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The Wigner-Poisson (WP) system (or quantum Vlasov-Poisson system) is
modified to include dissipative terms in the Hamiltonian. By utilizing the equiv-
alence of the WP system to the Schrédinger—Poisson system, global existence
and uniqueness are proved and regularity properties are deduced. The proof
differs somewhat from that for the nondissipative case treated previously by
Brezzi-Markowich and Illner et al.; in particular the Hille-Yosida Theorem is
used since the linear evolution is not unitary, and a Liapunov function is intro-
duced to replace the energy, which is not conserved.

I. INTRODUCTION

In some approximations, the magneto fluid dynamics of quantum plasmas can be described
by adjoining to the usual Hamiltonian terms representing dissipation (or viscosity). We refer
to a previous publication' and references therein for a review of progress on the dissipation-free
version of the Wigner-Poisson (WP) system, which is a model for transport in collisonless
charged quantum systems.

The WP system is nothing other than the well-known evolution equation for the Wigner
distribution function® (also known as the quantum Liouville equation) in a mean-field approx-
imation with a Coulomb force acting between particles.® This force may be attractive or
repulsive.? As is suggested by the definition of the Wigner transform,?3 the WP system is
equivalent to an infinite set of coupled, nonlinear Schrédinger equations (the SP system); this
equivalence has been demonstrated by Markowich.* Because of this equivalence, the WP
system may also be thought of as a statistical version of Hartree-Fock, a fact which was
exploited extensively in Ref. 1. In the dissipative case considered here, the Schrédinger system
is of the Ginzburg-Landau type.’

In Sec. II, we derive the evolution equation obeyed by the Wigner function in the presence
of the dissipation. We do this by using the definition of the Wigner function,® as well as its
Fourier transform.

The dissipation introduced in this paper is purely linear; the nonlinearity is the same as in
Ref. 1. However, it is necessary to seek solutions in a different function space because of the
dissipation. Thus, the proof that the nonlinearity is locally Lipschitz must be modified some-
what from that of Ref. 1. This result, along with the proof that the linear portion of the
Hamiltonian generates a contraction semigroup {proved by utilizing the Hille-Yosida—Phillips
theorem) implies local (in time) existence and uniqueness. All of this is the content of Sec.
ITI—the result is valid for either attractive or repulsive potentials.

In Sec. IV, we go on to prove global existence. In Ref. 1, this was accomplished by taking
advantage of energy conservation. In our model, energy is not conserved, but the same thing is
accomplished by utilizing an energylike Liapunov functional, but this function is monotonic
only for the repulsive case, so global existence has not been proved for attractive forces.

In Sec. V we make some concluding remarks concerning regularity and time-asymptotic
behavior.

0022-2488/94/35(4)/1513/9/$6.00

J. Math. Phys, 35 (4), April 1994 @ 1924 Amarican Institute of Physics 1513

J.

Math.


borrego
Typewritten Text
Copyright by AIP Publishing. Lange, H.; Zweifel, P. F., "dissipation in Wigner-Poisson systems," J. Math. Phys. 35, 1513 (1994); http://dx.doi.org/10.1063/1.530887


1514 H. Lange and P. F. Zweifel: Dissipation in Wigner-Poisson systems

il. DERIVATION OF THE WIGNER EQUATION
We begin with Eq. (17) of Ref. 3a (but set i=m=1, then p=v):

prlnn= 2 Amfe"”:pm(x—;)«/?m(x%)dz. @1
mel

(Throughout this paper, all integrals and all function spaces are over R>.) As in Ref. 1, we
suppose without loss of generality that 4,,>0 (VmelICN).

We recall® that the A, are determined by the initial value pp (x,0,0):=py;(x,v) or, alter-
natively, by the initial value of the density matrix p; py is the Wigner transform of p.3 Here
we choose to specify pp;. We consider the Fourier transform of py with respect to v to be the
kernel of an integral operator 4; then the A, are the eigenvalues of 4 corresponding to
eigenvectors ¢,,. [In Ref. 3(b) it has been discussed that arbitrary functions py; cannot serve
as initial values for the Wigner equation—they must satisfy certain conditions which guarantee
that py; is indeed the Wigner transform of a positive trace-class operator.] We have already
stated that the A,, are positive; we further assume the normalizations 24, =1 and ||¢,,|| 2
= 1(Vm).

