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ABSTRACT. We present a preliminary study of a new phenom-
ena associated with the Euler-Poisson equations — the so called
critical threshold phenomena, where the answer to questions of
global smoothness vs. finite time breakdown depends on whether
the initial configuration crosses an intrinsic, O (1) critical thresh-
old.

We investigate a class of Euler-Poisson equations, ranging from
one-dimensional problems with or without various forcing mech-
anisms to multi-dimensional isotropic models with geometrical
symmetry. These models are shown to admit a critical thresh-
old which is reminiscent of the conditional breakdown of waves
on the beach; only waves above certain initial critical threshold
experience finite-time breakdown, but otherwise they propagate
smoothly. At the same time, the asymptotic long time behavior
of the solutions remains the same, independent of crossing these
initial thresholds.

A case in point is the simple one-dimensional problem where
the unforced inviscid Burgers’ solution always forms a shock dis-
continuity, except for the non-generic case of increasing initial
profile, uy = 0. In contrast, we show that the corresponding one-
dimensional Euler-Poisson equation with zero background has
global smooth solutions as long as its initial (po, #o)-configuration
satisfies Uy = —+/2kpg — see (2.11) below, allowing a finite, crit-
ical negative velocity gradient. As is typical for such nonlinear
convection problems, one is led to a Ricatti equation which is
balanced here by a forcing acting as a "nonlinear resonance’, and
which in turn is responsible for this critical threshold phenom-
ena.
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1. INTRODUCTION

The Euler-Poisson equations

(1.1) pt+V-(pu)=0, xeR"™ teR",
(1.2) (pu)r + V- (pu®u) = kpV@ + viscosity + relaxation,
(1.3) A@ = p + background, x € R",

are the usual statements of the conservation of mass, Newton’s second law, and the
Poisson equation defining, say, the electric field in terms of the charge. Here k is
a given physical constant, which signifies the property of the underlying forcing,
repulsive if k > 0 and attractive if k < 0. The unknowns are the local density
p = p(x,t), the velocity field u = u(x,t), and the potential p = @(x,1).

This hyperbolic-elliptic coupled system (1.1)-(1.3) describes the dynamic be-
havior of many important physical flows including charge transport [20], plasma
with collision [12], cosmological waves [2], and the expansion of the cold ions
[11]. Systems (1.1)-(1.3) also describe the evolution of a star regarded as an ideal
gas with self-gravitation (k < 0) [16]. The case of repulsive forces (k > 0) [22]
is relevant for plasma physics. These equations may be obtained from the Vlasov-
Poisson-Boltzmann model by setting the mean free path to zero [3]. We would like
to point out that the Euler-Poisson equation is closely related to the Schrédinger-
Poisson equation via the semi-classical limit and the Vlasov-Poisson equation as
well as the Wigner equation. Such relation has been the subject of a consider-
able number of papers in recent years; we refer to [9, 6] and references therein for
further details.
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There is a considerable amount of literature available on the global behav-
ior of Euler-Poisson and related problems, from local existence in the small H*-
neighborhood of a steady state [16, 21, 8] to global existence of weak solutions
with geometrical symmetry [5], for the two-carrier types in one dimension [26],
the relaxation limit for the weak entropy solution, consult [19] for isentropic case,
and [14] for isothermal case.

For the question of global behavior of strong solutions, however, the choice
of the initial data and/or damping forces is decisive. The non-existence results in
the case of attractive forces have been obtained by Makino-Perthame [18], and
for repulsive forces by Perthame [22]. For the study on the singularity formation
in the model with diffusion and relaxation, see [27]. In all these cases, the finite
life span is due to a global condition of large enough initial (generalized) energy,
staying outside a critical threshold ball. Using characteristic-based methods, En-
gelberg [7] gave local conditions for the finite-time loss of smoothness of solutions
in Euler-Poisson equations. Global existence due to damping relaxation and with
non-zero background can be found in [24, 25, 15]. For the model without damp-
ing relaxation, the global existence was obtained by Guo [10] assuming the flow
is irrotational. His result applies to an H,-small neighborhood of a constant state.
Finally we mention the steady solution of non-isentropic Euler-Poisson model an-
alyzed for a collisionless plasma in [17] and for the hydro-dynamic semiconductor
in [1] — their approaches are based on the phase plane analysis.

In this paper we present a preliminary study on a new phenomena associated
with the Euler-Poisson equations — the so called critical threshold phenomena,
where the answer to the question of global vs local existence depends on whether
the initial configuration crosses an intrinsic, O(1) critical threshold. Little or no
attention has been paid to this remarkable phenomena, and our goal is to bridge
the gap between previous studies on the behavior of solutions of the Euler-Poisson
equations in the small and in the large. To this end we focus our attention on the
n-dimensional isotropic model,

r"ne + (murY), =0, r >0,
(1.4) p(ur + uu,) = kp@, + viscosity + relaxation,
(rY@y)r = nrY + background, v=n-1.

It is well known that finite time breakdown is a generic phenomena for nonlinear
hyperbolic convection equations, which is realized by the formation of shock dis-
continuities. In the context of Euler-Poisson equation, however, there is a delicate
balance between the forcing mechanism (governed by Poisson equation), and the
nonlinear focusing (governed by Newton’s second law), which supports a critical
threshold phenomena. In this paper we show how the persistence of the global
features of the solutions hinges on a delicate balance between the nonlinear con-
vection and the forcing mechanism dictated by the Poisson equation as well as
other additional forcing mechanism on the right of (1.4).
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In particular, the persistence of the global features of solutions does not fall
into any particular category (global smooth solution, finite time breakdown, etc.),
but instead, these features depend on crossing a critical threshold associated with
the initial configuration of underlying problems, very much like the conditional
breakdown of waves on the beach; only waves above a certain critical threshold
form crests and break down, otherwise they propagate smoothly. See for example
[23] for ion-acoustic waves with such critical threshold phenomena.

At present, no rigorous results exist on the question just raised concerning
the critical threshold phenomena in equations of Euler-Poisson type. In this pa-
per we provide a detailed account of critical threshold phenomena for a class of
Euler-Poisson equations without pressure forcing. We use these systems to demon-
strate the ubiquity of critical thresholds in the solutions of some of the equations of
mathematical physics. At the same time, we show that the asymptotic long time
behavior of the solutions remains the same, independent of whether the initial
data has crossed the critical threshold or not.

We note in passing that in this paper we restrict ourselves to the pressureless
isotropic Euler-Poisson equations. The existence of the pressure allows for addi-
tional balance, and we hope to explore the critical threshold phenomena for the
general, possibly non-isotropic model with additional pressure forces in the future
work.

A simple example of an equation with a critical threshold is the 1D unforced
Burgers’ equation, u; + uux = 0. This equation describes the movement of par-
ticles that are not being acted on by any forces. The variable u(x,t) represents
the velocity of the particle located at position x at time t. The global existence is
ensured if and only if u = 0. Thus, the Burgers’ solution forms a shock discon-
tinuity unless its initial profile is monotonically non-decreasing. In this case the
finite time breakdown of the Burgers’ solution is a generic phenomena. In con-
trast we show below that the corresponding 1D Euler-Poisson equation with zero
background has global smooth solutions if and only if ug > —+/2kpg (see (2.11)
below), allowing a finite negative velocity gradient. This is the critical thresh-
old phenomena we are referring to. As is typical for such nonlinear convection
problems, one is led to a general Ricatti equation which is complemented by a
particular inhomogeneous forcing dictated by the Poisson equation. It is the deli-
cate balance of the latter, acting as a nonlinear resonance, which is responsible for
this critical threshold phenomena.

This paper is organized as follows. In Section 2, we consider the 1D Euler-
Poisson equations with zero background, and show that the solutions of the cor-
responding Cauchy problem blow up in finite time if and only if certain local
“threshold” conditions on the initial data are met. In this case the density and the
velocity gradient are shown to decay at some algebraic rates. For this simple model
we utilize both the Eulerian and the Lagrangian description of the flows to investi-
gate the critical threshold phenomena. We also discuss how the solution behavior
depends on the initial data as well as on the coupling parameter k. The behavior
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of the velocity gradient is outlined for various cases classified by the relative size of
the initial data.

In Section 3, we present the critical thresholds for the 1D model with nonzero
constant background and the effects of the damping relaxation. In this case the
solution oscillates. The oscillatory behavior of the solution is induced by the
presence of nonzero background, and the oscillations can be prevented only by
strong damping relaxation. The zero limit of the background is shown to be a
kind of “singular limit”, which coincides with (close to) the zero background case
studied in Section 2. We also justify a rather remarkable phenomena, namely,
that the non-zero background is able to balance both the nonlinear convective
focusing effects and the attractive forces, to form a global smooth solution subject
to a critical threshold in the attractive case k < 0. Moreover, in this case the
density converges to the vacuum exponentially fast in time.

In Section 4 we continue the discussion for the 1D model with viscosity,
which is similar (though not identical) to the one found in the Navier-Stokes
equations. We obtain an upper threshold for the existence of global smooth so-
lution and an lower threshold for the finite time breakdown, and consequently,
these imply the existence of a critical threshold. If the initial data happens to be
below the lower threshold, the solution must breakdown in finite time. We see
that the presence of a self-induced electric field as well as additional viscosity are
not necessarily enough to stop the formation of singularities.

In Section 5 we consider the Euler-Poisson equations governing the v + 1-
dimensional isotropic ion expansion in the electrostatic fluid approximation for
cold ions. We show that for each model with given integer v > 0, there exists a
critical threshold condition. Several issues which are also clarified in this section
include:

1. Expansion rate of the flow path (consult the recent work [6] of Dolbeault
and Rein in this context).

2. The large time behavior of the velocity.

3. The decay rate of the density as well as the velocity gradient.

4. Sharp estimate of blow up time when the initial data exceed the critical

threshold.

