with the orthogonality (B9), and the second term is zero (because all of the resulting terms can be
rewritten as Ii(l)ﬁ,@ which yields zero after integration; see also integral (B83)).

mn»
In some calculations, one actually does not need to work with the complicated right-hand side of (B9), because once the integral is
calculated, the result is going to be applied on & 3(13)233, which is a fluid variable and symmetric in all of its indices. Let us demonstrate it

by using the 20-moment heat flux perturbation

Yo = <A@, (833)

6 §152837 78515253
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and calculating the heat flux moment again, this time with the Hermite variables:

qurzrz = Mg fcrlcrzcﬁfé()) (l + Xa)d3c

(3) ~
hslszszfcrl VZCV’ﬂ S15253¢(0)d3

(3) 3) 3) ~
= s|s2s;er]rzr;Hslszg(b(o)d}C
A Ta ~3) <3)
_g m_ahS|S2536(r1rzrz)(Slszss)

3)
— 2R S (B34)

myg

In the derivation, we did not use the complicated right-hand side of (B9), we only used h( )5(") n'hs(n), and the factor of 3!
canceled out as well.

Similarly, using the same perturbation (B33), one can derive the fifth-order fluid moment X ®) by using the Hermite polynomial
,,kzm, Equation (B5), according to

5 0
X2 irirs = Ma fcrlcmcr}cmcrsfj (1 + x,)d%

3/2
_ Pa T;l / ,:1'(3) ~~~~~ H( ) (0)d3~
R s15253 | €ri€raCrsCinCrs slszsz(b c

6 \m,

Puf Ta 3) U < x = Lo

= Z m hb]bzé} [6r1rzcr3CMCr5 + 6rzr3Cr4Cr1Cr5 + 6r3r4crlcrzcr5
a

+5"4’16’2("’36r5 + 6r1r3crzcr4cr5 + 6r2r4crlcrscrs + 5r1rscr26r3cm

L. Lo IR 3
F81yrsCri CriCry + OryrsCriCryCry + OporsCriCryCr Hy . 9 Od¢

815283
3/2
T, 3) 3 3)
= pa(_a) [6V172hr3r4r5 + 6V77’3hr41|rs + 6r37‘4hr1r2r;
mg
3 3 3) (3
+(Sf4rlhr2r3r; + 5f1’zhr2r4r5 + 5F2f4hr1rqr5 5F|’5hr2r3r4
3) 3 3)
+5V27’shr1r3r4 + 6V3rshr|r2r4 + 6V47’shr1r2r;] (B35)

Or this can be rewritten with the heat fluxes according to (B18) and using the usual indices:

P,
Xz;il)m = pa [6ijqklm + 6jkqlim + 5quijm + 6liqjkm + 65kqjlm

a

+ i1 + (SimCIjkl + Opm Gy + 6kmqiﬂ + 5zmqijk], (B36)

and by using the heat flux decomposition (B29) with o/ neglected:

4
X = 5 %[ql‘(‘sjk(slm + 6k 6jm + 6j16um) + q;(6ki6im + Oitkm + ik Oim)

+;. (0461 + 6i10jm + 6j16im) + q;(0ij 61 + OjicOim + Oitc Ojm)
+4,, (050 + O b + O bj)]. (B37)

Applying the contractions at (B36) yields

(Tr X1 = L2120 g)% + 9415 = = L2l + 9 P20y
J 50 )

a a

X =TTk = 28844, (B38)
P
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B.2. Higher-order Perturbations (Full X9 ana x® Moments)

By using the technique described above, it is possible to use the following higher-order perturbation:

I ~@ 0 1 -3 A0 I ~@  ~@ I -5 ~(5)
Xa = Ehslsszlsz + ahs|szngslszs3 + Zh H + ;h H

5152838547 751525354 §1852535485" 7 8518528535455°

. . =(4) . =
and directly calculate the fluid moments (we use X @ instead of 7 from now on):

2
o) Py ~@ ~(2) ~(2) 7 (2)
[X ]V1f2r3f4 = p_a[hrlrzrgm + 5r1’2hr3r4 + 61‘2’3}1 + 6r3f4h

rin rnra
a

i A S + o

rr3thrar ranttrirs

+6r1r25r3r4 + 6"]7‘3672/‘4 + §r2r36r1r4]’

and

3/2
() T, 7 ) ) )
[X ]VIV2V3V4V5 = pa(_a) [hr1r2r3r4r5 + 6’1"2hr3r4r5 + 6’2’3hr4r1r5 + 6"3r4h

rirars
a

() 73 ~(3) -3
+6V4r1hr2r3r5 + 6"1”3hr2r4r5 + 672V4hrlr3r5 =+ 6 h

rrsterorzn

70 7 (3) S
+6r2f5hr1r3r4 + 6’3’5hf1f2r4 + 6r4’5hf1fzf3]'

@ and A ©)

rirrin F1rrarrs:®

Both results contain new contributions, represented by the /

Hunana et al.

(B39)

(B40)

(B41)

It is useful to introduce notation where, by applying a contraction at a tensor, the contracted indices will be suppressed, so, for

7 (3)

~(3 . . - .

example, i = i), or X{¥ = X\ and X = X0 We define all of the contractions without any additional factors, with the sole
exception of the heat flux vector ¢, where the additional factor of 1/2 is present, to match its usual definition. To emphasize this
difference, in the index notation we thus keep an arrow on the components of the heat flux vector g;, to clearly distinguish it from the

contracted tensor qjk-
Applying the contractions at (B40), (B41) then yields

2
x® = ’;—“[ﬁij‘” + 70 + 568;0;

a

P
X® =2+ 15];

Pa
2T 6 ~(3) ~(3) ~(3) ~(3)
X,;/z) =4 = [h,'jk + 6ijhk + 6jkh,“ + 5ikhj‘ +9 ijk IR
a mg
P2 T, -~ ~@3
x® =t |2 14,
Py \ My

and applying the contractions at the Hermite moments (B18)—(B20) yields

~2 1 ~(3) 2 [m, .
hi" = —ngz); h” == |=qs
Ly 2\ T

HONY 7

by ==X = 58; — =1,
p, a

i = Lo s,
P,

~5) 1 [m R . R

hy =— |— [&Xﬁ) — (285G + 260 q; + 26uq; + 9q;) |
PN |,

s 1
RO =2 [Ma (&Xl@ - 2851;).
2N 1o \ P,

53
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B.2.1. Viscosity Hg}) of the Fourth-order Moment X,-;-4)

The usual viscosity tensor is defined as a traceless matrix:
e Lo 2)r g3
i =ma || o — 56,:,-0 1, dc. (B44)
Similarly, it is beneficial to introduce a traceless viscosity tensor of the fourth-order fluid moment:
1
e = m, f (cicj - géijcz)CZfH de. (B45)
In other words, the moment Xij(f‘) is decomposed as

(B46)

8
4 ij 4
X = §X(4) + I,

where the fully contracted X = m,, fc4fad3c. Scalar X® is further decomposed to its “core” Maxwellian part, and the additional
perturbation X (with wide tilde), according to

P2 4
X® = 152 L @, (B47)
Pa

and the corresponding Hermite moments thus become

~ 6/‘\./

hij@) = p_“zlx(4) + p—‘;l‘[g;” _ lH%Z);
P 3 P, Pu

i Ly s
P,

It is important to emphasize that depending on the choice of perturbation y,, in general X is nonzero. However, this perturbation is
not required to derive the model of Braginskii (1965), and Balescu (1988), for example, prescribes irreducible 2 = 0. In the next
section, we will consider simplified perturbations and derive the above results in a more direct manner; nevertheless, the more general
case (B39) is a very useful guide in demonstrating that it is possible to consider perturbations with nonzero 1.

Finally, because the reducible matrix 554) is not traceless in general (unless one prescribes the Hermite closure ™ =0, which
makes it traceless by definition), it is useful to introduce traceless

- i ~
o g P_az e — T (B49)

A4
h() @
3 b

i =
a a

where we use hat instead of tilde.

B.2.2. Simplified Perturbations (21-moment Model)

Instead of working with very complicated perturbations (B39), it was shown by Balescu (1988) that to obtain the model of
Braginskii (1965), it is sufficient to work with simplified

Xo = WP HY + hPHD + B HY + hOHP. (B50)

The perturbation (B50) is written with irreducible Hermite polynomials (notation without tilde), as discussed in the next section. This
perturbation represents the 21-moment model, and recovers both the stress tensor and the heat flux of Braginskii. However, the
connection between irreducible and reducible Hermite polynomials can be very blurry at first, and we continue with reducible

Hermite polynomials.
Applying the contractions at the hierarchy of the reducible polynomials (BS) yields

AP =@ —5; A = 5@ - 148 + 35);

Ay = &g - 6y A =65@ — 1) — 652~ 5). (B51)

By using these polynomials, the Hermite moments then calculate

- 2 ~ 1
hi(S) == ﬂq;’ hi(s) — L |Ma (&Xi(S) _ 28@});
.\ Ta 2N T\ p,
~2 1 0 NCO R Hp—" 7 e
hi”=—I07 hy = SIP — —II7,
a a a
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of course recovering previous results. The reducible Hermite polynomials satisfy the following orthogonality relations:

5 (3) 75(3) ~ 75 (5) 74(5) ~ .
f AP AP $Od% = 105;; f AP AP ¢ d% = 2806;

~(2) ~(2) -
inj )H;EI POdE = 6365 + 6ubpu;

(@) 734 ~
[ AP 6O = 1468y + sud) + 4080, (B52)
and because the Hermite moments ﬁ,ilz ) , ﬁk(f " are symmetric and traceless,
P2 f APAY $0d% =207, kY f AV AY 90 d% = 28k, (B53)

Thus, a perturbation that can be directly derived from the hierarchy of the reducible Hermite polynomials (with no reference to
irreducible Hermite polynomials or Laguerre—Sonine polynomials) reads

. 1 5(2)H§2> n Lﬁio)Hi(s) n 1 hi/' Hl§4) n 1 Lo (B54)
2 : 10 28 ° 280
where each term is calculated as
1 ~(3> % —
z a Ca Ca — >
] O 5pa T, (q )@ —5)
ﬁﬁf)ﬁf’ ﬁ/ ["“(X”<5> &) — 28(q, m](ej — 148 + 35);
pa pa
1~2 4@ @, G
2hzj FI[J _2_a(]:[ )’
[EPORTORINE W P KON @ . .
—h; H; = ”(H .aa)——(H 8.8 |@ — ), (B55)
287 U a8 3

with normalized velocity ¢, = /m,/T,c,. Bellow, we show that the perturbation (B54), (B55) is equivalent to the perturbation of
Balescu (B50), obtained with irreducible polynomials. The final perturbation of the 21-moment model that recovers Braginskii
(1965) thus reads

_ 1 =0 Mlamg® ey - Zaa® eey e — 7
X—ZP(H-M)—FZS[H(H-M) a(H-aa)l(c 7)
+—/ (qa &) (&2 —5)+— —[p"(X““) ) — 28(q, - ca)](c — 1432 + 35). (B56)
280p, D,

Finally, because h,-j is traceless, its double contraction with H]( ) makes the part of this polynomial proportional to ¢;; redundant in
the final perturbation. It is possible to define another traceless polynomial (with hat instead of tilde):

3
and replace the following term in the perturbation (B54):

A 61“ 5 i
Hl](4) _ 1_1154) ]H(4) — (C,Ej o _152)(~2 7, (B57)

A @) @ A&
i Ay =iy A, (BS8)

where the part of (B57) proportional to ¢;; is still suppressed in the final perturbation. However, the traceless definition (B57) now
. . . . ~(4 . A
makes it possible to directly define the traceless Hermite moment h,]( " as an integral over H,:§~4):

A(4> _ 1 ff a9, (B59)

This is the main motivation behind irreducible Hermite polynomials, as is further clarified below.
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B.3. Irreducible Hermite Polynomials

In the work of Balescu (1988), the irreducible Hermite polynomials are defined through Laguerre-Sonine polynomials, according
to (see Equation (G1.4.4) on p. 326 of Balescu)

~2
HO @) =L 1/2(0_).
n ) >

Hi(2n+l)(5) — E EiL'?/Z ﬁ :
V2 2
2
HE@ = |2 @6 - ,,>L5/2(62 ) (B60)

To recover the Braginskii (1965) model, one only needs (see Table 4.1 on p. 327 of Balescu)

HY = —10 &(@* - 5); H® = T 170 &(E* — 148% + 35);

I (.. 1. | 1 ~
I-Il.](,z): f(ch — ECZ(SU), 1‘1154) = ﬁ(c,-cj — 5025,-]')(02 — 7), (B61)

yielding Hermite moments

/2 ng L ma |
h(3) hi(S) — [ tlx(S) 286}}];
2\/ D,
1 P
@ _— 2. @ ar® _ (@)
hy” = —2p [I;7; hg” = 3 _p [p i 1L ] (B62)

Furthermore, the orthogonal relations are
qu(O)Hi(z"*”H](»z”“)d% = & R fd)(o)Hi;zzl)nglzzl)d3c _ higzn)’ (B63)

yielding perturbation (B50), which then recovers perturbation (B54), (B55) obtained with reducible polynomials. Both approaches
are therefore equivalent, which is further addressed in Appendix B.7.

B.3.1. Higher-order Tensorial “Anisotropies”

It is useful to clarify what contributions are obtained by using the irreducible Hermite polynomials:

1
I-Itj(lsc)(c) = CGiGiCy — gc (6ljck + 61kct + 611{0])

e 1. - . - - - - o
Hi](il)(c) = GiCjCr€ — 7c2(6,-jckc, + 0 CiCi + OuCici + 0iiiCk + 6 CiCr + 6;Cich)
1
+ 354(5,)-5](1 + 6ik6jl + 6i16jk), (B64)

which Balescu (1988) calls “anisotropies” (even though they are valid as a perturbation for isotropic Maxwellians). Importantly,
applying a trace on (B64) yields zero. The corresponding Hermite moments calculate

1 mg |- 2.5 1 [m, Pa /
h = — 2 [q - g(lq)S]”k =TT i = 5o (B65)
ij

Dy a Pa a a

and directly yield the highest-order irreducible parts.
B.4. Decomposition of Xﬁl)

We continue with the reducible Hermite polynomials. To decompose the full fourth-order fluid moment XiJ(.‘,:l), it is necessary to
consider the following perturbation (i.e., the 16-moment model):

v = h(Z)H@ N _gh(4)HY('4) n %EM)H@)’ (B66)

and, by using this perturbation, to calculate Xl;k} In comparison to the previous perturbation of the 21-moment model, the last term

with Hermite polynomial A is new. It is derived with orthogonality relation f POHOH® I3 = 120. We will need the following
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integrals. Applying the contraction 0,,,, at the orthogonality relation (B10) yields

@4 5 5 < < 74 54 %
[ A aeg 000 = [ B, 00

F1ry" 7518525354
=+ 26r1.s16r2sz5S3x4 + 26r1516rQS365254 + 26r1s16r2s463‘2_¥3
+26r1x2 (Srzsl(ss}m + 26r1x2 6r2s3 5s1x4 + 26r|sz 5r2x4 6s1s3

+26r1S3 6)‘25‘153"23"4 + 25}”15‘36}”23‘2 65‘[;&‘4 + 25}”13‘35 5S1S2

rS4

+26rm46r2s1 63233 + 251‘|s45r2326s153 + 26r1346r2336s1325 (B67)
. G
and, further, applying traceless #,,,, at (B67) leads to
~ @) 3 LG IPVIPVRU ~
hrlrzfHrlrzcslcszcs3cs4¢(0)d3c
~(4) ~ ) r4 ~4) ~(4) ~r )
:4[hs|s26-Y354 + hslx36S2S4 + hxlmészss + hs2s3631~Y4 + hs2.¥458|-V3 + hX3S465]S2]' (B68)
Applying the contraction 6,,,, at (B67) and multiplying by A yields
RO [A98,8,80,8,000% = 859 645,005 + s + Sl (B69)
Similarly,
~ (2 72~ x x & ~
hr1r2fHrlrzcﬂcszcszcs4¢(0)d3c
~(2 ~ (2 ~(2) ~2 ~(2 ~ 2
= 2[h;15)265354 + hS(]S)365254 + hs(15465253 + hs(zs)g(ssl&t + hs(zs)4651$3 + hS(_}S)zt(Ssl*YZ]' (B7O)
The results (B68), (B69), (B70) allow us to calculate the Xﬁ; moment, which becomes
1~ ~ 1 ~@) ~ 1~ ~
4) 0 @ 752 @ @ @ 54
Xl;kl) = Mg ffa( ) [1 + EhrlrzHrlrz + Z_ShrlrzHrlrz + mh H :ICiCickcld3c
L s )6y + S + S
—+E—( + 1) (60u + bubj + O bir)
Pa
1 pa2 r@4) ~(2) ~4) ~(2) ~4) ~(2)

+ -4
7

a

[(hl] + 7hlj )6]([ + (hik + 7hik )(Sjl + (hil + 7hil )(S]k

~(4) ~(2)

A Al
Fhy + Th)su + (hy + Thi V6w + Gy + Thig Y651 (B71)

Form (B71) nicely shows how various parts of perturbation (B66) contribute to the decomposition, including the new .

Prescribing the Hermite closures ﬁ[j@ =0, i = 0 recovers decomposition (B30) used in the Burgers—Schunk model. Finally,
rewritten with the fluid moments

P2 ~4) ~(2 S P2~ PZ S
9 = 2y’ + 70y XY =20 x@ =155 4 X9 (B72)
Pa Pa Pa
and representing all of the other terms that were not obtained from (B66) by traceless o (which represents the highest-order
P g y ikl 1% g
irreducible part of Xﬁ?), the decomposition becomes
1
X5 = EX(‘D (656u + duwbj + ubjx)
1 /
+7[H§;‘) S + TIP & + TGP 6 + TP 6 + TP 6 + T 651 + 03, (B73)
or equivalently,
X9 = — L x (5,60 + 608y + 8u60)
ikl 35 ij Okl ik Ujl il Ujk
1 /
+7[Xij(4)6kl + X6+ X8 + XDy + X Py + XP6i1 + o) (B74)

Decomposition (B73) is equivalent to Equation (30.22) of Grad (1958). Essentially, any tensorial moment can be decomposed by

subtracting all of the possible contractions of that moment. Note that simply prescribing the closure H,(;»‘) = 0 in (B73) would be
erroneous, unless one also prescribes ngz) = 0 as well. The correct simplification of (B73) is obtained by prescribing the Hermite

closure ﬁif) = (0, meaning by prescribing the fluid closure Hf-f) = 1(p, / pa)H,(-jz). Additionally, one can also prescribe the Hermite
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~ L . . S
closure AY = 0, which is equivalent to the fluid closure X @ _o.

B.5. Decomposition of Xﬁfm

We only use the simplified perturbation

X = ~iPE0 ¢ Lioa®, (B75)
10 280

l 1

By using this perturbation, it is possible to calculate the fifth-order fluid moment:

5/2
» 1Pl
§152535455 35 3/2

~(3)
+ 14h§l )(6525365455 + 6525465355 + 6525565354)

5) ~@3
+(h.fz 148 (8515180055 + Bs15085355 + BsyssBisss)

~(5 3
(RS 4 1807)(8515,65155 + B515:05m + 51550535
5 3
+(h( ) 14h( ))(§S1X26.Y3S5 + 65'1‘?35‘?2‘?5 + 5‘?1‘?56‘&‘2‘&‘3)
5 3
(S 4 140.7)(E505,6505 + 5150525, + 51585 (B76)

Because we consider the simplified perturbation (B75), we do not consider full decomposition with ¢® /. Prescribing the Hermite
closure ﬁ,»(s) = 0 yields the previously obtained decomposition (B37). Finally, by switching from Hermite to fluid moments,

1/2 1/ 3/2
hi(3) —» pZ/Z%; i, ® p§/2(an(S) 2862); ﬁi(S) 4 14hi(3) _ Pg/le@’ (B77)
pa D Da a
the decomposition becomes
Xs(fv)zszxz‘ S5 [X > (63233 5S4S5 + 5S2S4 553‘Y5 + 6‘Y2‘Y5 55334)
X(S) (63‘1536343‘; + 6313‘46&35'5 + 65‘13‘5 6533‘4)
X(S) (63‘15265455 + 6515465255 + 6515; 65254)
X(S) (63152 65355 + (5515355255 + 5&15‘5 65253)
X(S) (631525A334 + 5&]53 63234 + 651.&4 63233)] (B78)
As a double-check, applying contraction é,,,, at the last expression yields
XY(le)z 5 % [X & 5f2 53 X(S)éﬁl 53 X.Y(gs) 6‘Y1S2]’ (B79)

and applying another contraction yields an 1dent1ty Note that it is not possible to perform the closure X =0, as such a closure
would be erroneous (unless ¢ = 0 is prescribed as well). Instead, one needs to perform the closure at the Hermite moment hi(s) =0,
or, in other words, the correct closure is X© = 28(p, /pa)q.

B.6. Table of Useful Integrals

The Hermite polynomials allow one to build the hierarchy of the following integrals. One introduces the weight

o_ "
¢© = o (B80)
and for any odd “m,” the following integral holds:
m = odd: f 888, .. & GOE = 0. (B81)

The validity of (B81) can be shown by using “common-sense” symmetries and Gaussian integration, or by rewriting the integral with
pairs of Hermite polynomials, one of even order and one of odd order, H Gt D2 =1)/2 (where the result of the integration is zero),
and a hierarchy of lower-order integrals that will also be odd—even pairs, yielding zero.
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A particular case of the orthogonality theorem is that for any m = 0, an integral over any single Hermite polynomial with weight
#© is zero:

F1rr3...hy

m = 0: f A" 0% = 0. (B82)

PRI IR T R T L I D ey

The two rules (B81), (B82) allow one to calculate the integrals for any even “m” number of velocities ¢, such as ¢¢¢ccc, which would
otherwise be very difficult to do just by using “common-sense” symmetries and Gaussian integration. Actually, for “m” being even,

quicker than using (B82) is rewriting the integrals into A (m/2) /2 and using the orthogonality relations (B9). A very useful integral
also reads

m < n: f Gy ... G HY L $Od% = 0, (B83)
the validity of which is easily shown by rewriting ¢&,, ... &, with H,(l’”) 5 (Where the result of the integration is zero) and a hierarchy of

lower-order Hermite polynomials where the result of the integration is also zero.

[T L)

It is possible to build the following table when “m” is even:
[ ooae=1;
f 5500 d% = b,

ff‘if‘jfk@(ﬁ(o)d% = 6;0u + Ouj + O Oi; (B84)

F0r15, (01251 01y F Ory530r35)) + Or53(0rysy 65y + 61255645

+6r172(§S1S26r333 + 532336Y3S1 + 5S3S15r3~Y2)

+6r1"3(631526f2S3 + 5S2S36V231 + 633S16r232)

+0ryr3 (0515, 01155 + 053530715, + Os3510r150)- (B85)

These integrals can be used to obtain other useful integrals, for example, those that are valid for any (three-dimensional) vector g:

[agae - 0o0d% = 05, + 8ud + 6, = Ualiys (B86)

+57152(6”251§r3 + ('7&6735'1) + qr1(6r2316r3$2 + 6’2&67351)
+6r1r2(6slszqr3 + ‘_I;vzér;sl + qtyl(sr_gSz)
+6r1r3(6s132qr2 + 67526r2s1 + q;]érzsz)

+06r,r(0515,G,, + G, 0151 + G, 0r15)- (B87)

and by further contractions,
[agae@ - 90 =705, + 4G, + 6uG) = T als (B8S)
f@fjfk(l - %2)(5 )¢V = — %[iq]ik- (B89)

As a quick double-check of the above results, by performing the further contractions
f G @ - q)d0d% = 5G; f 5@ - @ ¢Vd% = 35, (B90)

which is easy to verify directly.
Similarly, for a triple contraction with any fully symmetric third-rank tensor §:

[agaee: a-00d% = 6ty + Gox + Gou + Gy (BO1)

f 5P @6 § - 6)00d% = 423, (B92)
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where one defines vector ¢ = (1/2)Trq. Finally, for any (3 x 3) matrix A:
f G56c: A)pOde = Ay + Ay + (TrA)sy; (B93)
f &, 8y,8 8y, (66 A)PODE = 8,5 (Arays + Apyry)
F0ry5 (Aryry + Arsry) + Orys(Arr, + Aryr)

+‘Sl‘lrz(Arm + AX[V} + (Trfi)(smsl)
+6r1r3(Ar2_v] + ASl"z + (TrA)érzsl)

+67’2’3(A7’151 + Aslrl + (Trj)(srls])’ (B94)
and by further contractions,

f (&6 A)pOd3% = 5TrA: (B95)
f&iéjﬁz(éé: A) O3 = TA; + A + (Tr/i)é,-j); (B96)
f F(@E: A)dOd3%E = 35TrA, (B97)

and so for symmetric traceless matrix II:
f &5@e: I eOd% = 210 (B98)
[age@e: IeOde = 14m;; (B99)

f &56,6(@6: T O d%
=261y + oully + Oylly + Oully + 0;lly + Oully). (B100)

A curious reader might find the following integrals useful:

f 5E568@E — 1)e0d% = 0
f (@ = 5)90d% = 0;
f @ — 3)¢0d% = 0. (B101)

B.7. General nth-order Perturbation

The hierarchy of the simplified reducible Hermite polynomials (with tilde) can be calculated directly from (B3) as

A7 =@ - 5);

A = &6 = 7) = 8@ - 5;

AY = 6@ — 148 + 35);

A =ae @ — 1822 4 63) — ;& — 148% + 35);

A =& — 27¢* + 18982 — 315);
AY = 66,68 — 3364 +2976% — 693) — 6;(c° — 27¢* + 18982 — 315);

A = &(e8 — 4466 + 59464 — 277282 + 3465), (B102)
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and the fully contracted ones for the even orders are

A® =& -3
AY =& — 1082 + 15;
H® =& —21&* + 10562 — 105;

H® = &8 — 3660 + 37884 — 126082 + 945.

RG] . .
The even order polynomials Hlj " can be rewritten into

TN P U~2
I_Itj = C,'Cj— ) —H

J

3
7® _ |z 5 2 — b @,
Hy" =|&g — &2 (@ H

3

~ b b
i =\ag - 3j ~2)(C4 — 182% + 63) + 31H(6)
19 _(ze — dig)(es b H®)
Hy =|&¢ — — 3 (@° — 33¢* + 297&2 —693)+?H .

The orthogonality relations can be calculated as

together with

;2) f ¢(O)H(2)H(2)d3~ — 2]’1 (2) (4) f ¢(())H(4) (4)d3~ — 28]’1

Iy f $OR A d% = 1008k, ;

[oora we =5 [ 0ORVHVa% = 6;

f QR A d% = 108, f POAYAED % = 120;

f ¢(°)I%(5)H;5)d3~ — 2806 f PO HOHO 3 — 5040,

f O A" d% = 151206, f dOH®F® 33 — 362880;

f $OAP A d% = 13305606,

l] ’ l] ’

where we used traceless Hermite moments (with hat):

with 7% = 0 (so that h

Xa

A @m

~en) 1o ~on
g =hy = SR,

2
i )) The perturbation of the distribution function then becomes

120 280
o® 1 ;o0
5040 15120 © '
P g® L ;o0 g
362880 1330560 © '

1~ ~0 1 ~3) ~03) 1 ~@) ~@

—hH+ —iH + —hy; H;
2 10 28

1

1 ~6) ~
1 i; )%@ n
1008

1 ~® 1)

+———h; H; +
66528

_|_

The corresponding perturbation with the irreducible polynomials reads

X, = hij'z)Hz;'Z) + hi(3)Hi(3) 4 hi§'4)Hi]('4) + hOH® 4 hi(S)Hi(S)

4 h[}@[.[[j@) + hOF®) hi(7)l—1i(7) + hég)l_lllj(s) + h®OH® 4 hi(g)l—li(g) + o

A f sOAYAS % = 66528,

77 (5)

Hunana et al.

(B103)

(B104)

(B105)

(B106)

(B107)

(B108)

(B109)

i.e., no normalization constants are explicitly present. Now one can clearly see the motivation behind the definition of irreducible
polynomials of Balescu (1988), where the direct relation between irreducible (no tilde) and reducible (tilde) Hermite polynomials can
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be shown to be

1 1/2 = on
H(Zn) -l - H( );
2'n!(2n + H
1/2
HentD _ 3 0.
! 2'n!(2n + 3)! ' ’
1/2
Hon 15 PﬁM)—lﬁﬂ?Mj. (B110)
J 2'(n — 1)!(2n + 3)!! 3

Up to the normalization constants (which can be viewed as coming from the orthogonality relations), the scalar and vector
polynomials are equivalent to each other. The only difference is for the matrices Hl-](»z"), where the irreducible polynomials are defined
as traceless. Multiplying (B110) by £,/n, and integrating over d°c yields analogous relations for the Hermite moments:

1 1/2"2;1
hem = ————— | A%
2"'n!(2n 4+ D!
3 1/2
pomn (3 ﬂ(znﬂ);
! 2"n!(2n + 3)!! '
1/2
hon — 15 G — Lsyatmy. (BI11)
v 2'(n — 1)!2n + 3)! / 3

~ (2n)
ij

Importantly, because ﬁij(-zn) is traceless, multiplying (B110) and (B111) yields

BEVHED = 15 A E (B112)
J 21(n — 1)!2n + )N

The two approaches, with reducible and irreducible polynomials, thus yield the same result, with the only difference being the
location of the normalization constants. Furthermore, it feels natural to define traceless polynomials (with hat instead of tilde):

A~ (21) ~eny 1o ~on
H;" =H;" — 55,-,H , (B113)
and on the right-hand side of (B112) replace
il\u(Zn)I:Il](zn) ﬁ (2n) AU(Zn)’ (Bl 14)

which holds because ﬁij(-zn) is traceless. The main advantage of introducing the polynomials ﬁ;zn) is that, instead of calculating ﬁ,;zn)
from its definition (B107), one can directly define

A(2n) _ —ff A(2n) (B115)

Then the two approaches are indeed equivalent, because the same polynomials are used, with the location of the normalization
constants being an ad hoc choice.
From the Appendix of Balescu (1988), one can guess and then verify the following generalizations for the reducible polynomials:

A% — min___ ! @n+ D!,
Z( o m!(n — m)! 2m + 1)!!c2 ’ (B116)

FOD _ Z( pymin__ 1t CrA I (B117)
m!(n — m)! Qm + 3)!11

n—1 1 " 7@n=D
O _ Eifj(Z(—l)yH"l n— 1) 2n + 3)!! 52”’) B 5ink~7

)

m!(n —m — 1)! 2m + 5)!! ¢
L= G (=D @n 3N b 7o
_lzz Y -1 m+n—1 2m “H . Bl1
(C’C’ 3¢ )(mzo( o —m = Diam 51 ) T (B118)
Aen u e man—1 (=1 QCn + ) .,
a7 = — cml. B119
i (c 9 )(mzo( D —m— Dl @m + )1 ) B9

62



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

Applying a trace at (B118) yields (B116). Similarly, the orthogonal relations are

f POAPE™ 3¢ = 20120 4+ 1)1 S (B120)

D) ~m . "
f¢(0)Hi(2 +1>ng2 D s 2'n!(2n 4 3)! 66 B121)
’ 3

f¢(0)1:1'('2n)H1512m)d35 _ 27— D!2n 4+ D!
i =

15 [(2 + 3)(6tk61 + 6116j/€) + 2(” l)éijékl]énm; (B122)

f¢(0) o) A(2m)d3~ 27 n = D20 + 3N

2
15 [5ik5ﬂ + Oudjx — g‘sijékl]énma (B123)

and applying 6;;0;; on (B122) recovers (B120). Note that the orders of the Hermite moments “m” and “n” are one-dimensional and
6, =1. In contrast, for the indices, 6;=23 applies. Also note that n!=n!!(n—1)!! and 2"n!=(2n)!!, implying

2"n!(2n + !'=2n + 1)!. Applying traceless ﬁk(lz " on (B122) or (B123) yields the orthogonal relation

A2 2n) A (2 2
h]fl n) f¢(0)H( ”) ( ”)d3~ _ h( n) f¢(0)H(2n)H(12n)d35

2 — 1)!Q2n + 3! on

B124
15 Y B129
Finally, the general perturbation then can be written as
Z 15 ]:l\ij(Zn) Ai;211) 1 ]:l-(zn) I:](zn)
2"(n — D!I2n + 3)!! 2'm!(2n + D!
+;ﬁi(2n+l)l:li(2n+l) ’ (B125)
2'n!(2n + 3)!!

