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The construction of kinetic equilibrium states is important for studying stability and
wave propagation in collisionless plasmas. Thus, many studies over the past decades
have been focused on calculating Vlasov—Maxwell equilibria using analytical and
numerical methods. However, the problem of kinetic equilibrium of hybrid models
is less studied, and self-consistent treatments often adopt restrictive assumptions
ruling out cases with irregular and chaotic behaviour, although such behaviour is
observed in spacecraft observations of space plasmas. In this paper, we develop a
one-dimensional (1-D), quasineutral, hybrid Vlasov—Maxwell equilibrium model with
kinetic ions and massless fluid electrons and derive associated solutions. The model allows
for an electrostatic potential that is expressed in terms of the vector potential components
through the quasineutrality condition. The equilibrium states are calculated upon solving
an inhomogeneous Beltrami equation that determines the magnetic field, where the
inhomogeneous term is the current density of the kinetic ions and the homogeneous
term represents the electron current density. We show that the corresponding 1-D
system is Hamiltonian, with position playing the role of time, and its trajectories have
a regular, periodic behaviour for ion distribution functions that are symmetric in the two
conserved particle canonical momenta. For asymmetric distribution functions, the system
is nonintegrable, resulting in irregular and chaotic behaviour of the fields. The electron
current density can modify the magnetic field phase space structure, inducing orbit
trapping and the organization of orbits into large islands of stability. Thus, the electron
contribution can be responsible for the emergence of localized electric field structures that
induce ion trapping. We also provide a paradigm for the analytical construction of hybrid
equilibria using a rotating two-dimensional harmonic oscillator Hamiltonian, enabling
the calculation of analytic magnetic fields and the construction of the corresponding
distribution functions in terms of Hermite polynomials.
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1. Introduction

In the study of collisionless plasmas, when dealing with scales comparable to ion
characteristic time and length scales, it is essential to take into account ion kinetic effects.
Of course, a fully kinetic approach that utilizes solutions of the Vlasov equation for both
the ion and the electron component of the plasma provides a fundamental description.
However, it is often the case that the plasma consists of suprathermal ions and thermal
electrons, e.g. due to selective ion energization, or the electron scales are irrelevant,
for example in the propagation of slow ion-acoustic waves. In such cases, a viable
alternative is to use a hybrid model that treats only the ion component kinetically. A
particularly successful model which has been utilized in order to study various processes
that involve ion scales, is the hybrid Vlasov—Maxwell model with kinetic ions and massless
fluid electrons (Valentini et al. 2007; Tronci 2010; Servidio et al. 2012; Cerri et al.
2016; Franci et al. 2017). As this model has been used in several kinetic simulations to
study physical processes, such as magnetic reconnection, kinetic turbulence and shearing
flows, the problem of constructing consistent equilibrium states that can serve as reliable
initial conditions in stability and dynamics calculations, arises. It is common practice
in the literature to use Maxwellian and shifted Maxwellian distribution functions as
initial conditions. However, in collisionless plasmas, it is anticipated that the distribution
functions of the kinetic species deviate from the Maxwellian distribution. Using incorrect
or off-equilibrium initial conditions in numerical simulations, stability analysis and wave
propagation studies, can lead to unphysical behaviour. In particular, when studying wave
propagation it is crucial to use exact equilibria to avoid spurious oscillations that can
arise from the use of shifted Maxwellian distribution functions (Malara, Pezzi & Valentini
2018).

Numerous spacecraft measurements and observations have revealed that large
amplitude, localized electrostatic structures known as Bernstein—Greene—Kruskal (BGK)
modes are prevalent in space plasmas, where they manifest as solitary wave structures in
both the magnetosphere and the solar wind (Matsumoto et al. 1994; Ergun et al. 1998).
Theoretically, BGK modes arise as solutions to the VIlasov—Poisson system and were
first proposed by Bernstein, Greene and Kruskal (Bernstein, Greene & Kruskal 1957).
Their existence has been verified through numerical simulations (Demeio & Holloway
1991) and experimental observations (Fox et al. 2008). Although they are usually
interpreted as electron phase space holes (Hutchinson 2017), recent observations from
NASA’s Magnetospheric Multiscale (MMS) Mission (Burch et al. 2016) have revealed
the presence of a new type of bipolar electrostatic structures observed in a supercritical
quasiperpendicular Earth’s bow shock crossing by the MMS. These structures have been
interpreted as ion BGK modes or ion phase space holes (Vasko et al. 2018, 2020; Wang
et al. 2020), as they are produced by monopolar negative electrostatic potentials and their
formation is attributed to the ion two-stream instability arising from the interaction of
incoming and reflected ions. In light of these observations, a theory of ion phase-space
holes was recently proposed in Aravindakshan er al. (2020), which builds upon earlier
studies by Schamel (1971), Schamel (1986), Ng & Bhattacharjee (2005) and Chen,
Thouless & Tang (2004). Within this framework the electrons are considered adiabatic
and the dynamics of their distribution function is neglected. This is due to the fact that the
velocities of ion BGK modes are significantly slower than the electron thermal velocity.
However, like the standard theory of BGK modes, this approach is purely electrostatic and
does not take into account the magnetic field or the interaction with a background plasma
component. In the last two decades, there have been significant developments in the theory
of BGK modes incorporating magnetic fields (Ng, Bhattacharjee & Skiff 2006; Allanson,
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Wilson & Neukirch 2016b; Ng 2020), since the magnetic field plays an important role in
the environments where BGK modes are observed.

In this work, we adopt the abovementioned hybrid fluid-kinetic model to construct
equilibria that take into account the self-consistent effects of magnetic fields and can be
interpreted as quasineutral BGK modes. When dealing with wave structures characterized
by large time and length scales, i.e. ones much larger than the electron time and the Debye
length scale, there is sufficient time for the electrons to rearrange accordingly so that the
hybrid approach and the quasineutrality condition are physically plausible. By employing
this model we implicitly assume that the length scale of the wave is comparable to the
ion inertial length ¢;, i.e. much larger than the Debye length €. Thus, the model is not
well-suited for describing smaller bipolar structures such as the ion holes observed by the
MMS mission during Earth’s bow shock crossing, as these structures have spatial scales
up to 10 £p (Vasko et al. 2020). In future work, we will investigate possible improvements
to our model, that would allow for the construction of electrostatic structures with length
scales ~ £ and nonzero charge separation. For now, our focus is mainly on the impact of
magnetic field variations and contributions stemming from fluid electrons on the formation
of ion kinetic waves. Thus, we consider waves with characteristic lengths of approximately
¢; and neglect the self-consistent charge separation. A similar approach was employed
in Tasso (1969) to study the problem of electrostatic BGK modes, demonstrating that
the quasineutrality condition ensures the positivity of the trapped particle distribution
function. To construct stationary states, we assume planar spatial symmetry and consider
distribution functions that depend on the particle constants of motion, ensuring that the
Vlasov equation is satisfied. Then we solve an inhomogeneous Beltrami equation that
arises from the generalized Ohm’s law of the model, upon assuming that the electrons are
described by Boltzmann distributions. This is essentially an integro-differential equation
that can be turned into a differential equation for the vector potential components if the
form of the distribution function is specified, or conversely, into an integral equation for
the distribution function upon defining the magnetic field. Within this framework, the
electrostatic potential can be determined by the quasineutrality condition as a function
of the vector potential components (e.g. see Mynick, Sharp & Kaufman 1979; Tasso &
Throumoulopoulos 2014; Kuiroukidis, Throumoulopoulos & Tasso 2015).