The ¢, in Eq. (2.1) are solutions to the SP system of equations

O m=—1AYp+ Vit iH Yy, (2.2a)
P(x,0) =¢,(x), xeR3, (2.2b)
AV=—en (e===x1), (2.2¢)
n(x,) = 2 Am| U] 2(x,0). (2.2d)

Also, H; represents the dissipative part of the Hamiltonian which has been introduced in the
present paper; we choose

Hi=aA+4Bx*+7, (2.3)

with a,B,y real constants. The specific form of H, was chosen to model kinetic friction (the first
term), loss of energy to a reservoir (the second term), and static friction (the third term).
Other authors have considered similar models.®

The Wigner equation in the absence of H, has the form

Opw+v: Vepp(xwt)—iBO(V) py(x,0,t) =0, (2.4a)
where O(¥) is the pseudo-differential operator with symbol
sym O (V) =V(x+1/2)—V{(x—1/2). (2.4b)
For convenience, we abbreviate Eq. (2.4a) as
Opw=Wpy. (2.5)

We can now state the following.
Proposition 2.1: With H, as in (2.3), py obeys the evolution equation

dipw=Wpp—a(20*—3A,) pw+B(2x*—3A,) pw+2vpw (2.6)
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We need the following lemma.
Lemma 2.2:

- £\ _ §
pw= Zﬂmfe‘“ §Xm(v——5)xm(v+-2—)d§, (2.7a)
where y,, is the Fourier transform of ¢,,:
1\32 ~
e =(57) [ Sxallnae 2.7b)

Proof of Lemma 2.2: Substituting (2.7b) in (2.1) and integrating over k’ gives
O(p—k/2—k'/2). Subsequent integration over k gives the stated result.
Proof of Proposition 2.1: Differentiating Eq. (2.1) and using (2.2) gives

1 .
dow=7 L | &
m

- z . z z = z
¢m(x+§) (H0+1H1)¢m(x——-2-) —¢m(x—§) (H0—1H1)¢m(x+5) dz,

where we have abbreviated
H0= —%A—*— V.
The terms involving H; lead to Wpy, exactly as in Ref. 5. Thus
vz .2 22 1 z z
Opw=(W-+27)pw+28 2 Am f e (x +Z)¢m(x+§)¢m(x—§)dz
(- z z z\ z
+a Zlmfe’”z Yl X+5 |AY [ x—3 |+ | x—5 JAY, | x+5 ) 1dz. (2.8)
pos 2 2 2 2

The term proportional to 8 reduces to

(2x*—1A,) pw; (2.9)

the term proportional to a is somewhat more complicated, but can be evaluated using the
Lemma. We find it to be equal to

— (2P 1A,). (2.10)

Putting together (2.8)-(2.10) gives the proposition.

IIl. LOCAL EXISTENCE

As in Ref. 1, we prove existence (and uniqueness) for the SP system which implies the
same for the WP equations. The notation is similar to that of Ref. 1—for convenience we
summarize it below.

The spaces (all over R®) introduced in Ref. 1 were

X:i= [r= (Ym)meN;’ymeszm’”F”fY: Z A’m”?’m”2L2< © }’ (3.1a)
m

Y:= lr= (Ym)meN;?’meHlvma”FHZ = Z Am”?’m”iﬂ <o }’ (3.1b)
m
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Z:= T = (V) men;VmEEmM,||T| o= 2 Anl|¥mllzp < o0 |- (3.10)
m

Additionally, we shall need the spaces

X:={T = (¥m) mens I TI5= 1T |5+ x ® VT |} < w03, (3.2)
where
3
<o V=24, ,~,k2= 0Pl
and

Z=ZNX.
The norm in Z is the natural norm induced by the definitions of Z and X. Furthermore, in all

spaces, natural inner products compatible with the norms are subsumed.
Let us further define the operator

I'D(TYCX-X

by D(T)=Z and T(T") = ([ — iA + iH1¥,,) men - By abuse of notation we shall frequently
use the same symbol for operators on sequences and on their components; thus,

AT = (AYm) mens

etc.

We now state the following.

Lemma 3.1: The operator S'= —iT generates a contraction semigroup in X for >0, B<0,
v<0.

Proof: We use the Hille-Yosida theorem.” First, it is clear that D(T') is dense in X. We
need to prove that S is closed and

(I +iT) Y| x<1/p, ©>O0. (3.3)

Equation (3.3) follows from the estimate:
. 2 i _ _
Re Z A'm( [I-‘I+1T]7/m’7m)L2= z Am{lu' f |7”m| dx+Re f [ '—E AYm : Ym“'aAYm “Ym

B2 Y| 7|7l dXJ>uH1“Il§(-

The inequality above follows by partial integration (valid in H?) and the sign assumptions on
a,Byy.

For the proof that S (and T') are closed we may assume without loss of generality that
a,B # 0, y=0. The desired property is implied from the following identity [which we first
consider for functions ¥=(4,,), ¥,,€ CS (R?) only]:

1 -
Is¥l5= (z+a2) IA|G+BY]5+28 Re X A f Ay - X, dlx
—BTm 5 A [ Ay 22T . (34)
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The result now follows after partial integration, the use of Young’s inequality in the form
Zab<£a2+C€b2, and some density arguments.