(2) ~(2n) A (Zn) A (2n) ~

where for the first term 72 = 0 (and so ﬁij(»z) ). Alternatively, h; = hy (2") . The perturbation (B125) is equivalent
to a perturbation with irreducible polynomials:
Z [h (2n)H(2n) + JCm) pr(2n) +h (211+1)H(2n+1)] (B 126)

where again h® = 0.

B.8. Hierarchy of MHD Hermite Closures

et us use the third-order momen = instead of the heat flux, so that no additional factors are present (also note tha
Let the third-ord t X» = 2g, instead of the heat fl that no additional fact present (al te that
X =3p). The even order moments are decomposed according to

Xl;?") = %X(Zn) 4 HEJ?M, B127)
where the scalar part X*™ is further decomposed into its Maxwellian “core” and perturbation X (with wide tilde), as

&(2n)

X0 = @n+ DL 4 & (B128)
0

so, for example,

X = 1572 ¢ Y. x© = 1051’ O x® = 9451’ x®. (B129)
p? p?

63



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

Then, by using the Hermite polynomials (B102)-(B104), one calculates the hierarchy of the Hermite moments:

RO, e PR,
P p
) 1/2 )
m@ﬁga[ﬁxﬁ>14xﬁq; h“)l%[pxm) 21XM1
P2 p p*Lp
_ 12 2
m”>::f%—5[fgaqﬂ —272x® +»189xf”];
p?lp p
i® :%[pZ O _ 36279 Jr378X<4>]
Pl p
_ 12 3
ﬁ%:%ﬁ{%xw 4ﬂ’ﬂ”+5%pﬂﬂ 2Wm¢1, (B130)
P> p p* p
together with
p =1 L — 7H§f)];
plp
“ 2
A0 =L Zne — 182 4 63H<2>],
plp p
[ 3 2
WO =L Zn® - 3320 420720 - 693115].2)]. (B131)
plp p p

Prescribing the last retained Hermite moment to be zero then yields the corresponding fluid closures that are summarized in
Section 8.6, Tables 3 and 4.

B.8.1. Propagation along the B-field (lon-acoustic Mode)

For a propagation parallel to the mean magnetic field that is applied in the z-direction, linearized equations without collisions
read

op u 1
— + pyOyu; = 0; — 4+ —39,p=0;
ot Poctle ot Po P
dp 5 2
— + =pyO.u, + =0.q. =0
or 3p0 Uz 3 24
0
Sy oxw - 2P0y,
! Po
oxX® 7
ot T GZXZ@ + EX(g4)8zuz =0;
ox® X
Ly amw—l op =0, (B132)
ot 3 po

where all of the variables are scalars. We are neglecting collisions and viscosities, to make direct comparison with the CGL model in
the next section. The even order moments are decomposed into a Maxwellian “core” and tilde perturbations with (B129), so that their
mean values are Xé‘” = 15p; / po and Xéﬁ) = 105;703 / py- These moments are thus linearized according to

@ i lin. X(4) (2 p ) + Y(4) x© I lin. X((,) (3 P £ ) + X(6) (B133)
Po  Po Po Po
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Table 5
Summary of the Hermite Closures and Corresponding Dispersion Relations for the Parallel Propagating Ion-acoustic Mode (Electrons Are Cold), Where
¢ = w/(ky|vn)

Closure Dispersion Relation Solution £( =
Y =0 ¢-5/6=0 0913
=0 G=6/HC+(5/12)=0 0.553; 1.166
PP =0 G = (/) + (35/36) =0 0.737; 1.338
=0 ¢ -7/ + 35/12)¢ — (35/72) =0 0.471; 0.966; 1.531
X® =0 ¢ —(35/36)=0 0.99; 0.99 i
RO _ o ¢ —(35/12)¢ + (35/36) =0 0.59; 1.23; 1.36 i

Note. With the Hermite closures (the upper half of the table), no spurious instabilities are present. Unphysical instabilities appear if one prescribes erroneous fluid

>(6)

closures at the last retained moment X; ® =0or X" =0 (the lower half of the table). However, if one prescribes at the same time, O =0 and X = 0, the

system is again well defined, with a dispersion relation equivalent to the closure P =o.

and the last three equations of (B132) then become

a o)
g 208+ Sﬂ(azp—@@p)z

ot 2 pg Po
~4)
a); +a.x9 — 2004 =0,
t Po
x> o ;
9 1702 0y - Lo.p| =o0. (B134)
at p() pO

Prescribing a closure at the last retained moment yields the dispersion relations in the variable (= w/(|ky|vy) that are summarized in
Table 5.

The example clearly demonstrates that Landau fluid closures are actually not required to go beyond the fourth-order moment,
which contradicts a claim in the last paragraph of Hunana et al. (2018) and also claims in various parts of Hunana et al. (2019a,

2019b; see, e.g., Section 12.2 in Part 1). Obviously, the closures X; ® = 0 or X = 0 are not allowed by the fluid hierarchy (unless

q.=0or Y = 0as well). Instead, for moments of order n > 5, one needs to construct “classical” closures at the Hermite moments.
Nevertheless, all of the Landau fluid closures reported in the above papers are constructed correctly
Out of curiosity, prescribing closures with a free parameter “a” as X Q. = 28a(p, / Py)q, or O = = 2la(p, / P X @ yields the

following dispersion relations:

Ta 350 35
4 2 —0-
L2 4+ 0; B135
¢ 3 ¢ 18 36 ( )

Ta 35a 35 35a | 35
6 Tap (32 35), 3%a 35 B136
N (6 12)€ 24 36 130

The XZ(S) closure with dispersion relation (B135) yields an instability for a < 1/2, and the X closure with (B136) yields an

instability for a < 2/3. There are therefore a lot of closures that do not create these unphysical instabilities.
>(6) @

Finally, the situation is saved by completely decoupling the odd and even moments, prescribing X~ = X~ = 0, for example, so
that Equations (B134) are replaced by
0
3l 2 py Po
ox® 2
+ 702 0.0 — Pog.p| = o0 (B137)
8t p() Po

The dispersion relation of this model is equivalent to the closure M =o.
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B.9. Hierarchy of CGL (Parallel) Hermite Closures

The hierarchy of one-dimensional Hermite polynomials calculates (with weight exp( — ¢2/2))

HD = c:

H® =& —1;

H® =& - 3);

H® =¢* — 6% + 3;

H® =¢@* — 1082 + 15);

H® = &0 — 15¢* 4 45¢% — 15;

HD =&(@% — 218* + 10562 — 105);

H® =8 — 2836 + 2106* — 42082 + 105;

H® = &8 — 366 + 3786* — 126082 4 945), (B138)

further yielding the following hierarchy of Hermite moments:

KD =0;  h® =0;

W3 — L/zxﬁ). e — P .
ps/z pz
172
S — P_(£X<5> _ 10X<3>); e — L(Bjﬁ 15X<4>),
p*\p p’\p
172 ( 2
W = ”3_/2(”—2X<7> —212x06 4 105X<3>);
po\p P
h® — PZ(PZ (8) _28” X(6) + 210X(4))
p\p P
P2 ( p? P p
WO == X =36 X7 + 3785XC) — 1260X |, (B139)
P2\ p’ P b4
where the even moments were separated into
3 o
PO LA GRS ORI P AN R 105" X,
p p? p’?

X =@n - L4 X,
P

(B140)
This yields the hierarchy of Hermite closures summarized in Table 6. Note the difference between (B140) and the isotropic (MHD)

decomposition (B128) (in the three-dimensional CGL geometry, one typically uses the notation X = -
Hermite polynomials (B138) can be written in a general form:

H(2n+1) _ i(*l)nim (2n + 1)' 52m+1;
21=m(2m + 1)l(n — m)!
2n)!

&, (B141)
21=m 2m)(n — m)!

n
H(Zn) — Z (_l)nﬂn
m=0

Then it can be shown that prescribing the Hermite closure A" =0 or *™ =0 is equivalent to prescribing the fluid closure

n—1 n—m
X(2n+1) — Z(_l)nferl (2}’! + 1)' E X(2m+l);
2'm02m + D!(n — m)!
~n n—1 | nme "
T _ S (— 1y (2n)! P Fem (B142)
et 2-mm)\(n — m)!

By using Equations (12.49)—(12.54) from Hunana et al. (2019b), we calculate the corresponding dispersion relations, which are
summarized in Table 7.
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Table 6

Summary of Hermite Closures for Parallel CGL Moments, Together with Corresponding Fluid Closures
Hermite Closures Fluid Closures
®_0 X¥=0
W —0 )?(4) -0
=0 X® =102x®

P
RO X = 1528

P
WP =0 XD = 212X — 1055

~ o~ 2~y
h® =0 XY = 28280 — 21058
K =0 X©) = 362X — 378LXS) + 12602X0)
P p°

Note. The usual parallel heat flux ¢ = X®. Note that beyond the fourth-order moment, both classes start
to differ. A general form corresponding to A®"*P =0 and h*™ = 0 is given by (B142).

Table 7
Summary of Hermite Closures and Corresponding Dispersion Relations for the Parallel Propagating Ion-
acoustic Mode (Electrons Are Cold), Where ¢ = w/([k;|v)

Closure Dispersion Relation Solution £¢ =

M —0 - 3/2=0 1.225

M —0 G¢—33+3/4=0 0.525; 1.651

=0 ¢ —5G+15/4=0 0.959; 2.020

W — o ¢ —(15/2)¢ + (45/4)¢ - 15/8 =0 0.436; 1.336; 2.351

P =0 ¢ — (21/2)¢" + (105/4)¢ — 105/8 =0 0.816; 1.674; 2.652
®=0 ¢ — 14¢° + (105/2)¢* — (105/2)C 4 105/16 = 0 0.381; 1.157; 1.982; 2.931
K =0 ¢ —18¢° + (189/2)¢* — (315/2) 4 945/16 = 0 0.724; 1.469; 2.267; 3.191
Note. No spurious instabilities are present. Spurious instabilities occur if one prescribes the closures
K = 0 or X2"*D = 0 at the last retained moment.

Curiously, from Hunana et al. (2019a), the not “well-behaved” Padé approximants of the plasma dispersion function R(¢) that
contain no Landau damping read

1=y e
R4,5(C)_ 1 — 4(2 + (4/3)C4’
1= /59 + @/15¢
Re9(C) = 1 — 6¢2 + 4¢* — (8/15)¢°’
— 2 ! — i
Re1a(0) = L= O4/39C + 20/2D¢ — (8/105)¢ 14

1 — 8¢C2+ 8¢* — (32/15)¢° + (16/105)¢8”

Comparing (B143) with Table 7, one comes to the nonobvious observation that the denominators of the above approximants are
equal to the dispersion relations obtained with the Hermite closures A’ = 0, 1 =0, and 2® = 0. This observation is analogous to
the Landau fluid closures when electrons are cold; see Equation (3.358) of Hunana et al. (2019a). Thus, it is expected that for proton—

electron plasma with finite temperatures (and with electron inertia retained), these three dispersion relations will be equivalent to
0)
Tje
©0)
THP

Rn,n’(Cp) + Rn,n’(Ce) = O’ (B144’)

which we did not verify.

Appendix C
Evolution Equations for the 22-moment Model

Here we use evolution Equations (A4)—(A9), and by applying the contractions at these equations we obtain the 22-moment model
in detail. The pressure tensor is decomposed as p; =p,b; + H;(z)’ where the scalar pressure p, = p. /3. Instead of considering the

full moments X, X5, X3),,» and X0} . one only considers the contracted vectors and matrices
ad) _ ya(Q). a@) _ ya@®). ad) _ ya(s). a6) _ ya(6)
X=X X = X X = Xy X = X (€D
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The even order moments are decomposed by separating the traceless viscosity tensors HEJ-Z”):
S S
X4 = % Xe 4 Ie@;  xa© = % X4©) 4 7146, (C2)

where the fully contracted (scalars) X = X, x© — X 40) The scalars are further decomposed into their “Maxwellian core”
and a perturbation around this core (which is denoted by wide tilde):

XY xO — ek © = 1058 4 %O, (C3)

a

P
X® = TrT, = 15~ +
Pa

As in Braginskii (1965), we use notation with the Boltzmann constant kg = 1, and the temperature is defined as T, = p,,/n,. Note that
ma/Ta = pu/pa'
C.1. Decomposition of Moments

The heat flux tensor g;; and moments Xﬁl), le(il)m are decomposed according to (see Appendix B)

ah = [Iq 5 (C4)

2
a 1 pa a 4
Xji = 3(15— ( ))«x,ék, + 8y + 8udye)

Pa
+%[Hg<4>5k, + TV 65 + TG0 65 + T 8 + T9Y 6 + T2 6515 (C5)
Xs(jﬁgzyu‘g = [Xa(S) (63233654_?5 + 65‘25465355 + 6323565334)

X“<5> (8515305555 1 Os150 05355+ Osys5Os350)
+XEO) (8515, 65455 + Bs1sy Osyss + G515 030
+X D (85155 0555 + Os1s305355 + G555 0553
+XEO) (641565355 + Os1s305054 + G515, 0551, (C6)

where the highest-order irreducible parts of moments (C4)-(C6), denoted as o' o and ot

ik Ol > are neglected (which provides the
reduction from the 56-moment model to the 22-moment model).

l]klm °

C.2. Evolution Equation for the Scalar Pressure p,

By using the decomposition p, = paI= + IEIEIZ), the evolution equation for the scalar pressure p,, is obtained by applying (1/3)Tr on
the pressure tensor Equation (A6), yielding

op 5 2 2 =) 1 -2 2
“+u,-Vp, + =p,V-u, +=V-q,+=1I,: (Vu,) = =Tr = =0, Cc7
o Pt 3P 3V 4t 3 (Vu,) 3 o, 3Q (C7)

Alternatively, using temperature T, = p,/n, yields the following equation:

na_daT_a + PaV “Ug t+ V. q, + ﬁ(aZ): (vua) = %TrQ:a(z) = Qa» (CS)

3
2 dt

which identifies with Equation (2.3) of Braginskii (1965). The collisional energy exchange rates

0 =22 [leaPC(fd. (€9)
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= (2
C.3. Evolution Equation for the Viscosity Tensor H;)

The evolution equation for the usual viscosity tensor is obtained by subtracting I times (C7) from (A6), yielding

dg + APV - u, + Qb x I )S+(ﬁf)-Vua)S—§i(ﬁf): Vug) + V - §, —%iv-q,,
s 2 o I ~0
| (V) = S0V ug | = 0,7 — ST (C10)

It is possible to define the well-known rate-of-strain tensor:
= (Vu,)’ — %I:V U (C11)

Equation (C10) is exact. Using the heat flux decomposition (C4) yields V - g, = (2/ 5)((Vg,)’ + IV - q,), and so Equation (C10)
becomes

@

dH +H(

dt

OV -ty + Qb x TILY + (A0 - Va)s — 1<H t V) + < [(vm —fv-qa]

@,

Wi=0""=0" - gTréf), (C12)
which, for example, identifies with Equations (39)—(40) of Schunk (1977). It is possible to define
W, = %[(an)s - %iv : qa], (C13)

where we use a heat flux superscript “q” to differentiate it from (C11). As a double check, applying a trace on (C12) shows that both
sides are zero.

C.4. Evolution Equation for the Heat Flux Vector q,
The evolution equation for g, is obtained by applying (1/2)Tr on (A7), yielding

d, _ R _ _ L
fada q,V -u, +q, - Vu, +q,: Vu, + Qb x q, + lTrV “F, — i[ipav g, +(V-p) ~13”]
dt 2 P, L2
:% Tr[Q=a(3) _ L (Rj)s] ~Lr, A%, (C14)
2 Pa

where Tr(R,I)S = 5R,. This equation is exact. Using the heat flux decomposition (C4) yields
4, Vu, = 2/5)lq, - Vu, + (Vu,) - q, + ¢,V - u,l, (C15)

and applying a trace at decomposition (C5) yields
2
Trr, = 5—I +
Pu

X9 A, (C16)

b.)|~||

which is of course equivalent to decomposition (C2), (C3). Note that the closure Tr7, = 5% p I can be viewed as an isotropic analogy

2
Pla PlaPLa W
o Tl = == Tlla = =% with py,=pi.=pa. because the
a a

of the anisotropic bi-Maxwellian “normal” closure rjj, =

following general identity holds for any gyrotropic distribution function: Tr7é = rHHaI;I; + 7 la(l= + I;I;) + 2r; La(l= — I;I;). Then
one calculates

2
%Trv-rz‘a:—V( ]+ log® 4] 3V n?, (C17)
pU
together with
lTrV‘I:;,—i[ipaV‘ﬁa+(V~ﬁa)'ﬁa]:§pav& + Log® o v i
2 2 2 ] 6

by a? Lw.gyon
29, Pa

Pa

@

a

(C18)
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and evolution Equation (C14) becomes
deq, 7 7 2 - 5 )
T g,V u + =g, Vg + (V) g, + b x g, + 2p, V| 2
dt 5 5 5 3
1 [a4 1 = = 1 —- =
+lvx® ly.a® kg a® _ Lg.g) Aa?
6 2 29, Pu
_ g = lTréf’ kg Lp a® (C19)
2 2 pu Pa
As a double check, reducing the 22-moment model into the 13-moment model with the -closures Yf) =0 and
I = 7(p/p) ML yields
lo a¥ Shg g®B-mbhg 752, TH® yfA| (C20)
2 2p, Pa 2 Pa

then evolution Equation (C19) recovers Equations (39)-(40) of Schunk (1977).

. . . . = (4
C.5. Evolution Equation for the Viscosity Tensor HZ)
The nonlinear evolution equation for the fourth-order moment 7, = Xi;?,{(l4) is given by (AS8). First, we need to obtain the evolution

equation for the matrix (Trr¢); = X;“), which is further decomposed into (C2) and (C3). Applying a trace at (A8) yields

%Trfa LV (TR + (V- u)Trd, + 27 Vg
t

S
2 - =
-—V pu) 4,

Pa

+ | (Tr7) - Vg + Qub x (Tri) — 2(V - ),
Pu
= 2 _
=g - ~1(Rig,)* + Ro - 4, 21)

As a quick double check, Equation (C21) appears equivalent to Equation (3.4.35) of Balescu (1988, p. 154; after accounting for the
different normalization constants of 1/2 and adding a missing “s” index to his fourth-order moment S,,,,). Applying another trace at
(C21) yields

Z“X;‘” + VX + (V- u)X® + 4(Tri): Vu, — i(v ) - q,
t Pa
—11g” — 2R, 4, (€22)
Pu

To obtain the evolution equation for the matrix H;J%(“)’ we need to subtract (I= /3) times (C22) from (C21). For example, we need to
calculate

1
X = SO+ XD+ X{O0y);

1
X = g(ajx,.“@ + 0X! + 50X,

5
X" — Lo - %(ajx;'@ + 09X — g@jakx,f@), (C23)
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together with
R Vit = <X (V) + 17 )
I =@ =(4) s =(4), ¢
+7[Ha (V-u,) + 1AL, : Vu,) + (1'I “Vug)® + (Vu,) - 11,7)°];
Trr,: Vu, = %Xf‘)(v ~ug) + ﬁi?): Vu,;
2% Vay — LaTei: Vu, = 2x® ((Vua)s - Tiw - ua)) - —I(H(4) Vu,)
3 15 3 21
2 =4 = (4) s =4 ¢
+7[Ha Vuy) + A1, - Vu,)® + (Vuy) - Ha ) 1, (C24)
and the useful identities are
(Tr7) - Vet = ~X9 (Va)® + (A - val;
b x (Tri)s =[b x H.PS. (C25)
The heat flux contributions calculate
V-B) 4, =<1V -5)g) +1(V-5,) - q,
so the heat fluxes are added as
—2((V -p)g)S —2(V-p) -4, +1 (V ) 4,
14 s
=—- —|(V-p)q) — —I(V )4, (C26)
The fully nonlinear evolution equation for the matrix 15124) thus reads
- dagy® 1 [(VX<5>)S 2iw <5>)] + 3( ), + 3(1‘1(‘” Vu,)s
) @, - =
+= ((V Q) IS — 21 1(1'I : Vu,) — —[((V‘Pa)qa)sgl(v P) qa]
ON® 7 P o ¢ 2z
+Q(b><H ) +—15—+X (Vu,)® — =I(V - u,)
15 Py 3
10, — S11g," - ﬂ[(&qﬁ -2, qa)] ©27)

_Q<>,E

At the semilinear level (while keeping the d/dr), evolution Equation (C27) simplifies into
i 5) Ao TP
(vXa )] +Qa(b X Ha )
(C28)

H(4) [(VXKES))S 2
dt
P, 2= = I =@
7—“[(Vua)5 - =I(V - ua)] =Q, '=TrQ, — —=TrTrQ,
Pa 3 3
Finally, neglecting the coupling between heat fluxes and viscosities (which is the choice of Braginskii), the simplest evolution
equation reads
2
Wig® o 0,6 x Ty + 77w, = g9, (C29)
dt Pa
Vu,)s — 2/ 3)f (V - u,) is the usual rate-of-strain tensor
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~(4
C.6. Evolution Equation for the Perturbation Xa( )

The fully nonlinear evolution Equation (C22) for X¥ reads

daywr o g xO 1 IxOv -uy + 401 vu, — 2V 5 - q,
dt 3 £y
110" — 2R, 4, (C30)
Then, by using X\¥ = 15(pa2/pa) + )7‘1(4) with
2
4 4
da| P :&[—Zpav'ua——v'q ‘1% vu, + Qa], (C31)
dt\ p, ) p L 3 3 3
one obtains the fully nonlinear evolution equation for X ;4)
dag® L. x® _20lav g + IRV ) +4[ 0P - sEAP): va,
dt Pa 3 Pa
- ~@), = @) 8
- —(V ‘p)q, =0, '=TTQ," — 20L “Q, — —R, - q,, (C32)
p{l p{l p(l
and, at the semilinear level,
Z—SF(‘” +V-XO 2082y . g, =0 =g — 20220, (C33)
Pa Pa

The collisional contributions can be found in Section 7.1; see Equation (142).

C.7. Evolution Equation for the Heat Flux Vector X
Applying a trace twice at (A9) yields

gTrTrXa(S) + V- (TrTeX*®) + v - @oTrTeX“C )) + (TrTeX*® - Vyue
4 AR Ve 1 Qb x (TR — 1w - 5T 1 4w - 5oy - Tex?)
= e — LROTeTeR Y 4 4R Tr ), (C34)
Pa
By using the definitions of the vectors X® = TrTrX®”, 0 = TrTr@", and
1
X;;Z) = 5 [Xi(s)éjk + X}S)(Sik + X,ES)(SU];
1
X5 O = g[Xi(S)V cug + XOud + XO 0], (C35)

together with the decompositions (C2) and (C3), the fully nonlinear evolution equation becomes

Z xX® + vx“’) +V- ﬁf) + %Xﬁ(v cu) + %Xf) -V, + i(Vua) X+ Qb x X
Pa D, (o) 7 =, @ R )
+70-4V| =2 v I, f3—(V'p“)Xa - —(V -p*) - 11,
Pa Pa pa a “
2
—0 =" —3shig, TRV tp a? (C36)
Py 30 Pa
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Because we do not go higher in the hierarchy, the model is closed with the closures (see Equations (B130) and (B131) or Section 8.6
with Tables 3 and 4)

RO — 21 Zg®. 7Y - 18P _ g3l 1'1(2) (C37)
pa Pa o
At a semilinear level, Equation (C36) becomes
2
daye) | 7Pagg® | ISP"V [ g 98 Ly . 11,
dt £y
pz
+ Qb x X© + 70 [ ) 0P =QP —354R,. (C38)
a

Appendix D
Simplified General Fluid Hierarchy

Previously, we introduced a full fluid hierarchy in Section A, which contains n-dimensional moments X;Z)n By applying
contractions at these moments in Appendix C, we derived evolution equations for the 22-moment model. Instead of doing that, it is of
course possible to obtain evolution equations for contracted moments directly from the Boltzmann equation. This simplified
hierarchy is formulated with heat fluxes (vectors) and stress tensors (matrices)

n n = (2n) I e
X0 = m, [edePrfydv: 1" =m, [ (caca - §|ca|2)|ca|2 fod, (D1)

together with fully contracted scalars, which are decomposed into a Maxwellian core and perturbation (notation with tilde)

Xcgzn) - m, f|ca Prf dv = 2n 4+ 1)1 — 7, . Y(Zn) D2)
P

a

meaning a definition of X, g

matrices

= m, f lea " (f, —f(fo))d3v, where fch) is Maxwellian. In another words, one considers the

S
X;(Zn) = m, flca|2nfzciachf;1 d3v = %Xa(Zn) + H;Qn), (D3)

[a¥] 2
which are decomposed into fully contracted scalars and stress tensors. Note that X = 0 and Xa( ' = 0.
Unfortunately, the traditional definition of the heat flux vector ¢, = (1/2)Tr§,, which contains a factor of 1/2, goes against the

general ideology that no additional factors are introduced by contractions. Also, we have previously reserved vector QS) " for the

right-hand side of the heat flux g, evolution equation, and not for Xf). Obviously, our previous notation is not ideal for
generalization to nth-order moments. To circumvent all of the problems with the previous definitions, we define new collisional
contributions for the heat fluxes and stress tensors with @ (mathcal of Q), as the vectors and matrices

Qr V= m, [ leafrefC(fd;

Q;(Zn) = m, f ca |2n—26ia CfC(fa)d%; (D4)

together with the fully contracted
0 =my [lesPrcfpd:  0u =" [lePCfdb. (D3)

The energy exchange rates Q, contain the traditional factor of 1/2, and Qf) = 20,. The momentum exchange rates
R,=m, va(fa)d3v. In the vector notation, matrix éa(Zn) =TrTr ... Tr Qa(zn)
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Then, the direct integration of the Boltzmann equation and the subtraction of the momentum equations yields the evolution
equations for the scalars

0
EXQ(Z’” + ak(ukaxaan)) =+ 8le?(2n+l) =+ (Zn)XiZ(Zn)akuia

(271)(v XD = gatn _ @n)
Pa Pa

where (n) without a species index should not be confused with the number density, the evolution equations for the vectors

SSLREXO D, (D6)

gxia(er_l) + ak(uﬁxia(2n+l)) 4 8kXI;1i(2n+2) _|_Xka(2n+1)8kuia 4 (2n)X;k(2"+l)6ku;‘
t
(2n) 22V b =q )legi(zn) _ i(v _p:a )ixa(Zn) + Qa(l; % Xa(2n+1))i
Pa Pa
:Q?(ZnJrl) o LRiaxa(Zn) _ (2n)R1?XI?i(2n)’ (D7)
Pa Pa

and the matrices

0
EX";Q”) + O XYY + XY + (2n — z)xgk?")(akuf)
2 - 2n — 2 =
+|xzema, w9 b x X n)) ; (V a)Xa(Zn 1) ( ; )(V N X,SJ(Z" 1
a a
:Qg(Zn) . L[RiaX;z(Zn—l)]S o (2n — 2)RaXIZJ(2n 1), (D8)
Pa Pu

which are valid for n > 1. For example, evaluating (D6) for n = 1 yields the evolution equation for the scalar pressure p,. Applying a
trace at (D8) recovers (D6).