The electron contribution, given by AB in Ampere’s law (an inhomogeneous Beltrami
equation), has some interesting ramifications. One such example is the modulation of
the shape and distribution of the bipolar electric field pulses, which can be linked to
spatial fluctuations of the magnetic field, caused by the electron current. A nonzero
Beltrami parameter can lead to the emergence of multiple localized ion phase-space holes,
even when the free parameters and initial conditions are set up to avoid such structures
for 4 = 0. In addition, we have noticed that these structures exhibit periodicity for ion
distribution functions that are symmetric in the two particle momentum constants of
motion associated with the two ignorable coordinates. However, under suitable selection
of initial conditions and for asymmetric distribution functions they appear in an irregular
and chaotic manner. Both observations can be explained by examining the Hamiltonian
phase-space structure of the dynamical system that governs the spatial evolution of
the magnetic field and vector potential components. This system originates from the
generalized Beltrami—Ampere equation and the definition of the vector potential. More
specifically, we show that these equations form a noncanonical Hamiltonian system
(see e.g. Morrison 1998) that can be canonized under an appropriate transformation.
The two-degree of freedom system possesses a first integral of motion, namely the
Hamiltonian function. However, for symmetric ion distribution functions, there exists an
additional integral, similar to the angular momentum, and the system is thus integrable.
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For asymmetric distribution functions though, this additional integral does not exist,
and the orbits in parts of the phase-space become non-integrable and chaotic. This
is not surprising as it is well-established that magnetic field lines form Hamiltonian
systems (Morrison 2000) of more than one degree-of-freedom, which are typically chaotic.
Furthermore, chaotic behaviour is not unexpected in the context of kinetic equilibria.
Previous studies, such as Ghosh et al. (2014), have reported similar behaviour of magnetic
fields in Vlasov—Maxwell equilibria. However, our analysis is more general than that of
Ghosh et al. (2014) because we prove the Hamiltonian nature of the equilibrium system
for a wider class of distribution functions. Also, our analysis is concerned with the hybrid
Vlasov—Maxwell model that treats the electrons as a massless fluid. In terms of equilibria,
this translates into an electron current density of the form AB. The electron contribution
gives rise to Coriolis-like (gyroscopic) coupling terms in the Hamiltonian system, which
alter significantly the dynamics of the system as illustrated by various Poincaré surfaces
of section. An interesting modification induced by the electron current is that unbounded
trajectories of the Hamiltonian system can be confined by considering nonzero values
of 4.

The rest of the paper is structured as follows. In §2, we derive the quasineutral
hybrid Vlasov model from a parent non-quasineutral model using appropriate ordering.
Section 3 describes the general method for constructing equilibrium solutions, further
specializing to the one-dimensional (1-D) case. In § 4, we demonstrate that the equations
governing the equilibrium magnetic field form a noncanonical Hamiltonian system that
can be transformed into a canonical one under an appropriate change of variables. In
§ 5, we select a particular distribution function and numerically integrate the magnetic
field equilibrium equations and we use Poincaré surfaces of section to study the
phase-space structure. In § 6, we provide a paradigm for constructing analytic equilibria
by specifying the pseudopotential associated with the Hamiltonian system, rather than
the distribution function. The distribution function is subsequently reconstructed using
a Hermite polynomial expansion method. Finally, in § 7, we summarize the results and
propose future extensions of the present study.

2. The hybrid model and equilibrium formulation

In the study of slow electrostatic structures like ion BGK modes, which propagate with
the ion acoustic velocity, electron dynamics can be neglected and the electrons can be
treated adiabatically. This is possible because the electron thermal velocities are typically
much greater than the ion acoustic velocity, making electron particle-wave resonances
and other kinetic effects irrelevant. To study such cases we can start our analysis with a
hybrid Maxwell-Vlasov system that accounts for massless electrons and allows for charge

separation,
of +v-Vf+ S(E+vxB)-Vf =0, Q1)
m

1 VP,
E=—-uxB+—JxB-— , (2.2)

en, en,
B=-VxE, V.B=0, (2.3)
o€ E =V x B — poJ, (2.4)
V.E= eglo, (2.5)
P, = nekBTea (26)
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where f is the ion distribution function, o is the charge density given by

o :e</ d3vf—ne>, 2.7)

J=c¢e (/ d*v vf — neue) =J, —en.u,, (2.8)

the current density is

where the kinetic ion current is
szenuze/ d*vof, 2.9

and other symbols are standard. To close the system we assume an isothermal electron
fluid, i.e. T, = T,y = const. The Gauss law (2.5) can be used for determining the electron
density n,.

Stationary solutions of the system (2.1)—(2.6), can be found upon setting d/9, = 0, while
travelling wave structures can be studied by a Galilean transformation from the laboratory
frame. Thus, we consider the following system of equilibrium equations:

v Vi+ S (E+vxB)-V,f=0, (2.10)
m
1 VP,
E=—uxB+ —JxB——¢ @.11)
en, en,
E=-V®, VxB=puyJ, V-B=0, (2.12)
V-E:e(/d3vf—ne>, (2.13)
P, = nkyTio. (2.14)

The system (2.10)—(2.14) can describe a wide variety of physical processes ranging
from ion BGK modes to nonlinear Alfvén waves. To see this let us consider two
different normalization schemes. The first scheme involves a normalization in terms
of microscopic characteristic quantities, such as the ion Debye length, introducing the
following nondimensional quantities:

- X - v
X =—, V= ——,
ZD Uip, i
~ ne 7 3
ne = —, f = vzh,jf/n(%
no
R B (2.15)
= @& e =,
P ks Hoenoglpugp, i
- J ~ P
J = £ ) Pe = —ea
engVm,i kB”OTeO

where ny is a characteristic background density, T} is a characteristic ion temperature and

kpT; kpT;
b= |2 =2 (2.16a.,b)
npe m
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are the ion Debye length and the ion thermal velocity, respectively. In terms of these
nondimensional quantities, upon dropping the tildes, (2.10)—(2.14) become

v-Vf+ (E+ B, v*xB)-V,f=0, (2.17)
E:i(v xB—J,) x B—Vinn', (2.18)
VxB=J, V-B=0, (2.19)
V-E:/d%f—ne, (2.20)

where T = T,/Ty, Bj,; = v;,;/¢* and P, = n,.

In the nonrelativistic limit where B, ; = vy, ;/c> — 0 the system (2.17)—(2.20) reduces
to the Vlasov—Poisson system for the ions, while the electrons are adiabatic with their
particle density described by the Boltzmann distribution

n, = exp(®/1), (2.21)

which has been used in previous studies for the description of ion holes (Aravindakshan
et al. 2020) (note that upon taking the limit x — oo in Eq. (5) of Aravindakshan et al.
(2020), one recovers (2.21)). Therefore, with this particular ordering, magnetic field effects
in the ion hole formation can be introduced upon keeping terms of the order gy ..

Now, let us consider an alternative normalization, which is more suitable in cases where
the magnetic fields are strong and charge separation is insignificant,

. X . v
X=—, v=—,
Ei VA
3
e~ U
ﬁe - n_a f = Lf?
ny no
) E . B (2.22)
E= , B=—,
UAB() B()
5 Jk fod Pe
Jk = ) Pe = AR
enpvy mnov,
where By is a characteristic value of the magnetic field modulus and
B() €BO
Ui=v4/2, Wy=—, R=—, (2.23)

A/ Ko Mig ’ m

are the ion inertial length, the Alfvén velocity and the ion cyclotron frequency,
respectively.
With this normalization, the system (2.10)—(2.14) reads as follows:

v VFf+(E+vxB)-V,f=0, (2.24)
1

-V = [—(V x B—J;) x B — Vlnn'e(:| , (2.25)
ne

VxB=J, V-B=0, (2.26)

BV - E = (n; — n,). (2.27)
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In the above equations, k = kgT,o/(mv3) and B3 := vi/c*. By using this ordering scheme,
in the nonrelativistic limit where B — 0, the Gauss law implies the quasineutrality
condition n; = n, and we obtain a system of equilibrium equations for the ordinary
quasineutral hybrid Vlasov—Maxwell system (e.g. see Malara ef al. 2018). Here, when
effects due to charge separation cannot be neglected, we need to keep terms of the order 3.

