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Abstract

Different in situ satellite observations within 0.3 to 1 AU from the Sun reveal deviations in the thermodynamics
of solar wind expansion. Specifically, these deviations challenge the applicability of the double adiabatic or
CGL theory, indicating potential influences such as perpendicular heating and/or parallel cooling of ions.
The study aims to investigate the plasma expansion phenomena using the Expanding Box Model (EBM)
coupled with an ideal MHD description of the plasma. The primary objective is to understand the observed
deviations from the CGL predictions, and how the expansion can affect the conservation of the adiabatic
invariants, particularly focusing on the impact of transverse expansion on the CGL equations. To address the
plasma expansion, we employed the Expanding Box Model (EBM) coupled with the ideal-MHD formalism
used for CGL theory. This model provides a unique system of reference co-moving with the solar wind,
allowing for the incorporation of transverse expansion into the double adiabatic equations. An ideal EBM-
MHD model was studied within this formalism to develop a CGL-like theory in the Expanding Box (EB)
frame. New equations were derived, explicitly accounting for transverse velocity gradients and modifying
the conservation of double adiabatic predictions. Our results show the EBM modifies the conservation of
the double adiabatic equations, through an explicit dependence on expanding parameters, magnetic field
profiles, and velocity gradients, which have not been addressed in the literature. Solving the equations for
different magnetic field profiles, we compute the evolution of anisotropy and plasma beta, which deviates
from CGL predictions and empirical observations. This deviation is attributed to the plasma cooling effect
induced by the Expanding Box Model (EBM). Results suggest that heating mechanisms play a crucial role
in counteracting plasma cooling during expansion.

1 Introduction

One of the fundamental problems in space physics has been the expansion dynamic of the solar wind [1-4].
In this context, different models have studied micro and macroscopic physics, from studies of heating and
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acceleration to turbulence and instabilities [5-9]. Among these, research has sought to study and understand
the role of the expansion in solar wind dynamics. One of the most emblematic models, including the expansion in
the kinetic and magnetohydrodynamics (MHD) equations, is the double adiabatic theory or Chew, Goldberger,
and Low (CGL) [10, 11]. This theory describes the thermodynamic evolution of the plasma starting from a
hydrodynamic model without collisions and heat flux. The well-known double adiabatic equations can describe
the evolution of plasma’s temperatures or pressures. These equations allow us to correlate the temperature
anisotropy (A = T’ /T = 1 /B)) and the parallel plasma beta (8 = 87nkpT] /B, where ||, L denote directions
with respect to the background magnetic field By), for a radial decreasing magnetic field and density. Thus,
Matteini et al. [5, 12] compared the CGL model with proton’s data measured by Helios at various distances
from 0.3 to 1 AU from the Sun. These studies showed that the evolution of anisotropy and plasma beta was
not well described by the CGL equations, suggesting additional heating processes, which the theory does not
predict and still has not been well described [9, 13, 14].

These results, among others, have motivated diverse research works intending to understand the heating and
acceleration phenomena in the solar wind [15-17]. First, we must understand and parameterize the physical
context to decipher the mechanisms that can affect plasma dynamics. One of the fundamental factors that allow
us to understand the solar wind’s dynamics is the potential role of particle collisions. Measures have shown
that at 1 AU in the solar wind the particle density, temperature, and mean free path are from the order of 10
em~3, 10° K and 107 km, respectively [18]. Therefore, the low density coupled to the higher mean free path of
particles implies that Coulomb collisions are not frequent enough to establish a thermodynamic or Maxwellian
equilibrium [19, empirically defined the collisional regime]. For relaxing to equilibrium, the plasma free energy
can be released in the form of waves that interact with particles or excite micro-instabilities. Thus, non-linear
wave processes, such as wave-particle or wave-wave interactions, might play a fundamental role in the dynamics
and heating of the solar wind [20, 21].

In this context, it is fundamental to understand and characterize the role of plasma expansion in the dynamics
of instabilities. A simple model, such as CGL theory, predicts that even for an isotropic state with small
beta values, the plasma (initially stable) can excite the fire-hose instability only by the radial expansion of the
plasma. Therefore, studying these phenomena considering the plasma expansion, might allow us to understand
and quantify the expanding effects in the evolution of macro and microscopic quantities and its relation with
the excitation of instability thresholds [22, 23].

To understand the role of the expansion in the heating phenomena Velli et al. [24] proposed an expanding model
for the solar wind known as the Expanding Box Model (EBM) [25, 26]. The EBM allows us to study plasma
expansion in a new reference system, co-moving with the plasma parcel. Through coordinate transformations,
it is possible to describe the spherical expansion through a Cartesian description of coordinates in which the
volume of the plasma box remains constant. This last property has the computational advantage of optimizing
the limited memory in simulations, as the volume is fixed, and we can still include expanding effects into the
equations and simulations. To maintain a constant simulation volume, work must be done in the walls to
counter the intrinsic expansion of the plasma. This work is translated into non-inertial /fictitious forces that
modify the conservative form of several equations (i.e., continuity, momentum, energy, etc.).