The matrices Xl;‘( ") are then decomposed according to (D3), where the stress tensors H,‘;(z”) are traceless, and higher-order tensors
are decomposed according to (where the tensors o are neglected, which is the core of the hierarchy simplification)

1
leak(2n+1) 5 [Xia(2n+])6jk + X;l(2n+1)é‘ik + X£(2n+l)611]; (D9)

1
Xa7m = ISXQ(M (660 + 6ikbju + 6ubjr)

1 a(in alzn ain alzn alzn a(in
+7[Hlj(2 V8 + TIECV 85 + TGO 85 + TI927 6 + TI4P 85 + TIEP 6. (D10)

Applying a trace at (D9) yields the identity, and applying a trace at (D10) yields the decomposition (D3). The evolution equations for
the fully contracted moments (scalars) then become

%Xf”) + VO XeD @X(gmv u, + oI Va,

1
(2’1) RGN ) - X(Zn 1y _ Q(2n) (2”)Ra 'X;Zn—l)’ (D11)
Pa Pa

for the heat fluxes (vectors)

(2n)

dayoniny n (2n +5) X DT .y 4 XD vy ] 4 (Vatg) - XD

dr

= (2n+2 2 3 = 2 = = (2n
F VX v Y - 2w xen e 2w ) T
Pa Pa
+ Qb x XD = QS"H) _ (2n3—+3)RaXL§2”) _ Q_”)Ra . ﬁf”)’ (D12)
Pa Pa
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and for the stress tensors (matrices)

d, 1'[(2") ll:(vX(SZnJrl))S _ %I:V ) Xé2n+1):| L @ntS (2n+5) = (Zn)(v 3
dt 5 3 7
n [(2n7+ 5) (ﬂ(Zn) Vu,)’ + (2n7 )((V . H(zn))s B 2(411214— 3)1(1=I(2n) uu)]

_@nt3) [«v AOXE 0y - 2RV ) -Xf”“]
50, 3
+Q (b % H(Zn))s + (2n1—5|— 3)X[§2n)ﬁ{l
_ =22n)/ = éf’l) B z [52") o (2n5+ 3) I:(RaXtEan))S _ %I:Ra . Xéznl):l. (D13)
Pa

By applying a trace at Equation (D13), it can be verified that it is traceless.
The fully contracted scalar variables are then decomposed into a Maxwellian core and perturbation (with tilde) according to (D2),
yielding the evolution equation for scalars

j—)?(z") + v x@en p B IeG L onf: Va,
n—1
—@n+ D @(i) Vg, + 1 Vu, = Ew ) - xD
3 a Py
n—1
_@za(zn) =0 _ (20 4 D! (23n)(p ) 0, — (2n)R XD, (D14)
and for heat fluxes
da v n (2n +5) N . (2n) .
EX‘EZ 0 4 7[){52 O .u, + Xéz DY, + —(Vua) ~X6$2 +1)
+ 3 V)?J(2n+2) + V. = (2n+2) (2’1 + 3) (v ) p=a )Y:Zn) _ (211) (v ) Hf”)
Pa )
+2n + 3N = () Py lv(&) @n+3HNP “V H(z) T Qb x X @D
3 r, Pa 3 !
—~(2n = (2n ~(2n " n - (n
_ 22 +1, — Qf +h) 2n + S)RaXa(z ) 2n + 3) p—“Ra _ (2n)Ra ~H512 ). D15)
3, )

The evolution equation for the stress tensors (D13) contains only one trivial term with X*", where

n p" - ~On) =
2n+3)!I! p, W4 (2n+3)X;2 )m’

(2}’1 + 3)X(2n)‘i/a _ 8
15 15 prt 15

and we do not rewrite the full equation. Equations (D13)—(D15) are valid for n > 1, where for n =1 (D14) reduces to zero, so this
equation is meaningful only for n > 2. In the semilinear approximation, the hierarchy simplifies into (189)—(191).

Appendix E
BGK Collisional Operator

Before the calculations with the Landau collisional operator, it is beneficial to first become familiar with the heuristic relaxation-
type operator known as BGK, after Bhatnagar—Gross—Krook (Bhatnagar et al. 1954; Gross & Krook 1956), written in the following
form:

C(f) = Cu(f) = — Zuab(f . (E1)
b

The Maxwellian f(gg) has two indices and is defined as

O — ma Y exp( - mglv — uy|? (E2)
“\ 27T, 27, '

75




THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

Note that only the velocity u,, has the index “b” and that the temperature, mass, and density have the index “a.” Accounting for
different temperatures is possible by considering the generalized BGK operators of Haack et al. (2017). The s1mple BGK operator
yields momentum and energy exchange rates

1
Ry = Pal/ab(ub — U,); Qup = Epal/ablub - ualza (E3)

where both the momentum and energy are conserved (note that for heuristic operators it is advisable to directly calculate both R, and
R, together with Q,, and Q,, to verify that they are well-defined). This BGK operator also satisfies the Boltzmann H-theorem,
which for multispecies plasmas has the general form

fCab(ﬁl)an;d% + fC;,a(fb)lnﬁ)d% <0, (E4)

where the equality is true only if f, and f;, are Maxwellians. For the BGK operator, each part of the H-theorem (E4) is satisfied
independently. It can be shown that f (f, — fa((b)))ln fa(g) d® = 0, and subtracting this integral from the first term of (E4) yields

[ cottompdy=va [~ fomnfd = v [ 9 = fmfS d

0

= v [ () fa)ln(ffo))d% <0, (ES)

ab

where in the last step one uses that for any real numbers a > 0 and b > 0, the following identity holds: (¢ — b)In(b/a) < O (the
identity is easily verified, because for a > b the first term is positive and the logarithm is negative, and for a < b the first term is
negative and the logarithm is positive; the identity is equal to zero only if a = b).

The BGK collisional contributions calculate

0, = ma [[ecesCor( ) = — vy T, -+ vipp, Subu: (E6)
Q_a(z) fCacaca ab(f )dgv = — Vabqa + Vabl, [(Sul] + Vabpa5u5u6u, (E7)

where éu =u;, —u,.

E.1. Viscosity Tensor I:I( )

The collisional contributions that enter the right-hand side of evolution Equation (C12) are

=(2) = (2) = frict

071=0" - éTrQa = ~-W, (E8)
where we define
U, = Zyab; (E9)
b
= frict I= o
W, = — 0, V| Oubu — gléul , (E10)
b

and where the superscript “frict” means the frictional contributions due to éu. The frictional contributions are only nonlinear, but we
keep them to show that it is possible to take them into account. Using the quasistatic approximation, evolution Equation (C12) can be
simplified into

b x TI)S 4 sz n” - Q—(paW W W, (E11)

a a

where the matrices Vzié, and Wf are given by (C11), (C13). Equation (E11) can be directly solved. Nevertheless, the stress tensor of
Braginskii does not contain heat flux contributions or frictional contributions. To understand the solution of Braginskii more clearly,
let us first solve the above equation only with the matrix W,.

. L =) . . .
The simplest quasistatic H(a) is thus obtained by solving

@ (2)

b x 1. Zuqg® _ _ Py (E12)
Q, Q,

)S
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For any traceless and symmetric matrix W,, the solution of (E12) reads (see the details in Appendix E.4)

O, =—1iWo — ' Wi — W + W5 + 04 Wi

= = = = 1 = +sr =
=1 a'¢+5(abb)¢,
Vo=, - W, - bb)S;
V=L x W 1S
2
Vo= (b x W, - bb)S, (E13)
with BGK viscosity coefficients
_a _a 2 Q(l Qll

SR+
The coefficient 7 is called the parallel viscosity, 1;, 1, are perpendicular viscosities, and 713, 14 are gyroviscosities. Importantly, the
BGK solution (E13) is identical to the form of the Braginskii (1965) viscosity tensor, his ]_Equations (4.41)—(4.4_2), onl_y his \iiscosit_ies
are different. A comparison is presented in the next section. All four matrices W, ... W are traceless and Wy + W, + W, = W,.

. . . . . = (2 =
When the magnetic field is zero, so that £, =0 and 75 = 1} = 73, the stress tensor (E13) simplifies into H;) = — oW, and
contributes to the momentum equations in a familiar form:

9 - 9 9 77 = ;
7 a2 + 2 02+ 2 42 + 2

B=0: VR = V) = (Vo 19T ) - () - (E15)

analogously to the viscosity of the Navier—Stokes equations (the last term can be neglected if 7; is spatially independent).
_ If the mean magnetic field is sufficiently strong that its curvature can be neglected, (E13) can be evaluated with respect to
by = (0, 0, 1), yielding

a na a a na a a a a
nee = fg(wxx + W) — 7‘<Wm — W) — niWa;

2)a 77(31‘ a a ayxsa .
ngy) = T(WM = Wiy —m W

)a _ .
sz a__ _nz W)az _ 77; wa

Xz
H(Z)a _ —n—g(Wa + Wa) + n_?(wa _ Wu) + awu.
oo 2 xx »y 2 xx Yy 773 xy?

2 )
H(yz)a =ngWe — Wi

N2 = —nfwe, (E16)

which is Equation (2.21) of Braginskii (1965). As a double check, adding TI + II()* + I = — na(We + Wi + W2 =0,
so the stress tensor is indeed traceless (even though all of the diagonal components are nonzero). For strong magnetic field 2, > 7,
the viscosities (E14) simplify into

na _ & na _ lpapa_ a pa
0o - 1

%% Saps T

Considering only self-collisions, the BGK viscosity coefficients (E14) were first recovered by Kaufman (1960), even though he

does not write them explicitly, and one needs to get them by rearranging his Equations (12)—(15) into form (E16). The same results

for np — 73 can also be found in Helander & Sigmar (2002, p. 86), for example; see also Zank (2014, p. 164), although the 7,

coefficient is erroneously related to 73 = 27, which is a valid relation only in the limit when x = €, /7, is small (i.e., a weak

magnetic field). The correct relations are 75(x) = 75(2x) and 7 (x) = 15(2x), which are valid for both the BGK and Braginskii
solutions.

; nj = 277‘3‘. (E17)

. . o = - o < fri .

Now one can consider more general (E11), with the heat flux contributions Waq and the frictional contributions Wam[. The solution
of (E11) is analogous to (E13), because all of the matrices on the right-hand side are traceless and symmetric. However, it is useful to
rewrite the solution in a different form by defining the new matrix

~

W, = (Vun)s + Si(v%)s, (EI8)

a
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Wo — nf Wi — s Wa + 3 Ws + ngWy;
](55 -

[SSHRL T

|

and the stress tensor then reads
= (2)
Ha = 7778

= =~ . 2
Wo = é(W{l:bb) -V-.u, - —V -gq,
2 5p,
1 o T
S Zyab(éunz - —|5u|2) bh— 2|
2 Pal » 3 3
I e 1 =~ aa 2 -
=0 W, L+ | =W bb) —V -u, — —V-q,|L
2 5p,
—“Zvab(&qém - I_LléuLP);
Pap 2
Vo= W, b6) — 25w Loy 15
Pa b
Vo= = x W, 1)5 — L2570, 16 x swpou, I:
2 2pa b
Vo= (b x W, - b)Y — L5 (b x ou)bu b, (E19)
a b
with viscosities (E14). Prescribing g, =0 and éu = 0 of course recovers (E13).
E.2. Heat Flux Vector q,
We consider the 13-moment model, where evolution Equation (C19) becomes
daq, 7 7 2 - .
L+ —=q,V - u, +—-q, Vu, + =(Vu,) - q, + Qb x q, + =p, V| —=
o 3% 54 5 (Vi) - g 9+ 3P (pa)
= = 1 _ =
+2g A 4 Ia® . v(&) — —(V-j) -1,
Pa 2 Pa Pa
31 =3 Sp, 1 = (2)
=0 =-TrQ  — =-=R, — —R, -1I,, (E20)
“ 2 “ 2 p(t pa
and the BGK collisional contributions calculate
1 =
L1g® — 2P, = vg, + L culsul. (E21)
2 Pa 2
In a quasistatic approximation, (E20) can be simplified into
A 7, 115 = 7= 1 - =
bxqa—i_y_qa:___pav& +&VH(aZ)+_ ZZ)IV& __(Vpa)l_‘[f)
Qq Qa2 » Pa 2 Pa Pa
+ g, A - Z@paéuwuﬁ]. (E22)
Pa b 2
A general vector equation (where a is an unspecified vector, unrelated to the species index)
~ 1Z a
bxgq,+—q,=——, E23
q, Qaq Q, (E23)
has the following exact solution (splitting the equation into parallel and perpendicular parts g, =q,+¢g., and a =a; +a, with
b x g, = 0; applying b x on the perpendicular part; using b x (b x ¢, ) = — ¢, ,; and solving the two coupled perpendicular
equations by eliminating b x q, )
1 A . 7
. =— —(a-b)b +  _bxa—- ———a. (E24)
T %G+ G

7
Note thath x a = b x a, . Result (E24) represents the solution of Equation (E22). For zero magnetic field, ¢, = — a/7,. The BGK
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contributions that are linear. At the semilinear level, (E22) simplifies into

A 7, 1
bxq, +—q,=— —
q Qaq o

%paV(&) 4 g ﬁf)l, (E25)
Pa

a

with a solution again given by (E24). The BGK operator can therefore account for linear (!) contributions of the stress tensor IEIEIZ) that

enters the heat flux g,, similar to the previous result for (E19), where the heat g, flux entered the stress tensor IEIEZZ). Such a coupling is
typically neglected with the Landau collisional operator.
The simplest BGK heat flux is a solution of the equation

bxgq,+ g—‘;qa = - % Qf m Yy (E26)
and the solution reads:
4, = — K{VT, — K. T, + b x VT, (E27)
with thermal conductivities
1= rmmem T im@ed 2

We use the Braginskii notation with vector V| = bb - V. If the magnetic field is zero, so that €2, =0 and ff = £, the solution
simplifies into g, = — k{f VT,
E.3. BGK versus Braginskii Comparison

Here we compare the BGK viscosities and heat conductivities with those of Braginskii (1965) for a one ion—electron plasma with
ion charge Z; = 1. The BGK viscosities (E14) contain 7, = >_, 1,5, and in general should be added according to

\3/2
DiZVii-FVie:Viil-l-ﬁ%E ;
Zi N\ m; \T.

1
U =V + Uy = 1| 1 + ——=|. (E29)
( Ziﬁ)

However, for the ion species, Braginskii neglects ion—electron collisions, and thus 7; = v; and 7, = 1.707y,;; see Section 8.2. Using
Braginskii’s notation with one-index v; = v;; and v, = v,; then implies

7, = auv,, where o;=1; «a, =1.707, (E30)
and introducing the quantity x = €, /v,, the BGK viscosities (E14) then become
ny = OZ/‘,; ny = %MZa—jai; ny = f—z#“oé; ny = %%zz—ioé; ny = %’m (E31)
Note that 7 (x) = 75(2x) and 75(x) = 73(2x). Similarly, the BGK heat conductivities (E28) become
K = D I /BN R e B al (E32)

2, vmy, L 2 um, (2 4 a?) T2 um, (2 + a2y

The viscosities and heat conductivities for Braginskii are given in the main text. The ion viscosities are compared in Figure 3, the
electron viscosities in Figure 4, and the heat conductivities in Figure 5. A small value of x represents a weak magnetic field and a
large value of x represents a strong magnetic field.

E.4. Nonlinear Stress Tensor Decomposition

Here we want to consider the BGK equation for the stress tensor (E12),
b xS+ Lin=—Lw, (E33)
Q Q

and clarify the solution (E13). Species indices are dropped, and both IT and W are symmetric and traceless. First, we need to learn
how to decompose any general matrix. It is useful for a moment to consider the undefined matrices W and II, which are not
necessarily symmetric or traceless.
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l_
Braginskii Braginskii
0.8 BGK
0.6
nv
p
0.4+
0.2
0% T T T T
0 1 2 3 4

Figure 3. Ton viscosities of the BGK model (red) and of the Braginskii model (black), normalized as /) = nv; /p,- vs. the ratio x = ;/v;;. Left: perpendicular
viscosities ni, 773. Right: gyroviscosities T/;, ’r/i‘. For large values of x, the BGK asymptotic profiles for f/3’ =1 / (2x) and f]i =1 /x become independent of collisional
frequencies and match the asymptotic profiles of Braginskii exactly. The BGK asymptotic profiles for 771" =1 / (4x?) and 772" =1 /)c2 have the correct functional
dependence, but differ from the Braginskii asymptotes by a proportionality constant. The BGK operator reproduces the ion viscosity of Braginskii with surprisingly
good accuracy.

Braginskii ~ Braginskii

BGK 0.3 BGK

nv nv 0.2+
p
0.14
S
T T 0% T T T T T
5 6 0 2 4 6 8 10

X =-—
v

Figure 4. Electron viscosities, normalized as 7)¢ = 1u,; /p, vs. the ratio |x| = |©,|/v,;. The results are less precise than for the ions in Figure 3, especially for small
values of x; nevertheless, the same conclusions are obtained.

Braginskii Braginskii

BGK BGK

Figure 5. Heat conductivities ¢ and x2. Left: ion species, normalized as & ‘mv;;/p;. Right: electron species, normalized as % “m,,;/p,. For large values of x, the BGK
asymptotic profiles ¢ (dashed lines) match the Braginskii results exactly, whereas for x{ (solid lines) the results differ by a proportionality constant.
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E.4.1. Decomposition of a Matrix

We will work both in the reference frame of the magnetic field lines (I;O = (0, 0, 1)), which nicely guide and clarify the
calculations, and also in a laboratory reference frame with general b. In the reference frame of the magnetic field lines, one uses the

matrices
. 000 _ o 100 5 0 —-10
bb=10 0 0f; [ =1 —-bb=|01 0F =|+1 0 0} (E34)

000 0 0 O

~

where the last matrix is defined as b x W = (I) - W. Then, one takes a general matrix W, and starts multiplying it with the
matrices bb and I, from the left and right, yielding a general decomposition:

Wo ' =bb - W - bb = (W: bb)bb;
W'=1 -W-IL;
Wo=1 -W -bb+bb-W-I = -W-bb). (E35)
In the reference frame of the magnetic field lines,
00 O Woe Wy O 0 0 W,
Wo'=[00 0| Wi'=|W, W, 0 W=[0 0 W (E36)
00 W 0 0 0 W Wy 0

and adding these matrices together obviously yields the full matrix W. However, the decomposition (E35) also works in the
laboratory reference frame with general b, as can be verified by adding the general matrices together. It is possible to consider an
alternative decomposition, according to

W=W, +W + W;
Wo = O B)bb + 07 DL
= = = = 1 = = =
wi=1I1-w L_E(W:L)L’
Wo=(L - W - bb)*, (E37)
where in the reference frame of the magnetic field lines,
1 1
E(Wxx + vvyy) 0 0 E(Wxx - VV\)) ny 0
Wo = 1 ;. W= : E38
’ 0 > W + W) 0 : Wi —%(Wm ~ W) 0 (£38)
0 0 W, 0 0 0

The decomposition (E37) again works for general b, and in comparison to the previous decomposition Wo! + W, = W, + W,. The
advantage is that if W is traceless, then all three matrices are traceless. It is useful to rearrange (E37), by separating the trace of w
with (W: I))I, = (W: DI, — (W: bb)I,, yielding the decomposition

e TN PV | 1l = ==

Wo==(W:bb)|bb — = | + —(W: DI,;

() 2( ) 3) 2( )y

= = = = 1 = ~r = 1 = ==

w=I1-w L+5(W:bb)L_E(W:I)L,

W=, - W - bb)S. (E39)
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The same decomposition is used for the stress tensor II:

= 3 = oo T 1 = =
IIo==dIL: bb)|bb — — | + —(AI: DI;
0 2( )( 3) 2( ) N
- - = = 1 = = 1 = = =
HIZIJ_ HIJ_-FEbe)J_—E(HI)J_,
L = (I, - 11 - bb)S. (E40)
Let us solve for ﬁo. Applying :bb and :T at Equation (E33) and using the identities
(b x IDS: bb = 0; b xIS: I =0, (E41)
IEI'I;I;:pr:I;I;; ﬁ:i:pr:I:, (E42)
v
(E43)

yields
' v

ANl

gll

and plugging these results into (E40) yields the final solution for the parallel stress tensor:
"F(W: 1313)(1313 - g) + :i)z] .

The solution is valid for any general matrix W (not necessarily symmetric or traceless). If this result is compared with the expression
(E44)

(4.42) of Braginskii (1965), given below by (E46), one notices
1) Lo, i)(g . 1313) -

W = ) = 207 1313)(1313 .
and his result is valid only if W is traceless (which it is). The reason why Braginskii left his result in form (E46), and did not simplify

it with W: I = 0, is likely an alternative form (E47).
E.4.2. Symmetric and Traceless Matrices
_ We further consider only the symmetric and traceless matrices W and l_EI, so all of the previous expressions are simplified with
W:I =0,II: I = 0, and the BGK parallel stress tensor ITy = — (p/v)Wp. For clarity, it is useful to write several possible forms
for
PN P |
Wy = =(W: bb)|bb — — |; (E45)
2 3
Slwe e - L[5 - L : (E46)
2 3 3
-3 (Vu)S: [bb — T(ss - L ; (E47)
2 3 3
o I\ |(r T
=3 (Vu): |bb — = | ||bb — —|; (E43)
3 3
: (E49)

)

_3[13 - (Vu) - b — %v'u](m} —

Braginskii uses (E46), Fitzpatrick (2015), for example, uses (E48), and we use (E45). In the reference frame of the magnetic field

lines,
N VE R 0 ) 1/2, 0, 0
WO:EWZZ 0, —1/3, 0 |1 To=2w.| o0, 1/2, 0 (E50)
0, 0, +2/3 v 0. 0, —1
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To solve Equation (E33), it is beneficial to introduce two other matrices Ws, W;, by decomposing
(b x W)S =2W; + Wi
2Wa=(b x W -1)5;

W= (b x W - bb)S, (E51)
where in the reference frame of the magnetic field lines,
—2Wyy Wi — W,y 0 0 0 W
2Ws = | W, — W,,  2W,  Ofs W,=| 0 0 W, | (E52)
0 0 0 7sz ‘/sz 0

A

The decomposition (ES1) is again valid for general b, which is easily verified using I +bb =1, and the stress tensor is
decomposed in the same way:

(b x TS =211, + Ty:
AL=b x T -1)%;
I, = x II - bb)S. (E53)
Finally, applying bx at the matrices W, ... W, yields the following identities:
b xWo)=0;  bxWi=W  bxW) =W

bxW=-Wi (b xW)'=-W, (E54)
which are easy to verify in a general reference frame with b. The same identities hold for the stress tensor
b x Iy)s = 0; b x II, = II3; b x L)’ = ILy;
b x Iy = —1II;; (b x I1,)S = — I. (E55)

E.4.3. Final Solution

Now we are ready to solve Equation (E33), which is rewritten as
20 + Ty + ST + 1 4 T = — LW+ W+ W) (ES6)
One solution, IEIO =—(p/ Z/)VT]O, has already been obtained, and can be eliminated from (E56). For the rest of the equation, the most

straightforward approach is to be guided by the reference frame of the magnetic field lines, which shows that the system (E56) can be
directly split into two independent equations:

— vV = D s

21 + —1I; = — =W E57
s+ gt a (E57)

- V= D 5

I, + —1IL, = — —W.. ES58
++ g1k q (E58)

In the general reference frame, the split can be achieved by applying I, - from left and right at (E56), for example, which, using
identities I, -II, - I, =0, I, - I, -1, =0, and I, - W, - I, = 0, yields (E57) and subsequently (E58). The split significantly
simplifies the “inversion procedure.”

Furthermore, applying bx at (E57), applying bx together with the symmetric operator at (E58), and using the identities (ES4)—
(ESS) then gives

—200) + —II; = — (E59)

w

—IL + 4=— (E60)

DY 9|
£

QDI D=

Equations (E57), (ES9) are coupled and can be treated as two equations in two unknowns, and similarly Equations (E58), (E60),
finally yielding the solutions

= pv = 2pQ) =

II, = — w + ; E61
ST PR AT S (E61)
= pv = pQ =

= W P (E62)
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The entire solution for the stress tensor II = ﬁo + ﬁl + ﬁ2 thus reads

= P pv = pv = 2PQ = pQ =
II=—-=Ww, — w — W, + W; + W,. E63
v 0 402 + 12 ! Q2 4+ 02 g 402 + 12 : 0 + 12 ! (E63)

E.5. BGK Operator and Electric Field

The BGK operator is also an excellent tool for clarifying various processes in fully ionized or partially ionized plasmas. Here we
want to clarify the ohmic (magnetic) diffusion together with the ambipolar diffusion, both caused by the momentum exchange rates

Ra = ZPaVah(uh - ua)~ (E64)
b=a

From the BGK perspective, one does not need to worry about complicated Landau and Boltzmann operators, and simply “adopts” the
correct collisional frequencies; see, for example, Appendix C of Schunk (1977). The momentum exchange rates (E64) are actually
the correct answer if the relative drift velocities are small and one considers the 5-moment model (i.e., if the heat flux is neglected).
We restrict our focus to spatial scales much longer than the Debye length. The displacement current is neglected, the Gauss law
V -E =4mey_,Z,n, is replaced by the charge neutrality, and no condition is placed on V - E. The Maxwell equations then read

ZZana =0; Jj= ZeZanaua = 4LV X B; (E65)
a a a

OB
ot
By focusing on the spatial and temporal scales of the ion and neutral species, we do not need to resolve the electron motion. In the

electron momentum equation, the electron inertia represented by d.u./dt is neglected (which does not mean that m, = 0; relations
PaVab = PpVpa Still hold), and the electric field is expressed as

=—-cV X E; V-B=0. (E66)

E——Ltu xp-Ltv.j+ R (E67)
¢ en, en,
The momentum equations for the ions then become
Pi—diui +V.-p + _Z,-n,-v ‘B — eZin (i —ue) X B=R; + ZiniRe~ (E68)
dt N, c n,
Also, by using (E65), the electron density n, and electron velocity u, are expressed as
ne => Zin; u, = iZZl-n,-ui -4, j=Ltvxs, (E69)
; ne™; en, 4m

where the summations are over ion species. The electron density equation dn,/0t+ V - (nu,.) =0 becomes redundant, because

multiplying all of the density equations for the charges (including electrons) by Z, and summing them together yields a requirement

V- QCuZangu,) = 0, which is automatically satisfied by V -j = 0 in (E69). Expressions (E69) and (E67) can then be substituted to all

of the other equations (which is easy to do numerically), and the occurrences of E, u,, and n, in the entire model are thus eliminated.
For a particular case of R, given by (E64), the electric field (E67) then becomes

1 j X B 1 - e .
E=——Znu) xB+12°2 - —v.j + 23,
che cen, en, e Ny yep
m, 1
+7 (ZVeaua) - _(ZVea)(ZiZiniui) . (E7O)

a=e ne a=e

[P

The summations over “a” include both ions and neutrals. The terms on the right-hand-side can be called the convective term, the Hall
term, the electron pressure term, the ohmic term, and a mixed collisional term due to ion and neutral velocities, respectively. When
(E70) is used in the induction equation, the ohmic term (~j) becomes directly diffusive through the identity
V x(mgV X B)=— nBVZB +V(np) x (V xB), where one defines a coefficient of magnetic diffusion 7p=
V)M C / (47e*n,). In contrast, no other term in (E70) is directly diffusive in this sense. Nevertheless, the so-called ambipolar
diffusion due to the differences in the velocities u, between different species is still present implicitly, which can be shown by
solving the dispersion relations. The explicit presence of ambipolar diffusion caused by ~ — (j x B) x B =j | B|* is revealed by the
construction of a single-fluid model, formulated with respect to the center-of-mass velocity of all of the species. In general, ambipolar
diffusion between two species with indices (a, b) exists if

Za = é, (E71)
my myp

which is demonstrated in Appendix E.6.
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In partially ionized solar plasmas, one often focuses on a two-fluid model, formulated with center-of-mass velocities for the ion
species (u;) = Q_;pa;)/>ip; and for the neutral species (u,,) = Q_,0.1,)/>_npn- The velocities for each species are thus decomposed
into u; = (u;) + w;, u,, = (u,) +w,, where w,, w, represent drifts; and because (;), (u,) can be pulled out in front of the summations,
the electrlc field (E70) transforms into

E:—l<ui>><B— l(zziﬂiwi)XB+JXB_ lv'e n JZV‘“
c ne cén, én, Ne e
-ww—wm%z%
+_ (ZVeawu) - _(ZVea)(ZZ n; wl (E72)

a=e Ne gze

The electric field (E72) still represents a multifluid electric field, where one considers separate evolution equations for all of the drifts
w,. To obtain a two-fluid electric field, these drifts have to be somehow eliminated, which is of course not straightforward to justify.
In partially ionized solar plasmas, the usual justification is that (1) one takes into account only the first ionization degree, with all of
the ions having Z; = 1; (2) one prescribes that on average »_nw; =0 (which, for example, eliminates ambipolar diffusion between
different ions), together with >_,n,w, =0; (3) all of the species have roughly the same temperature, which, using the collisional
frequencies v,; = n; f(T)//m,, yields >_;v,w; = 0; and (4) all of the neutrals have roughly the same cross sections (radii r,,), which,

using v,, = n,f (T)rn2 / Jmg, yields >, v,,w, = 0. The two-fluid electric field thus reads

1 j X B 1
Ez——(u,-)xB—l—JX — V-p 2 ]Zl/ga
c cen, en, e‘n, 4,

+(un) — <ui>)%§:vm. (E73)

The center-of-mass velocity for the ions (u;) can be freely replaced by the center-of-mass velocity for all the charges (u.) (which
include electrons). Then, the electric field (E73) is almost identical to Equation (115) of Khomenko et al. (2014), except that the
Y nVen in the last term of (E73) is replaced by (O, v.n) — C_i2_nVin) in that paper. The difference arises from the alternative approach
in that paper, where the electron inertia is not neglected from the beginning, but instead the electric field is derived by first summing
momentum equations for all of the species together, and prescribing quasistatic current j. Then, the subsequent expansion in the mass
ratios retains the contributions from R;. Nevertheless, the missing contributions are small v;, < v,,, explaining the small difference
between these two approaches.

For a particular case of only one ion species and one neutral species, so that n, = Zn; and u, = u,; — j/(en,), the electric field (E70)
simplifies into

1 ixB 1 _ ..
E=—-uxB+1°2 - — V.5 + %W + v
c cen, en, en,
2y — ) (E74)
e
B ; 1 .
B _vvw xB)—Vx(J x3)+5Vx(—v-pe)
ot en, e ne

~V x (,V x B) — V x [%ym(un - u,-)], (E75)
e

with the coefficient of magnetic diffusion 1 = (Vy; + Ve,)m.c” /(4me’n,).

E.6. Ambipolar Diffusion of Two Ion Species

Here we consider a two-fluid model, consisting of two different ion species with species indices (i, j), so that the charge neutrality
reads n, = Zn; + Z;n;. A particular case consisting of one ion and one neutral species can be obtained by prescribing Z; = 0 and index
j=n (or Z;=0 and i =n). The momentum equations are

TR _ . _ . Z:n; . .
p Aty gy Aty ANy B~ DM B — R, + DR, (E76)
dt n, c N, cne ne
diu; - Zin; _ n; Zin; Zin; Zn;
o, JJJrv.ﬁjJr AV} JreZzl”lz j "(uifuj) <« B — "]ij:Rj+ iR, (E77)
dt n, c N cn, N,
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with the collisional right-hand sides being

Zin; Zin; )’ Zin; Y
i lRe = 7(1,41‘ — uj)[ply,] + pel/ei(#) + peVej( i z)
Ne ne ne

N
—J—WeiZjnj — vgZiny);
ene

Zn: Zin; \ Zn;
Rj + J jRe:(ui - uj)[inU + peygi( - j) T pe”Ej( i’ll l

e ne e

R +

I WaZiny — vy Zino), (E78)
e

Ne

and the electric field (which determines the induction equation) reading

1 j X B 1 - .
E = f—(Ziniui —+ Zjnjuj) X B —+ J— — V -176 + %}(Vei —+ Vej)
cn, cen, en, €N,
m
+e £ (ui — uj)(Zji’ljl/ei — Z,’I’liVej). (E79)

e

The ambipolar diffusion term —j X B X B =j L\B\z is not directly present in the electric field, and the only term that directly causes
magnetic diffusion in the induction equation is the ohmic term ( ~j). Nevertheless, the ambipolar diffusion is still present implicitly,
which can be shown by solving the dispersion relations or by constructing a single-fluid model.