3. Equilibrium solutions

In this section we consider the system (2.24)—(2.27) in the limit 82 — 0. Within this
framework we will calculate certain quasineutral, 1-D equilibria where all equilibrium
quantities depend on a single spatial coordinate, denoted by x. To study the equilibrium
problem one can in general exploit the pressure tensor formulation (e.g. see Mynick
et al. 1979; Harrison & Neukirch 2009; Allanson et al. 2016a). Specifically, we begin
by considering the first velocity moment of the Vlasov equation (2.24), giving

V.P=nE+J, x B, 3.1)

where
P=/&mﬁ, (3.2)

is the ion pressure tensor. Upon inserting the generalized Ohm’s law (2.25) into (3.1) and
using the quasineutrality condition we find

(VxB)yxB=V.P+«Vn. (3.3)

This equation can be seen either as a differential equation for determining the magnetic
field B upon specifying f, or as an integral equation to determine f upon specifying B.

For the rest of the paper we will consider 1-D equilibria assuming that all physical
quantities depend only on one cartesian coordinate x, while the distribution function
can depend on all three velocity coordinates (v,, vy, v;). This consideration is physically
relevant as various measurements of space plasmas have revealed that certain wave
structures, e.g. BGK modes in the Earth’s bow-shock (e.g. Vasko er al. 2018; Wang et al.
2020) are nearly 1-D structures, in the sense that the electric field is highly polarized. In
this case the force-balance equation (3.3) yields

2 BZ

B
P.+«n+ 5 =V+ 5 = const., 3.4

where P,, is the xx component of the ion pressure tensor and n = n; = n,:
PM:/d%ﬁ, (3.5)

n:/&q. (3.6)

Equation (3.4) is a pressure balance equation, where the first, second and third terms in the
left-hand side of the first equality correspond to the ion, electron and magnetic pressure,
respectively. Equation (3.4) can be seen also as an expression for the energy conservation
of a pseudoparticle with velocity components B, = —dA_/dx and B, = dA,/dx moving in
a pseudopotential V = P,, + «n. Thus, the energy (Hamiltonian) of the pseudoparticle is
H = B?/2+ P, +«n.
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An equilibrium state of a 1-D hybrid Vlasov system should satisfy (3.4). As the y and z
coordinates are ignorable, the corresponding canonical momenta,

Dy = vy + A, (3.7)
p:=v:+ A, (3.8)

are particle constants of motion of the kinetic ions, as is the energy H = v?/2 + @. Note
that the canonical momenta have been written in non-dimensional form, normalizing the
vector potential as A=A /(vaBy/$2), and that H is different from H. The former refers
to the physical energy of the kinetic ions while the latter represents the energy of the
pseudoparticle whose velocity corresponds to the equilibrium magnetic field. By Jean’s
theorem, any function of p,, p, and H will solve the Vlasov equation (3.15). This can
be easily verified by substituting f = f(H, py, p,) in the Vlasov equation expressed in
Cartesian spatial and velocity coordinates.

The final step to fully define the equilibrium problem is to introduce a relation that
connects the electron density with the electrostatic potential. This is usually done through
the quasineutrality condition. Although we have used quasineutrality to replace the
electron density n, with the ion density n; = n, the equation n; = n, cannot be used to
determine @ in terms of A,, A_, since there is no information about how the number
density of the electrons is related to @, A, and A,. To overcome this problem we can
define quasineutrality in a way similar to Mynick et al. (1979), i.e.

OV an 0P
a0 9o a0

We can show, however, (see Harrison & Neukirch 2009) that 0 P,,/0® = —n and therefore
(3.9) reads

=0. (3.9

on
K— =
0P
which is satisfied by number density functions of the form

n, (3.10)

n= e‘p/"W(Ay,AZ), (3.11)

where W is an arbitrary function of A, and A,. If we require now the components J;, and
Ji. of the kinetic current density to be given by partial derivatives of the pseudopotential
V with respect to A, and A_, respectively, we have

L 0Pu | g W

T = = Pl __ 3.12

ky 9 Ay + ke 9 Ay ky + ke 9 Ay ( )
JP ow ow

Jo = —= 4 xe?/F— =] eP/v—, 3.13

kz BAZ +K BAZ kz+K 8Az ( )

where we have used dP,,/0A, = Ji, and 0P, /0A, = Ji, (Mynick et al. 1979; Harrison &
Neukirch 2009). Equations (3.12) and (3.13) imply W(A,, A;) = const. and therefore the
number density is described by a Boltzmann distribution of the form

n =exp(®/k). (3.14)

Note that in the calculations above we consider @, A, and A, as being independent,
although @ can be expressed in terms of A, and A, through e®*W(A,, A,) =
s d*vf(H, Dy, P2), as will be the case in the next section.
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With (3.14) we can readily see that the system (2.24)—(2.27) splits into

vV Vf+ (V@ +vxB)-V,f=0, (3.15)

V xB=AB+J,. (3.16)

This splitting implies that the electron current density is AB, i.e. it is aligned with
the magnetic field. This is justified by the fact that inertialess electrons move along the
magnetic field lines. Note that in general the coefficient A, which will be called the

Beltrami or Coriolis parameter, may be a function of some spatial coordinate. In this case
though, the following equations should be satisfied by A:

B-Vix)+V - -J, =0, (3.17)

or
B-Vix) =0, (3.18)

since V - J; =0 at equilibrium. In the 1-D case, (3.16) reduces to a system of two
integro-differential equations for determining A, and A,, These equations are

d’A dA.
dxzy - AEZ + Jiy =0, (3.19)
’A,  dA,
=t e = 0, (3.20)
where
Jiy = / dofuy, (3.21)
Je. = / d*ufv,, (3.22)

and A is a constant parameter. If the distribution function is a function of the form
f =f(H, p,, p.), the Vlasov equation and consequently (3.4) are satisfied automatically.

4. Equilibrium equations as a Hamiltonian system

4.1. Hamiltonian structure
Since the 1-D equilibrium magnetic field can be represented by the velocity of a
pseudoparticle with conserved energy, it is natural to seek for a Hamiltonian structure

in the equilibrium equations. The second-order system composed of (3.19)—(3.20) can be
reduced to a first-order system of ordinary differential equations using B = V x A4, viz.

da,
— =B, 4.1
o B 4.1)
dA,
5. = B (4.2)
dB,
—— =B+ J, (4.3)
dx
dB,
o = B e (4.4)
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Let us consider distribution functions of the special form

f=fH,py,p.) =exp(—H)g(p,, p.), 4.5)

where g is an arbitrary but well-behaved and positive function of the two canonical
momenta. With this choice, the particle and current densities are given by

N _ [~ > > e s(py,po)
= / d've "g(py, p) —/ dpy/ de/* dH N e 08 (4.6)
Jky = f “vue g(p)apz) = / dp)f dp / dH (py ) g(p}’pz) (47)

V2(H = HY’
"e(py. p2)
Jie / vue g(pwpz)—/ dpy/ dpz/* dH (p, — z)m 4.8)
where
_ 2 _ 2
o=y P 2A>’) 4+ ZAZ) . (4.9)

Integration with respect to H yields

T e [T = 1 , 1 2
= Ee dpy dp. exp _E(py - Ay) - E(Pz —A) g(py’ p2), (4.10)
T e [T = 1 » 1 2
Jky = Ee dpy dpz (py _Ay) exXp _E(py _Ay) - E(pz - Az) g(Py, pz),

