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We derive the gauge-free Hamiltonian structure of an extended kinetic theory, for which the intrinsic spin
of the particles is taken into account. Such a semi-classical theory can be of interest for describing, e.g.,
strongly magnetized plasma systems. We find that it is possible to construct a generalized noncanonical
Poisson bracket on the extended phase space, and discuss the implications of our findings, including
stability of monotonic equilibria.
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High energy density plasma physics has become a popular sub-
ject (see, e.g., [1] and references therein). In such systems, quan-
tum mechanical effects, such as wave function dispersion and/or
statistical effects, can become important (for a recent experimen-
tal example, see [2]), and much of these plasmas can be rightly
termed quantum plasmas. Much of the early literature on quantum
plasmas has focused on condensed matter systems with a back-
ground lattice structure and the linear effects that follows (see,
e.g., [3]). However, recent developments show a different direc-
tion, where the nonlinear aspects of such systems are in focus [4,
5]. Examples of recent results include quantum ion-acoustic waves
[6], Jeans instabilities in quantum plasmas [7], trapping effects [8],
magnetization by photons [9] and relativistic effects [10,11]. Typi-
cally, the quantum hydrodynamic equations are derived by starting
from the Schrédinger equation and making the Madelung ansatz
[12]. However, a method that more closely resembles the classical
case is to use kinetic equations as a starting point (see Ref. [12]
for a comparison between the different approaches). The field of
quantum kinetic theory [13] in many ways started with the am-
bitions of Wigner, as presented in Ref. [14], to bridge the gap
between classical Liouville theory and statistical quantum dynam-
ics [15-17]. Thus, the development of quantum kinetic theory was
partly due to an interest in obtaining a better understanding of
the quantum-to-classical transition [18] (see also [19]). However,
another important aspect of quantum kinetic theory is as a com-
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putational tool for, e.g., quantum plasmas [5], condensed matter
systems [20,21], and, in general, quantum systems out of equilib-
rium [22], and in that respect shares many commonalities with
quantum optics [23]. As shown in [24-28], spin is such an effect,
the one of particular interest here.

When developing new models it can be important to show that
they are Hamiltonian - all of the most important models of physics
have this property, when phenomenological or other dissipation
is neglected. If this is not the case, the non-Hamiltonian nature
of these models gives rise to spurious dissipation that may not
be readily identifiable or quantifiable. Thus, one role of Hamil-
tonian or action principle formulations is to filter out deficient
models, a role that is not straightforward to play for matter models
given in terms of Eulerian or spatial variables. Such models possess
noncanonical Hamiltonian form, i.e. they are Hamiltonian but the
conventional variables are not a canonically conjugate set and con-
sequently the Poisson bracket possesses noncanonical form - yet it
retains its Lie algebraic properties of antisymmetry, bilinearity, and
the Jacobi identity. (See e.g. [29-32]. Also see [33,34] for recent
work applicable to plasmas.)

For the kinetic theory of interest here we show it has a non-
canonical Hamiltonian structure that is a generalization of that
given in [30,35,36]. (See also [37].) We present the noncanonical
Poisson bracket, prove directly that it satisfies the Jacobi identity,
find Casimir invariants for the theory, and present an energy-like
theorem that demonstrates that all equilibria with monotonically
decreasing distributions are stable.

We consider the nonrelativistic spin Maxwell-Vlasov equation
for f(x,v,s,t), an electron phase space density:
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where m and e > 0 are the electron mass and charge, respectively,
2mh is Planck’s constant, e = gup/2 is the electron magnetic mo-
ment in terms of wup, the Bohr magneton, and the electron spin
g-factor. Eq. (1) is coupled to the dynamical Maxwell equations,

B

— =—cV xE, 2
o X (2)
JoE

through the current J =J; + cV x M, which has “free” and spin
magnetization parts:

Ipi= —efd3vd3svf, (4)

M= —2‘;‘3 /d3vd3ssf. (5)

Extension to multiple species is straightforward.

Note, Egs. (1), (2), and (3), with (4) and (5), are to be viewed
classically and consequently a full nine-dimensional phase space
integration, d°z = d3xd3v d3s, is considered for f. Later we will
see how a spin quantization constraint can be applied.

The Hamiltonian functional for the theory is

HIE,B, f]= /d9 ( v +%s B)f
hc

3 2 2
+§/dx(E + B?) (6)

which can be shown directly to be conserved, but this will become
obvious after the Hamiltonian structure is given. Similarly, it can be
shown that the total momentum,

1
P:/dngmv—i—mftﬁxExB, (7)

is conserved, whence it is evident that spin carries no linear mo-
mentum.