Using the same notation as Zaqarashvili et al. (2011), and introducing the center-of-mass velocity V= (pau; + pu,)/p, where the
total density p=p;+ p; and the difference in velocities w =u; —u;, so that u;=V + (p;/pw, u;=V — (p;/p)w, yields the
momentum equations

ov - - - 1, PiPj
,OE-l—pV-VV—i—V'(ﬁi—i—pj—|—13€)——J><B—|—V'(—jww):0; (E80)
c P
. _ ZiniZin;
a—w+w-VV—}—V~Vw+&w-Vw—w~V(&w)—wiwa
ot p p cne  pip;
1 - 1 - 1 Zi}’ll' Zjnj - 1.
+—-V.p ——V-.p+—|——-——"V'D - xB
Pi Pj ’ ne\ P Pj ¢
P Zin;\' Zin;\ p_m
= —W——| pVij + P.Vei + p V| — — J———WiZjn; — vyZiny), (E81)
PiPj ne ne Pipj ene
with the electric field
1 1 i X B 1 - e .
E=—-VxB-— Zinip; — Zimjpyw x B+ 172 — — ¥ p o+ D+ wy)
c Cn, p cen, en, en,
+ 2w (Zinju — Zinivey). (ES2)
en,

The system (E80)—(E82) is of course equivalent to (E76)—(E79). However, in a particular case when the collisions are very frequent,
the right-hand side of (E81) becomes very large, and neglecting all of the “inertial” terms in the first line of (E81) with w allows one
to obtain an explicit expression for the velocity difference

YT Pj = i = 1 = 1 .
w=—| G aZiny — vgZin) — 2V -, + by p — —Zinip; — Zjnjpi)(v P — —J X B)], (E83)
D en, p p T pne ‘ c

where we define the denominator

Zin; ) 7.\
D= lpiyij + pel/e,'( d ") + peuej( — 1 | (E84)
n, n,

For frequent collisions, only the first term in (E83) ~j is finite, and all of the other terms are small. Nevertheless, the sought-after
term is the last term in (E83) ~j x B, because when (E83) is used in (E82) it creates the ambipolar term ~ —j x B x B. The single-
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fluid electric field reads

2

en, e

1 . m m
E= —;V X B+ j—- [Vei + vy — _ED(VeiZjnj - Vejzini)z]

j X B 2m,
+J [1 + m (Z,-n[pj — Zjnjpi)(l/eizj'nj — VejZ,‘I’li):I
cen, nepD

JxXBXxB
Sz gp G Be
V-p
_ 1 [1 + me (Zinjve — ZiniVej)(Zinipj — Zjnjpi)]
en, neD
me - -
+ Zjnjvei — Zinjvg) [—p;V - p; + p;V - p;]
en,pD
1 - - 1 _
————(Znip; — Zj”jpi)[ﬂjv P + oV -p — —(Zinip; — Zinjp)V 'Pe] x B. (E85)
cn, p-D ne

Importantly, the sign in front of the ambipolar term is negative, and because —j x B x B=+j |B|*, the term indeed creates

diffusion in the induction equation. It is possible to define a coefficient of ambipolar diffusion:

2 (Zinip; — Zinjp;)?
Na = IBE , _ ViA; where A= — A p

) (E86)
4mp n2 pD

and V, is the Alfvén speed. As a double check, prescribing zero charge for one of the species, the electric field (E85) identifies with
Equation (A.10) of Zaqarashvili et al. (2011; for example, our denominator simplifies to D = o, + oy, = ). Also,
m = |IBP pi / (47 p%(p:Vin + p,Ven)) identifies with the usual coefficient of ambipolar diffusion; see, for example, Equation (20) in
Khomenko & Collados (2012; after switching to cgs units with po — 4m). The ambipolar diffusion exists if

Zi £2 ﬁ (E87)

m; m;
It is important to emphasize that the reduction to a single-fluid model was obtained by assuming that collisions are sufficiently
frequent, and that the ambipolar diffusion (as well as other terms) now contains a denominator D, which can be simplified into
D = pv;;. So, when the collisional frequencies v; become small, this leads to an artificial “explosion” of the ambipolar diffusion. This
is nicely demonstrated in the figures of Zaqarashvili et al. (2011) plotted with respect to a wavenumber k ~ k/v, where it is shown
that for a single-fluid description, the ambipolar diffusion in a collisionless regime (when k becomes large) yields cutoff frequencies
for waves. The mechanism is completely analogous to the “explosion” of the Braginskii stress tensor or the heat flux vector in a
collisionless regime. In contrast, as they show in their two-fluid figures, no “explosion” of the ambipolar diffusion is present. The
effect is further discussed in Zaqarashvili et al. (2012).

E.6.1. Damping of Alfvén Waves

For example, considering Alfvén waves at long wavelengths, and focusing only on the ambipolar diffusion (with the Hall-term,
ohmic terms, and pressure terms neglected), the induction equation reads

B
VX VBV X (7 % B (Es8)
t
with the coefficient of ambipolar diffusion (E86). This yields the following dispersion relation for Alfvén waves:
w? + iwV kA — Vik[ =0, (E89)

with solutions

(E90)

VakjA )2 VAkPA
—1 .

w==x Valkyl./[1 —
AL ( 3 3

Obviously, the Alfvén waves are damped, and for wavenumbers kj > 2/(V,A) the real part of the frequency even becomes zero, so
the wave stops existing (i.e., a cutoff wavenumber). For the particular case of one species being neutral, the quantity A = pi / (pawy),

which can be approximated as A = p? /(pay,) = (2 /((;in). Then, expressions (E89), (E90) identify with Equations (44)~(47) of
Zaqarashvili et al. (2011); however, one needs to use their definition v;, = «;,/ p instead of the more logical (and correct) v;, = o,/ p;-
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Appendix F
General Fokker-Planck Collisional Operator

For Coulomb collisions, the Boltzmann collisional operator can be approximated by a general Fokker—Planck type of collisional
operator,

Colfirf) = — V- [Aabjz - %VV ~ (f)abﬁ,)], F1)

where the higher-order derivatives in velocity space are neglected, and where A is called a dynamical friction vector and D is called a
diffusion tensor. In space physics and astrophysics, various approximations for A and D are used, and if a collisional operator has the
form (F1), then Equation (A1) is summarily called the Fokker—Planck equation. Summation over all of the species (including
self-collisions) then defines the full operator C(f,) =>,Cu(fufs), which can be also written as C(f,)=
-V, - [A.f, — / )V, - (lz)a £.)1, where one defines A, =3_,4,, and lz)a = lz)ab. The Fokker—Planck operators work extremely
well for any collisional process where collisions with a small scattering angle dominate, and where a lot of subsequent collisions
gradually yield (in the sense of a random walk) a significant deviation from a particle’s original velocity direction. This is exactly the
case for the scattering by the electrostatic Coulomb force, where the Rutherford scattering cross section is proportional to
1/sin*(y/2) and heavily dominated by events with a small scattering angle ‘.
For any tensor X, a general Fokker—Planck operator can be integrated according to

SRttt = [t - sy L [y 2% s, (2)
and, for clarity, explicitly in the index notation
). ¢ 0 6X
JERCutt gt = [racSia s 3 [ho (F3)
v 8\1}
The useful identities are
) , 2 2
ol _ . dlel _ L oF _ 2v; Ol _ 2¢;, (F4)
av,» |V| av,» |C| 6V,‘ 8v,-
and the tensorial collisional contributions defined in (5) can be calculated according to
Ra = my [f,Awd; (E5)
Qur = ma [fAay - e’ + 22 [, Tebydy: (F6)
5@ _ S 73 Mg 5 15 73,
O,y = mo [ lAweSd + 20 [1, 1By P dv: (F7)
53 _ S 73 Mg 55 . 15 3
oW ffa wCataSdP + 12 fjg (D¢ 15 d. (F8)

If the diffusion tensor is symmetric, then Dzab = 2D, (for clarity, the symmetric operator does not act on species indices, and in

_ - . = ab = ab = ab ..
general D, = Dy, similar to v, = 1,, the symmetric operator acts as (D; ) = D; + Djai ). The fourth- and fifth-order collisional
contributions are

= (4) a.a aca
@0 = ma [1,Ameacie Bud® + 22 [11Dneseau + B hefc + B et 1d: (F9)

(Qab )ljklm =mgy ff [Aabcacacaca]ljklmd vV 4+ — ff [[Dabcacaca]ljklm + (D );S;(Cacla .
+(D" )iszCk cy + D° ) ¢l ey + (D" )]mC e + (D )kmCzaCacza]d3V (F10)

The first integral in (F9) proportional to A, contains four terms, and the second integral in (F9) proportional to D contains 12
terms. Similarly, the first integral in (F10) contains five terms, and the second integral in (F10) contains 20 terms. The second

integrals in (F9)—(F10) can be written simply by picking two indices for D* and giving the rest of the indices to ¢,c, and c,c,c,. The
generalization to the nth-order collisional contributions defined in (A10) is done naturally by introducing a set of indices
R ={r...r,}, together with an ordered set (s, 5,), and writing

5 () ab .a mg a
@ nrsn=ma [ LA S et Py + 22 [ [IDG e, eyl
where (s, sp) € R={r ... r,,}; and s3 ... s, € R\ {51, 52}, (F11)
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so that the first integral contains (n) terms, and the second integral contains 2( 2) = n(n — 1) terms. Alternatively, one can replace

. . . =ab
the ordered set (s, s) with a nonordered set {s;, s,}, and include the symmetric operator on D”.

It is useful to write the collisional contributions for the contracted vectors, matrices, and scalars by assuming symmetric D“. We
use the definitions from Section 8.3 (see Equation (188)) that were also used in Appendix D; see Equations (D4) and (D5). This
yields the collisional contributions for vectors:

Q" =ma [ 1Cw@? - epenea + A% lea 1S, d
+m, [ 1Cm@ = DO cicdealedr* + m)(TD e lea 2
+ @n)(eq - D™)lea 21, d: (F12)
for matrices:
Q) =m, [ 1A% el > + @n = 2 - eeseale,Pr AU,
g [ 15"l 2 + @n = DB - cuc)leaP
= DTD")euealeaP™ + (1 = 12— HD™: caea)eatalea O, d: (F13)

and for scalars:

05" =m, f [2n)(A™ - ¢2)|ea "2 + (n)(TrD™

+@2n)(n — 1)(l=)ab: caCa) e 41f, dv, (F14)

ea" =2

all valid for n > 1. Applying a trace at (F13) recovers (F14).

Appendix G
Landau Collisional Operator (5-moment Model)

For Coulomb collisions, a very accurate collisional operator was obtained by Landau (1936, 1937) in the following form (see, for
example, Equation (1.2) in Braginskii 1958):

2me*Z; Zj; In A . o, (v/ "o
Cotffy = = FEEERAL [ | DA BT o -
a b a
Vo I (=) - v/). @
[v — /| v — v/

With this collisional operator, Equation (A1) is known as the Landau equation. The Landau collisional operator is sometimes called
the Landau collisional integral, because (G1) contains an integral over d*’ (i.e., it is an integro-differential operator). The operator
can be rewritten into the general Fokker—Planck form (F1) by introducing Rosenbluth potentials

5O s

H,(v) = v';  and Gp(v) = ffb Wy — v'|d¥, (G3)
v —v|

yielding (see, for example, Equations (7)—(8) of Hinton 1983)

_ 2
Agy =25 [y 4 Ma|OHO) @ OGHO)  oredz2Z2 I AL (G4)
; my) O m; Ovov
The useful identities are
_ o _ 2 _
EV:_zu:_iV’ a |V—V/|:V, (GS)
O v —v'|? o’ Ovov

and it is easy to verify that (F1), (G4) recovers the Landau operator (G1) (after one uses the Gauss—Ostrogradsky divergence theorem
in velocity d’, which makes the associated integral vanish). By using Laplacian V2 =V, - V,, the following identity implies

, 1
Ty — |

= —4rs(v — V), = VIH,(v) = — 4nf,(v). (G6)
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The Rosenbluth potential H,(v) is thus completely analogous to the electrostatic potential ®(x) (with a Poisson equation
V20(x) = — 4mp.(x), where p.(x) is the charge’s spatial distribution), here just used in velocity space. Also, because of the identity
V2|lv — v/| = 2/|v — V|, the Rosenbluth potentials are related by

1 2 1 nmg 8 =
Hy = ~V2Gy, = Aw = ~|1+ ™2, G7
b= b b 2( m;,)@v b (G7)

However, the structure of the Rosenbluth potentials implies that the Landau operator is quite complicated. Indeed, the simplest
example, when prescribing Maxwellian f, = n;, /(73/2v3,)exp( — y?) with the (vector) variable y = (v — u,) /vy and scalar y = Jy|,
yields the Rosenbluth potentials

Hy(v) = ﬂm; (G8)
Vihb Y
Gp(v) = npv ELEpCY erf(y) (G9)
b = NpVihb N 2 y )1,

where the error function erf(y) = (2 / JT) fo Y e Pdz is present. These Rosenbluth potentials make the collisional contributions (F5),
(F6) difficult to calculate.

For clarity on how the H,, is obtained, it is useful to introduce the (vector) variable x = (v' — v) /vy, and the scalar x = |x|, and
change the integration into %' = v, d>x, so that

v/ —up |
T2 _ 2
Hy(v) = — % f Tl o M f RCEAEN (G10)
R R 3 vy -0 x

In the last integral, the variable y is a constant (because v and u;, are constants). One introduces spherical coordinates in the x-space
with orthogonal unit vectors é, é,, €3, where the direction of vector y forms axis é;3 = y/y, so that the vector

x = xsinf cos ¢é; + x sin @ sin ¢pé; + x cos fes. (G11)

In this reference frame, y = (0, 0, y), and so |x + y|> = x> + y? + 2xycos®. Then one can calculate the integral in spherical
coordinates d*x = x? sin 0dxdfd, yielding

o0 €7|x+y|2 0 m 2.2 .
f d*x = 27rf f xe~ ) gin e~ 2 cos 040
o Jo

—00 X

:27‘rfoo xe,(x2+y2)i(e+2xy _ efzxy)dx _ Efoo (e,(xfy)z . 97(X+y)2)dx
0 2xy y Jo

00 00 N y y 3/2
:Z(f e~dz — f edy) = Zf ePdz = 2m e d; = T erf(y), (G12)
y Joy y Y-y y <0 y

recovering (G8). The result can be verified by calculating (G6). Similarly, the potential G, can be obtained by calculating
o0 2 T [ 2 2 T, ™ 2 o0 2
f xe R Py = —f x2 (e — o= dx = —(f (z + y)le“dz — f (z — y)e%dz)
—o0 yJo y J-y y
y 00 y
ZE(ZI e dz + 4yf e ¥ dz + 2y2f e ¥dz) = 7T3/2(y + ZL)erf(y) + me ™, (G13)
y 0 y 0 Y

recovering (G9), and which can be verified to satisfy (G7).
Note that because erf(0) = 0, the error function can actually be defined as an indefinite integral:

2 2 2 _Gta)? erf(x + a)
— | e dx = erf(x); — e » dx = —.
JT f ) NG f

b2
The useful relations are erf(—x) = — erf(x) and erf(co) = 1. Then the calculations above can be done more elegantly, for example:
f e 0dx = YT erfi(x — ) — I+ erfey).
0 2 =0 2
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G.1. Momentum Exchange Rates R,
To obtain the momentum exchange rates R, one needs to calculate

R =ma [ fiAwd =2 “”(1 + )ff Oty s,

mg
2%(1 n —)fH Ya g3, (G14)

Prescribing Maxwellian f, = (n, / (3 2vtha)) exp( — |v — u,? / vlha) with general velocity u, leads to the “runaway” effect addressed
below in Appendix G.3. It is useful to first consider a simplified situation where the differences between the drift velocities u, and u,
are small. The Maxwellian f; is rewritten with the variable y and the variable u = (u;, — u,)/vna, and expanded by assuming that
lu| < 1, so that

n 2 ng,
_ a —lyatul® ~ -2l _
A 7r3/2v£ae 3/2% e 1 —-2ay - u), (G15)
where o = v/ Vina- Then the derivative
0, 2n,
o Bt oy - 200wl (@16)
Vtha
and one needs to calculate
4 a a a & f —
R,y = = b(l + 2 ) 3/n 5 f = (y) Y llu + ay — 20y (y - w)ld, (G17)
my my, Vthavthb y
O+@+06

where we split the integral into three parts. The integration over d°v can be changed to v, d%y. We will use

00 1
f e’y erf(y)dy = ———;
0 2a%\1 + o?
0 302 + 2
ey erf(y)dy = ——— = G18
fo y* erf(y)dy 2 (1 T a2 (G18)
The three integrals are then evaluated according to
o erf 00 2
®= uf er—(y)e’yz“zd% = uvtf’lb47rf y erf(y)e Y ’dy = uvt‘;’lb—ﬂ;
—o0 Y 0 a?y1 + a?
o Conc erf(y) ey = 0
2 00
=—-2a? f y(y - erf(y) eVl = — Z%uf y erf(y)e @’ d3
87 2.3 f 3 2.2 87 23 3&2 + 2
= ——Qa“ VU erf(y)e 7 dy = — —avjp————m———, G19
3 thb 0 y ()’) y 3 thb 40[4(1 + 0(2)3/2 ( )
and so
27 27 V5 Vthb
O+@=uyd, — =" =t Thathb (G20)
321+ 0?3 0, + )
The entire result (G17) can then be written as (see, for example, Equations (46)—(47) of Hinton 1983)
Rab = pal/ab(ub - ua)’ (G21)
where the collisional frequency
16 npeZ2Z7 In A mg
v = T = T R g e, (G22)
3 Mg (Viha + Vinb) mp

and the thermal speeds v[ﬁa = 2T, /m,. Note that m,n,v,;, = mpn,v,, holds. The collisional frequency (G22) is identical to Equation
(C2) of Schunk (1977); see Equation (179).

It is useful to clarify the physical meaning of the collisional frequencies. Considering momentum equations for two species where
all of the spatial gradients are neglected, so that du,/0t — (eZ,/m,)E =R/ p, and Ou, /0t — (eZ;,/my)E = R,/ pp, then subtracting
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them and defining the difference du = u;, — u,,, yields an evolution equation

Z Z
_6514 + véu (_b - _a); V="V + Vpa- (G23)
ot my, My
With no use of Maxwell’s equations, and instead assuming an applied (external) constant electric field and also constant collisional
frequencies, an initial velocity difference éu(0) evolves according to

u() = ou@ye ™ + (1 — e”’)ﬁ(é = é) (G24)
v o\ mp mg

Approximately after time 7= 1/ (which represents many small-angle collisions), the dependence on the initial condition disappears

and the difference between the velocities reaches a constant value:

u, —u, = i(é — é) = const. (G25)

Vap + Vba \ M my

Provided that Z,/m,, = Z, /m,,, the collisional time 7= 1/(v,;, + V,) can then be interpreted as an average time that is required for
particles “a” and “b” to experience (many small-angle) collisions, so that the difference between their average fluid velocities reaches
a constant value proportional to the value of the applied (external) electric field E. For the particular case of Z,/m, = Z,/my, the
velocities become equal regardless of the value of applied E.

For a particular case of a one ion—electron plasma, u, — u; = — ¢E /(v,;m,), which can also be directly obtained from the quasistatic
electron or ion momentum equations. Prescribing the charge neutrality, n, = Z;n;, so that the currentj = — en.(u, — u;) then yields the
relation j = oE with the usual electrical conductivity o =1/n= ezne/ (v.im,), where o does not depend on the value of current j
(because j is assumed to be small).

G.2. Energy Exchange Rates Qg

Similar calculations are used to obtain the energy exchange rates Q,, according to (F8). It is beneficial to notice that
TrD,, = (4Cab/m )H,, and so

ZCab 8Hb 2C¢,b 3
b = . v+ —= | f,Hpd"v; G26
Ow = ( )ff . ff pdv (G26)
8H], np 1 2 2 1
- 2yl — = eV — _erf , G27
B v[ﬁby(yz = }; (y)) (G27)

and because ¢, =YV, + UV, then

OH, 2 1
E0 ey = 2 (v + (- y)vin)| e — —erf G28
™ 2 (vino + @ - y)vi )(y T = (}’)) (G28)
|2

Importantly, to correctly account for the |u|” contributions, the f;, has to be expanded further:

_ Ny
f"l 3/2

Vtha

ng
3/2

e~ batup ~ e (1 — Qay - u + [uP) + 202(y - u)), (G29)
Vtha

where « = v/ Vina- This distribution function yields

2namy, 1 |uef?
Hyd =
J st ﬁ[m 50+ a7 |

8H;, 2nun;, 1 |u2|
. _ + , G30
ff ﬁvthaI: (1 + a2)3/2 (1 + a2)5/2 ( )

and the final result reads

., - T, 3 my T, 1 my )
=3p Upp—————— + P, Vpp— - — u, — u,l|-, G31
Qub Py Vab m, + my, Py Vab 2 mﬂ; i maﬂ) 3 m, + m, | b a ( )
or equivalently,
T, — T, T, 2T, T
Qab _ 3/7,11/(1}7 b a mb(3 alMg + allp — bma)l u, —u, |2. (G32)
mgy + my 2(Tbma + Tamp) (my, + my)

Hinton (1983) calculates only the first term, the thermal exchange rate (his Equation (52); see also Landau 1936 for an ion—electron
plasma). Calculating Q. + Opa = PaVas|ts —ua| = (u, —u,) - R, yields the energy conservation, and the result (G31) is well-

92



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

defined. (Recalculating R ,;, with the further expanded f; (G29) yields the unchanged result R, = p,v.,(u;, — u,)). As a double check,
expanding the more general expression for unrestricted drifts (G64) (by expansion ¥, =1 — 62) yields

T, - T, |ub_ua|2 mp 2
Ous = 30, Vb 1 - + oV —2juy — ug P (G33)
a paama+mb &_’_% pclamb+ma a
Mg b

Results (G33) and (G31) are equivalent, and valid for an unrestricted difference in temperature. Prescribing that the difference in
temperatures is small simplifies the frictional part into

T, — T, m
Qup = 3p,Var—— + pyVar——lup — uy . (G34)
my + my, my + my,

This frictional part is derived elegantly in the Appendix of Braginskii (1965).

G.3. Ry, and Qg for Unrestricted Drifts uy, —u, (Runaway Effect)

Here we want to calculate R, for the general Maxwellian distributions f,, f;,, with no restriction on the value of the difference
u;, —u,. We follow Burgers (1969) and Tanenbaum (1967). Instead of using the Rosenbluth potential H,, and calculating (G14), it is
easier to consider

ab—zz”(w ) f f(v)ﬁ,(V’)l |d3vd3' (G35)

Additionally, instead of v and v/, it feels more natural to use v, =v and v, = v'. It is useful to introduce the vectors x = v, — v, and
u =u,; —u, The integral is then calculated by introducing the “center-of-mass” velocity,

T, — T,
C = mgVy + mpVvp _ mal, + mpUyp mgmy, b a (ll _ X), (G36)
my + mp ny + mp (ma + mh) (thz + mg ];1)
which transforms
2 2
ngn v, —u Vv, — U
szl;: 3(;173 exp[|a zal 7|b zbl )’ (G37)
T Vtha Vihb Viha Vihb
into
_ namy, ICP |x —uf
Jalo = o TE exp(——@2 | (G38)
with new thermal speeds
2T, T,
=0t =g v (G39)
mpTy + m Ty

Importantly, d°v,d’v, = d°Cd’x (by calculating Jacobian). For later calculations of more complicated integrals than (G35), the useful
transformations are

Cq = - mb]zl (x - u)’
mpTy + mgTp
o=C+—alb oy, (G40)
mpTy + mgTp
The integral (G35) thus transforms into
lx—uf?
Cab a Ngnp X -
R,, = 25b(1 4 e f—e ? d, G41
b ma( mb) 73233 J x3 (G41)

where we have already integrated over d>C. One introduces a reference frame in the x-space with unit vectors é;, é,, €5, where the
direction of vector u defines the axis &3 = u/u, so that

x = xsinf cos ¢é, + x sinf sin ¢é, + x cos fes. (G42)

For example, the integration of (G42) over ¢ yields fo > xd¢ = 27x cos 0és, i.e., the result is in the direction of u. Furthermore,
because |x — u|*> = x? + u® — 2xu cos d, the integration of (G41) over qu can be carried out, yielding

lx—ul® -

f%e_ 2 43 :—27rf f“ - ’2 cos&sin@dxd&. (G43)

X
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To calculate that integral, it is useful to introduce (constant) e = u//3, and change the integration into the variables

z= % -5 s = ecosb, (G44)
so that [x —u|?/* =7" — 5* + €, yielding
X *M 6_62 e € 2, 2
f —e & d* = u2r 3 f f se T dzds
X € -8 —€

_e?

T O R R, | (G45)
€3 JT €2

In the last integral, it is necessary to first integrate over dz and then over ds, by using

fw edz = g(l + erf(s));

¢ 2 2 2
se’ erf(s)ds = e erf(¢) — —e. G46
| seterts) (0~ —= (G46)
The final result then reads

Ry = pvan(up — 1) Pup; (G47)

3 _erf(e) 3 e“z] ey — uy|
D, = (—«/ﬂ' — = ; €= ——o (G43)

3 2
4 € 2¢ v Vt%la + th21b

recovering Equation (26.4) of Burgers (1969) and Equation (25b) of Schunk (1977). For small values € — 0, the contribution ¢ — 1
(more precisely, ®,,=1— (3/ 5)62) recovers the previous result (G21) with small drifts. However, for large values € >> 1, the
contribution ®,;, decreases to zero as ®,, = 37 /(4¢?), and thus for large differences the in drifts |u; — u,|, the momentum
exchange rates R, disappear for Coulomb collisions. This phenomenon is known as the “runaway effect” (Dreicer 1959). It is also
possible to write
3T o ~ erf(e) e < erf(e) — eerf/(¢)
b, = ——G,(e); where Gyu(e) = — = R G49
» = Gald ) =Ta " 267 ©
where 5(11,(6) is called the Chandrasekhar function (we use tilde to differentiate it from the Rosenbluth potential G,,), and (G47) then
becomes

u, — U,

Gup (€). (G50)
|ub — Ug |

3 ) 2 L

Rab = Eﬁpa Vab(vlha + Vthb)z

In plasma books (e.g., Helander & Sigmar 2002), the Chandrasekhar function is typically introduced in velocity space as G v/ Vb)),

i.e., without drifts and before the integration over d°v. The runaway effect is then explained on a population of electron species,

which gets accelerated by an applied external electric field. Because for large velocities v frictional forces (collisions) decrease as

G ~ Vi, /(2v2), the tail of the distribution function might depart and run away. In this sense, the runaway effect could be viewed as a

purely kinetic effect. Nevertheless, an obviously analogous runaway effect exists in the fluid description (i.e., after the integration

over d° V), it is just represented through the difference in the drifts u;, — u,, (which form a current j). For example, considering a one

ion—electron plasma with an electric current j = — en,(u, — u;), then taking the electron momentum equation and neglecting, for
simplicity, all of the terms except for the external E and R,; (including Ou,/0t, which neglects acceleration) yields the relation

R,; 1 i
E="49 =y g=-=""g, (G51)
en, o en,

which agrees with Equation (33.6) of Burgers (1969). The electrical resistivity n now contains &, given by (G48) with
€ = j/(en,vye). For small values of current j, the 7 is independent of j. The runaway effect means that with increasing current j, the
electrical resistivity n decreases, and for large current j, it becomes n = (37 / 4)en, p, Ve Vie / 3. In reality, the problem is much more
complex when the acceleration is considered, because, subtracting the two momentum equations, the general difference in the
velocities du = u;, — u, now evolves according to a nonlinear differential equation,

obu (Zb Za

— + vP,(e)ou = eE
ot

); V= Vg + Vpa, (G52)
ny, mg

which does not seem to be solvable analytically. Nevertheless (after studying the solutions for some time), it is possible to conclude
that there exist two distinct classes of solutions, which are typically separated by the value of the applied constant electric field E with
respect to a critical value E_;, where the maximal frictional forces balance the electric forces. For E < E_, the solutions converge in
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Figure 6. Left: functions @, (red line) and ¥, (blue line), with respect to e defined in Equation (G64). Right: functions €®,;, ~ R, (red line) and €®,, ~ O, (blue
line), where the temperature is fixed. Corresponding approximations for small drifts with &, = 1 are also plotted (dotted lines). Function e®,;, reaches maximum 0.57
at e = 0.97, and function €’®,, reaches maximum 0.70 at e = 1.51. It is possible to conclude that the small drift approximation is reasonably accurate up to € = 0.5,
and that very small values € < 1 are actually not required. Even though we did not calculate the runaway effect for higher-order moments, out of curiosity we include
a function €’®,;, (black dashed line) that does not decrease to zero for large drifts, but instead converges to a constant value of 1.33.

time toward a situation where ®,, =1, and one recovers evolution Equation (G23) with static solution (G25). In contrast, for
E > E_j, the solutions evolve in time toward a situation with ®,, =0, which can be shown, for example, by considering solutions
where ®,,(¢) is approximated with its asymptotic expansion. For very large values of E, one can straightforwardly prescribe &, =0,
yielding a (collisionless) solution:

u, —u, = eE(é — é) t. (G53)

mp ny

Thus, provided that Z,/m, = Z;,/my,, is true, a stationary solution does not exist, and the difference in the velocities grows in time
without bounds, before the beam/stream plasma instabilities with the associated development of turbulence (and, in extreme cases,
eventually relativistic effects) restrict its further growth. For the particular case Z,/m, = Z;,/my, the runaway effect does not exist,
and the difference in the velocities will converge to zero according to (G52). The frictional forces e®,,(¢) are plotted as a red curve in
the right-hand panel of Figure 6. They reach its maximum value [€P,,(€)]nax = 0.57 at € =0.97 (often rounded as e =1). The
critical electric field E_; is determined by making the maximum frictional forces equal to the electric forces, so that (G52) becomes
0éu /0t =0, yielding

(Vab + Vbu) mgqmyp u, — uy
Eui = [cDup(e)] V2 142 . (G54)
crit ‘_a(v)h.ﬂ_m/ax m e (Zymy — Zomyp) |up — ug)

Alternatively, one might use the Chandrasekhar function, where [ @5 ]nax = (3/2)VT [@b]max, and [(,\;;b]max = 0.214. The runaway
effect thus exists for

E> Ewit = [Gup(€)lmax En; (G55)
_[Gap ()l
0.214
Bp = 2T [ Wt vhd)  mamy (G56)
2 4 |mea - Zambl

where £, can be viewed as a generalized Dreicer electric field for two species with arbitrary masses, charges, and temperatures. By
further substituting for the collisional frequencies (we take In A to be constant),

. 372721
By =sratm) Rt p) eZZ A G57)
mamp  |Zpmg — Zamp| (Ve + Vinb)
which for an ion—electron plasma yields the usual Dreicer electric field
47n;e3Z21
Ep = M. (G58)

1,

In the paper of Dreicer (1959), his reference field is defined as E. = E/2, so in his notation the runaway effect exists for E > 0.43E,
instead of E > 0.214Ep. In most of the recent literature, definition (G58) is used. It is sometimes incorrectly stated that the runaway
effect exists for E exceeding Ep, whereas the correct value, as calculated by Dreicer, is almost five times smaller. Note the
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dependence of (G58) on T,, meaning that for any given value of electric field, the runaway effect will appear if the temperatures are
sufficiently high. For Z,/m, = Z, /m,,, the Ep becomes infinitely large, and the runaway effect between these species is not present.
For an ion—electron plasma, the Dreicer electric field is also discussed, for example by Tanenbaum (1967, p. 258) and Balescu (1988,
p- 775). We found it useful to consider the situation for two arbitrary (charged) species.