(4.11)

T > 00 00 1 ) 1 5
sz = Ee dpy sz (pz _Az) exXp _E(py _Ay) - E(pz - Az) g(pyv pz)'

(4.12)

At this point we use the quasineutrality condition n; = n, rather than assuming @ = 0
which was the case in other studies (e.g. Ghosh et al. 2014; Allanson et al. 2016a). Upon
imposing quasineutrality and using (3.14) we have

n; =n, = exp(®/x). (4.13)

Using (4.10) and solving for the electrostatic potential @ yields

D= DA, A K) = — -In (G(A,. A)). (4.14)
where
ELAN © 1 , 1 )
Gy A) = ) dp, dp.exp —5(py—Ay) _E(pz_Az) g(py, po).
(4.15)

Upon inserting the expression (4.14) for the electrostatic potential into (4.11)—(4.12), we
can show that
8G1/(K+1) aGl/(KJrl)

=K+ 1)————, (4.16a,b)

Jo=k+D"—
b=t D oA,
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that is, the two components of the current density can be derived from the function

VA, A) = (K + 1) GVED, (4.17)
as
Jo=N g (4.18a.,b)
, = —, = . 18a,
704, TR T AL

This same result was obtained in Channell (1976) and Mynick et al. (1979) f~or P =0
and @ ## 0. Note that the pseu~d0potential Visinfact V= (¢ + 1)n = (x + 1)P,,, where
n=n(®A,,A,),AA,)and P, = P (P(Ay,A,), Ay, A,). Hence, (3.4) yields
BZ
V(A,, A,) + 5= ‘H = const. (4.19)

Now, for V to be a valid potential function it should satisfy

P’V PV
dADA,  BADA,

(4.20)

which can easily be verified from (4.17). Therefore, it can be seen that the dynamical
system (4.1)—(4.4) is a noncanonical Hamiltonian system, i.e. it is of the form

. oH
=F . —, 4.2]
E=J T 4.21)
where § = (A,, A, B,, —B,), J is a4 x 4 noncanonical Poisson matrix of the form
(0 L (0 2
J = (_12 A) , A= (—/l 0) , (4.22a,b)

where 0, and I, are the 2 x 2 zero and identity matrices, respectively, and the Hamiltonian
function is given by (4.19). Note that in the Hamiltonian framework, the conservation of
'H is a consequence of the antisymmetry of the Poisson matrix J . Also, the structure of
the Poisson matrix implies that the Hamiltonian system can be canonized by the following
change of variables § = (A,, A, B,, —B,) — &, = (Q1, 0>, P\, P>), where

Ql :Ay’ QZ :Azs
Pi=B.—50,=0-20,
75 e (4.23)
A . A
P, =—-B, + EQI =-0+ EQI‘

When expressed in the variables &, the system (4.1)—(4.4) takes the form

: aH
«Sc=‘7c-¥c, (4.24)
where
(0 L
T = (_ 3 02) , (425)
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and

7%_1 » 1\’ 1P 1\ v
_5( 1+§Q2> +§(2—5Q1) V(1. 0)

[ o A 2, A
= E(Pl +P3) + §(Q1 + 0y + E(Ple — P,01) +V(Q1, Qo). (4.26)

We observe that for A # 0, the Hamiltonian of the canonical system possesses two
Coriolis-like coupling terms that would be absent if the contribution of the electrons in
the current density vanished. Those terms, would also be absent if we had considered the
solely kinetic Vlasov—Maxwell system rather than the hybrid variant with fluid, massless
electrons. Such Coriolis couplings arise in Hamiltonian models of finite Larmor radius
stabilization (Morrison & Kotschenreuther 1990), plasma streaming instabilities (Kueny
& Morrison 1995), fluid models that describe collisionless magnetic reconnection (Tassi
et al. 2008) and galactic dynamics (Binney & Tremaine 2008; Salas et al. 2022), and
play a significant role in the dynamical evolution of the relevant physical systems. The
ramifications of this coupling, in terms of the phase space structure and escape dynamics
in the context of our study are discussed in the next section.
In summary, the canonical Hamiltonian equations of motion read as follows:

aH A

01 = ap, = PT30 4.27)
0, = g—z =P, - ;Ql, (4.28)
P, = —g—g = g <P2 — %Ql) — ;—gl (4.29)
P, = —g—z = —% (Pl + ng) - ;—52 (4.30)

5. Specifying the distribution function: the forward equilibrium problem

In the direct or forward equilibrium problem, (4.17) can be seen as an equation for
determining the pseudopotential V for some specific ion distribution of the form f =
exp(—H)g(py, p;), and then the magnetic field and the electrostatic potential can be
computed upon integrating the system (4.27)—(4.30) and invoking (4.14) for @. Here, we
implement this procedure considering a special distribution function of the form (Ng 2020)

fH, py,p) =277 e [1 =8 exp (—6op; — 83p7)] . (5.1)

so that for §; < 1 the distribution function is always positive. In this case, using
(4.10)—(4.15) and (4.17) we obtain

?[1—yEW1, 0], (5.2)
2
b= I2282 0ie ?E(Q1, ), (5.3)
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2v8
o= 12353 0,701, O). (5.4)
= ——In[1-y£@1. 0], (5.5)
V(01,0 = (1 + 1) [1 — yEW@1, 0], (5.6)
where
B 51 B 801 803 >
VS Tr o, 1125, £(01,02) = eXp< 1126, 1125,) ©7ab)

For the particular pseudopotential function (5.6), the Hamiltonian (4.26) becomes

_ 2
HZE(P§+P§)+§(Q§+Q§)

Pl 8,01 508\
Ao p 0Pl - _ _ . (58
5 (Q1P2 = 0oP1) + +/<)[ VexP( 1428,  1+26 e

Upon dropping the overbar to avoid clutter, we observe the Hamiltonian (5.8) possesses
the following special discrete symmetries:

S H(Qi, 02, P1, Py; ) = H(—=01, =05, Py, Py; = 1), (5.9
Sy i H(Qi, Qr, Pi, Py; ) = H(Qy, Qr, =Py, —P2; =), (5.10)
S3: H(Q1, Qr, Pi, Py; ) = H(=0Qy, —Qs, =Py, —P3; ), (5.11)

which imply that we can consider either positive or negative Beltrami parameters A.

5.1. Influence of A on the linear stability

It can be readily seen that &, := (Q, =0, O, =0, P, = 0, P, = 0) is an equilibrium point
of the dynamical system (4.27)—(4.30) with V given by (5.6); it corresponds to an extremal
of the Hamiltonian H and a global extremum of the potential V. This is a minimum of V
for 0 < y < 1 and maximum for y < 0. Linear stability analysis for the equilibrium point
reveals a stabilizing effect of the electron current density contribution manifested through
a nonzero Beltrami parameter A. The spectrum of the fixed point §, = (0, 0, 0, 0) consists
of two eigenpairs given by (see Appendix A)

1
= iﬁ\/—ﬂz Vi =V R+ Vi + V)2 =4V Vs, j=1,...,4, (512

where

_ 2),52(1 _ y)(—K)/(KH) v 2)/53(1 _ y)(—'()/(/(-‘rl)

_ V= 5.13a.b
! 1+ 25, 2 1+ 26, (5-13a.5)

For 0 < y < 1 the eigenvalues comprise two purely imaginary complex conjugate pairs,
thus the equilibrium point is spectrally stable. Also in this case the Dirichlet criterion is
satisfied (see e.g. Morrison 1998), i.e. the Hessian D*H(&,) is positive definite. On the
other hand, if §; < 0, i.e. y < 0, then the stability of &, is determined by the value of
A. It can be readily verified that for 4 = O the eigenvalues comprise real pairs and thus
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————— Re(n) — Im(n)

[A]

FIGURE 1. Stabilization of the equilibrium point &, in the case §; < 0. By increasing |1|, the
stability of &, changes through a single Krein bifurcation for each eigenpair in the isotropic case

(62 = 683).