The noncanonical spin Maxwell-Vlasov bracket is composed of
several parts:

(F. Glaw = [ dng([Ff,cf]c (8)
+[Fs, Gyl 9)
+[Ff,Gfls (10)

4me
+7(FE'8va_GE'ava)) (11)
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where
1
[f,glc:= E(Vf'avg_v:g'gvf)v (13)
B
[f, 815 = =~ - (00 f X 0,8), (14)
m2c
[f,gls:=s-(0sf x 0:8), (15)

with standard partial derivatives denoted by 9, := d/dv and func-
tional derivatives by Fy:=8F /5 f, etc. Term (10) of {, }smv is new
and accommodates the spin; it is not surprising that it has an in-
ner bracket based on the so(3) algebra [38]. The remaining terms

(8), (9), (11), and (12) produce the usual Vlasov-Maxwell theory
[30,35-37,39]. It is a simple exercise to show that Egs. (1), (2), and
(3) are given as follows:

af

H ,
3 ={f, H}smv
oB — (B.H)
Bt sMV»
0E

E.H
m = {E, H}smv.

This is facilitated by the identity [d%z f[g,h]l = — [d°zg[f,h],
which works for all three brackets of (13), (14), and (15).

There are two approaches to obtaining a Hamiltonian descrip-
tion. The usual one is by constructing an action principle by postu-
lating a Lagrangian density with the desired observables and sym-
metry group, and then effecting a Legendre transformation, when
possible, to obtain a Hamiltonian theory. Alternatively one can pos-
tulate an energy functional and Poisson bracket as we have done
here. When exploring new territory with this latter approach, one
must prove directly the Jacobi identity {{F, G}, H} + {{G, H}, F} +
{{H, F},G} =0 for all functionals F, G, and H. With the former
approach this is guaranteed if the action principle and Legendre
transform exist and one can perform a chain rule calculation to ob-
tain a bracket in terms of the desired observables. This was done
for the Maxwell-Vlasov bracket in [36], where it is necessary to as-
sume the existence of a vector potential. However, with the bracket
approach one need not assume the existence of a vector poten-
tial, and one can proceed in a self-contained gauge-free manner to
show that the Maxwell-Vlasov bracket satisfies

{{F. Gmv. H},, + cyc

- fel(200) ]
av av av

This result was quoted in [30] (details of this early explicit

(and tedious) calculation will be given elsewhere). Thus, although

the Maxwell-Vlasov Hamiltonian theory is gauge-free, it requires

V-B=0.

One can construct an action principle for the spin Maxwell-
Vlasov theory of the form of [40-42] and then proceed to the
bracket {F, G}syv (see e.g. [43]), but we find it easier to prove the
Jacobi identity directly. Writing {F, G}smv = {F, G}mv + {F, G}s and
using :=: to denote the cyclic sum we have

{{F. Gsmv. H} gy = {{F. Glmv. H},yy, + {{F. G)s H}
+ {{F. Ghmv. H}, + {{F. G}s. H},
{F.G)s, H}ypy + [{F. Gwv. H),.  (17)

where the second equality follows because of (16) (assuming
solenoidal B) and the fact that {F,G}s; is a Lie-Poisson bracket
(see e.g. [31,44]). Thus it only remains to show that the cross
terms cancel, which is facilitated by a theorem in [30]; viz., when
functionally differentiating {F, G}my and {F, G}s, which are needed
when constructing the cross terms, one can ignore the second
functional derivative terms. These cancel by virtue of the symme-
try of the second variation and antisymmetry of the bracket. Using

the symbol = to denote equivalence modulo the second variation
terms, we obtain
3{F,Glmv .
————— =[Fs,Gyrlc +[Ff,Gylp
sf
4me

+T(FE'8va_GE‘3va), (18)
3{F,Gls .
— > =[Fy,Gfls, (19)
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while all other needed functional derivatives vanish. Thus

{{F.Glmv. H}, == /dgz (f [[Ff.Gfle+[Fs.Gslp. Hy],

4me
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The first line of (20) and the first two lines of (21) cancel by virtue
of the Jacobi identities for the brackets [, ]¢ ps on functions, while
the second line of (20) and the last term of (21) cancel upon per-
mutation.