Similar to R,;, the Q,;, is obtained by calculating two integrals in (G26), and the first integral yields

fﬁl OH, e ddv, = ffﬁlﬁu e, dv,dvy
O, Vo — Wl

ngNyp, myT, X _heup
=- = g f—g-(x—u)e 3 dx
w28 mp T, + mg T, 7 x°
2n,n _e2
= ﬁ,@’i Viae <, (G59)
where we have used
x—uf?
f L0 aix = parop ), (G60)
X €
X *Liulz 2
f— S —we P d%x =2 (G61)
X
The second integral in (G26) yields
[r#d = [ 1, fhlvl—vld%ad%b - ”Z’b eri(f) _ ”;}’;b er:(;)|u|2. (G62)
b — W

The entire Equation (G26) then becomes

Ouw = pal/ab[_ 3];‘e*‘2 + zﬁ—erf(f)imb |y — u, |2], (G63)
myg 4 € my + my
and the difference in the temperatures 7, — T, is not directly visible. Nevertheless, the solution can be rewritten into
T, — 1, m
Qu = pauab[s”— b + ———luy — ua|2<1>ab];
mg + myp mg + myp
f < —
T, =e B, = iﬁer_(f) _3e . 6 — M, (G64)
ST 7 N
tha T Vihb

recovering Equation (26.8) of Burgers (1969) and Equation (25¢) of Schunk (1977). Similar to R, for large differences in drifts, the
Q..» disappears.

It is of interest to explore the validity of the results with small drifts, obtained in Appendices G.1 and G.2. The functions ®,, and
W, are plotted in the left-hand panel of Figure 6. Both functions are decreasing, and thus in fluid models with the small drift
approximation, the effects of the collisions are overestimated. We fix the temperature (so that v, = const.), and in the right-hand
panel of Figure 6 we plot the function e®,,;,, which corresponds to R, (red line), and function €®,,,, which corresponds to O, (blue
line). For large drifts € > 1, functions €®,, ~ 37 /(4€?) and €2®,, ~ 3V7 /(4¢).

G.4. Difficulties with Rosenbluth Potentials

It is interesting to analyze why it seems impossible to calculate the runaway effect for R, through the Rosenbluth potentials, and
why one needs to use the “center-of-mass” transformation instead. An attempt to calculate the runaway effect yields

R, —m, f £, Awpd¥

,yz
=—4C“—b(1 + ﬂ) RelpTun f e~lov+urd —erf(f) Lt \py, (G65)
m, my ) 3/ v, y\ 2y NTy
Gap(»)
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where & = v/ Vina and u = (U, — u,,)/Vina, and we have also identified the Chandrasekhar function. First, integrating over d¢, where
the direction of u forms the axis é; = u/u, yields

feflawulzl erf) _ Leiyz dy
y 2y? JT Oy

— oo f | f 0% 2yucos cos9sin9( erf®) _ Le‘yz)dyde. (G66)
u 0 0 2 JT

Then one can perform the integration over df; however, the subsequent integration over dy does not seem possible. Or, one can first
attempt the integration over dy, using the substitutions s = u cos 6, z = ay + s, so that |ay + u\z =77 — 5> +u? yields

00 u _ _ (z—5)?
(G66) = 27r1e*"2f f sets’e 7 lerf(Z S) TS0 dzds, (G67)
l/t3 K —u 2 6% OZ—\/E

but the one-dimensional integrals over dz again appear impossible to calculate. The problem is the “drift” “s,” and also the constants
a. For example, the following indefinite integral is easily calculated by parts:

fef(“”b)z erf(az + b)dz = ?eer(aZ + b), (G68)
a

but the result is not useful. Obviously, a different approach has to be used to integrate over the Chandrasekhar function if fa(o) is a

Maxwellian with unrestricted drifts.
Importantly, from Appendix G.3, where the “center-of-mass” transformation is used, we know that the correct answer has to be

u, — U,

ORN=] 3, 2 Vinb ~
JIOTGumay £ = Gan(©), (G69)

2
Viha T Vihb |ub - ua|

where y = (v — up) /vy, € = |up — uul/w/vtﬁa + v3y, and d = v3, d3; or, written in a full form,
|2

i f'—z (erf@) e ) o

w323, v 2y? ~my
2 _.2
! v u, —u, | erf(e e €
L thb2 b_ a 22)_ . (G70)
Vira + View [Up — 4| € JTe

Finally, written in perhaps the prettiest form, when not referring to any physical quantities (i.e., a form suitable for integral tables),

foo e*|ay+ulzz erf(y) _ eiyz d3y
00 y{ 2y? Ty

! 732 uferf(e) e € u
= — — — ; where e= —; a>0. G71
a(l+a2)u( 262 T e 1+ a2 @70

It is remarkable that the integral has such a striking symmetry, even though the integral seems impossible to calculate directly, i.e.,
the integral “transfers” a Chandrasekar function in y-variable to a Chandrasekar function in e-variable. The result seems well-defined,
even for a <0, so the restriction is o = 0 and real (the integral is divergent for o = 0). The limit # — 0 yields zero. The “proof” of
(G71) can be viewed as analogous when evaluating the one-dimensional Gaussian integral f_ O:C e Ydx through f f e dxdy in

polar coordinates, where, instead of integrating over d°v, a trick is used to integrate over d3vd>V'.

Appendix H
8-moment Model (Heat Flux and Thermal Force)

To obtain the collisional contributions with the heat flux, one uses the following 8-moment distribution function of Grad:

el 2
L) = —2 ¢ v [1 S (1 _ mle] )qb.cb]. (H1)

™ 2Vt Typ,, ST,

The calculations done by Burgers (1969), Schunk (1977), and Killie et al. (2004) were performed using the “center-of-mass”
transformation, described in Appendix G.3. Here, to do something slightly different, we verify the calculations by using the
Rosenbluth potentials. The route through the Rosenbluth potentials has a great disadvantage, as error functions are encountered even
if we are interested only in expressions with small drift velocities (with respect to thermal velocities). This is because the Rosenbluth
potentials have to be derived with the exact (H1), and not expanded for small drifts from the beginning. Nevertheless, the route has an
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advantage, as it is possible to do a double check in the middle of the calculations, because there are identities that the Rosenbluth
potentials must satisfy.

H.1. Rosenbluth Potentials

Using the same variables x = (v — v) /vy and y = (v — up,) /vy as before, so that ¢, = (X + y)vgp, We need to obtain the
Rosenbluth potentials

5O s

H,(v) =
»(”) e
—lx+yl?
. np f e Mp Vihb 2 2) 3.
= 1 - - (x + 1 — —|x + d°x; H2
Gy(v) = f W — vlf, 0 d>
_ MV f ey Ve ( 2 2) 3
= xe —q, - (x + 1 — =x + d>x. H3

It is possible to calculate the following integrals (directly obtainable with Maple in spherical geometry, after the vector integrals
containing x are first integrated by hand over d¢):

f L teiyrgay — 328100 (H4)
b y
fleqﬁylz(l — %|x +y|2)d3x — 273/2w + %Wefyz; (HS)
X 5 5 y 5
Xl - 2y ot = - 2pany ) (H6)
y Yy
x 5 5 y
and similarly:
fxe‘|x+y|2d3x = 7T3/2()’ + %)erf(y) + me (H7)
fxeflxﬂlz(l - %Ix +,V|2)d3 = %W3/2y erf(y) + %ﬂe’yz; (H8)
2 2 1 1 2
f}a\'e*“”'z(l - Zx _|_y|2)d3 =— —y[w3/2(y + —)erf(y) + 77(1 — —)ey ] (H9)
5 5 4y3 2y?

This yields the final Rosenbluth potentials for the 8-moment model, in the following form:

y 5 Typ, T

£ 2 1
Hy(v) = v”—”[‘“ 0) 2 mevue -y)—e—yz}; (H10)
thb

1 2
G,(v) = nbvthb[(y + —)erf(y) + Ee*—v ]

2 1 e
*3 SN ?—e 3 ] (H11)
b m
We will need a vector
OH, n 2 eV’ erf 2 mypV, 1 2
—= =y = - ‘3” — S (g, — 29(g, ) ——=e |, (H12)
I v [ VT oy y 5 Tip, ~NT
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and a matrix

2 _ —y? —y?
aGb:ﬂI yy Le + l_% erf(y) +ﬂy_-§ &gy)_ie_z
M v N y? y 2y Vinp ¥ y Ty

npmy, = yy 3 erf(y) 1 (2 3) .
+ +yg, + @ |- ||| -2 +—|=+ = e
STip, {[%J’ yq, qa "y ( y )][ 2y ﬁ(yz y4) }

6 4 2 3 2
+(q, 'y);%’[?erf()’) - E(l + F + F)E" ]} (H13)

LS}

As a double check, applying (0/dv) - on (H12) recovers — 4xf;,, and applying (1,/2)Tr on (H13) recovers H,,. The dynamical friction
vector then reads

Cab mgy ) ny 2 67}.2 erf(y) 2 MpVinb 1 _y2
Ap =21+ — |-y —=—F5 — — —(q, — 2y(q, - y)—=¢ |, (H14)
ma ny, Vthb '\/_ y y- 5 E b '\/E

and after slight rearrangement, the diffusion tensor becomes

= . 1 e’ 1 1 3 1 3 e’
Dy=2"% 0] ¢ (— - —s)erf@) + 2B (—3 - —)erf(y) - ==
m; | viw | VT y 2y vy ¥ [\ 2y y Ty

= 3 erf 1 (2 3 :
+ 22 gy + ¥y + @ - y)I][—— y(sy) + —(_2 + _4)64

5Tipy 2 NTA\y: oy
15 erfi 1 10 15) .
LT eAd R L 1 (H15)
5T,p, 12 oy T y y

H.2. Momentum Exchange Rates R,

@ 99,

Then, similar to f}, according to (H1), one prescribes for species “a

e 2
L) = %e [1 - T’”p (1 - ’"‘;';”' )qa c] (H16)
Vtha arqg a

and introduces the variable u = (1, — u,)/ Vg, so that ¢, = yvyp + uve,,. However, the resulting integrals would yield the runaway
effect, and were never evaluated. It is necessary to get rid of the runaway effect, and approximate the f, with small drifts u < 1, and
in the first step

@)= — /; el = 2a(y - u) — u? + 20%(y - u)z][l — =4, - (Vi + Wina)
aPa
mz 2 2
5T2 - (PVab + WViha) (Y Vi + 2Y - WnaViny + U7Viga) | (H17)

i)

where o = vy /Vine. The distribution function (H17) needs to be further reduced to the “semilinear approximation,” where the
difference in the temperatures is not restricted, but one keeps only the precision o(u) and also neglects all of the cross terms such as
q. - u, keeping only

» 2
LO) > s W[l —2a(y - u) — (g, -y)vmb(l - —oﬂyz)]. (HI8)
apa 5
We want to obtain
R, — 20‘—”’( ’") ff aHbd3 (H19)
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and we split the calculation into two integrals of (H12). The first integral ~y calculates

2t et
Il y[ = )fd

’%
NaVihp 4 « mg 1
4 u+ — _ H20
REVENR [3a2(1 a2 T T ™ 002 (1 1 a2 | (H20)
where we have used
0 —y?
f 67(12y2y4 2 e erf(y) dy = — 1 : (H21)
0 NTy? y? 202(1 + a?)>?
20 2 2 e - erf(y) 3
S 4(1+—a2 z) _ . H22)
fo g sOUNTE Y )Y 10a7(1 + a?)¥/? (
and the second part of (H12) calculates
2 f > navi 2
— [e (g, — 2y(qy - Y, d = == g, 27 : H23
e (@, — 2y(q, - V), e /thiaqb REOE (H23)
For a quick conversion to the collisional frequencies, it is useful to write
Yy = — il Cab|y 4 Ma (H24)
3 m v (L + a2 m? my )
Putting the results together yields the final result:
3 a. a
Rap = pvas(uy — u5) + vip> 22| g, — Pog, | (H25)
5 T Pp
recovering Equation (41b) of Schunk (1977; derived before by Burgers 1969). Alternatively, u,,, / Ty = 2/ (v, + viy)- As a double
check, R,;, = — R;,,, and for self-collisions, R,, =0, as it should be. The contribution coming from the heat flux is known as the
thermal force.
H.3. Heat Flux Exchange Rates
To calculate the heat flux contributions, one needs to calculate
oq., " 1. =3 5p 1 = (2)
®r_ Hab 7y — 2R, — —Ry, -1, H26
Qab 6l 2 Q(lb 2 pa b pa b a ( )
where IEIEIZ) = 0 for the 8-moment model (the cross term R, - IEIEIZ) would be neglected anyway) and where
1 =) 1 2| 3
ETrQab = Mg ffu (Aap ~ €a)ea + EAab leal” |dv
1 - _
mgq ff;z [E(TrDab)ca + Dy - ¢4 ]d3v- (H27)

We have used Tr[Acc]® =2 -¢)c + Alc]’, and because the diffusion tensor is symmetric, D* = 2D and

Tr[D=Sc]S = 2(TrD)c + 4D - ¢. By assuming no restriction on the temperature difference, we have verified (with the great help
of Maple) that “semilinear” heat flux contributions (45)—(49) of Schunk (1977; derived before by Burgers 1969) are indeed correct
for Coulomb collisions (with z3, = 3/53, z¢«' = 13/10, zy"" = 2, and also z4""" = 4). For Coulomb collisions, the final result (after the
subtraction of = p"Ra) is written in a compact form in Section 2.3; see Equation (32).

In the “lmear approx1mat10n where the temperature differences are small, the result simplifies into

5

1= 0q, ) my + Siq

=TrQ, = o _ Vab | —q,Dabqry + qbp_ by + Uy — ug) ——— |, (H28)
2 ot Pp my, + my,
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where the introduced constants are defined in (H30), (H31). Alternatively, by summing over all of the “b” species and separating the
self-collisions,

5
=(3) 5% ) mp + —mg
TrQ, =- aaqa > Vab | Daby4, — ah(4)p_qb — Py — uy)——2—|; (H29)
ot b=a Py mq + my
1 1 1,
D, =————\3m; + —m,m —m ); H30)
T o + mb)z( 0" 5" (
1 6 , 3 )
D, = —J|—my — —mymy |, (H31)
'O g + mb)z(s b

recovering Equations (41e)—(43) of Schunk (1977); see also Equations (34)—(36) of Killie et al. (2004). The entire heat flux
contributions are thus

0¥ — %" _ lTrQ:(” _ E&Ra
a ot 2 4 2 p,
4 3 pu Hap Pa 3 pa uab
=4, Vaga + Vab ab(1) + — + qpVab— Dab(4) + =
lS bzz:a ( 2 py Tap bzy_;b Py 2 p, Tap
3 m
=Py > vy ————(uy, — ), (H32)

2 b=a Ma + My

and enter the right-hand side of the evolution equation for the heat flux vector, for example, in its simplest form:

d, )
% 4 Qb x g + 2Py, = O (H33)
dt 2 my

Importantly, in comparison to the BGK operator, the right-hand side also contains all of the heat fluxes g,. Formally, it is still
possible to obtain a result for ¢, in a quasistatic approximation, as a solution of the equation

N 7, a
bxgq, +—>q,=-", H34
Ga 5 b 0. (H34)
where we define
— 4 3 pa H’ab
Uy = —Vaa + D _Vab| Dapty + = ; (H35)
a 5 aa bzi:a ( a B 0 7;1};
5P P 3 Pu Map
a,=—-"24VT, — quu b—a(D b4 + — 4
‘ 2 mg ‘ b=a ¢ pb ‘ 2 pa Tﬂh
—pa > vp—————(wp — uy), (H36)
b=a mg =+ my,
which has the following exact solution:
1 P 7, Q N
= — —(a, -b)b — ———a, + ——"=b X a,. (H37)
1 7, 2 R

Nevertheless, the heat fluxes of various species are coupled.

H.4. One Ion—Electron Plasma

Considering a one ion—electron plasma (so n, = Zn;) with small differences in temperature, and neglecting the ratios m,/m;, the

ion and electron heat fluxes decouple. For the electron species D,y = — 1/5, D4y =6/5, and p,; = m,, by using abbreviation
u=u,—u;
R, = — pveidu + Vei&%qe; (H38)
oq (4 1 )
—% = — q,| =Vee — =Vei | — Veip, Out. H39
5 2| 3 5 P (H39)
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The entire heat flux contributions are

00 = - ng, + Svap.bu: (H40)
%= e + S (H41)
5 10
a.=2Pevr ~ 206 (H42)
2 m, 2

yielding a solution for the electron heat flux (split into a thermal part and a frictional part):

q' = - KIVIT, — OVILT, + kD x VT, (H43)
3 v, 3 D, 3 Qv ~
“:—&-—ﬁféu—k— e Vei eu__ eVei be(su, H44
% 20T e 2 T S 2 o
with the thermal conductivities
K_/e — EL K:e — E&L Ke — E&L (H45)
2 m, L 2me (2 Y T 2me (2 + )

The thermal conductivities have the same form as the BGK conductivities. The only difference is that while 7, = 1,, + v,; for the
BGK operator, now we have to use (H41). By using v,, = 1,;/ (Z:~]2) from Equation (182),

o= |2 B for Z=1: 5 = 1.866u (H46)
zZN25 10
The momentum exchange rates are also split into a frictional part and a thermal part:
9 v, 9 Dy 9 Qv 4
R = — pual[1 — =2 6wy + [1 - == Now, + ——"" p x sul; (H47)
& l( 10;) ” ( 1093+p§) TR 1 2 ]
3, 3 U, UV, 3 Qv ~
RT =~ iy gp - 3 Tt gq 3 Dt b gy, Hag
Y Y e

In comparison, the Braginskii (1965) result for Z; = 1 reads

x* 4+ 14.79x2 + 3.77 x* 4+ 14.79x2 + 3.77

2 2 )
R = 07inyT, - SO o HG/DR 309 b o (H49)
x* 4+ 14.79x2% + 3.77 x* 4+ 14.79x% + 3.77

2 2 R
R;‘:—peug[[0.515u| N (1 64+ 184 )5@ x(L70x2 1+ 0.78) 5 &l];

where x=,/v,;.. The heat flux and associated thermal force of Burgers and Schunk therefore finally explains the entire
mathematical structure of the Braginskii equations, i.e., all of the terms are finally present, only the numerical values are different.

Examining the obtained numerical values in the limit of a strong magnetic field with Z; = 1 (where, for simplicity, we neglect all of
the ratios v,;/(2,), yields

R, = —p,v,i(0.5180u + éu) — 0.80n,V|T;

q,' = +0.80p, ouy, (H50)
which is very close to the Braginskii values

R, = —p,v,i(0.5130u + duw) — 0.71n,V|T.;

q,' = +0.71p, bu. (H51)

Note that both results (H50), (H51) contain the same symmetrical constants 0.8 and 0.71 in the frictional heat flux ¢ and the thermal

force R!. This is known as the Onsager symmetry, and it is also valid for a general magnetic field strength and a general charge, as
can be seen by comparing (H44) and (H48).
Continuing with the strong magnetic field and examining the perpendicular heat conductivities yields (Z; =1 for k%)

RS = 466 Ll e 2 P (H52)
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and both match Braginskii exactly. Nevertheless, the parallel heat conductivity (which is independent of magnetic field strength;
Zi = 1)

K = 134T (H53)

VeiMm,

which is quite low in comparison to the Braginskii value of 3.16.

H.5. Ion Species

For ion species D;,1y=3, Dj,4) = — 3m,/(2m;), and identical proton and electron temperatures, the momentum exchange rates
(H25) yield
R; = p;vicou — Vieﬁiqe = —R,, (H54)
AN

and R, has already been calculated. Furthermore, the collisional heat flux contributions (H32)—(H37) simplify into

0" = - ngj; (H55)
4
v = SV + 3vie; (H56)
a = 2Py, (H57)
2 m;

where the electron heat flux g, notably cancels out exactly for equal temperatures. Ion frequencies should thus be added according to

o232 ) o Zi—1: 5 = 0899w
5 Z,’ m;

Ay B me ), (HS8)
5 2Zl 2m,~

The model of Burgers—Schunk yields the ion heat flux

g = — K\V|T — K, VT, + klb x VT, (H59)
with the ion thermal conductivities
iS5 D i 5p 4 i 5p Q
R =52 kL= o—"> 5 bx = 5= 2’ (H60)
2 Uym; 2m; (Q + 7) 2m; (U + o)

where frequencies are added according to (H58). Importantly, the ion—electron contributions are not completely negligible, and
without them v = (4/5) Vi = 0.81/1'1'.

However, in the work of Braginskii (1965), the ion—electron collisions are neglected for the ion heat fluxes and viscosities, and
only ion self-collisions are accounted for. This can be seen from his ion coefficients that do not depend on Z;. Neglecting the ion—
electron collisions, the model of Burgers—Schunk yields

i 25 p; i Pi Vii i 5p Q
8 vim; m; Q7 + (4/5)*v; 2m; Q7 4+ (4/5)°v;
For the parallel conductivity, nﬁ ~ 25 / 8 = 3.125, in comparison to Braginskii’s 3.906. In the strong magnetic field limit,
. D; Vi . 5 D;
KL= 2_1_; /ﬁ; — ! s H62
+ m; le 2 m,-Q,- ( )

and both match Braginskii exactly (!). I ion—electron collisions are taken into account, these Burger—Schunk coefficients change into
(for Z;=1) Kj ~ 2.78, K", ~ 2.24, and ki ~ 5/2, and the perpendicular ', would suddenly not match Braginskii. It would not

make sense for the electron x¢ to match Braginskii exactly (for a strong B-field) and the ion «/, not to, which is a definitive indication
that ion—electron collisions are neglected in Braginskii.
Including the ion—electron collisions, the ', in the strong B-limit reads

; D;Vii 15 [m,
K =—=|24+—=|—| H63
+ m,QlZ ( Zi 2m,- ) ( )

Neglecting ion—electron collisions with respect to ion—ion (self) collisions is analogous to neglecting 0.1 with respect to 0.8—the
contribution is not tiny.
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Table 8
Parallel Friction Force R;' = — aqp,v,;6u), Coefficient oy is Plotted, or Parallel Electrical Resistivity 7 = 1/oy = aomeve;/ *n,)
|| Friction Force R* Zi=1 Z;=2 Zi=3 Zi=4 Z;=16 Z;j=00
Burgers—Schunk (N = 1) 0.518 0.431 0.395 0.376 0.326 0.308
Killie et al. 0.597 0.460 0.391 0.349 0.231 0.182
Braginskii (N = 2) 0.513 0.431 0.395 0.375 0.319 0.2949
Landshoff (N = 4) 0.508 0.430 0.395 0.29455
Spitzer-Hirm (N = oo ) 0.506 0.431 0.375 0.319 0.2945

Note. The model of Burgers—Schunk is more precise than that of Killie et al. The model of Landshoff for N = 1 matches Burgers—Schunk, and for N = 2 it matches
Braginskii. For Z; = 1, the value of Landshoff (N = 4) is slightly corrected (0.509 — 0.508, emphasized with bold font) from the more precise work of Kaneko
(1960), and the values of Landshoff for other Z; might be slightly incorrect. The values of Braginskii for Z; = 2, 3 in his Table II are slightly incorrect, and we have
used the values from analytic expression (56), which now also match Landshoff (N = 2). The Braginskii value for Z; = 16 is also from (56). From Kaneko & Taguchi
(1978), Kaneko & Yamao (1980), and Ji & Held (2013), the “final” value for Z; = 1 is g = 0.50612, and the result of Spitzer—Hérm is correct. Note that by keeping
n, and T, constant in the definition of v,;, the friction force ~ agv,; actually increases with increasing Z; (and the electrical conductivity decreases).

Appendix I
Comparison of Various Models with Braginskii (Electrons)

Focusing on the parallel direction, the momentum exchange rates R, and electron heat flux g, can be written in a general form:

Re” = _aopeVEiéuH - 5()nev”Tg;

Pe
q. = +06op, bu| — 0 VL. (I

eel

The Braginskii (1965) values of ag; 5y = ﬁ§ and y, are given in his Table 2 (p. 25). The model of Burgers (1969)-Schunk (1977) is
given by

9 u, . 3w 5 v _ 1 4 13
ap =1—-——; =B =5— =>— L=|o=ct |t 12
’ 07, TR =T =5y (zi 25 10) 12
or equivalently,
V2 + 7 N 15Z; 257;
W= f=f= i W= 13)
TR rWmz T T a a3z T a2 113z
The model of Killie et al. (2004), discussed in Appendix 1.2, yields
9 v, 3y, x 3y 5 U, _ 1 16 11
ap=1—- ——; ==-—; =—-—; == =|—-mat+ = |V 14
0 wn 0TI Psan M=ay (ziﬁ 35 35) =

The other included models are described below.

In Table 8, we compare the parallel friction force; in Table 9, the parallel thermal force; in Table 10, the parallel thermal heat flux
(thermal conductivity #{); and in Table 11, the parallel frictional heat flux. Furthermore, in Table 12, we compare ¢ in the strong
magnetic field limit.

We include the numerical model of Spitzer & Hirm (1953; see also Spitzer 1962), with their notation being discussed in Appendix
1.1, which reads:

_ 7 ; 50=§£; 85 = 6—E—§; Wo=fér@, a5)
327 2 v 2 3

with the numerical values of vz, V7, O, 07, and € given by Table III in Spitzer & Héarm (1953). For the Lorentzian plasma (Z; = oo ),
the coefficients are vz = yr= 6y = 67 =1 and e = 2/5. We also include the model of Landshoff (1949, 1951), who calculated several
transport coefficients (with the inclusion of a magnetic field) before Spitzer and Braginskii, and studied convergence with increasing
Laguerre polynomials from N =1 to N =4 (in his work, i = N + 1). The model is interesting because for N = 1, it matches the values
of Burgers—Schunk, and for N = 2, it matches Braginskii. His model can be figured out to be

Qo

) Aor/ A _ EZ[(E _ M) {16)

1
ag = —(A A 71; = 3* = _
0 Zi( 00/ L) Bo = By 2 Do/ =2 Boo/
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Table 9
Parallel Thermal Force R = — Bon, V|T,, Coefficient 3, is Plotted
|| Thermal Force R Zi=1 Z;=12 Z;=3 Zi=4 Z;=16 Z;i =00
Burgers—Schunk 0.804 0.948 1.008 1.041 1.123 1.154
Killie et al. 0.672 0.901 1.015 1.085 1.281 1.364
Braginskii 0.711 0.905 1.016 1.090 1.362 1.521
Landshoff (N = 4) 0.709 0.904 1.016 1.5005
Spitzer—-Héarm 0.703 0.908 1.092 1.346 3/2

Note. The model of Killie et al. is more precise than that of Burgers—Schunk. The model of Landshoff for N = 1 matches Burgers—Schunk, and for N = 2 it matches
Braginskii. For Z; = 1, the Landshoff (N = 4) value is slightly corrected (0.710 — 0.709) from Kaneko. The final value for Z; = 1 from Kaneko et al. and Ji & Held
reads By = 0.70287, and the Spitzer—Hirm result is correct.

Table 10
Parallel Electron Heat Conductivity Kﬁ = Yol / (m.v,;) (Thermal Heat Flux q(,T = - /{ﬁ VT.), Coefficient 7y, is Plotted
|| Heat Conductivity nﬁ Zi=1 Zi=12 Z;=3 Zi=4 Z;=16 Z;i=00
Burgers—Schunk 1.34 1.58 1.68 1.73 1.87 1.92
Killie et al. 3.92 5.25 5.92 6.33 7.47 7.95
Braginskii 3.1616 4.890 6.064 6.920 10.334 12.471
Landshoff (N = 4) 3.178 4.902 6.069 13.572
Spitzer—Hérm 3.203 4.960 6.983 10.629 13.581

Note. The model of Killie et al. is a significant improvement over that of Burgers—Schunk. The model of Landshoff for N = 1 matches Burgers—Schunk, and for N = 2
it approximately matches Braginskii. For Z; = 1, the Landshoff (N = 4) value is slightly corrected (3.175 — 3.178) from Kaneko. The final value for Z; = 1 from
Kaneko et al. and Ji & Held reads o = 3.2031, and the Spitzer—Harm result is correct. Note that by keeping n, and T, constant in the definition of v,;, the heat
conductivity vo/v,; actually decreases with increasing Z;.

Table 11
Parallel Electron Frictional Heat Flux ¢, = Bon ou
|| Frictional Heat Flux g, Zi=1 Z;=2 Z;=3 Zi=4 Z;=16 Zi= 00
Killie et al. 2.35 3.15 3.55 3.80 4.48 4.77
Spitzer—Harm 0.699 0.888 1.089 1.346 3/2

Note. For the models of Burgers—Schunk, Braginskii, and Landshoff, the Onsager symmetry 3§ = (3, holds exactly with the values given in Table 9. For the model of
Spitzer—Harm, the Onsager symmetry is satisfied only approximately, with the largest discrepancy for Z; = 2, of around 2%. For the model of Killie et al., the Onsager
symmetry is broken, and the frictional heat flux values are quite large.