————— Re(n) — Im(n)

[A]

FIGURE 2. Stabilization of the equilibrium point &, in the case §; < 0. Increasing |A1]|, the
stability of &, changes through two consecutive Krein bifurcations for each eigenpair in the
anisotropic case (87 # 63).

&, is an unstable equilibrium point. However, as |A| increases the stability of the
equilibrium point changes. In the symmetric case §, = §3 this happens through a single
bifurcation; the two pairs of complex conjugate eigenvalues bifurcate to two purely
imaginary conjugate eigenpairs and thus the equilibrium point becomes stable (figure 1).
This is the so-called Krein’s bifurcation that occurs in the presence of negative energy
modes (see, e.g. Moser 1958).
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(a) (b) (©)

A=0.20, 5=0.00

(d) " @) " )

A=0.20, 5=0.00

FIGURE 3. Poincaré surface of section @ = 0 for §; = 0.9, 5, =0.09,6 =83 — 5, =0,
Kk =1, Ey = Vimax (a—) and Ey > Vmax (d—f) showing the influence of A on escape dynamics.

In the asymmetric case 8, # §3 two consecutive bifurcations take place as |A| increases.
First, the two pairs of real eigenvalues collide on the real axis and move to the complex
plane forming two complex conjugate eigenpairs. These pairs subsequently crash on the
imaginary axis bifurcating into two purely imaginary eigenpairs (figure 2). A normal-form
Hamiltonian can also be written for this case.

5.2. Influence of A on the escape dynamics and phase space structure

Next we examine the influence of the Beltrami parameter A on the escape dynamics using
Poincare surfaces of section and discuss about its influence on the formation of bipolar
electrostatic structures due to magnetic field fluctuations.

5.2.1. Integrable case

We can see that for the particular choice §, = &3, i.e. for isotropic distribution functions
in the py—p, plane, the pseudopotential V' of (5.6) possesses rotational symmetry around
the origin in (Qy, Q). This rotational symmetry implies that the angular momentum-like
function

L= Q\P,— QP (5.14)

is a second integral of motion, independent of H, and thus the canonical system
(4.27)—(4.30) is integrable. Note that £ is an integral for any potential that has the
symmetry

O— =0r—. (5.15)

https://doi.org/10.1017/50022377823000557 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377823000557

16 D.A. Kaltsas, P.J. Morrison and G.N. Throumoulopoulos
(@ () @)

A=0.00, 5=0.02 i A=0.00, 5=0.05 A=0.00, 5=0.08

(d) © N

A=0.00, 5=-0.02 & A=0.00, 5=-0.05 & A=0.00, 5=-0.08

FIGURE 4. Poincaré surface of section Q> =0 for various values of the parameter § =
83 — &2 # 0 (nonintegrable case). The emergence of chaotic regions is observed while |§]
increases.

Let us construct Poincaré surfaces of section for the case 0, =0 and crossings with
0, > 0 to investigate the influence of A on the escape dynamics, which translates to
a corresponding influence on the appearance of magnetic field fluctuations and bipolar
electric field pulses. Assigning a value for the energy (4.26) we can construct analytically
a Poincaré surface of section considering various values for the angular momentum £, e.g.
on the (Q;, Py) plane with @, = 0. The Poincaré surfaces of section are given in figure 3.
Figure 3(a—c) corresponds to H = Ey = V. and figure 3(d—f) corresponds to Ey > Vipax.
We observe that increasing A induces trapping of the phase space orbits in the latter case.

5.2.2. Nonintegrable case and chaotic dynamics

In the generic case §, # 83, which corresponds to an anisotropic distribution function,
the rotational symmetry of the potential is lost and the second integral of motion no
longer exists. The loss of integrability results in the breakup of invariant tori and the
subsequent emergence of islands of stability and chaotic regions in the Poincaré surfaces
of section (See figure 4). As a result, the magnetic and the electric field fluctuations may be
either periodic/quasiperiodic, if the initial conditions correspond to periodic/quasiperiodic
trajectories in the phase space, or chaotic if the initial conditions fall into chaotic regions.
As it can be deduced from figure 4, the breakup of the invariant tori and the extent of the
chaotic region depends on the distribution function anisotropy in the p,—p, plane, which
is quantified by the parameter 6 = §; — §,. Increasing the absolute value of § results in
less organized phase-space configurations, with a large number of islands and extended
chaotic regions.
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(a) (b) (©

A=0.05, 5=0.08 g A=0.10, 5=0.08 A=0.15, 5=0.08

(d) (e) ()

A=0.05, 5=-0.08 \E A=0.10, 5=-0.08 \\ 4 A=0.15, 5=-0.08

FIGURE 5. Poincaré surface of section Q> = 0 of the nonintegrable system for various values
of the parameter A and Egp = Vipax.-

Regarding the qualitative influence of the Coriolis coupling parameter (Beltrami
parameter), we notice a drastic reduction in the number of islands as A increases (figure 5).
More specifically, as A increases from 0.00 to 0.15 the phase-space trajectories are
progressively organized into fewer, larger islands surrounded by a chaotic region, up
to a point where a single extended island is formed. For the case § > O this island
covers an extended region of the Poincaré surface of section that contains the origin
(Q1, P1) = (0, 0); thus for sufficiently small initial conditions the trajectories are stable
and regular. Therefore, it can be inferred that the current density due to electrons can
induce a regularization of the magnetic field dynamics and consequently a regularization
of the bipolar electric field structures.

In terms of the escape dynamics, we observe that A plays a significant role in the
confinement of the phase space trajectories when Ey > V,,..x, as shown in figure 6. This was
also seen in the case in the integrable system. As A is increased from 0.05 to 0.15, phase
space trajectories starting from a specific region close to the origin (Qy, P;) = (0, 0) on
0, = 0, occupy a progressively smaller region of the phase space and islands of stability
are formed. For instance, when 4 = 0.15, an extended island that encloses the origin and
is surrounded by a chain of smaller ones is formed, meaning that orbits originating from
the vicinity of the origin will remain confined and regular. Similar findings have been
reported for a rotating Hénon—Heiles system (Henon & Heiles 1964), which has been
studied in Salas et al. (2022). This represents another stabilization effect of A, with the
first one having been discussed in the previous subsection, which was about the change
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(@) (©)

(b)

(d)

A=0.15, 3=0.08

(e N

. i

A=0.05, 5=-0.08 - A=0.10, 5=-0.08 N A=0.15, =-0.08

FIGURE 6. Poincaré surface of section Q> = 0 of the nonintegrable system for various values
of the parameter A and Ey > Viax.

(@) (b)
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X X

FIGURE 7. Bipolar electric field pulses with negative electrostatic potential in the integrable
(a) and the nonintegrable case (b). In the former case the pulses are periodic, while in the latter,
they are irregular since the initial conditions correspond to a chaotic trajectory of the Hamiltonian
system (4.27)—(4.30).

of the stability of the equilibrium point in the case of positive electrostatic potential,
1e.8; <O.

Closing this section we present two characteristic equilibria with multiple bipolar field
structures in figure 7. In the first case the distribution function is gyrotropic and thus
the magnetic field is integrable resulting in periodic pulses. The second corresponds to
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an asymmetric distribution function (8, # 83), and nonintegrable magnetic field resulting
in pulses with irregular spatial distribution and amplitudes. In both cases Ey = 1.05 V.«
and A = 0.1 so there is Coriolis trapping of the escaping trajectories. It has been verified
that those structures emerge in positions associated with steep magnetic field gradients.
Furthermore, the characteristic length scale of the pulses is determined by the distribution
function parameters §;, d; and §; and depend also on the initial conditions. The smallest
structures we were able to construct have characteristic length scales of the order 0.1¢;.