More precisely we provide the explicit form of the critical threshold for the
planar case and 4-dimensional case. For other cases (including the cylindrical and
the spherical case) we confirm the critical threshold phenomena by establishing
both the upper threshold for the existence of the global smooth solution and the
lower threshold for the finite time breakdown. A key step in the proof is to intro-
duce the proper weighted electric field, which is shown to be constant along the
particle path. This fact combined with the momentum equation gives the decou-
pled equation for the flow map, and a nonlinear resonance is responsible for the
critical threshold phenomena.

2. CRITICAL THRESHOLDS: 1D MODEL WITH ZERO BACKGROUND
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We consider the 1D Euler-Poisson equation of the form

2.1) pr + (pu)x =0,
(2.2) Ut + UUx = —k@y = kE,
(2.3) Ex = —@xx = p.

Here k is a given physical constant, which signifies that the underlying forcing kKE
is repulsive if k > 0 and attractive if k < 0. The unknowns are the density of
negatively charged matter p = p(x, t), the velocity field u = u(x,t), the electric
field E = E(x,t), and the potential ¢ = @(x,t). Equation (2.1) is a statement
of the conservation of mass, equation (2.2) is a statement of Newton’s second law,
and equation (2.3) defines the electric field in terms of the charge.

To solve the problem on the half plane (x,t) € R X R* we prescribe initial
data as

(2.4) p(x,0) = po(x) >0, poeCHR),
(2.5) u(x,0) = ug(x), up € C'(R),
and we show that the solutions of (2.1)-(2.3) with the above initial data break
down in finite-time if and only if certain local “threshold” conditions on the
initial-data are met.
Set d := ux(x,t), then 0x(2.2) together with (2.1) yield by differentiation

along the characteristics,

d +d*>=kp,

p'+pd=0, =0+ udy.

Multiply the first equation by p, the second equation by d and take the difference.
This gives

(d)’ pd —dp’
_ :72 :k,
p p

and upon integration one gets
d ) ,
; = B(t), with B(t) := kt+u0/p0.

The decoupled equations for d and p now read

k
Gk
(2.7) p' +B(t)p? = 0.

(2.6 d +d*> =
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From these equations we can obtain the explicit solution formula for d = uy and
p, respectively. We want to point out that it is this time-dependent factor B(t)
balancing the nonlinear quadratic term that is responsible for the critical threshold
phenomena. Indeed, with k/B(t) = 0 one has the usual blow up, d(t) = do/(1 +
dot), associated with the unforced Ricatti equation d’ + d?> = 0. The presence
of a forcing of similar strength on the right of (2.6), k/(kt + uy/po)d, leads to
‘nonlinear resonance’, which, as we shall see below, prevents blow up at least above
a critical threshold, such that —y2kpo < uj < 0. To highlight this fact we present
the following general lemma.

Lemma 2.1. Consider the ODE
w; =alt)w +bt)w?, w(t=0)=w,.

It admits a global solution

t
woefoa(‘r)d‘r

w(t) = . B(t):= b(t)ef;a(T)dT,

¢
1 —wo{ B(T)dTt
0

provided the initial data, wy, is prescribed so that

t
woJ B(t)dt <1 forallt > 0.
0
Proof. Set

t
V() = w(t)e Joamdr,
Substitution into the above ODE leads to
Vi = B(t)l}z.

Note that v = wy. Then the solution can be written explicitly as

v = wo(l —woLtB(T)dT>_l,

from which the lemma immediately follows. ]

As an immediate application of this lemma we check the conditions for dy and
po so that the global existence of 1y and p is ensured. Lemma 2.1 applies to the
above equation for d, (2.6), with b(t) = -1, a(t) = k/B(t), and wo = do = uy.
It follows that if uy > —+/2kpy then global regularity for d is ensured, for

t t e
1—woj B(T)dt =1 +u6j elokIB©ds gr gr = 1 +ugt + %pot2 > 0.
0 0
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Similarly, for the p equation (2.7) we have a = 0, b = —f, and wo = py, and
hence

t t
1—woJ B(T)dT=1+pQJ ﬁ(T)dT=1+u6t+§pot2>0,
0 0

provided the initial velocity gradient 1, remains above the same critical threshold
—\/2]([)0.

We now turn to an alternative derivation of this critical threshold. This
Lagrangian-like approach will prove to be useful for more general cases. We start
by appealing to “physical” considerations. As the system being described has no
external forces acting on it, momentum ought to be conserved. In fact, multiply-
ing (2.2) by p, multiplying (2.1) by u, and adding the resulting equations, one
finds the momentum equation in its standard conservative form

kE?
(pu) + (puz)x = kpE = (T) , p=Ex.
x

It follows that the momentum is conserved, [*, pu(-,t) dx = const, provided
the boundary terms vanish, i.e., pu? — 0 as X — *oo, and in particular, E?(o0) —
E?(—o0) = 0. It is reasonable to require that the total charge, E(e0), be finite, and
since Ex = p = 0, this implies that E(c0) = —E(—c0), for otherwise, p = 0. Thus
the electric field is given by

exo =3 ([ eEnag- | pEnag).

Equipped with this expression of E in terms of the density p, we can obtain
the explicit solution along the characteristic curves, x (&, t), parameterized with
respect to the initial positions, x (&, 0) = «,

(2.8) %x((x,t) =u(x(xt)), x(x0) =«

The momentum equation (2.2) tells us that

(2.9) %u(x((x,t),t) =KkE(x(e,t),t),
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and hence the electric field remains constant along x (e, t),
d x(,t)
2L EGe(a),0) = 2 (e ) et t,0 5 [ (0 dg

o]

[ g
x(ot)
x(e,t)

= 2ulx(e 0, 0p(x(e 0,0 — | (p(EDU(E 1)y dE

o]

i j (p(E, DU(E, 1))x dE
x(ot)
= 0.

Physically, the constancy of the electric field along characteristics is clear: as no
charge can cross tra]ectorles, the amount of charge to the right and to the left of
any given trajectory is constant. And since the electric field along a trajectory is
half of the difference of these numbers, the electric field on any trajectory must be
constant as well. With

E(x,0) =: Ep, u(x,0)=:ug, p(x0)=:po
we find from (2.9) that

u(x(o,t)) =ug + kEpt.

This together with (2.8) yield

KEt>

(2.10) x(o,t) = X+ upt + 2

In the inviscid Burgers’ equation (corresponding to the case k = 0) the straight
characteristics must intersect in finite time, leading to finite time breakdown. Here
the straight characteristic curves are replaced by the characteristic parabolas, which
explain the critical threshold phenomena. Indeed, since u = uy + kEpt and
Eox = po, we conclude

Uy + kpot Uy + kpot , oup(x)
uX(X(O(Jt)yt) = a(lc(o( t) = 0 kp0t21 uO:: aoo( :
e : 1 +ugt + ——

1o'e 2

Integrating the p-equation, (2.1), which we rewrite as (d/dt)p(x(x,t),t) =
—Uxp, we find that

Po

kp0t2
(e, t)’ '

2

p(x(x,t),t) = [(ex,t) :=1+uyt +
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Clearly, the positivity of the so called “indicator” function,

_ ox(x,t)

I'(e,t): S

is a necessary and sufficient condition for the existence of global smooth solution,
|ux|, p = Const., and consequently, higher derivatives are bounded. Thus the
solution remains smooth for all time if and only if —u, < 2kpo. Conversely, if
there are points at which this condition is not fulfilled, then p and u, will blow
up at finite-time.

To sum up, we state the following theorem.

Theorem 2.2. The system of Euler-Poisson equations (2.1)-(2.3) admits a global
smooth solution if and only if

(2.11) ug(ex) > —2kpo(x), VaeR.

In this case the solution of (2.1)~(2.3) is given by
Po _ Ug + kpot
F(O(,t)’ ux(x((x;t)at) - r((x,t) ’

2
[(e,t) :=1+uyt + kpzot ,

p(x(o,t),t) =

so that p ~ t=2 and ux ~ t™1 as long as po # 0. If condition (2.11) fails, then the
solution breaks down at the finite time, tc, where T (e, tc) = 0.

To gain further insight into the behavior of the solution, we now turn to
discuss the dependence of the solution on the relative size of dyg = u; and po as
well as the parameter k.

To be specific, we consider only the behavior of d = uy for the repulsive forces
k > 0, since the solution always breaks down in the attractive case k < 0. We first
look at the dependence on dy = u;. Figures 1-3 describe the three different
scenarios for the evolution of Uy, depending on the relative size of dy and po.

‘do > 0 (see Figure 1) ‘
There are two such cases:

(i) if do > +kpo, then d is decreasing and satisfies 0 < d < do, d ~ 2/t.
(i1) if 0 < dg < +kpo, then we have

kpo
\2kpo — dj

where dpax denotes its local maximum taken at t. At this time d” = 0,

0<d= dmax, dmax =
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therefore t, satisfies

k2p2
Totg +kpodo + di —kpo =0, dma = d(t]).

Figure 1: 0 < dg, k> 0

—+/2kpo < do < 0 (see Figure 2)

There are also two cases:

(i) if —kpo < dy < 0, then d starts to increase and becomes zero at ty =
—do/(kpo), and then attains its maximum at

2
. w2kpo — dO — d() >t
e 0 0-

kp

In this case we have

dy<d=dy —— Ko 5 2

VZkPo—'d%' t

(i1) —+/2kpo < do < —+/kpg. In this case we have dmin < d < dmay, d ~ 2/t,

where

L -\ _ —kpo
dmm =d(x, te ) = 2kp0 — d%’
dmax = d(x’ t;) = ﬁv

\2kpo — df
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and

t
Figure 2: —/2kpy < do <0,k >0
do < —+/2kpo (see Figure 3)
d |
A :
Dot
!
! t
”””””” M —(2Kkpo)t/?
do 1

Figure 3: do < —+/2kpo, k > 0
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In this case the solution must break down at time t = t;. The blow up time
tc can be obtained via (¢, tF) = 0, that is,

- —dy + wd% — 2kp()
C = .

kpo

Next we look at the solution’s behavior as the parameter k changes. Figures

4-7 display such changes for various choices of k. Again there are three possible
scenarios:

k > d§/po (see Figure 4)
There are two cases:

(i) ifdg > 0, then

(i) if dg < 0, then

do

Figure 4: k > d/po

d3/2po < k < d3/po (see Figure 5)

(i) if do > 0, then 0 < d < d;
(i) if do < 0, then
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—kpo kpo

<d=<

\2kpo — d \2kpo — d%.