This model has motivated different research that has studied expansion’s role in plasma heating dynamics. For
instance, wide applications can be found in theory and simulations or micro and macroscopic scales [15, 23, 26—
28]. In particular, even though this model was initially proposed for MHD simulations, it has been generalizing,
for example, the acceleration regions’ dynamics in the expanding solar wind [29]. More recent research has
focused on the characterization of the expanding effects at microscopic scales through an extension of the EBM
to a quasi-linear model of the solar wind [30], which couple the double adiabatic equations with quasi-linear
theory and the possible effect of the EB parameters on the macroscopic evolution. Nevertheless, this model
does not include the EBM coordinate transformations from a first principle approach in which the quasi-linear
equations can be modified due to the expanding parameters. On the other hand, Echeverria-Veas et al. [31]



developed a first principle description for plasma expansion using the EBM. They studied the EB modifications
in the kinetic equation given by the Vlasov formalism, in which it is possible to explore the effects of expansion
in the dynamics of microscopic scales. One of the main results of this research is that they obtained the same
EBM-MHD equations published in the literature but from a first principles approach. This description also
generalizes the pressure equation (in an EBM context) into its tensorial expression, allowing us to explore a
more complex system in which a scalar polytropic equation for the pressure is insufficient to describe plasma
dynamics.

This work aims to study, for the first time, the consequences of the EBM tensorial pressure equation and the
radial evolution of the macroscopic quantities. As we explained before, CGL theory motivated the study of
plasma expansion as it can trigger instability thresholds. Nevertheless, the double adiabatic description does not
fully incorporate the intrinsic properties of the expansion (e.g., expanding velocity), and only a radial decreasing
density and magnetic field profiles are needed. For those reasons, we aim to study how a complete description
of plasma expansion based on the EBM can modify the conservation of the double adiabatic equations. This
study will allow us to characterize and quantify the expanding effects in the macroscopic quantities and their
relation with the heating dynamics of the solar wind.

This paper is organized as follows: In Section 2 we introduce the Expanding Box Model formalism and the
multi-fluid equations written in the EB frame. In Section 3 and Section 4 we develop the EBM-CGL equations
and an approximated solution based on a solar wind-like plasma, with different magnetic field profiles is done
in Section 5. Finally, in Section 6, we summarize and conclude our main results with further applications of
the model.

2 Expanding Box Model & MHD

Aiming to develop CGL-like equations, which include the expanding effects of the plasma, we employ the
Expanding Box Model (EBM) formalism described by Velli et al. [24] and Grappin et al. [32]. The EBM allows
us to describe plasma physics in a new system of reference S’ co-moving (non-inertial) with the expansion. We
can relate the coordinates between the fixed (inertial) S and the S’ system through a Galilean transformation
in the & /radial direction and a re-normalization in the perpendicular directions (i.e., § or 2)

¥ =z —R(t), (2.1)
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In Fig. 1 we show the Cartesian approximation and the related quantities to the coordinate transformation.

Through these coordinate transformations, the electric and magnetic fields change according to a Galilean
transformation
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Figure 1: Expanding Box Model Cartesian approximation for a spherically expanding plasma. In red is shown
the new system of reference S’, co-moving with the plasma parcel. The plasma is initially expanding at distance
Ry from the inertial system S, at constant velocity Uy. In the co-moving frame, the volume of the plasma parcel
remains constant.

On the other hand, we can establish more relations between both systems for other physical quantities such
as spatial gradients, velocity, etc. Following the same notation in Echeverria-Veas et al. [31], these quantities
relate according to
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Note that v/ = (v;, vy, v;) and V' = (%, 8%,, %). This notation allows us to work with the same definitions

but with primed quantities. All the EB information is outside the definitions through the A(t) tensor.

Moreover, multi-fluids equations in the co-moving system read as [31] (neglecting the primes in the quantities)
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where the supra-index s represents a symmetric operator that acts on a matrix C as C* = C + C” or in index
notation Cj; = Cj; + Cj;. These equations are also coupled with Maxwell’s, nevertheless, as in this paper,
we will develop a CGL-like description for expanding plasmas; we will only work with Faraday’s Law in the
ideal-MHD approximation (also developed in the cited paper)

10B Uo
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We recall that these equations are written in the co-moving frame. Note that we have neglected the Hall term
in equation (2.17). Continuity (2.6) and momentum (2.7) equations have been widely studied in EBM contexts;
see, for example, references [25, 26]. Pressure equation (2.15) is of particular interest as an energetic loss is
obtained even if the heat flux is neglected. Note that the right side terms should be related to plasma cooling,
as the minus sign represents possible energy losses due to the expansion. This allows us to separate the possible
heating/cooling phenomena we are interested in.

The scope of this work is to explore the consequences of plasma expansion in the pressure equation (2.8). In
particular, we aim to study how the EBM modifies the double adiabatic invariants described by Chew et al.
[10] in CGL theory.

