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The Euler-Poisson equations

on

9t +div(nV) =0,
a((;;/) +div ("V® V) = knVé — Vp(n) — vnV,
A® = n— ng,

n (density), V (velocity),

® (a force potential), p(n) (pressure),

depend on the time t and the point x € Rd d>1,

ng > 0 is the density background, v > 0 — the friction coefficient.
Positive or negative k corresponds to the repulsive and attractive
force.



The equations of hydrodynamics of electron plasma in the
non-relativistic approximation in dimensionless quantities:

on

ot
87V
ot
a—E:nV—HrotB, %I?:—rotE, divB =0,

+div(nV) =0,

+(V-V)V=—E—[V x B] —%Vp(n) — vV,

ot

n and V = (Vq, V5, V3) are the density and velocity of electrons,
E = (E1, Ex, E3) and B = (B, By, Bs) are vectors of electric and
magnetic fields. All components of solution depends on t € R
and x € R3.

ng>0 k<0



p = 0 (cold plasma)

A class of solutions depending only on the radius-vector of point
r=n\/x¢+x3+x3, ie
V=F(tr)r, E=G(t,r)r, B=Q(t,r)r, n=n(t,r),

where r = (x1, x2, x3).
It implies B =0, rot E=0.




Under the assumption that the solution is sufficiently smooth and
that the steady-state density ng is equal to 1, we get

n=1-divE,

therefore n can be removed from the system.



The resulting system is

)Y OE .
Sp TV VIV=—E—wV, S VAVE=V. (1)

If we introduce the potential ¢ such that V& = —E, we can
rewrite the system as the Euler-Poisson equations with ng = 1.
Can be considered in any space dimensions d.



dv dE dx
L —_FE_0Q.V — = — =V.
dt E-0-V, dt v dt v
It imlpies V2 4+ E? = V2(0) + E2(0) = const along each of the
characteristics x = x(t).

For v = V4, e = Ex we get
dv 5 de
— = v — — =(1- 1
™ vioe (1—-e)v, e<l,
vZ42e—1=C(e—1)

a second-order curve, its type depends on the sign of
A=v?+2e—1.

if A(0) < 0, then the phase curves is ellipse, the derivatives
remain bounded for t > 0. Otherwise, the phase curve is a
parabola for A(0) = 0 or a hyperbola for A(0) > 0, the derivatives
become infinite.



-2
Figure: Criterion of smoothness, A(0) <0



Criterion of a singularity formation ([Chizhonkov, R, 2020],

[Engelberg, Liu, Tadmor, 2001]

For the existence and uniqueness of continuously differentiable
27w — periodic in time solution (V, E) of
ov ov BE 0E
o+ ox o ek
(V,E)le=o = (Vo,Eo) € Cz( )

it is necessary and sufficient that inequality
(V§(x))* +2Ej(x) =1 <0

holds at each point x € R.

If there exists at least one point xy for which the opposite
inequality holds, then the derivatives of the solution become
infinite in a finite time. :
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Figure: Spatial distribution of velocity and electric field near the moment
of formation of singularity (by E.V.Chizhonkov).



v > 0 [R, Chizhonkov, Delova, 2021]

Phase plane (e, v):
e 1. v = 0: one equilibrium point (0,0), a center;
@ 2. 0 < v < 2: one equilibrium point (0,0), a stable focus;
e 3. v = 2: two equilibria, (0,0), a degenerate stable node,
(1,—1), a saddle-node;
@ 4. v > 2: three equilibria, (0,0), a stable node,

(1,—3(v — V2 —4), asaddle, (1, —3(v + V12 —4), an

2
unstable node.
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Figure: Left: v < 2 in comparison with v = 0 (dotted line). Right: v > 2.
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oV ov OE OE OE
8t Va——E—V(n)V, 6 V& V n—l—a,

(V, E)le=0 = (Vo(x), Eo(x)) € A(R).
For the prototypic function v(n) = vn” the threshold value is

v =1. For v > 1 the solution does not form the gradient
catastrophe.



v =v(n) [R, 2021]

Theorem

Let f(n) € A(R4) be a nonnegative function satisfying conditions

!
lim nf (n) = const
n—oo f(n)
and
+oo f( )
n
/ O dT/ = 0,
n
10>0

v(n) = ef(n), € = const > 0. Under the assumption that the
formation of singularity is associated with a gradient catastrophe
(unboundedness of the first derivatives), the problem admits a
global in time classical (Ct-smooth) solution. Otherwise, one can
find the data such that the derivatives of solution blow up in a
finite time.




v=20, p(n) #0

Theorem

Assume p(n) = ;n‘*, ~v > 1. A continuously differentiable 27—

periodic in time solution (V, E) of
oV oV 10p(n) OE OE
T F e e T ax Y
n=1- 8—E
B ox’

(V,E)|i=0 = (Vo, By) € C3(R)
exists iff

(Eg(x))?

/ 2 /
(Vo(x))"+2E(x) —1< MW

holds at each point x € R.