(kpo)'/?

do

Figure 5: d%/2p0 <k< d%/po

0 < k < d§/2po (see Figure 6)

(i) if do > 0, then d is decreasing and 0 < d < d.

(i1) if dy < 0, then d < dg and d starts to decrease and becomes unbounded at
time [ .

d

A
do

(2Kkpo)'/?

Ll A

do

Figure 6: 0 < k < d%/Zpo

In closing, let us note the remaining cases of k: if k = 0, then we have the
decoupled Burgers’ equation; and if k < 0, the solution always breaks down. In
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either case, there is no critical threshold which yields global smooth solution for
an admissible set of initial data.

3. CRITICAL THRESHOLDS: 1D MODELS WITH NONZERO
BACKGROUND

3.1. The basic model with constant background. We now consider the
system

3.1 pr + (pu)x =0,
(3.2) U + UUx = —k@y = kE,
(3.3) Ex=—-@xx=p—c,

with constant “background” state ¢ > 0. Here we require that [%, (p(§) —¢) d§ =
0. The presence of a constant background ¢ in the Poisson equation changes the
“physical situation”: we are now working in a universe which has a fixed back-
ground charge density of —c. There is also an equal amount of movable charge,
p(x). This is (an approximation of) the situation, for example, inside a metal or
a doped semiconductor. The fixed background charge of —c corresponds to the
fixed positive charge of an element which has had an electron stripped from its
outermost shell. The movable charge corresponds to the electrons that have been
liberated from the atoms.

Using the Lagrangian-like approach, we solve the system of equations (3.1)-
(3.3). For this system, one cannot expect the total momentum of the negatively
charged particles to be conserved—they are being acted on by an outside force.
From (3.3) we find that E(x) = [*,(p(§) — ¢) dE. As the net charge in our
universe is zero, we expect that the electric field intensity to vanish at x = +oo,
and hence we require that p(+eo,t) = c. Likewise we require the particles be at
rest at far field, i.e., u(+co,t) = 0. This says that far from the origin our system
is “properly charge balanced” and at rest.

As noted above, (3.2) says that (d/dt)u = kKE, with d/dt denoting the usual
differentiation along the characteristics, (d/dt)x (o, t) = u(x(x,t),t). Using
E(x) = [, (p(§) —c)dE, and following the same basic steps as above, we find
that (d/dt)E = —cu. Combining these two results, we arrive at

2
AU kw, u(,0)=uo, el 0) = kEo,

(3.4) i

yielding, for k > 0,

E, .
ulx(e, t),t) = ugcos(vckt) + %sm(@t).
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Here, parabolas (corresponding to ¢ = 0) are replaced by a different geometry
of characteristics, where (d/dt)x (e, t) = u(x(«x,t),t) implies

U0 Eo i
ﬂsm(ﬂt) + c (1 cos(\/at)) + K.

Expressed in terms of the indicator function, I'(x,t) := x« (&, t), given by

x(e,t) =

r(a,t)=1+”&(_) n(ckt) — p‘)("‘) € (cos(vckt) — 1),

we proceed as before to find that Uy = U«/X« is given by

uo(tx)cos(\/_t)+kp0(o‘)k sm(\/_t)

Vek
(3.5) uy(x (e, t),t) = T(ot)

Note that uyx = I}/T, we find from (3.1) that p’ = —pu, = —pI;/I, which in
turn leads to

po(x)

(3.6) p(x(ex,t),t) = T t)

Clearly, there is a global smooth solution if and only if I'(«, t) remains positive.
For this to hold, we note that there exists T such that ' can be rewritten as

! 2 2
Il 1) = 22 +\/”°(“) + (pO("‘) - 1) sin(t + 1),
c ck c
and hence, I'(, t) > 0 if and only if
\/ua(a)2 N (Po((x) ] 1)2 _ Pol)

ck c c

This is equivalent to the condition that |ug(x)| < Vk(2po(x) —¢) forall x € R.

We can summarize the case with repulsive force k > 0.

Theorem 3.1. Consider the system of Euler-Poisson equations (3.1)-(3.3) with
constant background charge ¢ and the repulsive force k > 0. Then it admits a global
smooth solution if and only if

(3.7) lug ()| <+k(2po(ex) —¢), VaeR.

In this case, the density oscillates around the nonzero background charge ¢, and the
velocity gradient does not decay in time. If condition (3.7) fails, however, the solution
breaks down at finite time.
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Remark 3.1. The above threshold is sharp, as shown in the phase plane (T, I}).
Actually integration of (3.4) along characteristic curves x («, t) yields

(3.8) x" + ckx = kEy(x) + ck,
and differentiation with respect to «, combined with Ej = pg — ¢, leads to
I + ckI = kpo.

Its energy integral then becomes
1 72 2 1 72
51" + ckI'* — kpol' = iuo—k(po—c),

with a trajectory which is an ellipse centered at (po/c,0). Here, even if initially
U > 0, then after some time I; can still become negative, with the possible break-
down due to intersection with the I' = 0 line. Condition (3.7) is the precise
condition which rules out such a scenario. Geometrically, as ¢ tends to zero, the
center of the above ellipse moves to the infinity and the closed curve splits into
the parabola we met earlier with the zero background case. In this limiting case,
once Uy > 0, the trajectory will always run away from the ‘singular’ axis I' = 0, see
Figures 7-8.

) L)
do>0
d() >0
¢ - . .
do <0
Figure 7: ¢ > 0 Figure 8: ¢ = 0

Remark 3.2. Note that as ¢ — 0, the critical threshold condition (3.7) tends
to |ug(e)| < +2kpo(x). This is almost the same condition we found when we
considered (2.1)-(2.3), the condition given in (2.11). Here, however, the part
of the condition that involves uj () appears with an absolute value even in the
limit as ¢ — 0. The absolute value appears because of the oscillatory nature of
the solutions of our equation. When the derivative of the initial condition is too
positive for some large value of ¢, the solution loses smoothness. One finds that
as ¢ — 0, this time tends to infinity. The passage to the case ¢ = 0 is, therefore, a
kind of “singular limit.”
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We now turn to the case of an attractive force, k < 0. Using the same basic
steps as before, we get the same characteristic description, (3.8) as the case k > 0.
Integration of this equation subject to initial data (x,x")(x,0) = (o, up(x))
yields

Ey 1 E
x(a, t)—a+?+—( —O—A)e”‘c’“

2\ ¢  J=ck
l _& A) V=ckt
3 ( c T V—ck ¢ '

Therefore, using Eox = po(x) — ¢, we find the indicator function I'(x,t) :=
0x(«x,t) /0« given by

(3.9) [(c,t) = % + % (1 _Po W >emt

1 Po . Wy \ ekt
+ o l-—+—= e/
< c \/—ck)

We conclude the rather remarkable phenomena, namely that the non-zero back-
ground is able to balance both the nonlinear convective focusing effects as well as
the attractive forces, to form a global smooth solution subject to a critical thresh-

old.

Theorem 3.2. Consider the system of Euler-Poisson equations (3.1)-(3.3) with
constant background charge ¢ > 0 and subject to an attractive force, k < 0. Then, it
admits a global smooth solution if and only if

(3.10) ug(ex) = — (1 o((X)) N—=ck, V«eR.

In this case, the density approaches the zero exponentially in time, and the velocity gra-
dient remains bounded uniformly in time. If condition (3.10) fails, then the solution
breaks down in finite time.

Proof. As argued in the proof of Theorem 3.1, we have that

po () e (e, ), 1) I (e, t)

plx(ont),t) = £ = T TGt

It is necessary and sufficient to show that the indicator function T'(et,t) > 0 for
all t > 0 if and only if (3.10) is met. The necessity is obvious since otherwise
if (3.10) fails, then the second parenthesis on the right of (3.9) is negative, and
hence I'(«, t) would become negative for t large.
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For the sufficiency, there are two cases: either uy(«) = —(1—po(x)/c)v/—ck,
in which case

(e, t) = % + (1 - %) e~ V-ckt

and obviously, I'(, t) remains positive for all time t > 0. For the other case, where
uy > —(1 — po(ex)/c)\/—ck, the possible zeros t* of T'(«, t) are determined by

72
_Po @ -1 Uy
(3.11) eV=ektr _ _C c  —ck
c V=ck
A simple check shows that the quantity on the right is less than 1, that is, either
t* < 0 or no such real t* exists. Therefore I'(ex,t) > 0 for all time t > 0. O

Remark 3.3. Let us, again, note that with the zero background model, the
repulsive force, k > 0, is necessary for the global existence of the smooth solution.
When the nonzero background is being taken into account, we could still have
the global existence, even when the force is attractive, k < 0. The balancing effect
of k and ¢ can be observed clearly from the above results. However, in both cases,
we find that there is a local “ critical threshold” condition on the initial data such
that the solution remains smooth for all time if and only if this condition is met.

3.2. A constant background model with relaxation. We consider a further
modification of our problem (3.1), (3.3), where (3.2) is now augmented by a
relaxation term

(3.12) ut+qu:—k(px—%:kE—%, £>0.

We still require that [*,(p(E) — ¢) dE = 0.

We are now working in a universe which has a fixed background charge den-
sity of —c. There is also an equal amount of movable charge, p(x). This is (an
approximation of) the situation inside a metal or a doped semiconductor. The
term —u /€ is a “friction term”, which, as we shall see, causes solutions to decay.