6. Harmonic oscillator potential: an inverse equilibrium problem

In the previous section we implemented the direct equilibrium construction where the
pseudopotential is determined upon defining the ion distribution function. However, (4.17)
can be seen as an integral equation for determining the function g(py, p.) in the expression
for the distribution function, for a known pseudopotential V(Q;.Q,). For example, we may
choose a pseudopotential that enables the calculation of analytic solutions for the scalar
and vector potentials and then solve the integral equation (4.17) for g(p,, p,). In order to
obtain a wave-like solution let us adopt a two-dimensional (2-D) anisotropic harmonic
oscillator potential of the form

2 2
V01, 0n) = Vo + %Q% + %Q%, 6.1)

where Vj, w; and w, are real constants. In this case the canonical Hamiltonian system
(4.27)—(4.30) can be written in terms of the generalized coordinates Q, O, as

01 — 10> + ] Q) =0, (6.2)
0> + 201 + @30, = 0. (6.3)
The system of (6.2)—(6.3) possesses the following analytic solution:

4

Qi) =) e, (6.4)
i=1
Q=) e, (6.5)
i=1 i
where 1, 5.3 4 are given in Appendix A and ¢;, i = 1, ..., 4 are arbitrary constants that are

determined by the initial conditions imposed on the canonical variables (Q;, O, Py, P,).
The canonical momenta Py, P, can be easily derived from the definitions (4.23) and (6.4),
(6.5).

Therefore, as is elementary, the Hamiltonian system with a 2-D anisotropic harmonic
oscillator potential is integrable and solvable, although the angular momentum L is not
conserved for w; # w,. Obviously, the Hamiltonian H remains an integral of motion.
If the oscillators were uncoupled (4 = 0), the Hamiltonian would be diagonal, and the
energy stored in one of the degrees of freedom, H; = P?/2 + w?Q?/2, would be a second
integral of motion. However, for A4 # 0, the Hamiltonian is seemingly non-separable,
and the second integral of motion is not directly apparent. Nonetheless, because the
system 1is linear it must be transformable into one of the normal forms for linear systems
(Moser 1958) by a linear canonical transformation (Qy, Q», Py, P;) — (Ql, QZ, fDl, sz).
If the system is stable, this amounts to a transformation to action-angle variables
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where the Hamiltonian is the sum of uncoupled oscillators. This separable form of
the Hamiltonian reveals the second integral of motion. Specifically, by employing the
canonical transformation presented in Appendix A ((A10)-(A13a,b)), we can show that
in the stable case, the Hamiltonian takes the form

- 1 ~ ~
H=Vo=2 ) 0O} + P, (6.6)

i=1,2

where, o; € {£1} denotes the signature of the modes with frequencies ¢;. In Appendix A
we show that oy = —1, thus {; = ¢_ corresponds to a negative energy mode. Due to the
large parameter space, we will not explore this further here and instead focus on the inverse
equilibrium problem.

With the pseudopotential (6.1) the integral equation (4.17) reads

/ dpy/ dp.exp (_E(py - Ql)2 - E(pz - Q2)2) g(py, p2)
B V2 v
N )
Whenever the right-hand side of (6.7) can be written as a polynomial of Q; and Q,
then there is a quite expedient method to compute the kernel g(py, p,) and consequently
the distribution function f(H, p,, p;), using Hermite polynomials (see Channell 1976;
Allanson et al. 2016a). The right-hand side of (6.7) can be expressed as a polynomial either

if « is a positive integer (or zero in the cold electron limit) or if @?Q?/2 + w3Q3/2 < Vj
since in that case its Taylor series is convergent. In both cases, using the following relation

(Channell 1976):
—x2/2 X n
e Z§E T (_> (L) , 6.8
2 n! V2] \V2 (©.5)

n

a)z a)z Kk+1
+Do+Ze) 67

where H,(x) is the nth-order Hermite polynomial defined by
»d"
H,(x) = (=1)"e" —e "/ 6.9
() = (=D e (6.9)

Equation (6.7) can be expanded as follows:

QnQ2 f Dy P:
2m+”mln! / / dp exp (__ - 5) H, (E) H (E) g(py, p:)

_ 2 VO ot K+1 n 20‘ v) 21) )
—\/;(K—I-l) ;;( w ><U>W 1 Q . (6.10)

Since the Hermite polynomials satisfy the following orthogonality conditions:

/00 d)ch()c)Hn()c)e_”2 = /12" 8, (6.11)

o0

it is appropriate to expand the kernel g(p,, p,) using a Hermite polynomial basis, i.e.

g(py,p) = cher (%) H, <%) . (6.12)

kL
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Inserting (6.12) into (6.10) and using the orthogonality of Hermite polynomials (6.11) we
are left with

. ﬁ VO Kk+1
E Can1Q2 = 02 \k +1
M 2(u—v)  2p
ZZ K+ 1\ () o Wy 2(u—v) H2v.
. 0<;L>(J avgr G (©19
nov=

thus, the only non-vanishing coefficients c,, in the expansion (6.12) are

K+1 2(u-v) 2
C :—«/E VO ' k+1 2 wlu a)% v=0 1% (614)
2(;—v),2v T[3/2 K + 1 w v —(ZVO)/‘ s ey M. .

In addition, we have shown that (see (4.14), (4.15) and (4.17)) the electrostatic potential is
given by

1% , K
¢@AQ»=m<19£@)-

; 6.15
K+1 ( )

thus, for the anisotropic harmonic oscillator pseudopotential (6.1), @ reads as follows:

_ Vo o} 2 w3 2)K
¢(Q1,Q2)—111<K+1+2(K+1)Q1+2(K+1)Q2 ) (6.16)

Consequently, the equilibrium distribution function is

2

v
f(x, v, vy, 0,) = exp (—3 - Cb) g(py, p2)

N2, Vet

32 ¢ k
2 (k 4+ 1) w; W
hrp it e

—(k+1) (1 " @l p D,
XZZ( 1% )(]}) WHZ(#—U) 7% HZv E . (617)

n v=0

As examples, consider two special cases: first, the cold electron limit, i.e. k = 0, which
implies @ = 0 (strong neutrality); and second, the case k = 1. In the former case, which
has been considered also in Channell (1976) (for the isotropic oscillator potential) the
equilibrium distribution function reads as

J2

fonv) = —me P Vo — (0f + 3)

+ i (v, 4 Q1) + w3 (v: + 0)*]. (6.18)
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The positivity of the distribution function is ensured if V, > ] + 3. In the latter case
(k = 1) the equilibrium distribution function is given by

V2 e v/2
2m3/2 w? w?
w+§ﬁ+f%

flx,v) = [co+ c1(vy + Q1) + c2(v + @2)°

+ 3y + 0 (v + @2)? + ealvy + 0D + o5 (v, + 02)*] (6.19)

where
co = Vi — 2Vow: — 2Vow; + 2wiw; + 30] + 3w;,

c1 =2Vt — 2wiws — 607,
(6.20)

¢y = 2Vow3 — 2wiws — 6w3,
2 2 4 4
3 =2w[w5, €4 =w{, C5=w,.

One can find regions in the parameter space (Vy, w;, w»), in which the distribution function
is positively defined.