The pressure generally does not remove or postpone a singularity.
The type of the singularity changes:
w=0: V, E — the gradient catastrophe, n — strong singularity;

u > 0: V, n—the gradient catastrophe, E — weak singularity;



Example: v =2

oV oV 0%E
ot TV T T Et g
0E OE
4V =V
ot Ox ’
A particular case of
00 00 0*y
i = 2
8t+V18 QSIHBGZ, (2)

where U = (Vq, Vo, ..., V,,), Vi = Vi(t,x), Q and B are n x n
constant matrices.

_ _ (0 -1 (0 pu
HereVl—V,Vg—E,Q—<1 0 >,B—<0 O)'

29
B—2 looks like a viscous term, however in fact its sense is

X
different.



Consider the initial data
(V,E)lt=0 = (Fo(r)r, Go(r)r),  (Fo(r), Go(r)) € C*(Ry),

where r = (x1,...,xq), r = |r|, with the physically natural
condition n|;—o > 0.

Definition

Solution (V, E) is called an affine solution if it has the form
V =(t)r, E = &(t)r, where U and € are (d x d) matrices.

Definition

Solution (V, E) is called a simple wave if it has the form
V = F(t,r)r, E= G(t, r)r, where F(t,r) and G(t,r) are
functionally dependent.




Theorem

The solution of the Cauchy problem ford > 2, d # 4, blows up in
a finite time for all initial data, possibly except for the data,
corresponding to simple waves.

If the solution is globally smooth in time, then it is either affine or
tends in the Cl-norm to an affine solution as t — .




Explicit solutions along characteristics

F and G satisfy the following Cauchy problem:

0G  _0G _ dF _OF )
5p TFrg = F—dFG, St Fro-=—F -G,

(F(0,r), G(0,r)) = (Fo(r), Go(r)),  (Fo(r), Go(r)) € C*(R+).

Along the characteristic
= Fr,
starting from the point ry € [0, 00) system (3) takes the form
G=F-dFG, F=-F2-g, (3)
Thus,

1dF>  F*+6G
2d6G  1-dG’

which is linear with respect to F? and can be explicitly integrated.



Ford=2

2F2 =(2G —1)In|1 — 2G|+ G(2G6 — 1) — 1,
1+ 2F%(0, r0)

27 2G6(0,r) — 1 "1 =260 )l
ford=1andd>3
2G —1 2
- 2
F?=—4— T Gll—dcs,
. _ 1=26(0,n) + (d — 2)F?(0, ro)
d: *

(d —2)|1 —dG(0, )|



Lemma

The period of revolution on the phase curve depends on d and the
starting point of trajectory, except ford =1 and d = 4, where
T = 2x. In the other cases the following asymptotics holds for the
deviation of order € from the origin:
1

T=2m(1+ 2, (d=1)d- 4)e? 4 o(e?)), € — 0,
i.e. ford € (1,4) the period is less that 2m, for d > 4 the period is
greater that 2.
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Figure: Phase portrait on the plane (F, G) for Gy = 0.1 (left) and the
dependence of the period on G, (right) for d =1,2,3,4,5.




The behavior of derivatives

Denote D =divV, A =divE.

D=-D?>4+2d-1)FD-X—(d—1)dF? ~ A=D(1-)\),

along the characteristic curve.
New variables: u=D—-dF, v=A—-dG:

i=-t>-2Fu—v, v=—uv+(1-dG)u—dFv. (4)



Linearization and the Radon lemma

Theorem (The Radon lemma)

A matrix Riccati equation
W = Mgl(t) aF M22(t)W = WMll(t) = WMlz(t)W,

is equivalent to the homogeneous linear matrix equation

c My My
Y =M(t)Y, M= .
(®)Y, <M21 M22>

Let on some interval J € R the matrix-function Y (t) = ( %gg ) be a

solution with the initial data

o)

Then W(t) = B(t)Q~(t) is the solution with W(0) = W, on J.




System (4) can be written as a matrix Riccati equation
W:(C), My = (0), M= (1 0),
0 —2F -1
M21_<0>’ M22_(1—dG —dF)'

Thus, we obtain the Cauchy problem

q 0 1 0 q q
pl =10 —2F -1 p1), p1 (0) =
p2 0 1-dG —dF) \p p2

with periodical coefficients, known from (3).

to
Vo



d+2 -
) foF(T) dr
The standard change of the variable p;(t) = P(t) e 0

reduces to

Prop=0 @=1-9 26 1(@-2@d-9F  (5)
t f 422 [ F(r)d

gty =1+ [ pi(r)dr =1+ [ P(¢)e 0 d¢. (6)
[roe]

Theorem implies that the solution of (4) blows up if and only if
q(t) vanishes at some point t,, 0 < t, < oc.



Idea of the proof: the Floquet theory

1. Q(t) is periodic with period T, Q(t) = Q(—t), therefore (5)
has solutions
ettP(t), e MP(-t),

‘P is T-periodic, which can be taken as a fundamental system
provided that p is real.