Having established the Jacobi identity, we search for Casimir
invariants, functionals that commute with all other functionals. Us-
ing the equations obtained from {C, F} =0 for all F, we obtain

fS:/a9z<g(f,s2), (22)
cE =/d3XKE(x)<V-E+4ne/d3vd3sf>, (23)
cB :[d3x1c5(x)V~B, (24)

where ¥, kg, and kp are arbitrary functions of their arguments.
The Casimir Cf is a consequence of the fact that the solution to
(1) is a volume preserving rearrangement, i.e. that the solution can
be written as the initial condition on the characteristics. It is not
difficult to see that (1) can be written in conservation form on the
full nine-dimensional space. The s2 dependence of the Casimir C*
is the lift of the so(3) spin Casimir to the kinetic theory. Such in-
ner Casimirs always give rise to Casimirs of the field theory. The
Casimir CE clearly implies Poisson’s equation, an initial condition
that would remain preserved should we change the Hamiltonian
functional. It is a local Casimir because of the arbitrary function
kg (X), which is used here to make the point that it is conserved
point-wise. The local quantity C? is technically not the same as
the others because its vanishing is required for the Jacobi iden-
tity. However, this is only technical because {C?, F} =0, for all F,
whether or not V-B=0.

A consequence of the Casimir C is that s? is constant on
level sets (contours) of f, which can be viewed as a classical
prequantization property. If we suppose f has the from f =
c(s?) fe(x, v, s, t), then it follows that if f. satisfies (1) then f does.
Choosing

F=5(sl—

we enforce the usual quantization condition and our integrals re-
duce from integrations over d”z to d>xd3v ds2, where d2 denotes
the spin sphere as in e.g. [27]. Because of the pure antisymmetry
of the so(3) structure constants, Liouville’s theorem on characteris-
tics follows immediately; however, for general cosymplectic forms,
J, i.e. for brackets of the form [f, g] = f/aw! Ji(w)dg/dw/, one
can insert a factor of /det J restricted to symplectic leaves to de-
fine a proper ‘volume’ measure (see e.g. [31]).

Having found the Casimir invariants we can write down a vari-
ational principle for equilibria and then proceed to investigate sta-
bility by the technique introduced in [45] (see also [46]), which
has become known as the energy-Casimir method (see e.g. [31,47,

1/2) fe(x,v,s,t) (25)

48)). First we seek extrema of the quantity .% := H+ 5+ CE 4 (8,
which must give rise to equations for equilibria:

SF

W:Ji/+4ne/c5+<€f(f,sz):0, (26)
87 =E—4nVkg =0, (27)
SE B

SF

5B =B — 47w Vkag =0, (28)

where € :=0€/df, A = mv2/2 + 2ues - B/Ac and we de-
fine the ‘particle energy’ by & := ¢ + 4mwkg. Evidently —4mkg
is the electrostatic potential and B must be an external field, i.e.
J=V xB=0 (cf. the results for the Maxwell-Vlasov case [49,50]).
Assuming ¢’ has an inverse, we obtain the following for the equi-
librium distribution function:

fe(&) =61 (=&,5%). (29)

If we chose ¥ to be proportional to the usual entropy expression
fIn f, neglect the dependence on s2, and assume E =0, an ac-
ceptable choice, then we obtain the Maxwell Boltzmann-like equi-
librium of [27]. Proceeding to the second variation we obtain

82 F = %fd‘-’z%ff(af)% i/d3x((55)2+(53)2)

1 G2 3 (5B
—‘E/“afe/ag+_/d (GE + (6B)?).  (30)

where the second equality of (30) follows upon differentiating the
condition &+ % =0 with respect to f. From (30) we immediately
draw the formal conclusion that equilibria that are monotonically
decreasing functions of & are stable, because §2.% serves as a Lya-
punov functional. More rigorous versions of this have been proved
for the Vlasov equation in both the plasma and astrophysical con-
texts (see e.g. [51]).

Only a limited class of equilibria come from §.% =0, viz. cur-
rent free equilibria. Such equilibria minimize the total magnetic
field energy subject only to the constraint V - B = 0. Similarly,
the need for invertibility of € selects out only monotonic f.(&),
which follows from minimizing the total ‘particle’ energy at fixed
volume-preserving rearrangement constraint (see e.g. [49,50,52]).
Thus the limited class of equilibria contains minimally constrained
equilibria, and their stability assures us that these ‘vacuum’ states
are stable, a notion consistent with and akin to thermodynamic
stability. This serves as a check that our spin theory is reason-
able, but does not imply that these are the only stable equilibrium
states. For example, in the context of the Vlasov-Poisson system
multi-bumped equilibria can be stable by the Penrose criterion (see
e.g. [53]) and similar stability analyses can be addressed for a vari-
ety of equilibria of our system. We also point out that the complete
set of equilibria can be gotten from a constrained variational prin-
ciple with ‘dynamically accessible variations’ [31], but this will not
be considered further here.