Table 12
Perpendicular Electron Heat Conductivity k{ = 7{ D Vei / (m(,Qﬁ), in the Limit of a Strong Magnetic Field, Coefficient 7{ is Plotted
1| Heat Conductivity £ Z;=1 Z;=2 Z;=3 Z;=4 Zj=00
Burgers—Schunk 4.664 3.957 3.721 3.604 3.25
Killie et al. 1.59 1.19 1.06 0.99 0.79
Braginskii 4.664 3.957 3.721 3.604 3.25

Note. The Braginskii values are from his Table II. Interestingly, the Burgers—Schunk model matches the Braginskii values exactly. In fact, both models yield the same
analytic expression 7; = (2 / Z) + 13 / 4, see (60), so the numerical comparison between Burgers—Schunk and Braginskii is a bit meaningless (and the reason why
the Z; = 16 value was omitted from our table). The table shows that the model of Killie et al. is imprecise.

with the coefficients from Table I of Landshoff (1951). We plot his highest-order model for N = 4. The models of Landshoff were
calculated with higher numerical precision in the work of Kaneko (1960), where the following conversion has to be used:

1 ok 5 bl(o). 25 =1 (bl(o))2
Oéo—elw» ﬁo—ﬁo—_am, VO—Tb _eIT’ an
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with the values in his Tables I, II, and III. In his work, M = N + 1, and values for the models from N =1 to N =5 are given, although
only for Z;=1. The model is easily comparable with that of Landshoff (1951) because the same coefficients are given. In our
comparison tables, we slightly correct these Z; = 1 values of Landshoff (N = 4) with the more precise ones of Kaneko. In the later
works of Kaneko & Taguchi (1978) and Kaneko & Yamao (1980), calculations with up to M = 50 were made, and the notation is
changed into 5'© — @ pl=D — pID From their work and the recent work of Ji & Held (2013), who used up to 160 Laguerre
polynomials, the correct values for charge Z; = 1 read oy = 0.50612, 5, = 0.70287, and o= 3.2031.

For the work of Balescu (1988), who was the first to recover Braginskii with the moment approach of Grad, the following

conversion has to be used:
1 59 5 ap
Qyp = —, 50:ﬂ§:_ JjTZ VOZ—FGHE—N—, 8)
a) 2.9 2 a)

with the numerical values for Z; =1 given in his Table 4.1 (p. 239). For his 13-moment model (N = 1), the results are equal to
Burgers—Schunk, and for his 21-moment model (N = 2), the results are equal to Braginskii. However, for his 29-moment model
(N = 3), the coefficients of Balescu were shown to be imprecise by Ji & Held (2013), see their Table I, who were able to pinpoint
exactly the analytic errors in the collisional matrices of Balescu. That the Balescu N =3 values are indeed incorrect can be quickly
double-checked by comparison with the M =4 model of Kaneko (1960), from where the Balescu parameters should be
7 = €'® = 1.964, &y = /5/2b'® = — 0.887, and K = (5/2)b'"" = 1.666, agreeing with the modern calculations of Ji &
Held (2013).

I.1. Notation of Spitzer—Hdrm (1953)

The exact values of the parallel transport coefficients (with the exception of parallel viscosity) were first numerically obtained by
Spitzer & Harm (1953). Essentially, the perturbation ¢, (or fe(l)) around a Maxwellian f, = fe(o) (1 — ¢,) that satisfies the Fokker—
Planck equation was found numerically, and the obtained result was used to calculate the transport coefficients. No magnetic field is
present in their work, and the results can be interpreted as applying to unmagnetized plasmas, or to magnetized plasmas in the
direction parallel to magnetic field lines. Similar to Braginskii (Chapters 2 and 4), the paper treats a one ion—electron plasma (with
ne = Z,ni).

The notation of Spitzer & Hérm (1953) can be very confusing. The results are given in a form

j=0E + aVT,; 19

quitzer — _ ﬁE — KVT, -

e
with the coefficients o, a, 3, and K given by their Equations (33)—(36). These coefficients contain a quantity C2. This quantity is only
defined by a sentence following Equation (16) in their previous paper by Cohen et al. (1950), which reads “C? is the mean square
electron velocity,” meaning C = /37T, /m, with the important factor of 3 present (we use the same notation as Braginskii, with the
Boltzmann constant equal to one). Rewriting their coefficients in (19), (I10) to our notation yields

32 ¢2n, 16 en,

o=— VE; a=— v
REW A T MoV

B = 128 _en, Ok; K = @ién (I11)
31T mov, 3T Mo,

where the numerical values of vz, 7, g, and 67 are given in Table III of Spitzer & Hérm (1953). The coefficients (I11) are essentially
normalized with respect to a Lorentzian plasma Z; = oo (meaning when electron—electron collisions are negligible), in which case
Ye="r=06g=06r=1. )

Unfortunately, Spitzer & Harm (1953) do not define their qup“m, and only describe it as a “the rate of flow of heat.” The heat flux
is also not defined in the book of Spitzer (1962), but he notes (Equation (5.45)) that, from the thermodynamics of irreversible
processes, the model closely satisfies

08 =al, + %%0’. 112)

Equation (I12) should be the Onsager symmetry. In the historical literature, there are three other major possibilities regarding how to
define the heat flux. The first two choices are:

g ¥ = ﬂfv|v|2fad3v =q, + ipaua +u, - ﬁf) + &|ua|2ua; I13)
a 2 2 2
. mgv: 5 3 =@ Pay
qa :fv T - 5721 f;ldVan +ua 'Ha +?|u“| Ug. (114)
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The nonlinear terms can be neglected. Spitzer is not using the second choice, and the first choice is almost correct, except that for the
electron heat flux, only (5/2)pu. would be created, and not the whole current u, — u,. The third choice is the definition of Chapman
& Cowling (1939), where the heat flux is defined with respect to the average velocity of all of the species (u) = Q_u0ula)/>aPus
according to

g = % f(v — (@)l — W)Pf,dv =q, + %Pawa + %Mlzwa +w, - T, (115)
where w, =u, — (u). For an ion—electron plasma (1) = u; and w, = u, — u;. Thus, to satisfy (I112), the correct interpretation seems to
be

5 517

* e .

— =gq, _A'__eéu— ., — ——J> 116
q, q 219 q > eJ (I16)

Spitzer

9.

where j = — en,6u and éu =u, — u;.
Result (19) should be viewed as part of the evolution equation for du,/0t (here written in a steady state with all other terms
neglected), and substituting the electric field into (I10) then yields

eneE = Re = enej — enegvTe;
o
qe:_(ﬁ_zg j — eKVT,; where e=1 —%:1 _35577' (I17)
g 2e oK 5 6T'7E
The numerical coefficient € is given in Table III of Spitzer & Harm (1953) as well. Or, equivalently, by using (I11),
R, = 73—7Tpgveir5u - EﬁneVTe;
32vg 2
2
g0 =+ 4% 3 \pou— 6,320 P gy, (118)
e 2 3T mev;
In this form, the results can be directly compared to Braginskii, with the relations
37 3 0 5 320
ag = D Bo=22Ly B =4L -2 g =ehr—.
32vg 2 vg YE 2 37
The Onsager symmetry then reads
3 5
=vr = 465 — =&, 119
ST E = S0E (I19)

which the model satisfies approximately, and for the Lorentz case exactly. The largest difference appears for Z; = 2, where the left-
hand side of (I19) is 0.621 and the right-hand side is 0.607, so Spitzer’s claim that Equation (I12) is satisfied to about one part in a
thousand seems a bit exaggerated, or we are interpreting his results incorrectly. The model of Spitzer & Héarm (1953) and Spitzer
(1962) is criticized in the monograph of Balescu (1988, Part 1, p. 266). Nevertheless, the coefficients oy, (y, and 7, in the model of
Spitzer & Hirm (1953) are the correct answer, and in comparison with Kaneko & Taguchi (1978), Kaneko & Yamao (1980), or Ji &
Held (2013), these coefficients are valid for three decimal digits. For numerical simulations that employ the heat flux of Spitzer &
Hirm (1953), it seems logical to simply ignore the imprecise 3; values, and enforce the Onsager symmetry 35 = (3 in their model
by hand.

L.2. Model of Killie et al. (2004)

Instead of the 8-moment distribution function of Grad (H1) used in the model of Burgers—Schunk, Killie et al. (2004) argued that it
is better to use

21, 2 2
— O]y _ my |¢q| 1 — mg|c,| ¢, (120)
o=l [ ST, P, 7 )
yielding the collisional contributions (which we did not verify) for small temperature differences
3 fgp 5 my o 5 my,
Ro = 0, vty — ug) + S vy =2 qﬁ,(l ~ ——) —q —”(1 -2 e ), (121)
; ; 5T Tmg + my bﬂb Tmg + my
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and
5
1 -3 Oq 16 | o my + ~my

—TrQ," = —%=— —vuq, — > vw|D}q, — D 2q, — p,p — u))—2—|; 122
) Qa ot 35 waqy bzi‘; ab | Uy 4, b pbqb Pa( b @) P 122)

1 1 2 4
Da(é) = —(3m5’ — —mazm;7 — —mamb2 — —mb3); (I123)

(mq + my)? 2 5 35
Dy = ;(Emf ~ lmim, - imbmj). (124)

(ma + mb)3 5 70 7

Similar to Burgers—Schunk, they also provide equations for unrestricted temperature differences. Considering an ion—electron plasma
yields D) = — 4/35, DY = 6/5, and

R, = — pveibu + Vﬂ-&%qe; (125)
%Terf) = (;q; =- qe(gveg - ;—Sve,-) — Ve, Su, (126)
with total collisional contributions
00 =~ ng, + Svap.bu: w7
Uy = %Vee + %Vei; (I128)
a, = gmﬂivn - %Veipe(su. (129)

This yields the heat flux solution equivalent to Equations (H43)—(H45), with the only difference being that the frequencies are now
added according to

U, = LE + E Vg, for Z;=1: 0, =0.6375,. (130)
ZiN2 35 35

The momentum exchange rates then read

9 vy 9 Dy 9 Qui 4
R! = —pual[1 — = |ou + |1 - o5 |ow + o5 —b x du|: 131
r l( 3596) ” ( 3595+p§) B2+ l B
RY = — 3Vap g, — 2 Wiy, gq 3 Peliy hoogr, (132)
7% T + 1, TQ; + 1,

and a direct comparison with Braginskii is done according to

9 v, 3 v 3 v 5 Vi 1 16 11
ag=1-— —-=; ===, g === == p=|l——+—|va 133
’ s 0Ty MEgn vy (z,-ﬁ 35 35) 9

Examining the numerical values for Z; =1, for example, the parallel heat conductivity reads nﬁ =3.92p / (v,im,). This is a big
improvement in the model of Killie et al. (2004): the conductivity is almost three times larger than the 1.34 value of Burgers—Schunk,
and is much closer to the correct value of 3.20. The other results are (strong B-field, Z; = 1)

R, = —p,1i(0.608u; + du) — 0.67n,V|T;
g" = 2.35p, buy, (134)

and the thermal force value of 0.67 is now closer to the correct value of 0.70 as well. However, the frictional heat flux ¢ is quite

large (over three times larger than it should be, 2.35 versus 0.70). Importantly, the Onsager symmetry between ¢, and R! is broken,
which can also be seen from the general results (I132), (H48). Nevertheless, the model indeed improves the parallel thermal heat flux
and the parallel thermal force of Burgers—Schunk.
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Appendix J
10-moment Model (Viscosity)

To calculate the collisional contributions for the stress tensor with the Landau operator, one uses the following 10-moment

distribution function of Grad:

les 2

n - mp =@

KO = —e 1+ -2 72 e . an
T "V 2Typy
As a reminder. IEIb I=0 By using symmetries and a Gaussian integration, it is possible to show that
les 3/2 Ichl
_ 7 _
fcbcbe viw d3v' = 5 ol ; E,) fcbcbve viw d3v' = 0;
leo|* 3/2
= (2

@) (2)

=(2) -
II, :fcbcbcbcbe viw d3V = v XL, .

The last integral is a special case of (J48). Thus, the distribution function (J1) correctly reproduces the density, fluid velocity, and full

= = C
pressure tensor 1, f cvep frdc, = pd + HZ ), so the distribution function is well defined

J.1. Rosenbluth Potentials
Using the variables x = (' — v)/vqp and y =¥ — up) /vy With ¢, = (X +y)vgp, we need to calculate the Rosenbluth

potentials
/!
= [ g
v — vl
2 = (2)
—lx+yl TI
— %;’2” fe [1+ b :(x+y)(x+y)]d3x J3)
Vthb X Py
Gy(v) = f W — vif, o) d>
npV i
= 2 [xe bl 14 2o (x4 ) 4 ) [dx (I4)
™ Py
Using the integrals (J40) and (J44), the final results for the Rosenbluth potentials are
ny | erf e (1 3
Hy = Ty S0 Ty erf) —(—2 + —4) :
vio | Y s ~T\yt 2y
2) 2
e 1 3 e 1 3
Gp = nyvpwy — + |y + — lerf(y) + =2 yy| ——— + | —— + — |erf : J5
b=MNp thb{ﬁ (y 2y) (&) ) J’J’[ W ( 1 SyS) (Y)]} ds
We will need the derivative
OH, _ n;, 2 e erf(y)
v Vinb N3 y? y?
ny 2 3 1 3
+2 211, )| erf(o) 5 — —(—2 + —4)
Vi P 4y STy 2y
n = (2) 2 (1 5 15) _ 15 erf
(1T, :yy)y[—(—2+—4 —G)e o2 (7”]. 6)
VinbPp ~m\y 2y 4y 4 y
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As a double check, applying 9/0 v- at the last expression recovers — 47f,(v), where, for example,

0 = (2) 0 = (2) 5 =22
— 1L, -y) =0; — - [AL, : yy)y] = —11, : yy. dn
Y 19, Vihb

The entire dynamical friction vector for the 10-moment model then becomes

—y?
R PR P N E RS
m my, Vlhb 'J_ y y-

a

2 - 3 e (1 3
+=11, - y)|erfo) — — —| = + —
pb( ’ y)[ ® 4 T (y2 2y4)]
_(H(z). Y)Y i L + i + E eV — Eerf(y) ) (J8)
py Tyt 2t 4° 4y

For the diffusion tensor, to perform the subsequent analytic calculations in a clear way, it is useful to write the second Rosenbluth
potential G, by introducing A, A,:

1 =@
Gp = npvap | A1 + — 11, 1YY)A2], J9)
Py
where
Al=— erf(y);
1 T ( ) y
3 e 3
M= |+ = erf(y). (J10)
41y 4y3 8y>
The required derivatives are then
oG y @ i1, y
= — | 24 + —(Hb SNA + | = yy |24 |, J11)
v y Py Py y

and

0G T [T By g B
ooy v |\y ¥ y
2)

2)
[ T, -y + (Hb “y)= ]Az + _Hb Ay
Pb y Py

= (2) =
I I

| =gy [— - &)Az + Dar|t. J12)
Py y oy y

As a double check, applying (1/2)Tr at the last expression recovers H,,.
After a slight rearrangement suitable for the calculations, the entire diffusion tensor then becomes

Al /
Dabzzca_b&{_ﬂ + y_-;’(AI// _ ﬂ)

mu2 Vthb y y y

1 = (2) = (2) = A
+p—[2y(1'1h v 421, -y + (1) yy)I]7
b

A/
+2 i, A, + —(Hb : f(Az” - —2) , J13)
Py Py y y
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with the “coefficients”

’ —y?
ﬁ: L %)erf(y) + Le_;
y y 2
!
All/ 1 = _l + i:; erf(y) - ie 2
y y 2y NTy
,VZ
Aé:ifierf(y)+e L+£
4yt 8y© ST A
Ay (3015 (115
D2 2 e + S| 5+ = |;
v 4 8y T 4y°
Al 15 105 (2 10 105
Ay - 2224 —7)erf(y) - e—(—2 +—+ —6) (J14)
y 4y 8y TA\Y y 4y

Or, explicitly, in its entire form:

- -y -y?
D,, = 2&’;& I 11 erf(y) + L e + ¥ 21 + i% erf(y) — 3 e
mg Vb y o2 VT y? Iy 27 VT Y2

1 = (2) = (2) = (2) = 3 15 e[ 1 15
+—I[2yAL, -y) +2dL, -y)y + I, Iyy)l][(— - —)erf(y) + —(— + —)]
Py 4y> 8y’ JE\yt e
2 =0 3 e 1 3
+—H§,) ——e—4 = + o= |erf»)
Py 4y y 4y® 8y
= (2) 2
II 15 105 eV (2 10 105
= yy y—{[(—S + —7)erf(y) - (—2 + =+ —6)] . J1s)
Py y 4y 8y Ny oyt 4y
J.2. Viscosity Calculation
For species “a,” the distribution function in a semilinear approximation reads
Ny 22 a? =@
L = e 1 =20y -u) + —II, :yy|. J16)
“ w323
tha a

It can be seen that, at the semilinear level, there is no new contribution to the momentum equation. For the pressure tensor equation,
we need to calculate the following collisional contributions:

Q:(;) =m, fﬁl [AgpcSd> + m, ffaﬁabd3v, Jin

where the diffusion tensor is symmetric. Starting with the second term, and using the derived formulas (J45)-(J48), the integration
over the diffusion tensor then yields

_ 4 oo
mo [t By =288 Lot TS [ oLy Al
mg v 7/ 3 Jo
= (2)
].__[ 00 1
+—b877f [EYBAz/ + %A + —y4A2”]e&2y2dy
Py o L5 15
= (2)

11 oo Al
4 1a S_Wazf y4(Al// _ _1)eazy2dy , J18)
p, 15 0 y
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and the further one-dimensional integration brings the following result:

= Ca n ) =41 1
mafJZDabCpVZ Z b €/2a3{+1—7

my Vinp T

4 i, 4r 1 }

p, 15(1+ a2 p 15 a2(1 + a2

@ 5 =2) ,
mp = I, v II, v

= putar———| T (v, + viy) — —2-—b _ Z-a “tha | (J19)
m, + my Py S p, 5

Similarly, the first term in (J17) calculates

=(2) 2 2 =2) . 2 2
= II,” 3 VipVia 11, Svip + 2V,

ma [flAapeaPd = pva| ~Tvg, + =12t i T Va2 . (120)
Py 5 (Wna + Vi) P SWia + Vinw)

Adding (J19)+(J20) yields the final collisional contributions for the right-hand side of the pressure tensor equation, which can be
written in the convenient following form:

0 =2 L (7 _ T)I - zMﬁ(ﬁ? T.n, 1‘1(2))

Mg + my ma + myp Tap Tyny,
6 4 T,-T | =
__w [6, 4 T a] A% L f®) a21)
mg +my| 5 5 Ty Pp
with reduced mass and reduced temperature
Mmamy ma Ty + mp T,
/’Lab = > T;lb -
my, + my, my + myp

Introducing >, over all of the species, result (J21) identifies with Equation (44) of Schunk (1977; derived before by Burgers). It is
valid in the semilinear approximation, for unrestricted temperature differences. For Coulomb collisions, the viscosity calculated
through the Rosenbluth potentials (for the Landau collisional operator) thus yields the same result as the Boltzmann collisional
operator. By explicitly separating the self-collisions,

=(2) =) 5Pa
Qa ZQab -

=- guaaﬁf) + Z{zip o (g, — Tl — 2 ateb_ E(ﬁf) fara H(z))]

b=al ™Ma + My mq + myp Ty Ty,
4 T, -T, )¢
By (Emb — g ) i) + Lo | |, (122)
b=a n + my, 5 5 ’Ezh pb
where the “famous” 6/5 constant is present. As a double check, calculating the energy exchange rates yields
1 =) PuVab
= = 1Tr =3—— (T, — T, J23)
Ouw 3 Q. e (

as it should be.
The collisional contributions for the stress tensor are thus

=(2)

= I, = =
Qam, 6 _ Q(Z) _ —TrQa(z)

ot 3

=8, 8% vy |amatw T (7@ Tanag®
5 beal Ma + mp Ty Tynp
a 6 4 T, - T, \[sC ) =2
-y (—mh — ) i, + Zerm) || (124)
hea| Ma + Mmp\S 5 Tap Py
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and enter the right-hand side of its evolution equation, for example, written in its simplest form:

=(2) = (2)
% + Qb x TITYS + p, W, = ‘51;“ . (125)
1 1

Importantly, in the collisionless regime, the right-hand side of (J25) simply goes to zero. It is possible to write a general solution in a
quasistatic approximation, but the stress tensors of various species are coupled.

J.3. Small Temperature Differences

For a particular case of small temperature differences between species,

= oD _ _ _ - -
00 =P _ Oy (Y oy Mt |5 Ny SMIE® L Pg®) | (126)
ot 5 g Ma + My np 5 my, Pp
where one uses p = pI= + 151(2), recovering Equation (41d) of Schunk (1977). Finally, for the stress tensor,
=(2) b
o =M 5, fq® oy mavw |y 3mge 2nage| (127
ot 5 heqMa + Mp 5 my 5 ny

J.4. One lon—Electron Plasma

For a plasma consisting of one ion species and electrons, in the first step
=(2)

=2 611 6 = (2 4 NG,
Qi( = 5tl = - (gVii + 2Vie)Hz(‘ ) + g’/iei fe); (J28)
= (2) 6151(2) 6 =2 4 p=02
Qe I'= 66 = - g(Vee + Vei)He + gVBi_eHi . (29
t

Nevertheless, because for example for the parallel viscosity the ion Iz],(»z) is larger than the electron lEI(gz) by a factor of \/m;/m,, the
coupling is only weak and the last terms in the above expressions can be neglected for simplicity. Then,

=(2)

- I -

Q(Z)/ = oL = - DiH,(‘z); v = éVii + 2ve = 6 I+ > 2 Me Vi J30)
! Ot 5 5 37\ m
~o, oY =) 6 6 1
) == Def[e ; Ve = —Wee + Vi) = =|1 + ——= |Veir J31)
0. ot 5 5 Zi\2

In a quasistatic approximation, one derives the following viscosity coefficients:
a pa a pa 7, a a pa l_/ﬁl a 2pa Qa a Pa Qa
=— == 5> == 5> = —= 5> S E— (J32)
= "Tawea Ty BTawin Mo

which have the same form as the BGK viscosities. The difference is that while 7, = v; + 14, and 7, = 1, + 1,; for the BGK
operator, here the frequencies have to be added according to (J30), (J31).

Importantly, because Braginskii (1965) neglected the ion—electron collisions for ion viscosities, direct comparison with Braginskii
has to done with 7; = (6/5)v;;. Using this approximation, the parallel viscosities of the Burger—Schunk model are

goodP e 5 ZN2_ p
O 6wy O 61+ ZiN2) v

where 5/6 = 0.83, contrasting with the Braginskii ion value of 0.96. Considering a specific case Z; =1, the electron viscosity
no = 0.49p, /v, contrasting with Braginskii’s value of 0.73.

J33)

J.5. Strong Magnetic Field Limit
Examining the strong magnetic field limit, the viscosities for ions become
i _ 3 D, i _ dpii, i L p i _ D

Tl mTse BTay

, J34)

113



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

(with relations 75 = 4nf, ny = 2n5 valid for both electrons and ions). All four viscosities match Braginskii exactly! Similarly, for
electrons in the strong magnetic field limit, the Burgers—Schunk model yields

3 1 D, Vei 6 1 Do Vei 1P P
e Sy L gpYd e _Ofy L \RVe e IR e P 135
g 10( Z,JE) % = ( ZJ—) =50, M (33)

Evaluation for Z;=1 yields n{ = 0.51p,v; / Q?, and again all match Braginskii exactly. If Braginskii had provided electron
viscosities for different Z; values, all four viscosity coefficients (except for parallel 75) would match his results exactly.
If ion—electron collisions are considered, the gyroviscosities 75, 7}, given by (J34) remain unchanged, and the perpendicular

viscosities become
[ p I/ll 5 \/— [ p l/u 5 \/_
i i 1+ = : ! L 1+ = N J36

T 10( 3 Z ) Ch 935( 3 Z ) (36)

where again né = 477€ holds. That the result (J36) is indeed correct, and can be checked against the 2-Laguerre Equation (89b) of Ji &

Held (2013) when written in a strong B-limit. (Use ( = (1 / Z)Jm,/m;, i = Q;%;, and 772 = 772!’1 - with conversion %; = 7;/~/2,
because we use Braginskii’s definition of 7;; see Section 8.2). Interestingly, the result does not change in their 3-Laguerre model (or
higher-order models). The same is true for the perpendicular heat conductivities x¢ .

J.6. Table of Integrals

To calculate the first Rosenbluth potential H,,, we use the following integrals:

yy f Lol giy = yyq32800). 137)
x y
) -
ffe—lwl‘cﬁ _— yw[e—z + ﬁ(l - %)erf(y)]; (J38)
x y y 2
fxx —lx+yP3y = It —+£e f(y) 1_1
X 2y? 2 y 2y
1 3 1 3
+yym| e (— - —) + J_erf(y)( — + —) , J39)
[ oot y o4y

and so

f (x -‘r}’)(x +y)e—|x+y|2d3x — iﬁlii + ﬂerf(y)(l — L):l
2y* 2 y

X 2y3
3 of 1 3
+yyr| Jwerf(y) — — e (— + —)] (J40)
[ 4)75 yz 2y4
To calculate the second Rosenbluth G,, we use
yy e~ xHyE g3 yyﬂ'[eyz + ﬁ(y + ZL)erf(y)]; J41)
y
7|x+y|2 3 1 2 1 1
fxxe dx=—yr[[1+ = |+ va|y + = = — et |1 042)
2y y 4y
fxxxe""*y'zd3 =Ir 1 1 eV + U= — 1 + € erf(y)
2 4y 8y3 2y
1 3 2 3 3 3
+yyr||14+ = - —|e¥ + v7|y + = — — + —|erf(n) |, 143
yy [( = 4y4) (y 4 8y5) (y)] (J43)

114



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

1 1) 1 1
(EJFF) Y +4—(5—F+g)erf@)]

and so

fx(x ) + y)e PPy = In

3 2 1 3
+yyr| ———e " + J7| ——— + — |erf(y) |. J44
yy [ 1y ( e syS) (y)] (J44)
To calculate the viscosity, the Rosenbluth potentials are integrated by the following scheme:
X I _ s4m > a2y
Jmreeyay =2 [yrmeay =155 [ yirpeay; (145)
= (2) @) 4
Sy - pree vy =P [T ey (J46)
(2)
fyyf (e Vdy =0, (J47)

where, in our case, functions f(y) are well behaved, so these integrals hold. Additionally, for any symmetric (3 X 3) matrix Z,
= —a? 13 = = I: 87 R 6 a2
A: [y e ay = | A+ @b 2|52 [T s ee . (148)

and for the stress tensor, Tr IEIE,Z) = 0 (the integral can be calculated by splitting A: yy explicitly into components, and then by using
symmetries, for example).

JO.6.1. Spherical Integration

To obtain the integrals (J39), for example, one introduces an orthogonal reference frame in the x-space with unit vectors é,, é,, €3,
where the direction of y forms axis é; = y/y, so that

x = xsinf cos ¢€, + x sin 0 sin ¢pé, + x cos des, J49)
which then allows one to first perform the integral over do,
f; " vdé = 2mx cos 0s: (50
j;h xxdp = mx?sin? 0 + mx2(3cos? 0 — 1)é3é, Js1)
and then over dfdx.

Appendix K
Braginskii Heat Flux (11-moment Model)

We use the usual reducible Hermite polynomials with a perturbation of the distribution function f, = 250) (1 + x;) (see the details
in Appendix B):

1 ~b63) ~b03) 1 ~b5) ~b5)

=—h “H; "+ ——h; "H; ", K1
=10 280 (K1)
where

b(3) 6 Hb(3) E-h(~2 _ 5)

”(5) — Sudm B = G — 148 + 39), (K2)

For the clarity of the calculations, here we only consider the heat flux part of x;, (i.e., the 11-moment model), but the full 21-moment
model can be implicitly assumed for the final collisional contributions at the semilinear level. The orthogonality relations are (species
indices are dropped)

~(3) 53 ~ ~05) 706 ~
f ACAY 0 a% = 106;; f A°A $0a% = 2806, (K3)
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yielding (K1). By using this perturbation Y,, one can directly calculate the heat flux vector and the fifth-order moment vector

i _m T, ~b0)
fﬁ,c, Py / LA
my

T; b(5)
XPO = my [ fectaic = pbm—’; (i,

+ 1479, (K4)

or one can directly calculate the Hermite moments

~p3) 2 [my

hi = | ql‘b;
N Ty

o L [m (ﬂxﬁ@ - 28(2."). (KS)
N \T

Note that we have chosen to define all of the vectors and tensors (including X©, I:I,»G), I:Ii(s), etc.) without any additional
normalization factors, so they are directly obtained from higher-order tensors by just applying contractions. The sole exception is the
heat flux vector, which contains a factor of 1/2, to match its usual definition. As also noted after Equation (B41), the reminder of this
exception in the index notation is the arrow on the heat flux vector components ¢q;. We will again use the Rosenbluth potentials, and
not the center-of-mass transformation. However, this time we will keep working with the Hermite fluid moments, which has a nice
advantage in that the expressions can be kept in a partially dimensionless form.