As before, we cannot expect the total momentum of the negatively charged
particles to be conserved; after all, they are being acted on by an outside force.
As the net charge in our universe is zero, we expect that the electric field inten-
sity at x = +oo will be zero. Consequently we require that p(+o,t) = ¢ and
u(+oo,t) = 0so that E(x) = [*,(p(§) —c)dE — 0 as x — co.

Using the same techniques that we have used previously, we find that as a
consequence of (3.12), we have

d u
Eu—kE—;,
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and proceeding as before,

dat2 edt

Let € > 1/+/4ck, and define p = +/ck — 1/(4€2). This guarantees that the solu-
tion of the last ODE will consist of damped sinusoids and decaying exponentials,
where we find

kEy —ug/(2¢)
u

ulx(e,t),t) = e /20 (uo cos(ut) + sin(ut)).

We see that as long as the solution of our system is well defined, u(x,t) must

vanish as ¢ — o, and since (d/dt)x (e, t) = u(x(e,t)), we conclude that the
characteristic curves have the form

e t/28) 2ecug — Eo

2epu

E
x((x,t)=(x+?°+

(—EO cos(ut) + sin(ut)) .

As we have seen already, solutions will cease to exist when the indicator function
I'(x,t) = (0/0x)x (e, t) vanishes, for

0 1
Ux (x (&, t),t) = @u(x((x,t),t)m
becomes unbounded. It is easy to see that this leads to a critical threshold condi-
tion, namely that the vanishing of the following indicator function

2ecuy — po + ¢

B @ e—t/(2£) B
(3.13) T'(x,t) = c +7C (¢ — po) cos(ut) + en

sin(ut)) .

To make precise the condition on the initial data to have the global solu-
tion, we need to verify the first time when the local minimum of T'(x,t) =
(0/000)x (e, t) intersect the ‘singular’ I' = 0 axis as shown in Figure 9.

Thus, if we denote this first minimal time as t* (), then the global solution
exists if and only if

(e, t*) > 0.

In other words, the above expression of I'(¢x, t) implies that there is a global in
time solution if and only if

, 2
J‘C o4 (% . M) < pyet* )

u 2ep
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I A po/c
d()>0

\\// >F

Figure 9: Phase plane graph of (I',I}) for ¢ > 0 with damping

and this is equivalent to the condition that

¢ —Po
2&c

2 2
<\/<“CPO> (et*/5_1)+%(2p0—c), Va e R.

’u{) +
Let us now compute t*. By definition, t* = t! is the smallest time such that
(o, t") =0, Ti(e,t"™) >0, meN,

where 0 < t! <t?2 < -+ <" — co. From I} (&, ") = 0 we have

2ecuy — po + ¢
2&u
1 2ecupg—po+c

(C—PO)IJJFEX e

1
- E(C - Po)

tan(ut™) =

1
4g2°

2epuuy

_ 2 _ _
~ug +2¢ek(c - po)’ o= ck

Substituting this t" into the expression of I;; we find

. ’ 2
ny _ go-tie St o, (e ko
Lie (e, t") = pe - (o)™ + {5, + u(c po) | |,

129
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which shows that t" is a minimum with I;;(«, t,) > 0, provided sgn(ug) =
—sgn(sin(put™)). Therefore t* is uniquely determined by

1 2epuy
x _ 1 1 0
(3.14) t* = utan [u6+26k(c—p0)]

(0 <t* < % if 1} < min{0, 2ek(po — )},
T s
— <t*F < — if 2 - ‘
2u< <“, it 2ek(po —c) <uy <0,
T <3—7T, if ug > max{0,2¢ek(po — c)},
M 2u
31T 2,
—<tt< =, if 0 <2 - ).
~2IJ< <u, it 0 <uy <2ek(pg —c)

Moreover, we can now find the asymptotic behavior of p(x,t) as t — co. Indeed,
following the same procedures as before, we find that p (x (&, t),t) = po(c) /T (x, t)
with T'(«, t) given in (3.14), and it follows that p(x,t) — ¢ exponentially fast, as
one would expect. We summarize by stating the following result.

Theorem 3.3. Consider the system of Euler-Poisson equations (3.1), (3.12), (3.3)
with a constant background charge ¢ > 0, a repulsive force k > 0, and weak relax-

ation € > 1/(2+/ck). Let the critical time t* be defined in (3.14). Then if at all
points X € R,

¢ — po(e0)
2¢&

c
< k_L\/M(et*/f—l)Jer (x) — ¢
Y 4ce? C 0 ’

the solution of (3.1), (3.12), (3.3) is smooth for all time. In this case, u(x,t) — 0
and p(x,t) — ¢ exponentially as t — oo. Otherwise, if condition (3.15) fails, then
the solution of (3.1), (3.12), (3.3) loses smoothness in a finite time.

Remark 3.4. Note that as ¢ — o, we recover the local condition (3.10) for
the case without relaxation.

(3.15) ’u(’)((x) +

Finally, to complete our discussion of all choices of k, ¢ as well as €, we turn

to consider the non-oscillatory case with strong relaxation € < 1/(2+kc). In this
case we have

X/
x" =KkE - —.
&

Note that E' = —cu = —cx’, and hence

E=Ey(x) — c(x — ).
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Combining the above two equations, one finds that
124 1 4
x" + EX +ckx = k(Ep + cx),

and this equation together with the initial data, (x, x")(«,0) = (&, uo(x)), leads
to the characteristics of the form

L E 0 <_@> I 1T\ _ Wl
x(a,t)—(x+c+e - 2 " %en 21 e
_@) Lo 1) W u
+[< c <2+4£u>+2u}e }

Upon differentiation with respect to &, one finds the indicator function I'(¢x, t) =
X ( X, t))

_ P -t/ <_@> LIS SR W
I'(x,t) o te {[1 c (2 Zen 2 e
PN (1, 1) U
+[<1 C)<2+4£u>+2u}e )

Based on this formula we claim the following result.

Theorem 3.4. Consider the system of Euler-Poisson equations (3.1), (3.12), (3.3)
with a constant background charge ¢ > 0, a repulsive force, k > 0, and a strong relax-
ation term, € < 1/(2\/ck). Ifat all points x € R

(3.16) Uo(x) > min {0,_ (1 _ poi‘x)> (\/5+ %)]’,

then the solution of (3.1), (3.12), (3.3) is smooth for all time. In this case, u(x,t) —
0 and p(x,t) — c exponentially fast as t — .

Proof. Expressed in terms of

_1r 1 _@) _(_@)L Uy
A_Ze' a_Z(l c/)’ and b = {1 ¢ )iy T

. 1
with v = E —Ck,

we have

T(o,t) =1-2a+ (a—Db)e V™ 4 (a+beV =Vt
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Note that I'(,0) = 1 and T'(ex, ) = 1 — 2a = po/c > 0. It suffices to show that
I'(x,t) > 0 for all time t > 0 under the condition (3.16). First, if a + b = 0, then
since a < % it follows that

I'=(1-2a)+ (a+b)e¥ Nt {1 + “—_be*”t}
a+b

> (1-2a)+ (a+b)ey—Mt {1 + min {o, “—_b}}
a+b

= (1 —2a) + min{2a,a + b}eV~Vt
> min{l,1 - 2a} > 0.
Second, if @ + b < 0, then one has to rule out a possibility of a local minimum

achieved at positive time t = t* > 0. At such time we would have I} (&, t*) = 0,
which gives

. 1. (v+Ma-b)
b= 2v10g<(v—2\)(a+b)>'

it (e, t*) = 2v(a +b) (v — A)e™ V" > 0.

Since (v — A)(a + b) > 0, it follows that if b > (A/v)a then

(v +A)(a-Db)
ov-M@atbh -

and hence that t* is negative. Put differently, t* < 0 and hence I'(«, t) > 0 for all
t>0,ifa+b<0and b > (A/v)a. In summary of these two cases, a sufficient
condition for the global existence is b > min{(A/v)a, —a}, which is exactly the
same as (3.16) when recalling the definition of a and b. O

4. CRITICAL THRESHOLDS: 1D MODEL WITH VISCOSITY

We consider the solutions of a parabolic-hyperbolic version of (2.1)-(2.3)—the
modified viscous Burgers-Poisson equations:

(4.1) pr+ (pu)x =0,

(4.2) U + Uy = —kPy + (&> — kE + (&) ,
P )y [

(4.3) Ex = —@xx =p,

with repulsive force k > 0 (if the matter is treated as charged particles). We show
that despite the presence of a parabolic term on the right of (4.2), these equations
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can still lose smoothness in finite time when the critical threshold condition is
crossed.

Note that the parabolic term on the right of (4.2), (ux/p)x is similar to
the one, Uyxx/p, found in the Navier-Stokes equations, Ut + UUx = Uxx/P,
with a difference term of —pyuy/p?. In this context, both types of viscosity
regularization terms admit similar behavior. As p — 0 then Uxx/p, —pxUx/p?,
and hence (ux/p)x all tend to infinity. More importantly, the forcing effect in
(4.2) leads to u | —oo, which in turn leads by (4.1), that p — oo, and then
Uxx /P> —PxUx/p?, and hence (1 /p)x all tend to zero. Thus viscous terms
tend to zero when they are most needed, and the solution blows up with p 1 .
It is this vanishing viscosity mechanism which allows the possible blow up above
the critical threshold in Euler-Poisson system (4.1)-(4.3).

Let d = uy. Differentiate (4.2) with respect to X to obtain

(4.4) di + udy = —d*> + kp + (ﬂ) )
p XX
The difference, p x (4.4) — d x (4.1) yields

d
(4.5) pdy — dp; + updy — upxd = kp* + p (E)

P

Our goal as before is to estimate the ratio f := d/p, thus (1/p?) x (4.5) yields the
following parabolic equation

BXX

Bt+qu=k+7.