In summary, the formulation of an extended kinetic theory
for electrons, taking into account the intrinsic spin and the rele-
vant magnetization effects, was considered. In particular, the semi-
classical limit, valid for length scales large compared to the size
of the electron wave function was given. Based on the extended
phase space, the Hamiltonian structure was discussed, and a non-
canonical Poisson bracket was found that satisfies the Jacobi iden-
tity. Furthermore, we obtained the related Casimir invariants and
showed the stability of all equilibria with monotonically decreasing
distributions. Our findings could act as a guiding tool for further
extended Hamiltonian theories, including quantum effects from
Pauli or Dirac theory, for which a gauge-line has to be included in
the phase of the definition of the corresponding Wigner function
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[54,55]. Moreover, the stability of the equilibria can be an impor-
tant principle in future numerical studies of strongly magnetized
systems.

Acknowledgements

PJ.M. was supported by US Dept. of Energy Contract # DE-
FG05-80ET-53088. M.M. was supported by the Swedish Research
Council Contract # 2007-4422 and the European Research Coun-
cil Contract # 204059-QPQV. Both of us would like to acknowl-
edge the hospitality of the Centre International de Rencontres
Mathématiques, Luminy, which hosted the workshop “Hamilto-
nian Approaches of ITER Physics” during which this research took
place.

References

[1] R.P. Drake, High-Energy-Density Physics: Fundamentals, Inertial Fusion, and Ex-
perimental Astrophysics, Springer-Verlag, 2006.

[2] S.H. Glenzer, O.L. Landen, P. Neumayer, RW. Lee, K. Widmann, S.W. Pollaine,
RJ. Wallace, G. Gregori, A. Holl, T. Bornath, R. Thiele, V. Schwarz, W.-D. Kraeft,
R. Redmer, Phys. Rev. Lett. 98 (2007) 065002.

[3] D. Pines, Elementary Excitations in Solids, Westview Press, 1999.

[4] G. Manfredi, Fields Inst. Commun. Ser. 46 (2005) 263, arXiv:quant-ph/0505004.

[5] PK. Shukla, B. Eliasson, Phys. Usp. 53 (2010) 51.

[6] A.S. Bains, A.P. Misra, N.S. Saini, T.S. Gill, Phys. Plasmas 17 (2010) 012103.

[7] H. Ren, Z. Wy, ]. Cao, PK. Chu, Phys. Plasmas 16 (2009) 079907 (Retracted
article); See Phys. Plasmas 16 (2009) 072101.

[8] H.A. Shah, M.N.S. Qureshi, N. Tsintsadze, Phys. Plasmas 17 (2010) 032312.

[9] N. Shukla, PK. Shukla, B. Eliasson, L. Stenflo, Phys. Lett. A 374 (2010) 1749.

[10] D.B. Melrose, A. Mushtaq, Phys. Plasmas 16 (2009) 094508.

[11] W. Masood, B. Eliasson, P.K. Shukla, Phys. Rev. E 81 (2010) 066401.

[12] G. Manfredi, How to model quantum plasmas, in: T. Passot, C. Sulem, P.L. Sulem
(Eds.), Topics in Kinetic Theory, Short Course and Workshop on Kinetic Theory,
Toronto, Canada, 24-26 March 2004, in: Fields Inst. Commun., vol. 46, 2005,
pp. 263-287.

[13] P. Carruthers, F. Zachariasen, Rev. Mod. Phys. 55 (1983) 245.

[14] E. Wigner, Phys. Rev. 40 (1932) 749.

[15] H. Weyl, The Theory of Groups and Quantum Mechanics, Dover, New York,
1950.

[16] HJ. Groenewold, Physica 12 (1946) 405.

[17] J.E. Moyal, Proc. Cambridge Philos. Soc. 45 (1949) 99.

[18] C. Zachos, D.B. Fairlie, T.L. Curtright, Quantum Mechanics in Phase Space: An
Overview with Selected Papers, World Scientific, 2005.

[19] L Bialynicki-Birula, PJ. Morrison, Phys. Lett. A 158 (1991) 459.