Remark: Equation (3.4) also implies that D(T)=D(S)={V¥eX (YeX 1 AV exists,
x-VYeX,SVeX}.

Next we have the following.

Lemma 3.2: We define the nonlinear portion of the SP problem as in Ref. 1:

J(w)m= V(\I’)I/Jm,

where V(W) is the solution of (2.2c) and (2.2d). Then J is locally Lipschitz on Z.

Proof: The property that J is locally Lipschitz on Z is proved in Ref. 1. The proof of the
local Lipschitz property on X is similar.

Lemma 3.1 and 3.2 along with Theorems 1.2 and 1.7 of Ref. 7 give the following.

Theorem 3.3: Let the initial datum ®=(¢,,) €Z and = = 1. Then the SP system (2.2) has
a unique solution ®(7) on a time interval S =[0,7] for some 7> 0. The solution has the property

D eC(S;Z) NCL(S;X).

IV. GLOBAL EXISTENCE

The extension of the local existence theorem proved in Sec. III to a global theorem was
accomplished in Ref. 1 from energy conservation arguments. In the present case, we do not
have a conservation law, but we can work alternatively with a Liapunov functional which
corresponds to the dissipativity of the SP or WP system we consider; this approach works out
only for the repulsive case e=-+1 (which we assume now). Let §>0 and

E(t)=E(,¥)= f{|vw12+;w|2+5|\1:(2}dx. (4.1)

Note that V¥ (¥) for a local solution ¥ of SP is in L2 according to Lemma 3.4 of Ref. 1.
We now can state the following lemma.
Lemma 4.1: Let ¥ be the local solution of SP from Theorem 3.3 on S=[0, 7]. Then for
tesS,

dE(1)
ot

=—2af|A‘I’lzdx+2(8—6a)f|V‘I’12dx+263fle\ll|2dx
+2(5y—33)f|W|2dx+2ﬁfx2|W|2dx—4afV(\p)]vmzdx

_2af |\1/|4dx+4ﬁfx2V(\p)|\y|2dx+4yf V() |¥|2 (4.2)

Proof: Let us first remark that for any solution W of SP according to Theorem 3.3 we have
WeZ. This implies that all terms on the right-hand side exist, and that all the calculations
which lead to (4.2) are justified. We write SP in the form

Bbm= Mmt Hi— iV, AV=— 3 don| ]’ (43)
me

Then we set (after partial integration)
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3 -
= J' |V¥|2dx=2 Re mefv:pm-vzp,,,,,dx
—_2Re Z/lmJ.Azmepm'tdx
=25 i [ |Ab|? ds—2Re 3, [ s i
—2¥Re 2 An J Ay Ymdx+21Im 2 Ay f V|V, | dx
+2Im 2 An f UV V-V, dx
=—2af |AW|2dx+'2/3fx2|vw12dx

+2yf |V\Il|2dx-6ﬁf 9|2 dx-+J,, (4.4)

where

Jy=21Im ZlmfzpmVV'VzZmdx.

Furthermore

a 2
= J [VV| dx=—2f VAV, dx
ot
=4 Reizﬂ'mf VJ’m‘/’m,tdx
=2 Reiz,t,,,f VA dx—mf V|AY|? dx
——2aZ/lmfVV-V|¢m|2dx+4ﬁJ-x2V|‘P[2dx+4yfV|\P|2dx
=—Jl—4afV|V\v|2dx-2af |W|4dx+43fx2V|W|2dx
+4yf V|¥|?dx, (4.5)

a
wa]|\y|2dx=—2aaf|v~p|2dx+2aﬁfx2|W|2dx+26yf|\v|2dx. (4.6)

Adding up (4.4)-(4.6) gives the result.

J. Math. Phys., Vol. 35, No. 4, April 1994



H. Lange and P. F. Zweifel: Dissipation in Wigner-Poisson systems 1619

The next Lemma expresses the existence of an a priori bound of the local solution of SP
from Theorem 3.3. _
Lemma 4.2: Let W be as in Lemma 4.1, and let a>0, B<0, ¥<0, ®€Z. Then there is a
constant C depending only on ||¢||7 and on 7 such that
Y lz<C
for any teS=I0, 7].

Proof: By Lemma 4.1 the sign conditions on the coefficients a,8,y imply that for an
appropriate 6 >0 one obtains

aE‘I/O
Y () <0.