We would like to show a f—bound due to a maximum principle of the form,

(4.6) ing(a,O) + kt < B(x,t) <supB(x,0) + kt.

The difficulty here is that p(x, t) must die at infinity if one wants the integral
of d, that is if one wants u, to be finite at = and one wants 8 to be bounded
away from 0. If p dies at infinity, then viscosity has a coeflicient that blows-up at
infinity. We make use of the following theorem to show that even in such cases we
still have a maximum principle.

Theorem 4.1 (maximum principle). If us+f(x, t)ux = a(x, t)uxx, ulx,t)
< D(x)E(t), where D(x) is sub-linear in x and E(t) is exponential in time; u, us,
Uy, Uxx € C, |f(x,0)] <d; and 0 < a(x,t), a(x,t) € C, then the solution of
the equation obeys the maximum principle:

u(x,t) <supu(x,0).
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To the best of our knowledge, there seems no maximum principle of this form
available in the literature. We present a self-contained proof of this theorem in the
Appendix.

To proceed we assume at most sub-linear growth of 1 /p at far field in space
and exponential growth of ux/p in time; i.e., there exists y > 0 such that for
x| > 1

(4.7) ' % < Const.e¥t|x|.

Equipped with the above maximum principle, we establish the following theorem.

Theorem 4.2. Consider the system (4.1)-(4.3) with the repulsive force k > 0.
Assume that the smooth solution is sought such that Wx | p is sub-linear in the sense of

satisfying (4.7). Then if for any x € R

Uy (x) - 2k
sgp Po(x) po(x)’

then (U, p) ceases to behave nicely in finite time. If

inf(uo(x))>—‘/ 2K , VaeR,
x \ po(x) po(x)

then (W, p) remains smooth for all time. In this case ast — oo

p(x,t) ~ d(x,t) ~ %

2
kt2’
Proof. Theorem 4.1 on the preceding page shows that 8 satisfies a maximum
principle as long as u € C?, |u| is bounded, p € C?, and u/p is sub-linear in
x and exponential in t. We assumed that these conditions all hold, and we make
use of the maximum principle to bound B by (4.6).

Because (4.1) says that the derivative of p along the curve x(«,t) is —pd,
that s,

p' =—-pd=—-B(t)p?
where B(t) = d/p satisfies the bounds stated in (4.6). By Lemma 2.1 one has

po ()
- )
1+Po(0<)J B(t)ydrt
0

p(x(ex,t),t) =
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This gives

po(x)
po (1) (k—t +sup Bx, o>t>

po(x)

<p(x(et),t) < wE
Po(x) (— + 1nf/3(x O)t)

Finally, as we have bounds for f = d/p, we find that d must satisfy:

po(x) (kt + infy B(x,0))
Po () (k—t + me(x O)t)

po(e) (kt + sup, B(x,0))
kt? ’
polx) ( + supli’(x O)t)

<d(x(o,t),t) <

as long as both of the numerators remain positive. Suppose that k = 1, the initial
data po = 1/(1 + x?%), uy = —2arctan(x). (Note that the total mass is finite.)
We find that B(x,0) = —2. Our maximum principle argument says that either
d—- —oast — 2 —+/2 or (u,p) ceases to behave well sometime before t =

— /2. The “weakest” way in which B can cease to behave well is for B = uy/p
to grow faster than sub-linearly in space. As f(x,0) = —2, we find the supremum
and infimum of B are equal. The above inequalities lead to equalities until the
maximum principle no longer applies. We find that (as k = 1):

po(x)
t2 '
Po(x) ( — 2t> +1

As long as p(x,t) is continuous in time, this implies that up to and including
the time t; < 2 — /2 at which B stops being sub-linear in space, p(x (&, t),t) is
completely known. Moreover, for large & we know that p(x(e,0),0) ~ 1/02.
(As by assumption |u(x,t)| is bounded, we know that x(«,t) does not change
quickly.) Thus if « is large enough we find that p(x (&, t),t) ~ po(x) = 1/ 2.
This is sufficient to guarantee that p(x,t) does not decay faster than 1/x2. In
other words, if p(x, t) decays like 1/x2, it cannot decay any faster at a later time.
If ux/p grows non sub-linearly, then u, will die at a rate that is slower than
1/(In(x)x) — that is u will tend to infinity.

plx(x,t),t) =
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We note that if we take initial data in which po () (kt?/2+sup,. B(x,0)t) +1
is ever zero—if we ever cross this critical threshold—then the solution must either
blow up in finite-time (because the solution has an upper bound that tends to —oco
in finite-time) or the solution must cease to be nicely behaved in finite-time (so
that the maximum principle ceases to apply). In either case, we find that once the
critical threshold is crossed, the solution no longer behaves nicely for all time.

The estimates above show that as long as k > 0 and the denominators do not
ever become zero, d — 2/t and p — 2/(kt?). We see that the solution of the
parabolic-hyperbolic equation tends to behave like the solution of the hyperbolic
one in the long term. Similarly, we find that if k = 0 and the denominators
remain positive for all time, then ¢1/t < d < ¢3/t, where ¢; < 1 < ¢,. This
is also the behavior that one would expect without the parabolic term (i.e., the
inviscid Burgers equation). Hence the proof is complete. O

We see that the presence of a self-induced electric field and of viscosity is
not necessarily enough to stop singularities from forming. This is not terribly
surprising. The viscosity used tends to zero as p — co—it is smallest when it needs
to be largest. This, of course, is a problem with the viscous term in the Navier-
Stokes equations as well. Additionally, as we are dealing with equations in one
dimension, the electric field that we are dealing with is essentially the field due to
an infinite sheet of charge. The field due to such a sheet is a constant throughout
space—forcing two such sheets to collide is easy. There is no reason that such a
force should prevent the collision of sheets. What we have succeeded in doing
is showing how the behavior of the solutions of our sets of equations reflects the
behavior of the physical systems they represent.

5. CRITICAL THRESHOLDS: MULTI-D MODEL WITH GEOMETRICAL
SYMMETRY

Let us consider the Euler-Poisson equations governing the v + 1-dimensional
isotropic ion expansion in the electrostatic fluid approximation for cold ions

(5.1) r'ny + (mury), =0,
(5.2) u; + uu, = -k, = kE,
(5.3) Y @y)y = —nrY,

subject to the initial data
(5.4) (n,u)(r,0) = (no, uo)(r), Mo(r) = 0.

Here ¥ > 0 denotes the distance from the origin, and k > 0 is a known physical
constant, which takes into account the general scaled version (5.3) of Poisson
equation (rV@y), = —4mwgnrY. The unknowns are the local particle density
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n = n(r,t), velocity u = u(r,t), and potential ¢ = @ (,t). The geometrical
factor v takes values 0, 1, 2, for planar, cylindrical, or spherical symmetry.

Our interest is to find a critical threshold criterion for the Cauchy problem
(5.1)-(5.4). Several issues that will also be clarified along the way include:

1. Expansion rate of the flow path;

2. The large time behavior of the velocity;

3. The decay rate of the density as well as the velocity gradient;

4. Sharp estimate of blow up time when the initial data exceed the critical

threshold.

5.1. Analytic solution along the particle path. Without pressure forces, the
particles move without collisions in a self-consistent electrostatic field. The system
contains only particle-path characteristics. We shall trace the time dynamics along
these characteristics.

To this end we introduce the following weighted quantities.

e:=Er¥=—-@, Y, p=nr".
With these definitions, (5.1) becomes
(5.5) pt + (pu)y =0,
and the Poisson equation (5.2), now reads
(5.6) ey =p.

To avoid having a singularity at the origin we require e(0, t) = 0, hence

e= Lrp(E,t) dg.

In view of (5.5), this implies that e satisfies the transport equation
(5.7) et + ue, = 0.

To solve this equation we define the “flow map” r (&, t) : R* — R*

(5.8) % =u(r(e,t),t), 7r(x0) =«
Denoting differentiation along this characteristic curve by * := d/dt, the mass

equation (5.7) and the momentum equation (5.2) yield

(5.9) e’ =0,

(5.10) u' = ke v i=u(r,t).

rv’
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We now solve the above system subject to the initial data
(r,e,u) | 1= = (e, e0(00), uo(x)),

with & € R* parameterizing the initial location, and with the weighted mass
v
eo(00) = Jo no(§)EY dE.
By (5.9), e remains constant along the isotropic characteristics, e = eg(x),

and (5.10) then yields

7"” _ keO,
rv

(5.11)

r(x,0) =« 7' (x0)=1uy(x).

This relation shows that each fluid particle, starting from position « with initial
velocity uo(«), is influenced by a central acceleration keg/7Y. Once the solution
of this equation for (&, t) is known, the other dependent variables u, p can be
determined accordingly. We proceed to study the solution of (5.11). To this end,
we introduce the ‘indicator’ function

T(x,t) := eh wrr(@n)ndr

The geometrical interpretation of T'(«, t) will be clear from the explicit solution
of the Euler-Poisson system (5.1)-(5.3), given in the following lemma which will
play an essential role in our discussion.

Lemma 5.1. Consider the Euler-Poisson equations (5.1)-(5.3), subject to the
initial data (19, up) € C'(R™) x C1(R™). Let ¥ (x, t) be the flow map defined in
(5.8), then

or(o,t)
ox

I'e, t) =

Moreover, the solution of (5.1)-(5.4) is given by

_or(ogt)
(5.12) u(r,t) = T

~ o)
(5.13) n(r,t) = D)

_ L t)
(5.14) Uy (r,t) = T t)

Proof. Along the particle path one has

%T(cx,t) =u(r(e,t),t), r(x0) =« VxeR'.



Critical Thresholds in Euler-Poisson Equations 139

Differentiating this equation with respect to « gives

d /2 0 0
2 (ar@D) w0, 05 (@), Sor(e,0) = 1.