K.1. Rosenbluth Potentials

. m T, . . » m
&= |20 — ) W —vl= |26 -5 F= =20, (K6)
T, ny T,

so that our previously used y = 5 /+/2, the Rosenbluth potentials read

By introducing

AGE my (9
H,(v) = 1
) = [ = T f|cb— (1 + x)d%;
G = [ =l 00 = -2 [ 1oy = 716701 + )%, (K7)
b

and calculate

|1 (3 \F il T RS B
HW=n, |[—=]|—ef|=—=]|—- .| =——|y - + - 55—
»(¥) bnli (\/5) 7710y 6] )28
T, \F g2 o1 ¥y
GyW=mnp =], ]ZeT72 4|7+ = |erf| ==
»(v) =my mb[ - (y 5 NG
5 -5%/2 . 52
[etOL2) \Ee |y R - \E—e i (K8)
553 T 552 m 140
The derivatives calculate using 8/ ovi = Jmy /T, 8/ 0y, and
o, o) gf (2077 etG/2)
w1 |TWr 2 5

2 e 2 b3 o~ n 7DB) - i’ - yy hb(s))
2RO 56 ) + -5 — 2 -2 K9
~ 10 ( yO ) + ) 23 ] ) >3 (K9)

and further applying (9/0v) - recovers — 4fy,. It is useful to write the second Rosenbluth potential as

T, - . ..
Gy(v) = my /m—b [A + Asy - B*Y + Asy - P9, (K10)
b
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N o 5
A= |Ze 7724 |7+ = erf(—);
1 \/; (y 5 2

- erf(5/~2) \/7 e V2
Ay=—2L32) = ;

593 592 °

- —-y%/2
A5 = \/Z ¢ s
T 140

so that the second derivative calculates easily:

gaGb =n y {Izi{ + ﬂ(Al” _ ill]

where

v Ov | ¥ ¥2

=1 ~~ =1/
LERO + BO5 +IG - RO)E ¢ 25 )| A - A

vy v

=/ ~~ =/
+GR"® + /"5 + 1 -ﬁb“)))% + in—};(i ~ﬁb<5>)(/§5” - %)}

and applying (1/2)Tr recovers H,. The coefficients are

5 _}72/2 ~
Al/: \/Ze . + (1 _ ;2) erf(i)’
T 3 y V2

5 7;2/2 ~
A;: 2L + 3¢ - %erf(i);
m\y ) 5 554 NG)

1 E yeffz/z.
TN 140
A~1//: —_ \/7 % 67}72/2 + 2 erf(L),
T §* ¥ V2
- 2 4 12)e 7?2 12 9
™ y: oy 5 5y NG)

. 2 e V/2
Al=— |Z2G32 —1 s
> T o ) 140

5 A~l ~ ~
Al - = \/Z%eyzﬂ _ (% - %)erf(i);
¥ Ty vy NG
. A~/ 7}72/2 ~
A3”f—~3:f 3(1+%Jr{—i)e—Jr%erf(i);
ooy 5 y V2

oy T 140

K.2. Dynamical Friction Vector and Diffusion Tensor

and so

The dynamical friction vector thus reads

qob— o Can (| ma\momy | (2T erf(7/V2)
ke el el ) Y B ey 53
m my) Ty Ty y

a

272y b e FG - h")
2RO 56 R s g2 2P |
10 ( yOo )+ @ ) 3 4 ) 3%
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and the diffusion tensor
- .
B =y, [ lfAL IV g A
2 ~ ~2 1 ~
a L \ v 7V y
_ A/ ~ o~ A~/
@R+ BO5 TGO+ B A - 2
y y y
A~/ ~ o~ A~/
LGRS + W5 iG b(S)))_~5 + Ji_,;’(i O A5” A (K16)
y y y
or in its entire beauty:
— 4 —5%/2 G
Db:2cab mb \/78 (——%)erf(i)
¥ V2
1 3 y
2 |12 erf(L)
( i3) 2
_)72/2 ~
¢ _;Lﬂ%gg)
\/_

i 23
+2 —\/jfze” .
™3 v

+ By + 1 - B)
72/2
—erf

5V . - 2 5  15)e”?
I AURY ) [ = INEAE —
y 7r y y 5
~ 2 e V2
/;_
(K17)

5y B o \Fyz _
140
As a reminder,
j = /% v — up); cap = 2me*Z2Z2 In A. (K18)
b
o5 “a”
(K19)

K.3. Distribution Function for Species

(5|

The general distribution function for species “a” reads
) ma )" o ©) e mn
= 1+ = ng| — 1+ x, = ; &= = —uy),
£ =00 +x,) (a) WAy W= 0w
where the perturbation
X = Lﬂao) a(s)( ) + 1 h“(S)Ha(S)(c ) (K20)
T ) L
To avoid the complicated runaway effect, the weight has to be expanded with small drifts, for example, by defining
VT
i = (up — ug) {ﬂ; oz:ﬂ; o=y +a, (K21)
1 I/ mq
(K22)

/2 — o lag +it|* /2 ~ @ v2/2(1 —aj - iM).

so that the expansion for small drifts
=2
e =
In comparison to our previously used normalization, § = y~/2 and i = u~/2 and & = ¢,~/2 /vpa. The perturbation y, contains
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Hermite (fluid) moments,

ﬁiaG)FIz‘aG)(Na) ~ Iy
fzia(s) a(s)( )~ b a6 )ay (aty* — 14a%5% + 35) =

a(3) a@3) 7 a(3)

ayi(@®y? - 5) = (o);

a(S) a(s)

H"™ (ay), (K23)

where all of the drift & contributions such as A, G )ﬁi are neglected in the semilinear approximation. The expanded distribution
function thus reads

g Y2 e-ot52 o
Jo = na T.) G ——— 1 —ay - @ + x,), (K24)
with the perturbation
a3 a3 a(d a
%—3h“(%w+§#“ a7 o). (K25)
The integrals are evaluated with d3 = (T;,/m;)3/2d>y, so a useful shortcut is
a7
ffd*v_n f ”2(1—of-a+ V&35 (K26)
o | G y Xo)d5.

Also, it is useful to express c,;, directly through the collisional frequencies v, according to

/2

anbnb(l N )3Vab\/7(1+a2)2/2( ) . (K27)
ma

K.4. Momentum Exchange Rates R,

The momentum exchange rates calculate

Rup = m, f A% dy

— Yrp, /Qﬁ 3 Mab [ Da O _ Pa Pb [Ty b(3)]
mg ma mp

2 3
fi,,ab Hap P, & h“(5) &Pb I ﬁb(s) i (K28)
56 T Mg Pp  \Mp

or expressed through the usual fluid variables,

3 a a
R, = Vabpa(ub —u,) + gl/ab%[q“ - p_qb]

ab Pp
2
=3 Eae | ([ xe® — 28 Tage| = Lafxp 28 To gr) |, (K29)
56 T mg Pp my
Note that R,;, = — R,,. An alternative form reads
3 3 T, 3 3 3 T;
R, = Vabpa(ub —Uuy) + Vap Pab q°l = + _M_ - p_qb -+ _lj’ab_b
T 5 2m, Ty Py \S 2 my Ty
2
fiyab Hab X _ &Xb(S) , (K30)
56 T Pp

or yet another one:

21
9 amb + Tbma p amb + nma
Rab = Vabpg(ub - ua) + Vab_ab alO— - hS—
ab T,my + Tymy, Py T,my + Tpymy,

*il/ab lu’ab xa®) _ Paxie)| (K31)
56 P
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K.5. Heat Flux Exchange Rates

We need to calculate the collisional contributions for the heat flux

1. =0 _ 04, _ 1
T rQ, = 5t ff [(Aab Cl)Cq + Aablcal ]

ng ff(; I:E(TrDzab)ca + Dzab . Ca]d3v,

T, T,
€= |-%“& = |-~ (af + i) (K33)
my my

Before attempting the integration of (K32), it is useful to apply the semilinear approximation, which yields step by step

2 e V2 f(y /2
Aab c, 2% 1+ % npny (Oéy + y u) \/76 _ 2 ()’/\/_)
m?2 myp 1, ma ™ }72 )73

,72/2 . s ~b(5)
2e” a((i ) -5 + %(W - 5)”; (K34)

(K32)

where the velocity

T 10

(Aab . ca)ca :zcab 1 + nbmb T
mp

. T, my
22 v
+a(ey’y + 3y - @) + y%i) \/76 iz - erf(y~/3\/§)
Ty y
—52/2 B SOS . ~b(5)
5 az(f@ B gy T Dgg e 5))]' (K35)
m 10 28

Furthermore, in the semilinear approximation,

leal? =~ E(azy”z + 20§ - @), (K36)
and thus
APl P2l (g g M| T Ta
m; my) T, my
¥%/2 v
FaladF + 25 - u))(\/Te i erf(y~/3\/§)]
y y
272 b ~5(3) Q" G - i)
— [ =—aF R -G -+ (25— - (G- — < K37
\/;10 ¥y yOo )+ @ )28 oc=7 23 (K37)
For the diffusion tensor,
=ab Cab my, A~1/ ~ I
TrD™ =2—=ny |[— 1|2 + A
m; T, y
A A’ _
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and in the semilinear approximation:

s A~/ A~//
L e 5™)e, ~ 20“’;@{@ + u)[— + 4 )
2 « y 2

a

.. A// ~/ A~//
+aF G - RN 22 + B+ a5 - R[22 + S| (K39)
y 2 ¥ 2
=/
CARPAE CIE J7 (R L]
mg o y y ¥
Al
+ah"VyA] + o (7 - b(”)( y3 + A3)
5 A
+ah"VFAL 4 ay (5 - ’”@)( y5 +AS )} (K40)

Collecting all of the results together, the first part of (K32) becomes

7)72/2 ~
A% - ep)eq + —Aﬂb|c § Nzcab(l ! _)n—z{ - “(%%2& +25 (G @) + y“zﬂ)(\ﬁ — erf(y/s@)
™

» myp y y
2 e V2 2(1 27bB) | o o 7b(3) 3
S el 20" + 5 BN - =52
~ 10 ! zy yOy ) 2y)
1 5 5@ ~ﬁb(5))(23 o 3.4 )
— -5 + =52 =yt 5] h K41
v ) >3 22 57 7 (K41)

and the second part of (K32) becomes

s .y A A~// A/ A// Sos o . A~/
LTeb®ye, + B - e =20 0 ) o5 1+31 vafd ALY YO B A
2 m; o y 2 2 y

+ah"PvA; + oF (5 %”“5(3 A + %A;’)

!
+ah"O¥A] + a§ (5 -ﬁ”<5>)(3A—f - %A;’)}. (K42)
y

Now (K32) can be directly integrated, again by applying a semilinear approximation during the integration. By using (K26) and
(K27), the entire collisional integral (K32) can be written in a symbolic form:

1 = (3) T T,
—Tr = mung3a%y,, |— (1 + a?)3/?| 2L
) Qah b ) ( ) m,

—a?y%/2 1 1 3
X ——— —ay - + x,)| = (K41} + ———{K42} |d°y, K43
Il G~ | K G K2 (K43)

b

3/2

where {K41} and {K42} represent only parts of the corresponding equations that are inside the curly brackets. The final result of the
integration reads

=3 0q,
T Qab = (;b = - Vabpa(ub - ua) []ab(l)
T, ~ T, ~
_VabDab(l)& Sl s VabDab(Z)&& /—bhb(3)
2\ m, Py 2\ my

T, Pu T
FVabEab )Py | — P+ VabEab2)—Dy LR, (K44)
my Pp myp
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with the mass-ratio coefficients

4T, — 11Tymamy, — 2T,m; — 5Tym;

Uapty = 2(Tymy, + Tymg) (my, + myg)
D= 6T, mamy; + 2T, my) + 21T, Tym2my — ST, Tymam;, — 30T;m; — 52szmazmb;
10(T,my, + Tymg)*(mp + my)
Dy = 2 Tl(1OT, = V1Ty)mmy  4T,mg — STymg],
10(Tmy, + Tbma)z(mb + mg)
Eapay = _ 3% my 6T mmy, + 210 mj) + 27T, Tym;my — 11T, Tymgmy; — 84T;mg — 118T;/m; mb]
560(T,my, + Tbma) (mp + mq)
Eupy = — Mame TTp (16T, marmy + 107,m — STymg — U Tymamy] (K45)

112(T,my + Tyma)(my, + my)

As a double check, we have verified that neglecting the fifth-order Hermite moments i® in (K44) yields a model that matches
Burgers—Schunk; see Equations (45)—(49) in Schunk (1977; after there prescribing Coulomb collisions). For small temperature
differences, the mass-ratio coefficients simplify into

5/2Dmg + my,

Uy =— o
a b
2 1 1.2 6 2 3

3mg + Symamy — Smj; My — SMallyp

Dupay = 5 ; D) = —————75—3
(my + myp) (mg + my)
3 mp84m?> + Tmamp — 2m? 15 momp(m, — 2m

Eupy = —— »(84m, a b3 b); Eur) = amp (Mg ! b (K46)

560 (my + my) 112 (my, + my)

The model is easily changed from Hermite moments to fluid moments by

BT, [ Ta pes) _ Maye) _ ggg
2\ my my 1,

b [T, [T o) _ Moy ggg (K47)
2 my, my Tb

The heat flux exchange rates become

My 1. =3 5P,

&= =_—Tr — —Z4R
Q (Sf ) Qab ) o ab
X A s h
= —vup, Wy — uy) Uipy — VarDarq, + VabDah(2)p_aqb
b
), P
+VabEab(1)—X( R b(2) bX(S) (K48)

a Py Pp

with mass-ratio coefficients (introducing hat)

A 5
Uiy = Uap1y + E;

2
Dty = 3T, py 15 T2 i,
ab(1) = Dapy + 28Eqp) + E_a 7}; T az T;

A~ 37T, 15 T, 7T, N
Dap2) = Dap2) — 28Eqp2) + E—Nab 4 — cach Tab,

mg Typ 4 mgmy Ta
. 15 Tj /f
Ewy= Eawpqy + — 112 m ;
ab
) 15 T,T, 12
Euwpp) = (Eab(Z) BT ”fb T2 b] (K49)
a ab

By introducing summation over all of the “b” species and separating the self-collisions, the final results are given by (18), (19).
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K.6. Fifth-order Moment Exchange Rates

We need to calculate the collisional contributions for the right-hand side of the evolution equation for vector X*®), which is
obtained by calculating

® _ & _ 0Xy) " 3
0 =g, = = = my [ eoleal Cunlf, )

= my [ LAkl + 44T - cpleaPed

- f £,ED™ - cleal + 4D™: caca)ea + 2(TrD™)lcalPea)d. (K50)

Again, before the integration of (K50), it is useful to apply the semilinear approximation, which calculates step by step

’ -y%/2 ~
Alc, [* Nzcab(l + —)nbmb(i) [ + 04(043}74_)7 + 4a? ¥ y(y u))(fe i erf(y~/3\/§))
" T

» my) T, \my, y y

=b(5)

272 e oo o) - h - FG - 1"
— 2R —5G R + 5 - — — 2 = 2 K51
— 10 %7 yOo )+ @ )28 o°=7 23 (K51)

: T erf(5/V2
A - e)e,le P 25 (1 + )””’””( L ) [ + @ + 025 + 30755 5 'ﬁ))(f ARG IREY
m my T, T

a b mg y ¥y
,):2/2 N hb(5)
- J2 < a4i2(i G B -5+ T D g g 5))1; (K52)
T 10 28
D" cue~=2%n, |72 E{WW + 200§ - @)A/
mg 1, m,
N S L I, ) o) As
ay (F -h ) A +2—= + %2 - )A + 2—= (K53)
y y
. oy T, A/
D - eyle P2 B 2 { VA + a%ayAl + o - u)(SAl })

y

s N

L Lo (AL
a3y~2[hb<”y~A3’ +50 h“”)( > 4+ A4’)l

(Al .
+a° y2lh O5A! + 55 ~hb(5))( > +A5”]” (K54)

S

D" coeq)e,~ 250 b - {(Ofyzf + %%+ 20%5 (5 - @)A

m; a mg
A
+aH (5 - h"“))( = A ) + a5 - h”@)(z S+ A )} (K55)
y y
~
2(Tr D™yl P~ 252 2 Ta {( %5 + o2% + 205 (5 -ﬁ))(4A—} + 2&”)
m; o myg y
+a35H (F - hb(3))[8 3 4+ 24, ) + (G - h”“))( + 24! )} (K56)
y
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Collecting the results together, the first part of (K50) becomes

—2/2 f(5/2
A le [+ AA - e eqlel? ~ 25 (1 + —)ﬂi{ + aGa¥§ + 4a25% + 1602525 (F - a))(ge . @éf))
m

a mpy az mgy y y
,}72/2 B 5 b(5)
) E o W(W‘” TG R @ - 55+ 267 -9
~b(5)
Lo 2: )(39)72 _ 554 20)]}, (K57)

and the second part of (K50) reads

Cab My Ta

4D™ - eleal + 4D euta)ea + 2TrD"™) ey Pe, = 2

2 am,

</ z =/
X {a3y2y(4A—j + 10A1”) + a? 2~(8— + 64, ) + o¥ (F -a)(4A—j + 24&”)
y y

+ 10A3”)
y

+4a’7 VAT + o - ﬁb<3>)(zoA—}

~/
+40h" V4] + a5 (5 - ﬁ”(5)>(2°A—f + 10&”)}' (K58)

y

Now (K50) can be integrated, and the entire collisional integral can be written in a symbolic form:

5/2
Q(s)*mana3a Vab\/i(l + a2)3/2( )
mgy

X fﬂ(l —ay @+ x,) L{K57} + ;{KSS} d3y, (K59)
(2m)3/2 a? 1+ 2o
mp

where {K57} and {K58} represent only parts of the corresponding equations that are inside the curly brackets. The integration yields

5) 6X‘£5) T,
0O =TiTQ,, = —2L = 1~ +p, W — ) Uno)

Mmyg

je® _ Pa Po 7}; h~b(3)
- ah(l)_ b=
P
T, T;
—Gab)Py | — i+ Gab(2>—P N 2 hb(S)}, (K60)
Mg Pp my

U 16T2mam? — 8T mj + 56T, Tym>my, — 52T, Tymam? — 35TFm> — 119T?m>my,
ab(2) — — 5
@ (Tumy, + Tyma Y2 (my + my)
Fupay = (40T mam + 8T my} + 180T TymZm? + 68T Tymamg + 315T2 T mimy, + 207T2 T2 m2m}
+700T, Tbm + 3927, Tbm mp — 280Tbm Y5(Tumy, + Tymg)3(my + my) T, "
3T,mp[16T>m + 140T, Tym2my, + 12T, Tymam? — 35T m> — 119Tm? mb]
S(T mp + Tbma) (mb + ma)
_ 4 4 4.5 3 3 4 22 3 2
Gupy = — {40T; mym;; + 8T,/ m; + 2207, T;,ma mb + 1407, Tym,m, + 4957, T, m;m;,
+627T>TEm>m + 3640, T m2 my, + 1916T, T m>m? — 1400T; m>
—3304T;, m, my} [280(Tymy, + Tyma)*(mg + mp)] ™'
3T, TymZmy [8T2mi — 32T, Tymgmy, — 28T, Tym} + STim?2 + 17T} mamy]
(K61)
8(T ny, + Y;Jma) (ma + mb)

with mass-ratio coefficients

Fapo)y=—

Gab(2) =
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For small temperature differences, the mass-ratio coefficients simplify into

35m; + 28mamy, + 8m;

U2y = et ;
P 420m; + 287m;my, + 100m,m; + 8m;

ab(1) S(ma i mb)3 5
P 3 mb(35ma2 — S56m,my — 16mb2)'

ab(2) 5 (ma T mb)3 5
G 1400m,; — 1736m.my — 675mim; — 172m,m; — 8my

aw® 280(m, + my)* ’

15 m2my(my — 4m

Gap) = it 0, (K62)

? (my + my )4

Rewritten with fluid moments, the exchange rates for the fifth-order moment become

2 ®) 1 2
p 06X p N
05 '=05 —354R,, = gtb = Vab{__a(ub — o) U2

a a

~ D v Dl 5
—Epy2eq, + Epoy=2tiq, — Gun) X — G, b(2)_X(5)} (K63)
a IOu ph Py

with mass-ratio coefficients (introducing hat)
U@ = — Uy — 35);

A T, 1
Fupy = Fupy — 28Gup) + 35— T“b Vab(1;

a Lab
. T, i,
Fapoy = _(Ezb(2) + 28Gup2) — 35— ) Vab(Z));
mg Elh
A 15 12 1)
Gapy = Gap(1y — e
A 15 T,T,
Gu) = _[Gab(Z) —_—— ] (K64)
8 mymy ab
The final results are given by (20), (21).
Appendix L

Braginskii Viscosity (15-moment Model)
We use polynomials derived from the reducible Hermite polynomials (see the details in Appendix B), with the perturbation of the
distribution function f,(»") = £ (1 + x,)

1 ~60) ~bQ) 1 ~b@) Ab@)

Xbp = 2h1/ Hll + 78 hl] Hj; (LD
For the clarity of the calculations, we only consider the viscous part of X, (i.e., the 15-moment model) here, but the full 22-moment
model can be implicitly assumed for the final collisional contributions at the semilinear level. The Hermite polynomials are (dropping

species index “b” for the polynomials and velocities €)

)

Hu = GG — 5ij;

3 5 Ojj 8

Hi§4) = 52:1 =|ae — L& @ -7 + Sig®.
i i 3 5

A= =e - e

5 ~ i ~
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The irreducible polynomials yield the same perturbation x,. By using the perturbation (L1), one can calculate the fluid moments
Hg(z)’ Hf}(4), or one can directly calculate the Hermite moments

i Ub(z) 1 Hﬁ’j(z); A Ub(4) Pp Hb(4) 7 Hg<2)’ (L3)
Dy Pb Py

~(2

yielding the same relations. Both ﬁ,-j(-z) and ﬁ,;4) are traceless (and hlj ) — hlj( )).
L.1. Rosenbluth Potentials

N m 1, . - " m
& = |20 — w); V== e -5l = [0 —w),
1, my, 1,

the Rosenbluth potentials are

0)

Gp(v) = f v' = vl 0Hdd = n, /m—b f & = F16" (1 + x,)d%,
b

The notation reads

and further calculate

my | 1 7 Zh0), 55 3 (y) 2(1 3) o
Hy(v) =np |— 3 —erf| — —(h )| =erf| —=| — .| =| = + = e
»(”) h(n{y (rz) [}75 > ) 2T

1 2b@)

*%(h 1 ¥y) ;e ‘7/2}, (L4)

G,(v) =m Z) {\/%e«‘ﬂ/z + (y~ + %)erf(%)
L 2L 3 e 3 g L) s
14(h .yy)[\/;(y2+y4)e yser (\/5 ) (L5)

The derivative of the first Rosenbluth potential becomes
OH, _ nymy y \/Zeyﬂ/z _ erf(5/+/2)
v T, O ¥’
=2 _ |3 vy 2( 1 3 2
+(h ) —erf(—) ==+ =777
7 [y* Z) V= e T
=b(2) ; y
l(h ( A} ——SGrf( J )—f—\/z(%—i—%—i-{—i)eyz/z
v V2 m\y* ¥ 7
2b(4) 2b()
—7 ~>\F A —(h y)y\Ee v /2} (L6)

For the second Rosenbluth potential, it is useful to use the form

T, - - =bQ) L 2b@)
Gp(v) = myp m—[A1 + A h 1 yy) + Asth YY) L7
b
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where

Its second derivative then calculates

260:26 (145pp), 2022 June

~/ -~~~ ~/
i%znb my fﬂ_,_ﬂ&u_ﬂ
o v (S A y
=5(2) =h(2) = =2b(2) A
+2yh  -y) +2h  -¥)y +I( )’”)]72
_ 20 5§ =0 - A,
+2A4h  + %(h :yy)( , - 72)
O sb@) - ab@) __Af
+R25h  -F) +2( -§)F +1(h »f

with coefficients

_ 2§y o2b@ [ A,
+2A4h +%m:w>!—%n

and

_, i
Al — T%\/Ze_ﬁ/z (% — %)erf(i);

b 7\ y ooy NG

-, 3
o (L0 ) B 15125,

¥ v ooyt ¢ \r 2\y 7 V2

A! — A—:‘:f —(1 + ;2 + %—i + 1?65)\/26}72/2 + 1—~576rf(i).
¥ 14 iy ¥ ™ 2y V2
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As a double check, applying (1/2)Tr on (L9) yields

1. 0 0Gy ~<>~~ )
—Tr = A 2— h A 6
2 Ov Ov nbVT;,2{1+ o )(2+ y)

2b(4) Al
+(h yy)(A4 + 6— )} = H, (L12)
y
recovering the first Rosenbluth potential (L4). Similarly, applying (9/9v) - on (L6) recovers — 47f,,(v). Both Rosenbluth potentials
seem to be calculated correctly.

L.2. Dynamical Friction Vector and Diffusion Tensor

The dynamical friction vector becomes

Ach 2@(1+_)”bmb{ ( 26”2 B erf(i/«/f))

y? ¥’

=b(2) 3 2(1 3 .
+h Y| =erf| = |- | =+ = |eT?
( ”[y” (ﬁ) w(y~2 y~4) ]

2b(4)
_ h ) \/7 -/

b(4) )
AN ,/3 ey“/z}, (L13)
Y

and the diffusion tensor

_20Q)  §§ =60) . Al

+2A,h (h A, — =2
y

~/

= 2 A
-9)F +1h :y~y“)]7“

_ 2@ §§ 2b@) A
24+ 2@ | AL - —4]} (L14)
y

_zb@) 2b()
+2yth  -y) +2(h

where ¢, = 2me*Z2Z2 In A.

[Pt}

L.3. Distribution Function for Species “a

To avoid the complicated runaway effect, the distribution function f, (v) = f; fO) (1 + x,) has to be expanded for small drifts, in the
semilinear approximation. Following the derivation and notation introduced in Appendix C.3, the expanded distribution function
becomes

m 3/2 a2
= | 2 1 —ay -@t + x,)s L15
7 (T) G- Xo) (L15)
now with the perturbation
l a2 a2 ,. a(4) 0(4) ~
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where
la(2> u<2>( 7) —h“” 02555
hi VY (o) = i 025325 — ), (L17)
so the perturbation reads
_ o 5“(.~~ o 2@
Xa = 7(’! y) + —(h SADIC O (L18)

As a reminder,

a:(ub_ua) &; QZM~
\ T NTa/mg

L.4. Pressure Tensor Exchange Rates

We need to calculate the collisional contributions for the right-hand side of the pressure tensor equation, and these contributions
read

0,) = ma [, Awe’d + my [1,Dud. (L19)

L,
= - (ay + u)7
Mg

By implying

in the semilinear approximation,

« a T, | .. [2e7? (5 /N2
Aabca ~ 263 1+ m_ npmp ta (Oé § + yu) \/je - _ er (y~/3‘/_)
m, my) Ty, \ mg Ty y

=2 |3 7 \/7 1 3) .
+ah Zet| 2| = 22 4 2 e
( y)y[y* (ﬁ) W(iz y~4) ]

a = [ 15 5 2(1 5 15) .
Z(h ——erf| = |+ 2= 2+ = |2
”)”[ e ) (y = i) ]
2b(4) 2b(4) -
0@ oy 2er L@ sy |2 el (L20)
14 T 28 s

and

a

-y2/2 y
[Aab ]S ~ o Cab Cab (1 I )nhmb L {(204_)755 + iﬁ + ﬁ"’)(\/ze . erf(y~éﬁ))
m? myp T ‘

) a2 b o[22
R S ) AR 11 A ) W e A R (A 4 )V N e 9 (L21)
14 T 14 ™
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The first term of (L19) is rewritten as

67(12)72/2

. Agpc 5dy = manaa3f—
ma [ £ 1Awea) e

(1 - ajj SU+ Xa)[Aabca]Sd3)77

and by using the following integrals:

[sst@esray =15 [* s ey
0

L o=b@ L Eb@AT O
J3@ - pp@re s ray iU [T e ay:

=b(2) 2
i[53 @e Ry = o;

=b(2) =b(2) 87
h —

s @e ey =TT [ s @e .

and by further applying the semilinear approximation, it integrates

T = =b(2) T.T, 2b(4) aTaTz
mg ffa [Agpc dy = paz/ab[—2—al + gh LU N— 3h " b

mg T,my + Tymy, 7 (Tumy + Y}Jma)z
27T, ﬁa(Z)ﬂLmb +5hm, | 3 T, ﬁ“(4) TompQTymy, + TTymy)

5 my, T,my + Tym, 35 m, (T,my, + Tymg)?

Similarly, the second term of (L19) integrates

5 2 2, =@ 3 7 2
ma [ fBad =N T= Ty + Tymy) — ST+ =" —j;
m, +my,| my 5 35T,my, + Tym,
_2Tim, ﬁa(Z) i 3 miT? 2a(4)
5 mg 35 ma(’lzlmb + E)mu)

Adding the last two equations together finally yields

=(2) v, = za(2) =b(2)
0 =Lt 1oty — T)I — Koy Tk + Ky Tok
my, + my
2a(4) 2b(4)
+LapyIuh  — LypoThh 1,

with mass-ratio coefficients

2Q2T,mamy, + 3T,m} + STom? + 6T,mamy)
5(Tumy + Tymg)mg ’
Kupo) = 23T, m, + 2T,my, — Tbma);
S5(Tmy, + Tpymyg)
3T,mpRQTymamy + 3T,m; + TTym; + 8Tymamy)
35(T,my + Tyma)’mg ’
3m,T,(STym, + 41,my — Tymy)
35(Tumy + Tymg)? '

Ky =

Ly =

Lapoy =

A

As a partial double check of the entire formulation, by neglecting the fourth-order Hermite moments h

Hunana et al.

(L22)

(L23)

(L24)

(L25)

(L26)

(L27)

)
in (LL26), it can be verified

that the model is then equivalent to Burgers—Schunk; see Equation (44) in Schunk (1977), or our previous Equation (J21). For a
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particular case of small temperature differences, the mass-ratio coefficients simplify into

2(5m, + 3my) 4
Ky = T; Koy = g;

3(7Tm, + 3mp)m 12m,
Loy = 30mq & Smy)my, Lapo) =

35mg(my + my) 35(my, + my)’

and for self-collisions, K 41y = 16/5, Kaay =4/5, Laaqty=13/7, and L,y = 6/35.

L.5. Viscosity Tensor Exchange Rates

.. o . . = (2
The collisional contributions for the viscosity tensor H(a) become

= (2) =
s, o, =@ I_ =®
Qab /:6—;:Qab - ETrQab
P, Vab =a(2) =b(2)
=—22 [—KpnyIh ~ + KaeThh
my + my,

2a(4) 2b(4)
+LapyIth — LapyThh ],

and introducing summation over all of the “b” species, and rewritten with fluid moments,

G0 = 2L Yy Ly B
4 10 70

Pa

0 Vab 1 = 1
+Za—a[_(Kc¢b(l) + 7Lab(1))n_]-_-[a + (Kap + 7Lab(2))n_
b a b

b=aMa +m

- Py F®
+Lapy—2T1,” — Lapoy—2-11, |.
nap, nppy,

It is useful to define (introducing hat)

A A

Kavy = Kapy + TLap1ys Kave) = Kap@) + TLap2),

and the final mass-ratio coefficients are given by (23).