2. Suppose z(t) is a solution of (5) with initial conditions
z(0) =1, Z/(0) = 0. Then

2(t) = 2731(0) (e“P(t) + e P(—t)),

Thus,
coshuT = z(T). (7)

Unboundedness takes place for |cosh uT| > 1.



If z(T) > 1, then u € R, and the general solution of (5) has the
form

P = CLe"P(t) + C_e "P(—t).
Thus, for an arbitrary choice of the data P is unbounded and ¢
oscillates with a growing amplitude.
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Figure: Dependence of e*” on G, ford =1 (and d = 4 till G, = 0.25),
solid line, d = 2, solid circles, d = 3, crosses, d = 5, solid diamonds.



Simple waves

Theorem predicts the existence of non-affine solutions with special
initial data, which are globally smooth and tends to an affine
solution as t — oc.

To construct them, we look for simple waves F = F(G). System
(3) reduces to one equation

0G 0G

— 4+ F(G)r— = F(G)(1 —dG

L+ F(G)rs” = F(6)(1 - dG),

with F(G) can be found from previous formulas, the periods of
oscillations are equal for all characteristics. If we fix Cy4, we obtain
the relation between G and F in this special kind of solution, and
the corresponding initial data.

If G, does not blow up, it tends to zero as t — oo (E, V tend to
the affine solution).



Configuration of solutions

Figure: Affine solutions, radial solutions, simple waves.



Affine solutions without the radial symmetry

V = Q(t)r, E = R(t)r,

Q® and R are d x d matrices with coefficients depending on t,
r is the radius vector of the point r € RY.

E-P system reduces to a matrix system of ODE
Q+Q@+R=0, R—(1-trR)Q=0. (8)

d = 3, the oscillations in a plane perpendicular to es:

a(t) b(t) O A(t) B(t) 0
V=Qr=| c(t) d(t) 0 |r, E=Rr=| C(t) D(t) O |r.
0 0 © 0 0 0



Solutions with radial symmetry

c = C =0, system (8) takes the form

a=—-A—-2a%, A=a-2Aa (9)
a(t), A(t) are periodic with period

Ay

_ dn
T= QA/ (1—2n)a(n)’

A_ <0 and Ay > 0 is the smaller and larger roots of the equation
T

a(A) = 0. Besides, [ a(7)dT = 0.
0

The period depends on A(0) =, € € (0, 1) decreasing

monotonically from 27 to /27, and the asymptotic formula

1
T=2r(1- 552 +0(e%), e—0.



Arbitrary affine solution (2D)

A=(1-A—-D)a, D=(1-A-D)d,
a+a2+A=0, d+d’>+D=0.

To study the effect of deviation from symmetry, we make the
substitution d = a+ o, D = A+ §, which corresponds to the
axisymmetric case for o = § = 0:

A=(1-2A)a—da, a=-a>—A,
d=(1—-2A-0)0, &=—0%—2a0—0.



Small perturbation from radial symmetry

We choose a small parameter ¢ and set

A(t) = Ao(t)+2A1(t) +o(e?), a(t) = ao(t) + 2a1(t) + o(e2),
5(t) = £%01(t) +o(?), o(t) = 201(t) + o(e?).

For e = 0 we obtain a globally smooth solution Ag(t), ap(t), which
is a solution to system (9). For the functions A;, a1, d1, o1,
discarding terms of the order of smallness o(g2), we obtain the
linear system

Al = —2agA1 + (1 — 2A0)al — 30(51, a1 = —2apa; — Ai,
51 = (]. — 2Ao)01, 0"1 = —2300‘1 — 51.



The Floquet theory for systems of linear equations with

periodic coefficients

1. For the fundamental matrix W(t) (W(0) = E) there exists a
constant matrix M, possibly with complex coefficients, such that
W(T)=e™ where T is the period of the coefficients. The
eigenvalues of the matrix of monodromy e™ are called the
characteristic multipliers of the system.

2. If among the characteristic multipliers there are such that their
absolute value is greater than one, then the zero solution of the
studied linear system is unstable in the sense of Lyapunov.



Characteristic multipliers in dependence on A(0)
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R, Turzynsky, 2023

Theorem

1. The zero equilibrium of system (8) is unstable in the sense of
Lyapunov in the class of affine solutions.

2. Any small asymmetric affine perturbation of a globally smooth
radially symmetric affine solution of system (8) blows up in a finite
time.

v




d > 2, v =const > 0 [R, 2023]

oV OE _
S TV V)V= —E-0V, S VAvE=V.

(V; E)lt=0 = (Vo(r), Eo(r)) = (Fo(r)r, Go(r)r).



Theorem

For arbitrary small v > 0 there exists e(v) > 0, such that the
solution of the problem satisfying

IVo(r), Eo(P)ll 1, < &
keeps C! - smoothness for all t > 0. Moreover,

I\A EHCl(Rr) < conste™2t =0, t— oo.

Theorem

For arbitrary initial data (40) there exists such v > 2 that the
solution of problem (10) - (40) keeps C! - smoothness for all t > 0
and the asymptotic property

N
IV, Ellcig,) < conste™ 2 4t—>0, t — oo.

holds.
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