Hence (0/00)7(x,t) =T(x, t) forany t € R*.
The mass equation along the particle path 7 (¢, t) becomes

p +pu, =0,
and integration in time leads to

_ Po(x)
[(ex,t)”

p(r,t)

The formula for u, follows from the definition of T'(&, t). O

Using the expression of the solution, (5.12)-(5.14), we conclude with the
following corollary.

Corollary 5.2. The smooth solution to the Euler-Poisson equations (5.1)-
(5.4) blows up in finite time, t = t,, if and only if one of the following equivalent
conditions is met.

(1) [ uy (r (e, 7),T) dT = —o0;
(2) T(x,te) =05
(3) There exists an & € R such that (07 /0x) (&, t:) = 0.

To ensure the existence of the global regular solution, therefore it suffices to
start with the set of prescribed initial data for which (recall (07/0x)(x,0) = 1),

a—1/(0(,t) >0 VteR".
ox

5.2. The isotropic flow map. Equipped with the above relations we are in a
position to study the isotropic flow map 7 (&, t), and the zeros of ¥« (&, t) which
characterize the formation of the singularity.

We begin with the solution of the isotropic flow map 7 («, t) governed by
(5.11). We summarize its behavior in the following lemma.

Lemma 5.3. The solution of d-dimensional problem, "' = keo(c)r™,
with initial data (7,7") (e, 0) = (e, up(ex) > 0) is as follows. (We classify the
different cases by the value of v :=d — 1.)

The flow map is given by

(5.15) r (o, t) =a+u0(a)t+Mt2

2 )
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and the velocity is

(5.16) u(r,t) = up(x) + keg(x)t.
The flow map is
(5.17) r(r,t) = xexp (%Tz + uo'r> ,

with the parameter T given implicitly by the temporal relation

i
- aj exp (%52 + uoT> dE.
0

In this case we have

(5.18) \/0(2 + 20Ut + kegt? <r(x,t) < & +uogt + O(tlnt).
The corresponding velocity is given by
(5.19) u(r,t) = hie,t),
with h(e, t) ~ug + O(tInt) determined implicitly by the identity
h(a,t) 2 _ 42
L= Lom) P (EZkezL()) 4.
¥ =r(a,t) is given implicitly by

m_ *1(2_7’_)_ —1”_% % 7 g
(5.20) R t = cosh z 1) = cosh (keo +RW o

with

L 2 Zkeo L 2ke0
(5.21) Q(x) :=,|ug + Y R(x) := — 2key”
X

In this case we have

13
(5.22) [0‘3 +3cuot + %keotz] <r(xt) <o+ Wt’

the velocity is uniformly bounded in time, and

(5.23) tlir?o ur,t) = Q(x).
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Proof. We start with v = 0. A straightforward integration of v = keo (),
combined with the initial position & and the initial velocity 1o (), gives the same
formula for 7 that we met earlier, (2.10), in the one-dimensional case.
We then turn to the 2-dimensional case, v = 1, where the flow map equation
(5.11) reads
(5.24) " =keo(x)r~ L.

Starting at the location « with velocity uo, then the energy integral is

(5.25) %(1")2 - %u% =keg(ln7r — ln &),

implying

(5.26) v’ = |ud +2kegln g, ug > 0.

Let T(,t) be a dimensionless parameter such that for constant «

art

_dt _ dr L a[\Jud + 2kes In(r/e |,
Lo T\/ug +2kepIn(r/o)  keo

r(t=0) =«

Then the parametric solution of (5.26) is given by (5.17), i.e.,

Y = xexp TT + UpT | .

Here, the parameter T is determined by ¢

dt =rdt = xexp (%Tz + uo'r> ar,

which gives
.
- (xJ exp (%gz + u0§> dE.
0

We want to show that ¥ ~ O(t) for large t, with the tight bound given by (5.18).
To show the lower bound, we rewrite the equation (5.24) as

rr') = keg +1r'* > ke,



142 SHLOMO ENGELBERG, HAILIANG LI1U ¢ EITAN TADMOR

and integration twice gives the bound on the left of (5.18). Combining this lower
bound with ¥"" = kegr ! yields

" < keolo® + 2auot + keot?]71/2,

and integration twice gives the upper bound shown on the right of (5.18).
Finally we turn to the 3-dimensional case v = 2, where the flow map equation
reads

(5.27) " =keo(x)r 2
Starting at location o with velocity uo, the energy integral is

12 1., (l_l>
(5.28) S = qug=keo (- ),

which gives

R 1/2
’}",:Q(a) (1—;) fOrquO,

with Q and R given in (5.21). Integration in time once gives the implicit formula
of the flow map (5.22), where the dependence of ¥ on o will play essential roles
(i.e., ¥« = 0) in our later analysis. We conclude with the large time estimate
(5.22). The upper-bound follows from the fact ' < Q(«). From the flow map
equation (5.27) follows that

1/3 144
(;) =2r(r")? + keg = key,
and integration twice yields the bound on the left of (5.22). O

Remark 5.1. The above formula reveals a quite different geometry of the
isotropic flow path. In the case v = 1, the energy integral ensures the lower
positive bound for 7. In fact recalling (5.25) and (5.28),

(5.29) (r')? = ud + 2kegIn g, v =1,
(5.30) (r)?=ud+ %(al’v -7, v>1,
one finds

(5.31) 7o, t) > oe Uil (2keo) v =1,

-1/(v-1)
(5.32) r(o,t) > [Zk luo + ! "] , v>1.
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Moreover, following the same procedure as for v = 2 we obtain the expansion rate
of the flow path for the general situation v = 2,

v+1

D) ke0t2

1/(v+1)
(5.33) [cx"” + (v + D’ upt + ]

2k€0

2
ST(O‘,t)SO(-I-\/uO-FW .

In the 1D case, v = 0, we saw that if the initial velocity is negative, then particles
can reach the ¥ = 0 line in a finite time due to the quadratic form (5.15). In
contrast, for v > 1, these positive lower bounds imply that if the velocity is initially
negative, the particle path ¥ may decrease only for a finite time and then increase
due to the positive acceleration. To avoid the technical discussions here and in
what follows, we restrict ourselves to the case ug > 0.

Remark 5.2. The above results show that for the cases v = 0, 1 the velocity
grows linearly. But for the case v = 2, the velocity is uniformly bounded and
converges to a positive constant as time becomes large.

To study the critical threshold phenomena one may utilize the ‘indicator’
function I' = 7. This study is carried out in the next subsection.

5.3. Critical thresholds. Using the above flow map we provide precise con-
ditions on the initial data such that either the solution remains globally smooth or
it breaks down in a finite time.

We start by revisiting the one-dimensional case.

Theorem 5.4. (Global existence of smooth solutions for the planar case v =

0) The smooth solutions of (5.1)-(5.4) with v = 0 exist if and only if

(5.34) up(e) > —2knp(x), VaeR*.

In this case the solution is given by

ner(e,t),t) = Mo ()

.,k ’
1+ ugt + Eno(tx)t2

ug + knot

uT(V((X’t),t) = k .
1 +upt + Eno(oot2

Proof. Differentiating the flow map equation ¥ = ke, with respect to & we
find that

" =kno(e0),
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for e = po = No. The definition of T gives (I",I)(t = 0) = (ug, 1). Thus the
corresponding energy integral is

[T"]? = 2knol = [ug]? — 2kny.

The geometry of the trajectory implies that, to ensure the positivity of T, the initial
data should satisfy either uy > 0 or [u(]? — 2kngy < 0 for the case u;, < 0, which
yields (5.34). O

The above formula immediately yields the following result.

Corollary 5.5 (Breakdown of smooth solutions for the planar case (v = 0)).
The smooth solution to the Euler-Poisson equations (5.1)-(5.3) blows up in finite
time if and only if the condition, uy(x) > —y2kno(x), fails, i.e., if

JaxeR" st uy(o) < —2kno(x).

In this case, the density n(v, t) and u, (v, t) become infinite as t 1 T, where the
blow-up time t = t., is given explicitly by
2

tc := .
© supf-uf + /(up)? — 2kny}

Remark 5.3. Consider the 1D equation with nonzero background and addi-
tional relaxation term, where the equation (5.2) is replaced by

U + uu, = kE — %, with E, = (n — ¢).

Hence the equation for 7 reads

’

v = kE-_.
&
Note that E" = —cu = —cv’, thereby E = Eo(x) — ¢(¥ — ). These equations

lead to an ‘indicator’ function I' = 7y, satisfying

4

' + r; + kel = kpo.

Using the phase plane analysis one recovers, for the 1D half space problem, « €
R*, the same results obtained for the 1-D Cauchy problem, « € R, consult Sec-
tions 2-3.
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The rest of this section is devoted to the multi-D case, v > 1, where we
confirm the remarkable persistence of the critical threshold phenomena in the
multidimensional problem. But precisely determining sharp critical thresholds is
far from trivial. Even in the isotropic case, the implicit solution formula makes
the final conditions on initial data rather cumbersome. Thus, for example, differ-
entiating (5.11) with respect to « yields

I = kpor™Y — kveor VT,

which is coupled with the flow map equation ¥"" = kegr ™. It is difficult to find
an explicit sharp threshold for the initial data that distinguishes between cases for
which T remains nonzero and cases for which it does not. Though some further
tedious calculations may enable us to obtain a complex criterion for the cylindrical
case (v = 1) as well as the spherical case (v = 2), we do not perform these cal-
culations. Instead we give sufficient conditions for upper thresholds on the initial
data for the existence of global smooth solution, as well as the lower thresholds for
the finite time breakdown. These confirm the existence of an intermediate critical
threshold — which is the focus of our interest in this work.
We start with the 2D case.