3 Expanding CGL

In this section, we will focus on developing CGL-like equations from the pressure equation (2.15). Following the
same ideas from the CGL equations [33, 34], we will also be neglecting the heat flux Q = 0 and only working
with the gyrotropic components of the pressure tensor

P=pyrr+pL(I-717), (3.1)

where p| and p, are gyrotropic components of the pressure tensor, parallel and perpendicular to the magnetic
field B, respectively; 7 is a unit vector in the direction of the magnetic field

B (3.2)

To obtain equations for the evolution of the parallel and perpendicular pressure we will operate with the
double contraction in both parallel and perpendicular directions 77 and (I — 77) in equation (2.15) using
the definition from equation (3.1), obtaining two equations that describe the evolution for the parallel and
perpendicular pressures
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where the double contraction between two tensors A and B is defined as A : B = A;;B;; .



Left side from Eqgs. (3.3) and (3.4) are the usual CGL equations for parallel and perpendicular pressures,
which, under these approximations, these equations are equal to zero in the inertial frame S. As we can see,
expansion effects change the invariance of the equations by adding terms related to the expanding parameter a
and the magnetic field components, which mainly affect the transverse directions as expected. For solving these
equations, we need to find an expression for 77 : Vu. As we already used all the previous moments equations
(i.e., continuity, momentum, and energy), we will work with Faraday’s Law equation (2.16) coupled with the
condition (2.17) and the continuity equation (2.13). Thus, the magnetic field strength in the co-moving frame
is given by

1dB 1 1dn
a7 AT V) (A w4
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Note that the first term on the right side is not exactly 77 : Vu, as appears in equations (3.3) and (3.4). If we
write explicitly all the terms it is possible to re-arrange the equation, such that the desired term is obtained
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The terms involving the velocity gradients are the extra terms added and subtracted for obtaining explicitly
71T :Vu.

Equations (3.3), (3.4) and (3.6) are the EBM-CGL equations that describe the evolution for parallel and
perpendicular pressures when plasma expansion is taken into account from the EBM. These equations allow us
to explore the effects of the expansion in the macroscopic quantities (pressures, plasma beta, and anisotropy).
Note that the expansion affects the equations mainly through the expansion parameter a and the transverse
components of the magnetic field (i.e., 7, and 7).

3.1 Radial Magnetic Field - Classical CGL

For the case when the magnetic field is only in the radial direction B = B,Z we recover the classical CGL
equations

1dB 1
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which have by solutions the well-known double adiabatic expressions
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By \ n
P = o (3.10)
I < n% ) B2
B.

pL = blo n
L noBo

(3.11)



When we assume radial variations for the magnetic field and number density, such as ~ 1/72, which is suggested
by the observations [35], equations (3.10) and (3.11) allow us to relate the anisotropy A = p, /p) and parallel
beta BH = 87‘1’])H/B2 as

A= — . (3.12)

In Appendix A is a detailed derivation of this relation.

The CGL relationship between pressure (or temperature) anisotropy and plasma beta has been widely used when
studying solar wind’s expansion for protons [12, 36, 37]. Observations have shown a miss-fit when comparing
this anticorrelation with measured data between 0.3 AU and beyond 1 AU [12]. In an attempt to adjust to
the observations for the proton core population in the fast wind, Marsch et al. [37] have proposed an empirical
relation of the form
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with S ~ 1.16 and b ~ 0.55. On the other hand, CGL equation (3.12) predicts a faster decrease of the
anisotropy with b = bogr, = 1. Therefore, there should be alternative mechanisms, e.g., heating and cooling,

that the double adiabatic approach does not consider. In the next sections, we will focus on the role of the
expansion in the EB formalism.

A (3.13)

We recall that the EBM-CGL equations are written in the co-moving system S’, and the CGL equations are
in the inertial frame, sun-centered S. Why do we recover the same expressions with a radial magnetic field in
the x direction? As we explained before, the expansion is now affecting mainly the transverse directions (see
right side of equations (3.3) and (3.4) for normalized magnetic field components). As in the co-moving system,
the box is not expanding in the transverse coordinates, and in the radial or = direction, there is only a Galilean
translation; the main effect of the EBM is through the magnetic field. This model does not affect the equations
if the magnetic field is only in the radial direction. Therefore, it is expected that the classical CGL equations
are recovered for this limit.

Aiming to explore how the expansion affects relation (3.12), we will solve particular cases for the EBM-CGL
equations. Nevertheless, equations are non-trivial as they explicitly depend on the velocity and magnetic field
components. In the next section, we will study these equations for different profiles for the physical quantities.