This gives an a priori bound of ||4(z)||y on S. Now we write SP in the form (see Lemma 3.1)
A= (—iT) P, — I (V) p,. ‘ (4.7)

Integrating (4.7) and using Lemma 3.1 gives

‘I‘(t)=G(t)¢—iJ:G(t—s)J(\I/(s))ds, (4.8)

where {G(#)},50 is the contraction semigroup generated by —i7.

We now introduce a regularization procedure for ¥(t) = (1,,(#))men, €.8., a set of
regularization functions (¢.(x)), o such that all regularity properties of ¥ are preserved for the
convolution y*¢, and T'(Y*¢.) € D(T) and y*¢, — 1 in any LP-norm. We then can write the
formulas

x® (VW*¢,) =G(1) (x @ VO*¢,) + fot G(t—s){oVaV(¥x¢p,)

+2iBx © x(V*¢,) —ix ® (J(V)*Ve,)}ds, (4.9)

where 0= —1+2ia and we have used the commutators [x®V, A]l=—-2VaV, [x-V, x?]
= —2x®x. Letting £-0 in (4.9) we obtain

xeV¥(1)=G(t){(xeVd)+ fot G(t—s){oV e V¥ (s)+2iBx @ x¥V(s) —ix ® VI(¥(s))}ds.
(4.10)

Similarly by using [A, x*]=6/—4x ® V we can derive
A‘I’(t):G(t)Acb—J:G(t—s){GiB\I'(s)t—MBx-V\Il(s)—iAJ(\P(s))}ds, (4.11)
and
XY ()=G()x*d+ fot G(t—s)[30¥(s) —20x - VW (s) —ix?J(¥(s5))]ds.  (4.12)

By using Lemmas 3.3 and 3.9 of Ref. 1 and the boundedness of ||(x)||y one easily sees
that an application of formulas (4.10)~(4.12) will finish the proof of Lemma 4.2.
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Theorem 4.3: Suppose <I>EZ a>0,8<0,7<0. Then the Schrodinger-Poisson system SP has
a unique global strong solution (¥,n,¥) on [0, ) such that

We ([0, );2)NCY[0, w0 );X),
nAVeCY ([0, );LYNC([0, 00 ); 2,
VeC([0,00); L= (R*X [0,0)),

AVeC([0,00 );LYNL2([0,00 );L7)  (2<p< o).

Proof: The existence and uniqueness follow from Lemma 4.2 in much the same way as
Theorem 3.10 of Ref. 1 was proved.
The regularity properties of the solution are accomplished as in Ref. 1.

V. CONCLUDING REMARKS

As in Ref. 1, the existence of a unique solution to the SP system implies the same for the
WP system. In particular, the following theorem is almost the same as Theorem 4.2 of Ref. 1.
Theorem 5.1: Assume that py,;e L*(R*XR?) and that the representation obtained from Eq.
(2.1) by setting t=0,

PW](X,U,O) = z ’{m J. eivtqsm(x—;)(zm(x“";)dz’

is valid with ® = (¢,,) nen € Z. Then the evolution equation (2.6) has a unique global classical
solution py satisfying

pweC([0,00 ); LHR3XR)INL>([0, 00 ); LS(R*XR?)), 2<s< w0,

3pwsv Vpuw,O(V) pweC([0,0); L*(R* X R?)).

Additional regularity conditions on the number density »n and the potential ¥ can be read from
Theorem 3.11 of Ref. 1.

Time decay estimates for the solutions to SP and WP cannot be obtained so easily as for the
nondissipative case.! However, we do have a decay result for the functional

F(f):f(|VW|2+6|W|2)dx, 5>0. (5.1)

(Note this is not the same functional used in the global existence proof.)

Proposition 5.1: Let ¥(t) be the global solution of Theorem 4.3 with y <0 and with F(#)
as in Eq. (5.1). Then for § sufficiently large, there is ¢>0 such that F(¢)<F(0)e™“.

Proof: As in the proof of Lemma 4.1 one obtains

dF (1)
ot

=2y—8a) [ V912 dx+2067-) [ 1912 ax+4, (52)

where

J;=2Im Z/lqumeV-Vﬁmdx.
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Now since ||VV(¢)|| 1~ is bounded (see Theorem 3.3) we have for any £>0

Ti<2C ||Vl x<el Vell+ (Civze) [

Thus from (5.2) we obtain

F c?
5<[2(y—5a)+e]f|vwdx+ 2(5y—B)+;‘U1W|2dx.

Since ¥ <0 by assumption there is a sufficiently large § >0 and a sufficiently small £> 0 such
that

2(y—ba) +e<—¢, 2(8y—B)+Ci/e<—c

for an appropriate ¢ > 0; note that a>0,8<0.
It would be interesting to prove the existence of global attractors for the dissipative WP
systems. Such studies, as well as numerical calculations, are in progress.
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