Theorem 5.6. (Global existence of smooth solutions for the cylindrical case
v = 1) A global smooth solution of Euler-Poisson equations (5.1)-(5.3) with v = 1
exists provided the initial data (wo, no) with Ey = &' o no(§)EdE satisfy
(5.35) uy > —uk[omoh((x) —Ey], VxeR',
0

where h() is determined by

h(x) h(x) — n
.36 k oc? J "dn=1, V R.
(5.36) Nyl . oy +2kE0(XT]]3/2e n x e

Proof. Recall the energy integral (5.26)

r' = Jud + 2key In’,
Ioe
from which it follows that

Jr((x,t) d§

=t.
« \/u% + 2keg In(E/x)

Differentiating the above equality with respect to «, one has

I'(e,t)
\/u% + 2kegIn(r/ )

=A(x,t),
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where

(et ouh + kpo In(E/x) — kegex™! 1
Alogt) := L [ud + 2keo In(E/x)13/2 ac o’

Noting that eg = &Ey, we introduce M := [kEy — uougyl/(kang) and rewrite A
in terms of n := In(§/), as

In(r /) - M 1
Ao, 1) = ko J 1 ndn + —.
(1) & o 0 [u(z) + 2kE00(r)]3/26 n Uo
We shall show that A, and therefore T, remain positive for all ¢ > 0 provided
(5.35) holds. We consider the case M > 0, since the complementary case M < 0 is
trivial. Note that egx = po = nox. A simple computation involving (5.26) gives

dA

dA 4 o In(r/x) = M
dt

Ou% + 2kEoxIn(r /o)’

In view of the monotonicity of ¥ in time (dv/dt > 0), we see that A may achieve
its unique minimum at t*, where A;(t*) = 0, ie., ¥(x,t*) = oeM | and this
minimum is positive provided (5.35) holds, for

M
- M 1

Ao, t*) = ko’n J n edn + —
( ) o [u%+2kE0(xn]3/2 n U

h(x)
n—h(x) 1
> ko? J "dn+— =0,
Mo Tud + 2kEoan 2 T g

if M < h(x), which is equivalent to (5.35). Therefore the indicator function

I, t) = A(O(,t)\/u(2)+2keoln(1f/0() remains positive because A(«x,t) =
A(e, t*) > 0forall t > 0. O

Condition (5.35) could be viewed as an upper threshold in the sense of pro-
viding a sufficient condition leading to global smooth solutions, though the per-
missible class of the initial data for global smooth solutions is clearly larger. How-
ever, the existence of the critical threshold can be ensured by combining this upper
threshold with the following lower threshold for the finite time breakdown.

Theorem 5.7 (Breakdown of smooth solutions for the cylindrical case v = 1).
The smooth solution to the Euler-Poisson equations (5.1)-(5.3) with v = 1 breaks
down in finite time if the condition, uy() > —2kng(x), fails, i.e., if’

(5.37) Jx eRY st. uy(ex) < —2kng(c).
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Proof. Using the parametric form of the flow map given in (5.17) we evaluate
the ‘indicator’ function T via
Tr
—tx-
t 04

T

r(as t) = TO( -
From (5.17) we see that
Yo = (1 + <§poT2 + u{g)) exp [%Tz + uoT] )

2
fo = JOT (1 + (%pofz i u{)E)) exp [%52 ; uog] dE,

rr = & (keoT + Ug) exp [@Tz + uo'r] ,

tr = xexp (%Tz + uo'r> =7.

Expressed in terms of

(5.38) b(T):=1+ auyt + %O(poTz

and 7 = 7 (1) = xexpl(key) /2T + uoT], the ‘indicator’ function can be rewrit-
ten as

jTr@b(E)dE

r=21b(1) = (up + keg) 22
1o'e r(T)

Note that b(0) = 1. The quadratic form of (5.38) implies that there must exist
a parameter T* such that b(T*) = 0, provided (5.37) holds. At this time T

becomes negative because the nonlocal term [y ' ¥ (&)b (&) dE stays positive. This
combined with the fact T(0) = 1 ensures that there must be a finite time t = t*
such that I'(x,t*) < 0. Hence I must vanish at finite time ¢ = t. < t*. This
completes the proof. O

We conclude with the 3-dimensional case, stating the lower threshold for fi-
nite time breakdown.

Theorem 5.8 (Breakdown of smooth solutions for the spherical case v = 2).
The solution of Euler-Poisson equations (5.1)-(5.3) for v = 2 blows up in finite time
if the condition, wy = —(k/ug)[ang — Eol, fails, i.e.,

(5.39) JxeR" st uy< —ui[omo - E]l.
0
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Proof. Instead of using the implicit formula of the flow map 7 in (5.20), we
introduce a dimensionless parameter T such that ¥ may be rewritten in terms of
the parameter T € R™,

, - 5[1 + cosh(T + To ()],

t = [T + sinh(T + To()) — sinh(To(x))],

2Q

where Q and R are given in (5.21), and Ty is determined uniquely by

2 u}
COSh(TO((X)) = ? - 1= kie’o

Thus the ‘indicator’ function T is determined by

.
T(ot,t) = ra — —ta,
tr

with
Ra R .
Yo = 7[1 + cosh(T + To(x))] + ) sinh(T + To(&)) Tow,
Ve = gsinh(T + To(x)),

te = i[1 + cosh(T + To(x))],

2Q
to = (%)a [T + sinh(T + To(x)) — sinh(To(x))]

+ %[cosh(T + To(x)) — cosh(To(x)) ] Tox.

Expressed in terms of

sinh(T + T9)

A(T) := 1 + cosh(T + 19)’

we have

1 + cosh(T + T9)

I'(e, t) = 2

— sinh(Tg)
1 + cosh(T + To)

5 (1 1 + cosh(Ty) )T
Q 1 + cosh(T + Tp) )

X {Ra + RA(T)Tox — QA(T) [( A(T))
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To show the breakdown of solutions, it suffices to show that as T becomes large T
becomes negative since I'(,0) = 1 > 0. Note that as T — o one has A(T) — 1,
and therefore the limit of the sum in the bracket {- - - } combined with ey = Eyx?
and e, = po = Nox* becomes

gQa - %[uou(’) + k(ang — Eo)].

Hence the ‘indicator’ function I would become negative for large time whenever
the condition (5.39) is satisfied. Therefore there must be a finite T, also a finite
time t., such that I'(«, t.) vanishes. At this time, t., the solution breaks down. O

Remark 5.4. The above lower threshold for breakdown, v = 2, can also be
verified in an alternative way, as a particular case of the more general situation
v > 2. Indeed, the new feature for v > 2 is that the velocity tends to a constant
for large time t’s, which is evident from the energy integral (5.30),

u?= ") =ud+ 2k_e(1

(O(lfv _ 7,.17\/),

while noting that, say by (5.33), 1Y — 0 as t — co. Hence, the velocity ap-
proaches the constant value

u(t) ~ Qe),  Qc0) = \/u% + ZKeo

al*V,

which in turn implies that
r ~ Q(o)t.

Consequently, if the following critical condition fails,

(5.40) JxeR" st uy< _k [ Mo&X _ Eo] ,

then two particle paths must collide at large time. Observe that this critical con-
dition for v = 2 coincides with (5.39).

We conclude with the general v = 2 case, discussing the upper threshold for
the existence of global smooth solutions.
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Theorem 5.9 (Global existence of smooth solutions for general v = 2 cases).
A global smooth solution of the Euler-Poisson equations (5.1)-(5.3) with v = 2 exists

provided the initial data (wo, no) with Eg = o Joino(8)EY dE is prescribed such
that for all x € R*

(5.41) uy > —X ["Oo‘vhv - EO].

Here, h,, is determined by

(5.42)

kuonox th hy(x) —n

(V—l)z 0 |:u2+2k€0 :|
0 v_ln

3 (oY = '3 dn = 1.

Remark 5.5. Since, as we shall see below, h, < a!~, we conclude that the

lower threshold (5.40) is indeed smaller than the upper threshold in (5.41).
Proof. Recalling the energy identity (5.30),

) =u’=uj+ v— (o' ™V — 17y,

we have for 1y > 0

dr = dt.
\/u% + &(al*\/ —_ f’/'l*V)
v-1
Integration yields
r(ot)
j €,
* 2, 2keo 1-v _ El-v
\/uo + - 1(0( &)
Differentiating the above equality with respect to « leads to
I'(x, t) _B(r.t)
\/u(z) + M(al*\/ _ f’/l*V)
v-—1
where
’ k 1-v _ -V _ 1-v
r UoUg + —— lpoa kegx — lpog 1
Blat) = | v v ag+ L,
0

o |:u2 2keo

+ (O(l_v _EI—V):F/Z
07y -1
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which can be rewritten in terms of M, := (v — 1)(kEy — uoug)/(kno) and
n:=ol"v -8V as

kn()()( Jal_vrl‘v I’] _Mv 1-v V/(l—\/) ].

—0 ol - dn+ —.

(v—-12Jo ,  2keg el n) " Uo
[uo " V- 1’7]

B(x,t) =

It remains to show the positivity of B for all t > 0, provided (5.41) holds. If
M, < 0, then it is easy to see that B > 0 for all t > 0. We now consider the
case M, > 0 by checking the positivity of the possible minimum of B. Note that
eox = po = No¥ and ey = Epx”. A straightforward calculation involving (5.30)
gives

dB  knpox &'V —r!"V-M,

— = 5 .
dt v—-1 u% n vk_eol ((Xl—v _,',.1—\/)

From the monotonicity of the flow map dr/dt > 0, it follows that there exists a
time t* such that

aB

_ aB . . %
i t:t*—O, dt(t t*) >0 fort #t*,

and at this time ¥ (, t*)17V = &'~V — M,,. Therefore we have

B(o, t) = B(ex, t*)

knoo JMV n-M,

1

_ 1-v _ v/(l—v)d
(v—=12Jo [ ), 2keo ]3/2(0( n) e
u n

Uop

Ty -1

knyx th n-hy,(x) 1-v v/(1-v) 1
(x — dn+ — =0,
(v-1)2Jo 2key 72 ¢ " T ug
[uz + n]
Ty -1

provided for all @ € R, My () < hy () < &7V, ie., (5.41), with h” defined in
(5.42). Hence I'(x, t) remains positive for all t > 0 once the initial data remain

above the upper threshold (5.41). O

The above upper and lower thresholds for the cases v = 1 confirm the exis-
tence of an intermediate critical threshold, though we do not provide the explicit
form of the critical threshold. One case in which we can precisely compute the
critical threshold is the 4-dimensional (v = 3) isotropic case, which is given in the
following theorem.
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Theorem 5.10 (Critical threshold for 4-dimensional model (v = 3)). The
global smooth solution of Euler-Poisson equations (5.1)-(5.3) with v = 3 exists if
and only if

(5.43) (oxuy — up)? < 4o (% - Eo) , Vo> 0anduy(0) = 0.