7. Conclusion

We calculated equilibrium solutions to the hybrid Vlasov—Maxwell model with kinetic
ions and massless fluid electrons by solving an inhomogeneous Beltrami equation, where
the inhomogeneous term is the kinetic ion current density. To this end, we used the
quasineutrality condition to express the electrostatic potential in terms of the vector
potential components, instead of assuming strong neutrality to allow the emergence
of large amplitude electric field structures due to fluctuations of the magnetic field.
Then, we studied the Hamiltonian dynamics of the magnetic field equations and found
that fluctuations are regular for ion distribution functions characterized by rotational
symmetry in the p,—p. plane, but can become chaotic for asymmetric ones. We have
shown that the magnetic field equations constitute a Hamiltonian system and we have used
Poincaré maps to show the existence of periodic, quasiperiodic and chaotic trajectories in
phase-space, indicating that magnetic and electric field fluctuations can be either ordered
or chaotic, depending on the initial conditions for the magnetic field and vector potential
components. The electron current density affects the dynamics of the Hamiltonian system
by altering the structure of the phase-space and the escape dynamics of the orbits
through a Coriolis-like coupling between the generalized coordinates and the conjugate
momenta. We observed that increasing electron current density progressively organizes
phase space trajectories into large islands of stability and can induce the trapping of
escaping phase-space orbits. The stabilizing effect of the electron current density was also
ascertained upon performing a stability analysis of the equilibrium point. Upon increasing
A, the orbits in a neighbourhood of the equilibrium point can be stabilized even for
positive electrostatic potentials. In this case, the electrostatic potential is modulated by
the magnetic field fluctuations, enabling ion trapping. Finally, we provided an inverse
equilibrium calculation where we computed the vector potential components and the
ion distribution function by defining the pseudopotential of the Hamiltonian magnetic
field dynamics. The particular choice of pseudopotential function results in a rotating,
2-D, harmonic oscillator Hamiltonian which is integrable and solvable. The distribution
function is constructed assuming a multiplicative separability in p, and p, and using
a Hermite expansion method. In future work, we plan to investigate the properties of
Hamiltonian systems emerging in kinetic equilibrium problems, including the study of
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translationally symmetric plasmas, deviations from quasineutrality, and the existence of
multiple ion species with fluid and kinetic components (e.g. Kaltsas, Throumoulopoulos
& Morrison 2021). In these frameworks the development of models capable of describing
bipolar structures that closely resemble those observed by the MMS mission will be
pursued.
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Appendix A. Normal form Hamiltonian

In § 4 we found a canonical Hamiltonian that describes the magnetic field dynamics in
1-D hybrid Vlasov equilibria. Upon Taylor expanding the potential of this Hamiltonian we
obtain

-] A2 A
H=E(P%+P§)+§(Q%+Q§)+E(Ple—Ple)

Vi, Vo,
+Vo+?Q1 +?Q2+U(Q1,Q2), (A1)
where V, = V(&,) and
V_az_v() V_az_v() (A2a,b)
1_8Q%§g, Z_BQ%SE' a7

Hereafter the overbar will be dropped. For the pseudopotential (5.6), V| and V, are
given by (5.13a,b) and U(Q,, Q,) represents the O(Q?) terms. For the harmonic oscillator
potential (6.1)in §6, V, = w}, V, = w} and U = 0.

To assess the stability of the fixed point &, = (0, 0,0, 0) and in order to write the
Hamiltonians in normal, diagonal form, we have to calculate the Hamiltonian spectrum
of the equilibrium point. The eigenvalues of the stability matrix at &, are given by

n =+ i‘i‘/—zziigi, j=1,...,4 (A3)
27 2
Here,
A =A*—4B, (A4)
1
A= ST (7D H)EIT) (A5)
B =det (J.(D*H)(&.)) (A6)
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where D*H (£,) is the Hessian of the Hamiltonian H evaluated at the equilibrium point &,,

A2 A
— 4V 0 0 —=
g Y 2
2 0 v + V. A 0
0“H T 25
(D*H) (&) = &) = 4 2 (A7)
0&,0&; A
0 - 1 0
2
A
—— 0 0 1
2
The eigenvalues (A3) are thus given by
1 2 2 2
nj:iﬁ - =V —Vzﬂ:\/(/l + Vi+ Vo) =4V, V,, (AB)
and the two frequencies are
1
{e = ﬁ\//lz‘f‘vl + Vo £ V(2 + Vi + V)2 — 4V, Vs (A9)

Following Morrison & Kotschenreuther (1990), in the stable case (¢+ € R), we can
diagonalize the Hamiltonian through a linear canonical transformation introducing the
following generating function of type-2:

F>(Q1, 05, P1, P)) = a1 Q1 Py + 0 0>P5 + 030,05 + auP Py, (A10)
with
_ 1/4
A((Vi= V2 + BV + V) + (Vi = V)VA)
“= 2V ’
I 2V,A ]”“
o = )
L(Vi = )2+ 2(Vi 4+ Vo) — (Vi — V)V A (A1)
Vi—Va+/A
0= —"7"",
22
1/4
o (Vi = V)2 + (Vi + Vo) + (Vi — V)V A
4 = .
(Vi = V)2 + 2(Vi + Vo) = (Vi = V)VA
In the isotropic case V| = V, we have
AN\ A
o] = 0y = (E) y o3 = \;—;, oy = 1. (A12a—c)
The new coordinates and momenta can be computed by the following equations:
~ oF oF
Qi=_~2’ Pi= —2, l= 1,2 (Alsa,b)
8P,» an
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Then, substituting the new variables in H we obtain a Hamiltonian of the form

=V, = —%(Q% + B2+ %(Q% + B2+ U(Dy, 0. (Al4)

which has the standard form for a negative energy mode that corresponds to the frequency

Gii=4-.
REFERENCES

ALLANSON, O., NEUKIRCH, T., TROSCHEIT, S. & WILSON, F. 2016a From one-dimensional fields
to Vlasov equilibria: theory and application of Hermite polynomials. J. Plasma Phys. 82 (3),
905820306.

ALLANSON, O., WILSON, F. & NEUKIRCH, T. 20166 Neutral and non-neutral collisionless plasma
equilibria for twisted flux tubes: the gold-hoyle model in a background field. Phys. Plasmas 23 (9),
092106.

ARAVINDAKSHAN, H., YOON, P.H., KAKAD, A. & KAKAD, B. 2020 Theory of ion holes in space and
astrophysical plasmas. Mon. Not. R. Astron. Soc. 497 (1), L69-L75.

BERNSTEIN, [.B., GREENE, J.M. & KRUSKAL, M.D. 1957 Exact nonlinear plasma oscillations. Phys.
Rev. 108, 546-550.

BINNEY, J. & TREMAINE, S. 2008 Galactic Dynamics. Princeton University Press.

BURCH, J.L., MOORE, T.E., TORBERT, R.B. & GILES, B.L. 2016 Magnetospheric multiscale overview
and science objectives. Space Sci. Rev. 199, 5-21.

CERRI, S.S., CALIFANO, F., JENKO, F., TOLD, D. & RINCON, F. 2016 Subproton scale cascades in solar
wind turbulence: driven hybrid-kinetic simulations. Astrophys. J. 822 (1), L12.

CHANNELL, P.J. 1976 Exact Vlasov-Maxwell equilibria with sheared magnetic fields. Phys. Fluids 19 (10),
1541-1545.

CHEN, L.-J., THOULESS, D.J. & TANG, J.-M. 2004 Bernstein—-Greene—Kruskal solitary waves in
three-dimensional magnetized plasma. Phys. Rev. E 69, 055401.

DEMEIO, L. & HOLLOWAY, J.P. 1991 Numerical simulations of BGK modes. J. Plasma Phys. 46 (1),
63-84.

ERGUN, R.E., CARLSON, C.W., MCFADDEN, J.P., MOZER, F.S., MUSCHIETTI, L., ROTH, 1. &
STRANGEWAY, R.J. 1998 Debye-scale plasma structures associated with magnetic-field-aligned
electric fields. Phys. Rev. Lett. 81, 826-829.