[20] PA. Markowich, C.A. Ringhofer, C. Schmeiser, Semiconductor Equations,
Springer-Verlag, New York, 1990.

[21] H. Haug, A.-P. Jauho, Quantum Kinetics in Transport and Optics of Semiconduc-
tors, Springer, Berlin, 2008.

[22] J. Rammer, Quantum Field Theory of Non-equilibrium States, Cambridge Uni-
versity Press, 2007.

[23] U. Leonhardt, Measuring the Quantum State of Light, Cambridge University
Press, Cambridge, UK, 1997.

[24] S.C. Cowley, R.M. Kulsrud, E. Valeo, Phys. Fluids 29 (1986) 430.

[25] R.M. Kulsrud, E. Valeo, S.C. Cowley, Nucl. Fusion 26 (1986) 1443.

[26] M. Marklund, G. Brodin, Phys. Rev. Lett. 98 (2007) 025001.

[27] G. Brodin, M. Marklund, A. Zamanian, J. Ericsson, P.L. Mana, Phys. Rev. Lett. 101
(2008) 245002 (pp. 1-4).

[28] G. Brodin, M. Marklund, G. Manfredi, Phys. Rev. Lett. 100 (2008) 175001
(pp. 1-4).

[29] PJ. Morrison, J.M. Greene, Phys. Rev. Lett. 45 (1980) 790.

[30] PJ. Morrison, Poisson brackets for fluids and plasmas, in: M. Tabor, Y. Treve
(Eds.), Math. Methods Hydrodynamics Integrability Dynam. Systems, vol. 88,
Am. Inst. Phys., New York, 1982, pp. 13-46.

[31] PJ. Morrison, Rev. Mod. Phys. 70 (1998) 467.

[32] PJ. Morrison, Phys. Plasmas 12 (2005) 058102 (pp. 1-13).

[33] E. Tassi, PJ. Morrison, FL. Waelbroeck, D. Grasso, Plasma Phys. Controlled Fu-
sion 50 (2008) 085014.

[34] T. Andreussi, PJ. Morrison, F. Pegoraro, Plasma Phys. Controlled Fusion 52
(2010) 055001 (pp. 1-22).

[35] PJ. Morrison, Phys. Lett. A 80 (1980) 383.

[36] J.E. Marsden, A. Weinstein, Physica D 4 (1982) 394.

[37] 1. Bialynicki-Birula, J.C. Hubbard, L.A. Turski, Physica A 128 (1984) 509.

[38] E.C.G. Sudarshan, N. Makunda, Classical Dynamics: A Modern Perspective, John
Wiley & Sons, New York, 1974.

[39] M. Born, L. Infeld, Proc. R. Soc. A 147 (1934) 522.

[40] D. Pfirsch, Z. Naturforsch. A 39 (1984) 1.

[41] D. Pfirsch, PJ. Morrison, Phys. Rev. A 32 (1985) 1714.

[42] D. Pfirsch, PJ. Morrison, Phys. Fluids B 3 (1991) 271.

[43] H. Ye, PJ. Morrison, Phys. Fluids B 4 (1992) 771.

[44] J.E. Marsden, T.S. Ratiu, Introduction to Mechanics and Symmetry, Springer,
New York, 1999.

[45] M.D. Kruskal, C. Oberman, Phys. Fluids 1 (1958) 275.

[46] C.S. Gardner, Phys. Fluids 6 (1963) 839.

[47] D.D. Holm, J.E. Marsden, R. Ratiu, A. Weinstein, Phys. Rep. 123 (1985) 1.

[48] PJ. Morrison, S. Eliezer, Phys. Rev. A 33 (1986) 4205.

[49] PJ. Morrison, D. Pfirsch, Phys. Rev. A 40 (1989) 3898.

[50] PJ. Morrison, D. Pfirsch, Phys. Fluids B 2 (1990) 1105.

[51] G. Rein, Y. Guo, Mon. Not. R. Astron. Soc. 344 (2003) 1296.

[52] PJ. Morrison, Z. Naturforsch. A 42 (1987) 1115.

[53] G.I. Hagstrom, P.J. Morrison, Transport Theory Statist. Phys. 39 (2011) 466.

[54] F. Haas, J. Zamanian, M. Marklund, G. Brodin, New J. Phys. 12 (2010) 073027.

[55] J. Zamanian, M. Stefan, M. Marklund, G. Brodin, Phys. Plasmas 17 (2010)
102109.