4 EBM Solution

For the general case when we have all the components of the magnetic field, we can solve pressure equations (3.3)
and (3.4) using Faraday’s Law (3.6), which yields to the non-conservative expressions for the CGL adiabatic
invariants in the co-moving frame
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Integrating these equations we can obtain solutions for the parallel and perpendicular pressures

2 3
[ PoBs\ n° o
Plo _J
= B 4.4
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where the quantities with the sub-index 0 are the initial conditions at t = 0 and
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Note that when the magnetic field is only radial, we recover the usual CGL equations described at the end of
the previous section. On the other hand, we can also recover CGL conditions for non-expanding plasmas as
the parameter a(t) = 1+ Upt/ Ry is constant for the non-expanding condition Uy = 0. Therefore, the integral
I (4.5) vanishes.

Another fundamental and new role appears in the equations. Note that integral (4.5) explicitly depends on
the transverse velocity gradients (crossed derivatives), and their consequences in the evolution of macroscopic
quantities have yet to be explored. In the following section, we will introduce approximations to solve this
integral and the possible physical meaning of these quantities to quantify its effects on the evolution of anisotropy
and plasma beta.

We also plotted the results for the anisotropy and parallel beta relations in Fig. 2,
_ 8y

bl
A: T /BH - )
p| B?

(4.6)

In the following section, we will focus on solving equations (4.3) - (4.6) for two different magnetic field profiles.

5 Magnetic field profiles

This section will explore two magnetic field profile cases to solve pressure equations (4.3) and (4.4). We can
study the anisotropy A and plasma parallel beta (| relations and possible deviations from CGL theory by
solving these equations.

Nevertheless, before solving the equations, we will make assumptions and approximations, allowing us to reduce
the complexity of the equations. This analysis will give us insights into how the expansion affects the evolution
of macroscopic quantities.

To reduce the complexity of the integral in equation (4.5), we will work with three approximations and assump-
tions, which are listed below to set the general ideas of the procedure:

e Symmetry in the transverse components y and z.

e Neglecting the radial gradients of the transverse velocity % and %“;.
e Constant velocity gradients %“yz = 65? =1 (n constant and coupled with the first condition).




Regarding the first point, note that, under the EB transformations, the transverse components y and z are
equally affected through the renormalization given by the expanding parameter a(t) = 1+ Uyt/Rp. Thus, it is
expected that if the plasma is only expanding, there is only symmetry in the transverse directions, which differ
from radials (i.e., z direction). From the second point, in the integral (4.5) of particular relevance are the radial
velocity gradients 85;“” or 8;;. These terms contain the main variables related to the expansion and the EBM.
It can show us how the EBM, through the transverse stretching, affects the bulk velocity, quantified by u,. To

explore this idea, as a first approximation, we will only work with these terms in the integral, obtaining

Ry 1 Oouy Ouy
I =— —— 1) |(Tamy—=—+T2Te—— | da. 5.1
Uy <a )(”aer“az (5:1)
Finally, regarding the third approximation, coupled to the symmetry conditions, the gradients in the integral
(5.1) are equal 687;90 = ag;. Nevertheless, we can also consider these gradients constant in the first-order

approximation. This last assumption aims to give us an idea of how the integral affects the evolution of
physical quantities.

We adopt normalized quantities for computing integral (4.5). A natural normalization in the integral is the
term Ry/Up, which has the exact dimensions as the radial velocity gradients. Therefore, the velocity will be
normalized to Uy and the coordinates to Ry

~ Ug - Yy - z
==, == =—. 5.2
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With this normalization, the approximations mentioned before read as
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Thus, with these normalized quantities and the assumptions made above the integral (5.1) is approximated as

1
L~ 277/ (a — 1) TeTyda . (5.6)

Appendix B is a geometric interpretation of the n parameter and its negative value. To solve this integral we
only need to set the magnetic field profiles as it depends explicitly on the unitary vector 7 = B/B. In the
following subsection, we explore the cases of a uniform and non-uniform magnetic field.

5.1 Uniform magnetic field

As a first case and approximation to solve the EBM-CGL equations we will work with a radially decreasing
density and three-component magnetic field given by

n(a) = 2 (5.7)
B(a) = % (1,1,1) . (5.8)



Nevertheless, this magnetic field profile is introduced as a simple mathematical approach in order to set the
general ideas of how to solve the equations. A realistic model, which is consistent with the EBM, is developed
in the following section.

From the given magnetic field profile (5.8) the components of the unitary vector T are equal

Ty =Ty =T, =

Bl

Thus, integral (5.6) simplifies to
2 1 2
L = 377/ (a - 1) da = 37 (In(a) —a) . (5.10)

From the analytic solution of integral (5.10) we can compute the anisotropy and plasma beta through equations
(4.3) and (4.4). Results for this case, under the approximations and considerations developed, are shown in the
top panel of Fig. 2.

5.2 Non-uniform magnetic field

The first case approximated the problem to give a general idea about how the expansion affects plasma dynamics.
Nevertheless, we can study a more consistent model with the EBM equations. We base this case on the results
obtained in Particle In Cell (PIC) simulations using the EBM, published by Innocenti et al. [27]. If we have
a stretching in the plasma box, magnetic field transverse components are expected to differ from the radials.
Therefore, the first case can be improved if we consider these variations.