In this case the velocity is given by

oug + [ug + kaEolt 5
(5.44) u(r,t) = — U+ kxEy astt oo,
\/0(2 + 20t + [ud + kaEot? 0

and the density is given by

No(x) o®
[o2 + 20wt + (ud + kEyox)t2]
1
[oc+ (o + ocug)t + (wougy — kEo + Sknoo)t2]’

(5.45) n(r(e,t),t) =

X

Proof. As argued before, it is sufficient and necessary to show that the thresh-
old condition (5.43) ensures the positivity of the indicator functionT forall t > 0.
Let us first solve the flow map equation (5.11) with v = 3, i.e.,

" =keyr >, r(0) =« 7' (0)=1up.

Its energy integral is

2 2

[7'1? = ud + kegox ™2 — kegr ™

=ud + kepo 2 —rr”,

where "' = kegr 3 has been used in the last equalities. Rewriting this relation
leads to

1
5[72]” =[P +rr” =ud + keyx?,

and integration twice gives
r? = o + 20Ut + [ud + kego2]t2.

Hence

(5.46) Y= \/oﬂ +20uot + [ud + kego=2]t2,
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which as u = dr/dt and ey = Ego® gives the velocity (5.44). The corresponding
‘indicator’ function is

(e t) or o+ [ouwol't + 3[ud + kaEol't?
«, = — =
ox \/(x2 + 20wt + [ud + kEot?

o + [ug + auglt + [wouy — kEo + 2knox]t?

\/o@ + 20wt + [ud + kEgt?

Note that at the origin &« = 0,T(0,t) = 1+u(0)t. These explicit formulas imply
that I'(«, t) remains positive for all t > 0, once

knoo

[uo + oug)? < 4« <u0u{) — kE, + ) , Vo> 0, and uj(0) = 0.

This is equivalent to (5.43). The solution (5.45) follows from the above explicit
expression of I'(«, £) when recalling the general formula (5.13). O

The above critical threshold result enables us to claim the following result.

Corollary 5.11 (Breakdown of smooth solutions for the case v = 3). A solu-
tion of the Euler-Poisson equations (5.1)-(5.3) with v = 3 blows up in finite time
if and only if condition (5.43) fails, i.e.,

FxeRT st (auy—up)? = dka (% - E0> )

In this case, n(r,t) and u, (v, t) become infinite as t 1 T, where the blow-up
time is given explicitly by

_ 2
sup{—ua — % + i\/((xu(’) —Ug)? — 4k (%‘X — Eo) }

6. APPENDIX

Proof of the maximum principle. To show that u;+f (x, t)ux = a(x, t)Uxx
satisfies a maximum principle, we find a function that satisfies:

F(x)
2b(x)’

FN(X) _

where b(x) > a(x,t), and b(x) = cx? + 1. We then consider the function
z(x,t) = e'(F(x) + d) and following [13] we prove the maximum principle.
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We make use of general results about the solutions of F' (x) = F(x)/(2b(x))
in the proof. Because b(x) > cx?+1, ¢ > 0, it is easy to show [4, p. 106, question
35] that the solution of the ODE must look like a solution of F”"(x) = 0 for large
enough x; i.e., F(x) looks like 7. x + s.. It is easy to see that if we let F(x¢) = 1
and F'(xy) = 0, then the solution of the ODE will be concave up near xy. As
F"'(x) is positive at xo, we find that to the left of xp, the function F(x) must
be positive and its derivative must be negative. Similarly, to the right of x¢ F(x)
must be positive and its derivative must be positive. Thus F(x) = 1 for all x.
Thus, F”"(x) is also positive everywhere. That implies that F’(x) increases from
some negative value to some positive one. Since asymptotically F(x) is linear, we
find that F’(x) must tend to some constant value as x tends to +oo. In what
follows, we shall point out F(x)’s dependence on xq by using the notation Fy, to
denote the solution of our ODE with initial data given at xo.

We note that if we define Gy,,q = Fx, (x) +d, then for all positive d, Gy, 4 sat-
isfies the inequality G;O,d(x) < Gxy,a/(2b(x)). As Fy, is bounded, as d increases
|G;c0, 4/ Gxo,al tends to zero uniformly in d.

Consider the function z(x,t) = Gy, a(x)et. We find that z; = z and zxx =
G;(,,d(x)et- Thus,

zi + f(x,)zx = Gya(x)e' + f(x, )G, 4(x)et

=e! (GX%(X) +b(x)GY 4(x) + f(x’t)G;‘md(X))
Gxpa(X)

> +f(x,t)G;CO‘d(x)>.

> a(x,t)Zyy + et (

If we make d large enough, we can make G as much larger than G” as we please.
Thus, we find that for sufficiently large d, z¢ + zx f(x,t) > a(x,t)zxx. More-
over, z(x,0) tends to infinity linearly in x and exponentially in t.

We note that we can use e“! rather than e’ by letting F solve the equation
F"(x) = cF(x)/(2b(x)). This is what allows us to state that E(t) may be expo-
nential and need not be sub-exponential.

Now we modify one of the standard proofs of the maximum principle for the
heat equation [13, pp. 216-218]. We consider w(x,t) = u(x,t) — ez(x,t),
where € > 0. Clearly, w satisfies w; + f(x,D)wyx < a(x,t)wxx. If we con-
sider this equation on a finite interval, [x;,x,], then w satisfies the maximum
principle:

w(x,t) < max(w(xy, t),w(x,,t), max )w(x,O)).
XeE(X1,X2

As z(x,t) > 0, we find that maxye(x,x,) w(x,0) < sup, u(x,0). Also, as
z(x,t) increases linearly in space and exponentially in time (with any desired
exponent) and, by assumption, u(x,t) increases more slowly, it is clear that for
any Xo, for any x of sufficiently large magnitude, w(x,t) < sup, u(x,0). In
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fact it is not necessary that u(x,t) be strictly sub-linear. It is sufficient that it
be sub-linear on an infinite sequence of points for which +co are limit points. If
lu(x,t)| < D(x)e? for all t and an infinite sequence of values, {x;}, that has as
limit points + oo, then we will be able to find an infinite sequence of points, X;,
for which w (x, t) < sup, u(x,0).

Putting all of this together, we find that for any ¢ if the magnitude of x; and
X is sufficiently large and x; and x; belong to the sequence of points on which
u(x,t) is sublinear, then w (x1, t), w(x2,t) < sup, u(x,0). Finally we note that
as€ — 0, w(xo,t) = u(xp,t). Thus, we find that u(xo,t) < supu(x,0). As our
argument in no way depends on X, we find that sup, u(x,t) < sup, u(x,0).
A simple corollary of this is that if all the hypotheses above are met, then if u; +
fx,t)uyx = c +a(x,t)uxy, then s(x,t) = u(x,t) — ct satisfies the maximum
principle. Thus, u(x,t) < sup, u(x,0) + ct. Finally, by also considering —u we
find that infy u(x,0) + ct < u(x,t) <sup, u(x,0) + ct.

Remark 6.1. We see that if it is known that |u(x, )| < D(x)e® forall t and
for an infinite sequence of x’s that run to oo, then u(x, t) satisfies a maximum
principle. If one knows that the growth of u(x,t) in time is only exponential,
then in order for u to fail to satisfy a maximum principle, it is necessary that
u(x,t) has growth in x that is faster than any sub-linear function. In particular,
u(x,t) > Mx/In(x) for all sufhciently large x.

Remark 6.2. We show that having some condition on f(x,t) is necessary.
Consider the equation u; = b(X)uUxx. If we let v = Uy, then we find that v; =
(b(x)Vx)x We have already shown that if b(x) > x2*¢ + 1, then the equation
F"b(x) = F has a solution that grows linearly at + o and whose derivative, F’ (x)
increases from some value at —o to some value at co. Let H(x) = F'(x). We
find that (b(x)H'(x)) = H(x). Thus, e!H(x) is a solution of the equation for
v. This is a bounded solution of the equation that satisfies neither a maximum
nor a minimum principle. Of course, we can rewrite the PDE for v in the form
Vy — b (x)Vx = b(X)Vxx. Thus we see that it is imperative that some conditions
be placed on f(x,t). Clearly this “hyperbolic term” can destabilize the parabolic
PDE.

If one specializes to b(x) which are even, then it is easy to say more. For such
b(x) it is easy to see that the solution of b(x)F" = F with initial data F(0) = 0,
F'(0) = a, a # 0 is odd, linear at infinity, and F'(x) is even and tends to a
nonzero constant, k, at +co. F'(x) will always be greater than or equal to a. If
b(x) = cosh(x), then (using more results on the asymptotic behavior of ODEs)
we also find that F(x) — kx + £ exponentially fast at +0c0. Consider the function
e!F(x) — kx —¥. It is initially bounded (it even tends to 0 at +c0), it is a solution
of u(x,t) = b(X)uUxx, and it does not satisfy a maximum principle. We note
that a function that solves the heat equation cannot blow up in this fashion. The
bounds on the solution and the fact that the solution was initially bounded would
be enough to guarantee that the solution remained bounded.
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