Fox, W., PORKOLAB, M., EGEDAL, J., KATZ, N. & LE, A. 2008 Laboratory observation of electron
phase-space holes during magnetic reconnection. Phys. Rev. Lett. 101, 255003.

FrRANCI, L., CERRI, S.S., CALIFANO, F., LANDI, S., PAPINI, E., VERDINI, A., MATTEINI, L.,
JENKO, F. & HELLINGER, P. 2017 Magnetic reconnection as a driver for a sub-ion-scale cascade
in plasma turbulence. Astrophys. J. 850 (1), L16.

GHOSH, A., JANAKI, M.S., DASGUPTA, B. & BANDYOPADHYAY, A. 2014 Chaotic magnetic fields in
Vlasov-Maxwell equilibria. Chaos 24 (1), 013117.

HARRISON, M.G. & NEUKIRCH, T. 2009 Some remarks on one-dimensional force-free Vlasov-Maxwell
equilibria. Phys. Plasmas 16 (2), 022106.

HENON, M. & HEILES, C. 1964 The applicability of the third integral of motion: Some numerical
experiments. Astron. J. 69, 73.

HUTCHINSON, I.H. 2017 Electron holes in phase space: What they are and why they matter. Phys. Plasmas
24 (5), 055601.

KALTSAS, D.A., THROUMOULOPOULOS, G.N. & MORRISON, P.J. 2021 Hamiltonian kinetic-Hall
magnetohydrodynamics with fluid and kinetic ions in the current and pressure coupling schemes.
J. Plasma Phys. 87 (5), 835870502.

KUENY, C.S. & MORRISON, P.J. 1995 Nonlinear instability and chaos in plasma wave—wave interactions.
I. Introduction. Phys. Plasmas 2 (6), 1926—1940.

KUIROUKIDIS, A., THROUMOULOPOULOS, G.N. & TASs0, H. 2015 Vlasov tokamak equilibria with
sheared toroidal flow and anisotropic pressure. Phys. Plasmas 22 (8), 082505.

https://doi.org/10.1017/50022377823000557 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377823000557

26 D.A. Kaltsas, P.J. Morrison and G.N. Throumoulopoulos

MALARA, F., PEZZ1, O. & VALENTINI, F. 2018 Exact hybrid Vlasov equilibria for sheared plasmas with
in-plane and out-of-plane magnetic field. Phys. Rev. E 97, 053212.

MATSUMOTO, H., KOJIMA, H., MIYATAKE, T., OMURA, Y., OKADA, M., NAGANO, 1. & TSUTSUI, M.
1994 Electrostatic solitary waves (ESW) in the magnetotail: BEN wave forms observed by geotail.
Geophys. Res. Lett. 21 (25), 2915-2918.

MORRISON, P.J. 1998 Hamiltonian description of the ideal fluid. Rev. Mod. Phys. 70, 467-521.

MORRISON, P.J. 2000 Magnetic field lines, Hamiltonian dynamics, and nontwist systems. Phys. Plasmas
7 (6), 2279-2289.

MORRISON, P.J. & KOTSCHENREUTHER, M. 1990 The free energy principle, negative energy modes and
stability. In Nonlinear World: 1V International Workshop on Nonlinear and Turbulent Processes in
Physics (ed. V.G. Baryakhtar, V.M. Chernousenko, N.S. Erokhin, A.B. Sitenko & V.E. Zakharov),
pp. 910-932. World Scientific.

MOSER, J. 1958 New aspects in the theory of stability of Hamiltonian systems. Commun. Pure Appl. Maths
81, 81-114.

MYNICK, H.E., SHARP, W.M. & KAUFMAN, A.N. 1979 Realistic Vlasov slab equilibria with magnetic
shear. Phys. Fluids 22 (8), 1478-1484.

NG, C.S. 2020 Kinetic flux ropes: Bernstein—Greene—Kruskal modes for the Vlasov—Poisson—Ampere
system. Phys. Plasmas 27 (2), 022301.

NG, C.S. & BHATTACHARIJEE, A. 2005 Bernstein—Greene—Kruskal modes in a three-dimensional plasma.
Phys. Rev. Lett. 95, 245004.

NG, C.S., BHATTACHARIJEE, A. & SKIFF, F. 2006 Weakly collisional Landau damping and
three-dimensional Bernstein—Greene—Kruskal modes: New results on old problems. Phys. Plasmas
13 (5), 055903.

SALAS, J.P., LANCHARES, V., INARREA, M. & FARRELLY, D. 2022 Coriolis coupling in a Henon—Heiles
system. Commun. Nonlinear Sci. Numer. Simul. 111, 106484.

SCHAMEL, H. 1971 Stationary solutions of the electrostatic Vlasov equation. Plasma Phys. 13 (6),
491-505.

SCHAMEL, H. 1986 Electron holes, ion holes and double layers: electrostatic phase space structures in
theory and experiment. Phys. Rep. 140 (3), 161-191.

SERVIDIO, S., VALENTINI, F., CALIFANO, F. & VELTRI, P. 2012 Local kinetic effects in two-dimensional
plasma turbulence. Phys. Rev. Lett. 108, 045001.

TassI, E., MORRISON, P.J., WAELBROECK, F.L. & GRASSO, D. 2008 Hamiltonian formulation and
analysis of a collisionless fluid reconnection model. Plasma Phys. Control. Fusion 50 (8), 085014.

TASsO0, H. 1969 Non-linear quasi-neutral electrostatic plasma waves and shock waves. Plasma Phys. 11 (8),
663.

TAsso, H. & THROUMOULOPOULOS, G. 2014 Tokamak-like Vlasov equilibria. Eur. Phys. J. D 68 (6),
175.

TRONCI, C. 2010 Hamiltonian approach to hybrid plasma models. J. Phys. A 43 (37), 375501.

VALENTINI, F., TRAVNICEK, P., CALIFANO, F., HELLINGER, P. & MANGENEY, A. 2007 A
hybrid-Vlasov model based on the current advance method for the simulation of collisionless
magnetized plasma. J. Comput. Phys. 225 (1), 753-770.

Vasko, 1.Y., MozgR, F.S., KRASNOSELSKIKH, V.V., ARTEMYEV, A.V., AGAPITOV, O.V.,
BALE, S.D., AVANOV, L., ERGUN, R., GILES, B., LINDQVIST, P.-A., ef al. 2018 Solitary waves
across supercritical quasi-perpendicular shocks. Geophys. Res. Lett. 45 (12), 5809-5817.

VASKO, I.Y., WANG, R., MOZER, F.S., BALE, S.D. & ARTEMYEV, A.V. 2020 On the nature and origin
of bipolar electrostatic structures in the earth’s bow shock. Front. Phys. 8, 156.

WANG, R., VASKO, I.Y., MOZER, E.S., BALE, S.D., ARTEMYEV, A.V., BONNELL, J.W., ERGUN,
R., GILES, B., LINDQVIST, P.-A., RUSSELL, C.T., et al. 2020 Electrostatic turbulence and
Debye-scale structures in collisionless shocks. Astrophys. J. 889 (1), L9.

https://doi.org/10.1017/50022377823000557 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377823000557

	1 Introduction
	2 The hybrid model and equilibrium formulation
	3 Equilibrium solutions
	4 Equilibrium equations as a Hamiltonian system
	4.1 Hamiltonian structure

	5 Specifying the distribution function: the forward equilibrium problem
	5.1 Influence of  on the linear stability
	5.2 Influence of  on the escape dynamics and phase space structure
	5.2.1 Integrable case
	5.2.2 Nonintegrable case and chaotic dynamics


	6 Harmonic oscillator potential: an inverse equilibrium problem
	7 Conclusion
	Appendix A. Normal form Hamiltonian
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