Therefore, the density and magnetic field profiles are given by [27]

n(a) = % : (5.11)

B B B
B(a) _ ( 0,z 0,y 0,z> .

(5.12)

a2’ a’ a

These profiles are more consistent with the EB formalism and were obtained directly from the simulations. It
is also possible to physically argue these profiles. In Appendix C we developed a first-order expansion of the
magnetic field equation in the ideal MHD context, in which the same profile is obtained.

As we will follow the same ideas developed in the first case, only the fundamental steps will be developed. The
magnetic field strength can be written as

Boa 2,2
B = 2 1+ 2¢%a?, (5.13)
where £ represents the fraction between the magnetic field components at ¢ = 0

BO,y o BO,Z

= = . 14
6 BO,:E BO,x (5 )
Finally, integral (5.6) reads as
1—-a
Ir=2 ———d
2 775/ 1 + 262(12 a
= V2narctan (1 + 2¢%2) — 2% In (1+2¢2%a%) . (5.15)

10



Computing integrals (5.10) and (5.15) we will be able to study anisotropy and beta relations for the given
magnetic field profiles. The non-uniform magnetic field case results are shown in the bottom panel of Fig. 2.

As in the latter case, we have dependencies on 1 and £ parameter, we will compute equations for a fixed value
of £ and a variable value of 1. In particular, we will set two values for £ = 0.1, 0.25, to study from a mainly
radial magnetic field (£ = 0.1) to one with more robust transverse components ({ = 0.25). The lower value
aims to describe a solar wind-like plasma, in which the radial B, and transverse component B, vary between
-40 to 64 nT and -8 to 8 nT, respectively, on the interplanetary magnetic field (IMF) [2, 38]. Nevertheless, this
fraction can increase due to external mechanisms (e.g., geomagnetic storms), and the transverse components
might be necessary to describe plasma dynamics fully [39, 40]. Therefore, a higher value for £ = 0.25 will also
be studied in order to set the general behavior of plasma expansion dynamics. In Fig. 3 is shown the results
for this case.

In Fig. 2, we studied plasma dynamics for the expanding parameter ¢ from initially a; = 1 to a final value
of ay = 10. We considered initial values of A9 = 4 and )y = 0.07 for anisotropy and parallel beta to mimic
observations described in Matteini et al. [12]. Finally, note that integrals (5.10) and (5.15) depend explicitly
on the n parameter. We plotted results for n = —1, —3, —5 to study how changes in this parameter affect the
evolution of macroscopic quantities; and for the non-uniform case, we plotted results for £ = 0.1. Furthermore,
to compare the EBM-CGL solutions with the double adiabatic theory, in Fig. 2, we also plotted the CGL
predictions and the empirical relation made by Marsch et al. [37], adjusted to the evolution of the proton core
population for fast wind data, given by equation (3.13). Double adiabatic theory predicts an anti-correlation
A= S/ﬁﬁ with b = bcgr, = 1 and the empirical law made by Marsch with b = byjarsen = 0.55. We also plotted

the firehose instability (FHI) threshold for a damping rate Ymaz/Qp = 1071, (where Y, and Q, are the
maximum growth rate and proton gyrofrequency, respectively) given by the empirical law [41]

T S
— <1, 5.16
Ty~ (By - bo) (>10)

where S = 1.53, fp = 0 and ¢ = 0.74. It is well known that even for an isotropic state with small values of j,
the plasma (initially stable) only due to the expansion can excite the FHI. This threshold is shown to establish
and compare the values of anisotropy and beta for which the FHI is triggered. We plotted our results for larger
values of | to have the general evolution of the macroscopic quantities further from the instability threshold.

In general, results show a deviation from the adiabatic predictions, and it is visible that the expansion plays
a fundamental role as the plasma propagates away from the sun. In particular, the EBM-CGL equations
decrease faster than the double adiabatic predictions for both magnetic field cases, further away from Marsch’s
empirical law. Comparing both magnetic field cases (top and bottom panel in Fig. 2), when a more consistent,
non-uniform magnetic field is considered to solve the equations, the anisotropy and beta A = S/ ﬁf’ relation
decreases faster than the uniform case. Even if the results deviate further from CGL predictions and observed
data, it is consistent with the idea that plasma dynamics can not be fully adiabatic as the plasma is intrinsically
cooling within the expansion. Therefore, if we include these properties through the EBM, we should expect a
faster plasma cooling than CGL predictions, deviating from double adiabatic theory. Finally, comparing the
non-uniform magnetic field profile for £ = 0.1 (bottom panel in Fig. 2) and £ = 0.25 in Fig. 3, we can notice
that as £ increases anisotropy and beta relations decay faster to the instability threshold. Moreover, it seems
to have an inverse role in the n parameter as the lowest slope for & = 0.25 is obtained for n = —1. We argue
that this behavior might be due to the increasing transverse components of the magnetic field. Nevertheless,
this result will be explored in future work through a complete analysis of the EBM-CGL equations and possible
physical mechanisms that yield this behavior.