L.6. Fourth-order Moment Exchange Rates
We need to calculate the collisional contributions
=@ OTrry
Tr =
Qas 5t

= my [ f1A% el + 24 - c)eqe,ld

= m, f Catala? Cap(f,)d

g [ LD e, + D lef + 2B - cden)1d.
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There will be no @& contributions at the end, and it is simpler to suppress these from the beginning (# = 0), and just use
¢, = JT,/m,ay. Then one evaluates step by step:

Adb 'Cazc‘”;(l " @)nbmb Ea{(\/zeﬁ/z B erf(y/\/f))
mg myp Tb mg e _)7
=b - )
+(h @, 27 9~ Y +l 1 +~i+~i \/Zeyz/z
253 J2 2 72 N7

2b(4) )
+21—8(h AR C +)72)\/g€y2/2}; (L33)

2AD - e)epe, =250 1 4 Ma ) [ Ta Ta 5 ) 055 \Ee—y”zﬂ _ efG/V2)
maz mp Ti) mgy ny ™ )7
=bQ2) _ . 9 v 3 9
+h IR - N—Serf(L) + (1 =+ —4)\/7e—> /2]
VAR AP A K

NG

+
1 204 __ » 2 -
+ﬁ(h SIPII(=2 + 77 ;e*“}; (L34)

(Aabca)s|6‘a |2 = Cab (1 + )nbmb L£a3{2~_)~7 [\/Ze)—’z/2 _ erf(y/ﬁ))
ma my) T, m, my s y

@ 55 5@ -y~>>[~i3erf(f§ ) B (1 + %)\Eeﬂ/z]
y y i
2

sb4) s [2 1 osbw o [2

——(h I IR PN —h FHIFI e T (L35)
14 T 14 s

and adding the last two results together,

(Aahca)slca |2 + 2(Aah : ca)caca

zc“”(l + )"bmb Lﬂoﬁ{@N(\/zefz/z _ erf(f/ﬁ))
ma my) Tp m, my i y
3

2bd o [2 | EIC I - 2 =
_ﬁ((h -Y)y +yh ~y))y2\/g€y2/2+a(h Zyy)yy(—2+2y2)\/;ey /2}~ (L36)

132



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June

Similarly, for the diffusion tensor, calculating step by step,

D=ab
A4
y

H - _ 2b@)
“J)(2A; + 2A4) + 5 (h

Cahn {All/ + 2
\ 7,

B b
A~l
ii)(Az” - 6%]
y

)}

2b(
+(h :y~y‘>(A4 +24
A/

=2
y

=ab
TrD*

a

2b(4)

=b(2) 2
+ (h

+(h

Cab m;, T

TrD* caca =2"%p,
2
ma

/
2{)7_)7(A +2— )
mq
~ Al
A+ 6—})
y
my ﬁ&{fﬂi{ + 55 (Al”
T, my,

b
- y)y +I(h

wfis - &

T,

=b(2) 2b(4)
+ (h

+(h

SNADNA

C A
|a|2_2 ab 1

Cl

_o=b@ =b(2)
+2yh - ) + 2(h

A,

)

="

A2_

. 2b@) =)
+252Ah T + 55 (h
~ 2b(4
“¥) + 2

4 ab)
+yy(h

_ 2b()
+[2y (h

. ab( ~ A

125244k ii)(Ai’ - =

C, m
2%, |2
ma

np

ce)e ) = £a2{4y~y~fil”

2[(5ab
my

b

=bh(2) JO o~ ~ _._ =b(2)
+2[th - P)FP(2VA, + 24;) + 45y (h

2b(4)
+2[(h

and adding the last three results together,

(TrD™Yeuea + DV le,P + 2[D” - c)eal

/

my, ~ 6A~1//+_

M Ja o2 {fyvi{ + iy(
T, mg

-9 Cab
2
mu

+ 2[(777

np
@ e . = =b(
“PIP(BYA, + 24A;) +1(h

L) .. =b
+ 2y°Axh +yy(h yy)

b(4)

)
- PIFPBFA, + 244) +I(h

: ii)(6/34

2b
+2[(h
2b(4)

. o2b@)
+29%A4h + 55 (h
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) o 2b@
)y +1h

y

_2@ y /’”b / {Al + @ 5)5A 4 2k + 5

|

ii)ﬁi(& +6— ; )}

d
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/

Ar

8

=

)(A2 +2

(L37)

(L38)

(L39)

F5)IFA,

L FHITA,

</
y]’

~\~1S ~7/ ~ —— 2b(4)
DT QFA, + 2A4) + 455 (h

6y + 1322
v

"’/

A

+ 1322

(L40)

/

<
v

ik
A

|

(L41)

el

Al +2

2) )
'yy)yAz

L FH)TA,
(L42)
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Now, by using (L36), (L42), we are ready to calculate the collisional integrals (LL32). The first integral in (LL32) calculates

ma [ fIA%e) ke + 24 - e)ese,)d

., Vabp_aj{imr,,mb + 5Tymy) _ F0@ 63 Tumy — TTmy) Tym
2 (Tumy + Tymy) 5(Tymy + Tym,)?
£ 3(Tymy — Tymg) TEm?
(T,my, + Tymy)?
7@ 48T>mp + 28T, Tymamy, + 35T m?)
5(Tomy + Tym,)?
LR 208T2m} + 36T Tymam? + 63T, TEm>my, — 70Tb3m;)}_
35(Tump + Tymg)?

(L43)

The second integral in (L.32) calculates

ma [ 11D eue, + D leaP + 2D - een)1d

P; [74QTmy + 5Tymy) 200 211 Tymy — TTymy) Tymy
- p“yab_i{l Tms +m) " ST, (Tumy + Tyma)my + 1)
’_ibm) 3(23T,my — TTym,)TEm?
35T, (Tumy + Tomy)*(my, + my)
4@ 24T7my + 21T, Tymamy + 35T)mg
5T (T,mp + Tymg)(my, + my)
2at) my,(T,my, + TTymg) (4T,my, + 19Tym,)

—h . (L44)
35(’1:11711, + Ema)z(mb + ma)

Adding (L.43) and (L44) together then yields the collisional contributions

2
100 = pun { LfACTmy + STymgma (T — T)
P, (Tymyp + Tymg)(my, + my) T,

za(2) =b(2) 2a(4) 2b4)
—Mupsh + Mypoh  — Napayh  — Napoyh , (L45)

with mass-ratio coefficients

My = {2006T2memi + 12T2m;} + 56T>Tym2my, + 31T Tymami + 10T, T m]
AT, TEmEmy — 35Ty m)} [STu(Tymy + Tyma)>(my, + ma)] ™"
2TymaOT; mgmy, — 2Tymj — 21T, Tym; — 25T, Tymamy, + TT;my) .
5(Tumy, + Tyma )Ty (my + my) ’
Ny = — {16T2mgm; + 12T2m;" + 12T TymZm? + 21T Tymamg + 126T, T2 mmy,
—S4T, Tymimy — 180T m; — 2737 mgmy} [35(Tumy + Tyma)* (my, + mg)] ™'
3T2m2 (35T mamy + 12T2m} — 35T, T,m?2 — 51T, Tymamy, + 1T m?2)

Mp) = —

Ny = — L46
" 35(Tymy, + Tymy) Tu(my + my) (4o
For a particular case of small temperature differences between species, the mass-ratio coefficients simplify into
2(35m? + 35mamy, + 12m?) 4dmy(Tmg + my)
Mapy = 5 ; @) =
S(mp + myg) S(mp + myg)
140m> + Tm2my — 25mem} — 12m; 12m2(Tmg — 3m
Nabiy = g g L Napy = ( b), (LAT)

35(mp + my)? 35(mp + my)?
and for Self—COlliSiOHS, Maa(l) = 41/5, Maa(2) = 8/5, Naa(]) =1 1/28, and Naa(2) = 6/35
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L.7. Exchange Rates Q=a(4) !

Applying trace at (L45) yields the scalar
2

Hunana et al.

TTeg,, - ,o,,vabp—‘;{+3 Ty + Symarma T — T“)}, (L48)
Pa (Zlmb + nma)(mb + ma) T;z
and thus
=@ w I, . =@
9, ' =TrQ, — gTrTrQab
p’ =a(2) =b(2) 2a(4) 2b(4)
= puVar—5[—Masyh ~ + Mapoh  — Nawyh — — Nwpyh 1. (L49)
a
Finally, introducing summation over all of the “b” species, and rewritten with fluid moments,
5@ 53 = (2) 79 = (4) D, =)
Qa '=— _Vaa& a —Vua]-_-[u + ZVahI:(Mab(l) - 71Vub(1))_a]-_-[u
a 140 b=a Pu
2 2
Py 5@ = (4 Py Pp @
+Mab@) + TNav@) ——11," — NapylLy™ — Nap2)—=5 °11, } (L50)
P b Fa
It is useful to define (introducing tilde)
Mab(l) = My — TNapq); Mab(2) = Muw) + TNap), (L51)
and the final mass-ratio coefficients are given by (25).
Appendix M
Collisional Contributions for Scalar X"
Here we consider the perturbation
X = —1;0 ROR", (M1)
with the Hermite polynomial A“ = & — 1062 + 15 and the Hermite moment 2’ = %)7 " The Rosenbluth potentials
b

become

my | 1 y 1 ~b@) ) f 221
Hy,(v) =np | —=q—erf| —= |+ —h" "3 — —e VAL M2
» () bn{y (\/5) 120 ( y)7r (M2)
T, \/7 ) N 1 y 1 ~p@y (2 _
Gy(v) =ny [ 3. ]=e V2| F+ —|erf| == | — —£ e V2L, M3)
p(V) = np, mb{ - (y ; 7 <0 - (
and the dynamical friction vector and the diffusion tensor become
Acb —pCab |y Ma ) oMMy y \/Ze_iz/z B erf(y/V2)
m; my) T Ty ¥
) 2
—F—— =5 —y)e /22, M4
Y120 7T( y9) M4)
_ _A~/ ~~ A~/
D_abzzcugnb ﬂ ITl + % A~]// _ _~1
a L { v y
. 7b(4)
+d —yy)h—\/zefz/z : (M5)
60 V7

The perturbation y, = (A““ /120)(c#5* — 1025 + 15).
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M.1. Pressure Tensor Exchange Rates

It is sufficient to consider ¢, = /T,/m, ¥, and so

—7%/2 y
[Aabca]S — ZCLZ(I + &) npniy, E {Zaii(\/ze - erf(y~/3ﬁ))
'/T

m my) Ty \ mg y y
Y2 2
C2aFF 25— y)e 2L M6
Y 50 77( y9) (M6)

which further integrates

2
0] 1,T; m,

= T,
mg f]z [Aabca]Sd?)V = Pal/abl 2= —
m 4(Tomy + Tymy)?

0 T2 (T,my — 4T,m,
_jja My 2 (Tamy bMyg) ’ M7)
20ma(Tamb + E;ma)z
together with
S a 3 T~ T2 a
m, ffaDabd% _ P PV 2y 4 Tymg) + RO b
Mg +mp | mg 20(Tamy, + Tpyma)
22
—a T
+i ™ Za : (M8)
20mq (Tamp + Tymy)
Adding the last two results together yields the collisional contributions
=@ WVab 5 ~p4) Tymg (STymy + 4T,my, — Tymy,
Qa(b): PaVar _Fl o — 1y — T T ( b 2b )
mg + my 20(T,my + Tymy)
LT Tamp(5Tymp + 4Tymg — Tymy,) (M9)
20(Tymy + Tymq)* ’
which can be written as
= Uwp = ~a -
0y = L _JL2T, — T + Pooy TR — Puo Tih"™), (M10)
Mg + myp
with mass-ratio coefficients
Tamy(5Tpymy + 4Tyma — Tamy) Tymg (5Tymg + 4T,mp, — Tymy)
Fapy = 5 ; Fab2) = 5 ; M11)
20(’1:17'117 + E?ma) Zo(nmb + Eyma)
or for the particular case of small temperature differences,
myp mg
Py = —— Fpoy = ———. M12)
W S5y + ma) © T 50my + my)
The pressure tensor exchange rates (M10) are rewritten to fluid variables, according to
) Vab 5 @) @
0% - Ml[juz(n —T) + Pooy LR — Py LR, ] (M13)
my + my ngp, NPy
The energy exchange rates then become
1. = Py Vab 3 P @ 3 Pp &
w==TrQ, = L | 13T, — T) + =Ry X, - =P, %, (M14)
Qar 2 Car (my + myp) [ ’ P nap, 2 npPy ’
and the collisional contributions for the stress tensor are
s, o0 I =0
0, =0, — gTrQab =0. (M15)

. ~(4 ~4 . 2 .
The scalar perturbations X, ) and Xb( ) thus do not modify the Qa(b) ', but they enter the conservation of energy. The final model uses

]Sa;,(l) =Q3 / 2)Eyp(1y and ézb(2) =Q@3 / 2) By (2), and the result is written in Section 7.1, Equation (140). The result is also shown in the
discussion, Equation (177).
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M.2. Fourth-order Moment Exchange Rates

It is straightforward to calculate
A%c) leal” + 2(A% - e)eacq

"”m”( Ta )3/2a3{4)7~(\/zef2/2 _ erf(y~—/\/§))
T y

=)y 4 e —
my my) T, \mg

A
—45§572(5 — 2 Ze 2t
yyy-(5 — ¥°) 50\

(TrD)eaeq + DVlea + 2[D™ - c)eal’

together with

my, 727 Mg

s oo P PR
U455 (7 = 6591 = oy — e

. - . » A/
Cab,, [T Ta {Iy*A{ +5¥ (6A1" + Tl)
y

and to integrate
ma [ f1A%e) e + 24 - e)eacad
~pay mg Tj (2T,my, — 5Tym,)

2
= 42T, 5Tym,
:/)C,Vabp_;l - ( dde’ + LU ) + h 3

a (T;tmb + E)ma) Z(Elmb + I;Jma)

L 2T2my + 9T Tymam} + 12T, TEmZmy, — 40T m}
30(Tamy, + Tymy)? ’

together with
ma [ L1 D ) euta + D leaP + 2B - e)e)*1d
T, m; 2QT,my — Tym,)

= ]/a —_—
Pt 2 TGy + ma)
) myQTimg + T, Tymamy + 44T m) |
30(Tymp + Tomg)*(my + my)

Adding the last two results together then yields the collisional contributions
2

=@ o
TrQ,, = pvar—51 {+Sab(0)
P T,

a

with mass-ratio coefficients
4ma(27;1mh + Snma)

Sa - 5
YO Ty + Tyma)(my + my)

Sapy = — {maQRTm + T2 Tymami + 6T Tymy? + 12T, T m2my + 27T, TF mam?

—40Tm; — 84Ty mZmy)} [30(Tymy + Tymy)>(my + m)I™ '
o T2m> Q2T my, — 5T, Tym, — 6T, Tymy + T my)
> 2T, (Tymy + Tyma)(my, + my) '

For the particular case of small temperature differences,
4mg (Smq + 2my) |

Sab©) = (my - m ) 3
2ma(10ma2 — Tmamy, — 2mb2) 2m
; Sab@) = >
(mh + ma)

Supcty =
b 150my + my )
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and for self-collisions, S,y =1/60 and S,,2) = 1/4. Applying a trace at (M20) and changing to fluid moments yields
”(4)}, (M23)

2
=@ , T, — T,
TrTrQ, " = v~ -i-Sab(O)M — Sap1) 2X — Sa@)—Xp
Pa Ta r, P,
and the collisional contributions for the stress tensor II
0V =10 - gTrTréa(:) —0. (M24)
M.3. Collisional Contributions QVH
The collisional contributions for the evolution equation X, °, Equation (C33), then become
~ 4
0y ' =TT, — 20 %O
2
(T, — T, 60m, ~4) 30m,
= Vab{-i-—p(%’ab(m - 7) X, (3Sab(1) + 71311;(1))
[ mg + mp mg + mp
p P ~(4) 30m, T,
£ (3Sab(2) —_— bPab(Z)) (M25)
Py Pa (mg + mp) T,
It is useful to define
A 60m,
Sab©) = (3Sub(0) - 7);
my + my
A 30m,
Saby = 3Sabay + ————PFu1y;
my + my,
A 30m, T,
Sap@) = —| 38wy — ——————Fu ) (M26)
2) ( 2 — (m, + my) T, 2)
and the final model then reads
0,) ' =Tmg,, — 20 “Ou
P T, - T, ) Pzp o~
=1, {—abi ab(0) — X Sab(l) + =5 Xb Sah(2)}7 (M27)
a a pb Pa

with mass-ratio coefficients given by (143)
Appendix N

Coupling of Two Species
Here we would like to emphasize the usefulness of the multifluid formulation, which makes the calculation of transport coefficients
straightforward. We consider two species with indices “a” and “b.” The evolution equations for the heat fluxes “a” become
d, 5 Pa N . ),
—qu + Qb x q, + =p,V = — [2044 + varDapr1ylq, + VarDap2)—4q,
2 Ou Pb
3 g NPaxe o Paxe) _
+ Vaa + VabEapy | =X, VabEap2)—X}, DaVap Wy, — wa) Ugpry; (N1)
70 pa pb
da X(S) + Qb x XO + 707 L V( ) == [EVM + Vabﬁab(l)]&% + v by Pq,
Pa Pa 5 Pa Pb
3 . 2
_[_SVaa + VabGab(l)]X(gs) - VabGab(Z)p_X = vy — ug) U, (N2)
b a
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together with the evolution equations for the heat fluxes “b™:

d A 5
—bqb + b x q, + —p,V Ly — Rvpy + Vbana(l)]qb + Vbana(2)p q,
dt 2 pb pa
2. 2 NPexe _, B Poye N N
bb + VbaEpa(1) b Vpalba2)—=X;" + ppVa(y — ) Upa(ry; (N3)
70 pb pa
d 76 N
hX(S) + Qb x X(S) + 70 V(&) = - [—Vbb + Vbana(l)] —q, + I/bana(z) Lq,
dt Po \ Py 5 P Pa
3 Py
*[gvhh + VbaGha(l)]X 3 — VhaGba(2)_bX(5) + ; vy — ua) Upaay, (N4)
a b

where, for similar temperatures, the mass-ratio coefficients are given by (27), (28), and for arbitrary temperatures by (19), (21). The
system is fully specified and after prescribing a quasistatic approximation it can be solved. Unfortunately, the general analytic
solution is too long to write, even for the unmagnetized case. It is beneficial to consider a specific example. Nevertheless, the above
system is a very powerful tool, which allows one to obtain the transport coefficients between two different species, it being a two ion
plasma, or precise solutions for a specific one ion—electron plasma, without neglecting m,/m; (see Section 8.8).

Similarly, the viscosity between two species is described by the evolution equations for the viscosity tensors of

[IPxIN

spec1es a

d, 52 = 21 =@ 9 Pu 5@
d”l_[ + Qub x H )S +p W, =— EVMHO + %Vaa;‘lﬂa
Vab A 1 52 5 1 =@ = (4) = (4)
g faleb —Kupy—IL," + Kawpoy—IL,” + L Pa II,” — Lab(2) b 11, ], (N5)
m, + my ng ny nap, nppy,
2
Gafy® 0.k x T 4 7Py, = = 3, Pg® _ P, {5
dt Py 20 ¢ pa 140
2
P, = (4) p Pp =)
+ap Mab(l)_H ' Mab(Z)—Hb — NapoyIL,” — Napoy bH;, , (N6)
Pa PaPp p}, Pa
together with the evolution equations for the viscosity tensors of species “b”:
- (2) 21 = (2) 9 = (4)
H + Qb x H +p Wy = — —u, I, + — b1
g b b ) poWo = = Tovmnlly 0 bbpb b
Up, N 1 =2 X 1 =0 = (4) = (4)
L —Kpay—1II," + Kpay—1I, ‘l’Lba(l)&Hb — Lpa & 1I, ]; (N7)
mgq + myp np ng nypy, nup,
2
d 4 = 53 = (2 79 = (4
hl—Ié) + Qb x Hb )S + 7p—bWb - — bbﬁn(b) - —ubel,>
dt P 20 py 140
2
- Py = = (4) Py Paz @)
+ Vg _Mba(l) Hb + Mgy —2-TI," — NpayIT,” — Nba(z)%ﬂa . (NB)
Pp PpPa P, Py

Here the heat fluxes (N1)—(N4) and viscosities (N5)—(N8) are decoupled, but one can consider more precise solutions with coupling
between heat fluxes and viscosities, similar to Section 6.

N.1. Protons and Alpha Particles (Unmagnetized)

As an example, we consider collisions between protons and alpha particles (fully ionized Helium with proton mass 4). The protons
will be the “a” species and the alpha particles will be “b” species. For the ion coefficients, the collisions with electrons are neglected
in an analogous fashion to Braginskii (1965). By prescribing mass m,, = 4m,, the mass-ratio coefficients with equal temperatures

139



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 260:26 (145pp), 2022 June Hunana et al.

T, =T, become

Dab(l) = %; Aub(2) = %; Aah(l) = 887—75; Eah(Z) = %; Uab(l) = g;

Fpay = %; b)) = %‘28; Sab(l) = — %; Gy = %; U = 24,

DAba(l) = %; Aba(2) = %§ Aba(l) = %; Eba(Z) = %; Uba(l) = %§

Fray = %; Fba(2) = %; Gpa(ty = %; Gra) = %; Upa2) = ? (N9)

By specifying the charges Z, =1, Z, = 2, the four different collisional frequencies are related by

P n, |2 n
Vba = _aVab; Vab = S_b — Vaas Vph = S_byam (N10)
Pb n,\5 Ny
and we choose v,, as the reference frequency. Furthermore, applying the charge neutrality n, + 2n;, = n,, we choose as a reference
the normalized density N, = n,/n, and express n,/n, = (1 — N,)/2. We also prescribe VT, = VT,

Solving the system then yields the (parallel) thermal heat fluxes an = — K, VT, qu = — Kp VT,, with thermal conductivities
o= el g gy = A (N11)
My Vyq mMpVpp

and with normalized fully analytic values

a a

I%aNa{( 17989001 0 + 292708195) 3 (2129490299 0 — 1032644005 )N2

10557600 54054912 675686400 108109824
+(_98252949m n 8035835 )Na n 51625 JI0 + 3425 A (N12)
45045760 1689216 70384 140768

Ry =32(1 — Na){ 125 +( 128513167 0 — 166007075 )N3

1024 2162196480 864878592 )

(_ 67953383 o . 386788475)Naz ( 15671599 o 1540025) A/ a (N13)
540549120 864878592 216219648 4504576
o (7722521001 JTO 4 14274588957 )N: (1043512703 T 8606493541) 2
563072000 3519200000 337843200 879800000
(723828129 T 15644893541)Na2 (23828129m 74)Na ’ (N14)
8798000 1759600000 26394000
or with numerical values
fg = Ny[2.3438 + 0.02684N; + 0.4144N. — 2.1404N,1/ 1 ; (N15)
Ry = 32(1 — N,)[0.1221 — 0.003988N_ + 0.04968N?> — 0.1127N,1/ A ; (N16)
Ay =1 —0.001559N;) — 0.01485N> + 0.3266N? — 1.1451N,. (N17)

Note that n,/v,, is independent of n,, and that is why the definitions (N11) were chosen. For the “b” species (the alpha particles), the
results are written in a form so that it is easy to use 32n,/(vppmy) = ny/(Vaamy). As a double check, prescribing

N=1;, = kg = Tala g; kp = 0;
Vgag 32
No=0: =  kg=0; =l 125 (N18)
VppMyp, 32

as it should be. In general, the thermal conductivities of single-ion plasmas compare as x, / Kp = ~Jmy/mg (Zy/Z,)*. In our case, the
thermal conductivity of pure alpha particles is 32 times smaller than that of pure protons. The thermal conductivities &,, A, are
plotted in the left panel of Figure 7.
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Figure 7. Left: proton thermal conductivity &, (red), given by (N15), and alpha particle thermal conductivity &; (black), given by (N16). Middle: proton frictional heat
flux given by [, (N22). Right: alpha particle frictional heat flux given by [, (N23). Note the surprising change of sign of Gy, for N, > 0.57. We have verified that the
same effect is present in the simplified 13-moment model of Burgers (1969)-Schunk (1977).

The frictional heat fluxes read

u

q, = — Ton,(u, — ua)ﬂOa; ‘Ibu = — Tyn.(up — ua)ﬁOb; (N19)

150058601 1522393
o = Ny(1 — N, - V10 1Va3
o ( ){( 43990000 1407680 )

258658601 199422 > ( 16290 99711 ) 5430
+| + — VIO IN; + | — + V10 |IN; + —— Ny N20
( 43990000 109975 ) 4399 109975 4399 ! (N20)

7351 m+(_ 54551 0 + 264247 )N3

a

Bob = N,(1 — Na){

1407680 22522880 35192000
+( 289783 J10 - 2663863 )Naz n (_ 22053 J10 + 2663863 )Na /A] ’ (N21)
22522880 70384000 1407680 140768000

where the denominator A; is identical to (N14), and with numerical values

Boa = Ny(1 — N,)[1.2344 + 0.008776N. + 0.1457N> — 0.8360N,1/ A ; (N22)

Bo» = No(1 — N,)[0.01651 — 0.0001504N> + 0.002839N> — 0.03062N,]/ A . (N23)

In both limits N, =0, 1, the frictional heat fluxes disappear. The frictional heat fluxes are plotted in the middle and right panels of
Figure 7.

N.2. Viscosities

One first calculates the required viscosity mass-ratio coefficients, which for the protons (“a”) and alpha particles (“b’) become

& 398 . 3, 28 1

ab(1) 25 > ab(2) 25 > ab(1) 175 > ab(2) 175 5

N 934 ~ 32 8 12
May = s Mape = 25 Ny = — —3  Nopp) = — —

P25 "~ 125 b 35 b@ 875

A~ 323 N 68 93 48
K, a - 5 K, a - 5 L a - 5 L a - 5

P = 100 ba® = 553 P 200 a® =175

N 368 ~ 1424 256 192
Mpay = — —125; b = s ; ba(l) = —125; b = 17 (N24)

and which enter evolution Equations (N5)—(N8). For an unmagnetized plasma, a quasistatic solution of these equations then yields
the viscosity tensors

= (2) e E o .=
Ha = _L[naam + nabwb];
Vaa
- (2) = =
11, :*f—b[g%bm + T, Wl (N25)
bb
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Figure 8. Normalized viscosities of the proton and alpha particle plasma, according to (N26). Collisions with electrons are neglected, in an analogous fashion to
Braginskii. Left: proton viscosity 7, (red) and alpha particle viscosity ), (black). Right: “cross-viscosity” 7.

with numerical values

Nua = Na( — 0.05464N; + 0.3704N? — 0.7717N, + 0.5173)/ A ;
fly = Na(1 — N,)(0.001874N? — 0.008142N, + 0.01248)/ A ;
flpp = 8(1 — N,)( — 0.01150N; + 0.07862N? — 0.1729N, + 0.11997)/ A ;
A =1+ 0.03923N) — 0.3759N. + 1.2959N? — 1.8953N,. (N26)

ELRPN

Note that p,/ V., = 8ps/ Vi, and the chosen form (N25) emphasizes that the “cross-viscosities” 7, are directly related. In general, the

viscosities of a pure single ion species compare as 7, / n, = ma/my(Zy/Z,)*, s0 in our case the viscosity of the pure alpha particles
is eight times smaller than that of the pure protons. We provide only numerical values for the solutions (N26), nevertheless it can be
shown that for N, = 1, the proton viscosity 7,, = 1025/1068, and the same result is obtained for the alpha particle viscosity 7),,, if
N, =0. The “cross-viscosity” f),, becomes zero for both N, =1 and N, = 0. The results are plotted in Figure 8.

N.3. Deuterium and Tritium Plasma (Unmagnetized)

Here we calculate another example of deuterium-—tritium plasma, also considered by Simakov & Molvig (2016b). Plasma
consisting of deuterium—tritium is probably the most efficient way of achieving plasma fusion. It is, for example, being used in the
JET machine (see e.g., Joffrin et al. 2019), and it will be used in ITER.’ Of course, we do not consider the peculiar complications
associated with the neoclassical toroidal geometry, as our calculation is classical. The deuterium core consists of one proton and one
neutron. The tritium core consists of one proton and two neutrons. Deuterium will be the “a” species, and tritium will be the “b”
species. The collisions with electrons are neglected. By prescribing my, = (3/2)m,, the mass-ratio coefficients with equal temperatures
T, =T, become

) 1989 A 324 A 189 A 81 0 9

ab(1) 500 b (2) 125" ab(1) 2000 ab(2) 1200° lab(1) 0

A 13543 7 5022 A _ 1373 A 81 0 _ 9

ab(l) = 0T ab@ = " os ab(1) 1400 @ = 100" ab(2) 5

A 521 A 189 A 78 A 27 N 3
Du = — a = —; Ea = — Ea = —_— Ua = =

M= 125 @ = 125 e =875 @ = 700 P =S

A 5832 A 3672 A 307 A 18 N 72
Booy = 2220 by = 2 == == Guoy==—=  Up = — N27
b = o5 @ = s ba® 875 @ = s @ =73 (N27)

Further specifying Z, = Z, = 1, the collisional frequencies are related by
Vab = @ 9 Vaas Vpp = @ % Vaas (N28)
ng\>5 n, V3

and the charge neutrality n, + n, =n, implies n;,/n,=1— N,, where N,=n,/n,. These mass-ratio coefficients and collisional
frequencies are used in the system (N1)—-(N4). We present quasistatic solutions only for the unmagnetized case, and we assume

VT,= VT, The thermal heat fluxes an = — K VT, qu = — Ky VT, are given by
T.n, . T,np
Ko =~ Ry Ko = —2 Ry, (N29)
Mg Vaa mpVpp

° www.iter.org/sci/FusionFuels
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Figure 9. Left: deuterium thermal conductivity &, (red) and tritium thermal conductivity &, (black), given by (N30). Middle: deuterium frictional heat flux, given by
Boa (N32). Right: tritium frictional heat flux given by o, (N33). Note that the frictional heat fluxes g, are defined with opposite signs in (N31) and (N19).

and with numerical values

fia = Ny(4.2135 — 0.009780N> + 0.06292N? + 1.4992N,)/ A ;
Ry =1/3/2(1 — N,)(3.1894 — 0.001385N> + 0.04936N? + 0.9845N,)/ A ;
A=1—0.0021475N} — 0.01543N> + 0.01753N? + 0.4761N,,

where one can also use /3/2n, / (mpvpp) = ng / (Vuamy). The frictional heat fluxes are given by

u

q, = — Tun(uy — ug)Boas 11,;4 =+ Tun.(wp — ua) Boss
Boa = No(1 — N,)[0.81156 + 0.010099N> + 0.098815N? + 0.50235N,]1/ A ;
Bo» = N,(1 — N,)[0.26178 + 0.0088461N> + 0.069351N> + 0.24742N,]1/ A .

N.4. Viscosities

The required viscosity mass-ratio coefficients for deuterium (“@”) and tritium (“4”’) become

N 397 N 44 207 24
Ku = 5 Ku = Lu = 5 La = 5
"D 750 "@ " s "D 350 Y@ 75
N 166 ~ 184 86 48
Mupy = ——; Moy = ——; Navty = ——=» Nupo) = —;
P s " 25 " 875 " 875
Aba(l) ﬁ; Aba(2) = ﬁ; Lyay = ﬁ; Lya2) = i;
25 25 175 175
N 444 ~ 24 702 324
Mpqy = E; My = ?; Noaty = %; ba@) = o=

and enter evolution Equations (N5)—(N8). For an unmagnetized plasma, the solutions read

) o P
Ha = _& naam + nahWb];

Vaa

= (2) 2, = .
I =——pb[ d ahM+nthb],
Vb 3

with numerical values

e = Na(0.0046589N> + 0.0064481N> + 0.17316N, + 0.85048)/ A ;
Ry = Na(1 — N,)(0.0049729N? + 0.028578N, + 0.16621)/ A ;

iy = 273 (1 — N)( — 0.0057061N° — 0.047294N> — 0.10519N, + 1.17543)/ A ;

A =14 0.0001771IN} — 0.00044516N? — 0.020987N> + 0.099409N,.
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Figure 10. Viscosities of deuterium and tritium plasma, according to (N36). Left: deuterium viscosity 7,, (red) and tritium viscosity 7),, (black). Right: “cross-

viscosity” 7.

The solutions are written in a form so that one can directly use \/2/3p, / Vpp = D, / Vaq, and are plotted in Figure 10. To obtain more
precise solutions, one should include the collisions with electrons (i.e., consider coupling between three species). Nevertheless, the
self-collisional values 1025/1068 =0.96 will only change to roughly 0.89 (see, for example, Equation (217)), and the plotted

viscosity profiles will not change much.
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