The developed equations in this paper allow us to study and quantify the expanding effects of plasma dynam-
ics. Our results suggest that expansion plays a fundamental role in plasma cooling. This behavior allows us to
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Figure 2: Scatter plot for anisotropy and plasma parallel beta for different values of n = —1,—3,—5 for the
EBM-CGL description (straight lines). Black dashed and dotted lines represent CGL predictions and the
empirical relation proposed by Marsch, respectively, given by the anti-correlation A = S/ Bﬁ. The green line
represents the firehose instability (FHI) threshold for a damping rate ymaz/€p = 10~!. In the top panel are
shown the results for the uniform magnetic field (case 1) and in the bottom panel the results for a non-uniform
magnetic field (case 2), for £ = By, /By = 0.1. For both cases, we set initial values of anisotropy A = 4 and
plasma beta ), = 0.07.

understand the anisotropy and plasma beta evolution by quantifying the expanding effects in the macroscopic
quantities. A fundamental role arises from the equation related to the transverse velocity gradients (character-
ized through the n parameter), as its effects have not been fully related to plasma heating/cooling. Nevertheless,
the physical interpretation of the 7 parameter was only made by considering the possible geometric variations.
To fully describe plasma heating dynamics, a possible relation could be explored between this parameter and
kinetic effects, such as wave-particle interactions, which, coupled with plasma expansion, should be fundamental
to describe observations.

In this paper, under the related approximations, we have shown that a heating mechanism should be fundamental
to counter the plasma cooling due to the expansion. Expansion seems to be exciting the FHI, for lower §)| values,
faster than CGL predictions, which could be a possible energy transfer mechanism. Even though our results
deviate further from observations, we can still quantify the expanding effects on the evolution of macroscopic
quantities.

5.3 Imertial and co-moving frame

We stress that the developed equations in this work are written and solved in the non-inertial frame S’, where
the primes in the quantities are neglected throughout the article. We recall that, to add the expansion to the
equations, we moved the analysis to another system of reference co-moving with the plasma. These transforma-
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Figure 3: Scatter plot for anisotropy and plasma parallel beta for different values of n = —1,—3,—5 for the
EBM-CGL description (straight lines), for a non-uniform magnetic field with { = By, /By, = 0.25. Black
dashed and dotted lines represent CGL predictions and the empirical relation proposed by Marsch, respectively,
given by the anti-correlation A = S/ Bﬁ. The green line represents the firehose instability (FHI) threshold for a

damping rate Ve /Qp = 1071, We set initial values of anisotropy A = 4 and plasma beta B = 0.07.

tions are given by a Galilean boost in the radial direction and a renormalization (or stretching) in the transverse
direction. At this point, it is natural to wonder about the validity of comparing our results with observational
data. This is mainly due to the system of reference in which the results are obtained. For instance, it can
be possible to compare the theory and data in different systems of references (sun-centered or co-moving with
the solar wind). As the observational details are out of the scope of this paper, we will set the main ideas
for switching back to the inertial frame if needed. First, inverting the EBM transformations might lead to the
same CGL equations written in the inertial frame. This is because, in the sun-centered (inertial) frame, the
equations we started the analysis are the usual ideal MHD and Maxwell’s equations without any expanding
effects. Therefore, it is expected that if we switch back to the inertial frame, CGL equations will be recovered.

At this point, it is essential to recall that the EB transformations changed the spatial expansion through
temporal variations. Thus, the expansion is no longer a spatial property of the system. Two steps might be
needed to switch back to the sun-centered frame and keep the expanding effects in the plasma dynamics. First,
the Galilean transformation has to be reversed (i.e., include the constant velocity Uy in the coordinates), and
the temporal variations given by the expanding parameter a(t) must be replaced by a radial expansion.

Moreover, note that the components of the non-uniform magnetic field (5.12) used in this research are similar to
those of a Parker Spiral [42]. In particular, both fields vary as ~ 1/R? and ~ 1/R in the radial and transverse
directions, respectively. The EBM replaced these variations through the a(t) parameter. As final remarks, the
results we obtain in the co-moving frame are similar to those mentioned, but with temporal variations instead
of spatial ones. Nevertheless, these differences are worth mentioning if switching between systems of references
is needed.

6 Discussions and Conclusions

In this paper, we developed a double adiabatic/CGL-like theory for plasma expansion using the Expanding Box
Model (EBM) [24, 25] and compared it with CGL theory and observations. The EBM allows us to describe
plasma physics in a new system of reference co-moving with the expansion by including expanding properties
of the plasma into the equations. The theoretical description has the advantage that it is possible to quantify
the expanding effects in plasma dynamics by isolating each phenomenon we are interested in.
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We started our analysis through the equations developed by Echeverria-Veas et al. [31], where a multi-fluids
description was made in the EB/co-moving frame, obtained from a first principle description given by the Vlasov
and Maxwell equations. In this paper, we present, for the first time, a solar wind-like plasma application for the
pressure tensor equation developed in the cited paper. Equation (2.15) is helpful for the study of more complex
systems in which a polytropic equation for the pressure is not enough to describe plasma dynamics.

We studied an ideal-CGL description by working with only the gyrotropic components of the pressure tensor
(3.1) and neglecting the heat flux from the equations. In Section 3, we developed the EBM-CGL equations
from the multi-fluids description and Faraday’s Law. Equations (3.3), (3.4) and (3.6) represent the EBM-CGL
equations to solve, and the expanding properties of the plasma (given by the EBM) explicitly modify the
conservative form of them, describing the evolution for both perpendicular and parallel pressures. The EBM
affects mainly through the magnetic field components, the velocity gradients, and the expanding parameter
a(t) =1+ Upt/Ry. It is essential to mention that the EBM-CGL description is not fully adiabatic, as plasma
cooling is considered through the EBM rather than the heat flux. This allows us to isolate different phenomena
and study their effects on the evolution of plasma expansion. One way to test the consistency of the equations
is to study the limit cases where the usual CGL description is recovered. When a purely radial magnetic field
is imposed, the equations are reduced to double adiabatic equations. This limit was expected as the EBM
affects mainly the transverse components (i.e., y and z). The radial direction is not affected by the coordinate
transformations (see Section 3.1 for the details and the classical CGL equations); therefore, as the EBM-CGL
equations are mainly affected by the transverse components of the magnetic field, the classical double adiabatic
description was recovered.

On the other hand, in Section 4 and 5, we developed our main results in which a solution, under some approx-
imations, for the EBM-CGL equations is obtained. At this point, another limit case naturally appeared from
the equations. This second limit is purely related to the expanding velocity as equations (4.3) and (4.4) depend
explicitly on the evolution of the a(t) parameter. As for a non-expanding plasma Uy = 0, we again recover
the classical CGL equations, as expected. To solve the equations fully, a magnetic field profile was needed to
compute the radial evolution of parallel and perpendicular pressures. We consider two cases for uniform and
non-uniform radially decreasing magnetic fields, allowing us to set the general ideas about how the EBM affects
the equations.

To explicitly compare our results with both theory and observations, in Fig. 2, we have presented a scatter
plot of the evolution of anisotropy and plasma beta. We plotted the empirical relation proposed by Marsch
et al. [37] for the proton core population in fast wind data, which follows a power-law with a decreasing slope
of byfarsech = 0.55. On the other hand, CGL equations predict a slope of bcar, = 1. Our results deviate further
from double adiabatic predictions, and the expansion plays a fundamental role in plasma cooling dynamics as
the radial distance increases.

These results suggest that expansion plays a fundamental role in fully describing observational data for solar
wind. As the expansion enhances plasma cooling, we can improve CGL predictions through a more detailed
description of the plasma expansion, in which the energetic losses are added through the EBM. We stress
that the CGL predictions are only made by neglecting the heat flux and a radially decreasing profile for the
density and magnetic field as ~ 1/a? in an ideal MHD description. These profiles are just a consequence of
the expansion, which requires intrinsic properties of the system to describe these dynamics fully. Moreover,
the EBM-CGL equations have the advantage as they can include plasma cooling/energetic losses, even when
the heat flux is neglected. In this paper, we improved the description of this phenomenon by quantifying the
expanding effects in the macroscopic evolution. The main conclusion from these results is that expansion tends
to trigger the firehose instability threshold faster than CGL predictions for lower ) values. Nevertheless, more
than this mechanism is needed to fully understand plasma heating, and possible non-linear effects such as
wave-particle or wave-wave interactions also play a fundamental role in plasma heating dynamics. These effects
might be explored through the transverse velocity gradients (1 parameter), which is one of the main reason for

14



the non-conservative form of EBM-CGL equations.

Further applications to the equations developed in this work can be made. For instance, we recall that the
obtained results are under the usual CGL approximations and those related to solving the EBM-CGL equations.
In particular, equation (4.5) can be solved for a general velocity gradient profile. We recall that we only
considered the radial velocity affected by the transverse gradients related to the EBM. Nevertheless, this velocity
profile can be obtained from solar wind data to study how the transverse components are affected by the radial
direction and, therefore, its effects on the evolution of the macroscopic quantities. Our work focused on the
variables the EBM might affect the plasma expansion dynamics most. On the other hand, we can follow the
same ideas developed in CGL theory through the consideration of the Hall term in Faraday’s Law, which
constitutes the Hall-CGL equations [11], and explore how the expansion coupled to the Hall term modifies the
plasma dynamics. Finally, to explore the possible quasilinear and kinetic effects in the macroscopic quantities,
Seough et al. [30] developed an Expanding Box and quasilinear model for the solar wind. They implemented the
EB properties of the expansion directly into the classical CGL equations as a global evolution of the quantities.
Nevertheless, in this work, we have shown that the EB modification on the CGL equations is not directly due to
the effects of the EBM into Faraday’s Law, which, coupled with the ideal MHD description, the non-conservative
expression for the invariants is not directly to solve. This motivates us to explore the same ideas introduced in
their work but with the EBM-CGL equations developed in this paper.
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A Anisotropy and beta CGL relation

In order to develop the CGL anisotropy and beta relations, we start from the parallel and perpendicular solutions

2 3
PoBo | n
. , (A.1)
I < n% ) B2

pL = < PLo ) nB. (A.2)

noBo

Assuming radial variations for the density and magnetic field as ~ 1/r2, pressures decreases as

1
P~ s (A.3)
1
b~ i (A.4)
Moreover, anisotropy and plasma parallel beta varies as
pr 1
A="—"—~—, A5
T (A.5)
Ll 2
B ox BT (A.6)
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Thus, anisotropy and plasma beta, in the CGL approximation, relate according to

1
A=—. AT
3, (A7)

In [5] there is a detailed derivation and discussions regarding the CGL implications.

B Velocity gradients

We can go further with characterizing the velocity gradients through a two-dimensional analysis. We start our
analysis with the position of the plasma box at distance R(t) = Ry + Upt, characterized through the subtended
angle a. Within the box, the bulk’s velocity of the plasma might not be characterized with the same angle, as
velocity fluctuations might deviate from the constant velocity Uy. Thus, we define v as the angle subtended by
the direction of expansion (& in inertial frame S) and the velocity u. We will decompose the velocity into the
radial £ and p coordinates. As a first approximation, we can relate it with the expanding velocity Uy, whose
variation will be only due to the trigonometric evolution as Fig. 4 shows. We will also consider that the initial
transverse direction of the plasma box is small &« < 1 and v < 1 (see reference Liewer et al. [26] for a detailed
discussion of the Cartesian approximation).

a1 << 1

A

a(t)

Figure 4: Geometric characterization for the position (top panel) and the velocity (bottom panel). The position
of the plasma box is characterized by the angle subtended « between the inertial system S and the box. The
plasma velocity within the box is characterized through . Note that the angles a and « can be different and
their relation will be given by v = Na.

Using this geometry a cylindrical description of coordinates fits better for solving the equations. Therefore, the
velocity can be written as

u = u;T + upp
= Uy (cosyZ + sinvyp) . (B.1)

On the other hand, from the geometry is clear that

sina = o) cosa=4[1— (1) (B.2)

R(t)” - R2(t)

which represents the spatial coordinates of the plasma box. Thus, the radial velocity is given by

uy = Upcosy. (B.3)
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This expression is useful as the velocity can be related to the polar radius p and it is possible to quantify its
variation as

3ux_duzdl__US, dldﬁ
dp  dydp 05 Y e dp
siny dy\ d
= — | = . B.4
o (sina da) dp (cosa) (B-4)

Note that expression (B.4) relates the velocity gradients between both spatial and velocity angles. We can
reduce the free parameters by assuming a relation between the angles, say

7= Na, (B.5)

where N > 0, which represents the fraction between both angles, as in the general case a and v may be different.
Finally, assuming small angles o < 1 and 7 < 1, and neglecting second-order terms in p(t)/R(t), equation
(B.4) yields

%“; ~ —N2U, ];(2) : (B.6)
Under these approximations, the arch length can be written in terms of the EB variables
plt) = R(1)a). (B.7)
Finally, normalizing the quantities to the EB variables as
=gt P= g (B3)
and using equation (B.7) in (B.6) we obtain an explicit value for the n parameter
%fg _ _]\272 =, (B.9)

Note that p can be both y or z coordinates when comparing with equation (5.5). Due to symmetry in these
directions, both gradients are equal, and the same analysis applies. We develop a geometric interpretation of
the evolution of the transverse gradients characterized through the 1 parameter. Note that n < 0 and slight
variations of this parameter will be explored to characterize its effects in the evolution of macroscopic quantities.
We stress that the transverse gradients in the velocity have not been widely studied in the heating/cooling
phenomena of plasma expansion.

C Magnetic field radial profile

To study the radial variations of the magnetic field components we will start our analysis with the magnetic field
equation in an ideal MHD description published by Echeverria-Veas et al. [31], which also have been studied in
previous research [see 25, 32, for complementary bibliography therein]. Therefore, the magnetic field equation
read as

%—?+(V-u)B+(u-V)B— B- (A V)] (A u)
Uo
=— LB (C.1)
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where

L= (C.2)

S O N
o = O
= o O

Through a linear analysis, we will expand the magnetic field into a background B field and a first-order
perturbation B, In the co-moving frame the velocity only has a first-order perturbation u®) as this system is
already moving along with the plasma parcel with constant velocity Uy, therefore, in the S’ we will only work
with small fluctuations in the velocity

B =B’ +BW, (C.3)
u=eul, (C4)

Therefore, the Oth-order equation that the background magnetic fields satisfy, is given by

oBO) U,
—2L.B@®=p. .
o T arg 0 (C.5)

From this equation is straight to prove that the magnetic field components are

o BO,z
a a

This result is consistent with the simulation results published by Innocenti et al. [27].
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