INFINITE SPEED OF SUPPORT PROPAGATION FOR THE
DERRIDA-LEBOWITZ-SPEER-SPOHN EQUATION AND
QUANTUM DRIFT-DIFFUSION MODELS

JULIAN FISCHER

ABSTRACT. We show that weak solutions of the Derrida-Lebowitz-Speer-Spohn
equation display infinite speed of support propagation. We apply our method
to the case of the quantum drift-diffusion equation which augments the DLSS
equation with a drift term and possibly a second-order diffusion term. The
proof is accomplished using weighted entropy estimates, Hardy’s inequality
and a family of singular weight functions to derive a differential inequality;
the differential inequality shows exponential growth of the weighted entropy,
with the growth constant blowing up very fast as the singularity of the weight
becomes sharper. To the best of our knowledge, this is the first example of
a nonnegativity-preserving higher-order parabolic equation displaying infinite
speed of support propagation.

1. INTRODUCTION

The Derrida-Lebowitz-Speer-Spohn equation

w=-V. (wAﬁ)
NG
is of mathematical interest due to three reasons: first, as shown by Derrida, Lebowitz,
Speer, and Spohn [8], its one-dimensional version arises in the study of interfaces
in the Toom model, a stochastic cellular automaton describing the evolution of a
spin lattice. Second, it is the equation associated with the leading order operator of
quantum drift-diffusion models, i.e. drift-diffusion models for charge transport in
semiconductor devices which include lowest-order quantum corrections; for a deriva-
tion of the quantum drift-diffusion equation, see the article by Degond, Gallego,
Mehats, Ringhofer [7] and the references therein. Third, it is the equation associ-
ated with the gradient flow of the Fisher information [ |Vy/u|? dz with respect to
the Wasserstein distance as shown by Gianazza, Savare, and Toscani [13].
Regarding existence of weak nonnegative solutions, for d < 3 and different
boundary conditions a satisfactory theory of existence has been developed inde-
pendently by Jingel and Matthes [17] and by Gianazza, Savare, and Toscani [13];
see also [1, 18, 20] for other existence results. Recently, uniqueness of weak solutions
in some class of sufficiently regular solutions has been shown by the author [10].
Note that the entropies found by Jiingel and Matthes [15] imply that the solutions
of the DLSS equation constructed by them [17] belong to this class of uniqueness.
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To the best of our knowledge, almost all results on qualitative behaviour of
weak solutions to the DLSS equation are concerned with large time behaviour or
perturbations of a steady state (see e.g. Jiingel and Toscani [19], Caceres, Carrillo,
and Toscani [2], Gualdani, Jiingel, and Toscani [14], Dolbeault, Gentil, and Jiingel
[9]). Regarding positivity of solutions of the DLSS equation, only for d = 1 it is
known that (at least formally) [ |logug| dz < oo implies [ [logu(.,t)| dz < oo for
all t > 0. However, to the best of our knowledge there are in particular no results
on the short-time behaviour of the support in case supp ug # 2.

In the present work, we prove that weak solutions of the DLSS equation dis-
play infinite speed of support propagation; more precisely, we prove that for any
nontrivial solution supp u necessarily equals Q x [0, 00) if € is connected.

Deriving lower bounds on the support of solutions to nonnegativity-preserving
higher-order parabolic equations is a difficult task due to the lack of a comparison
principle; to the best of the author’s knowledge, no lower bounds on support prop-
agation for higher-order nonnegativity-preserving parabolic equations have been
available until recently, when the author managed to solve this problem in the
case of the thin-film equation [11, 12]. The author’s method proceeds by looking
for some weighted versions of backward entropies, which turn out to be strictly
increasing with respect to time by themselves; then a differential inequality argu-
ment analogous to the one by Chipot and Sideris [6], who derived upper bounds on
waiting times for the porous medium equation, applies. By these means the author
has obtained upper bounds on waiting times for the thin-film equation as well as
optimal lower bounds on asymptotic support propagation rates.

In the present work, we use a nontrivial adaption of this method. In the case of
the one-dimensional DLSS equation with periodic boundary conditions, we roughly
insert |x|? (where v < 0) as a test function into the weak formulation of the equa-
tion and apply Hardy’s inequality to deduce a differential inequality which shows
that [u(.,t)|z|” dz grows exponentially with time. The growth constant of the
exponential function is seen to behave like |v|3; thus passing to the limit v — —oo
we obtain a contradiction. In the multidimensional case, we need the reformulation
of the DLSS equation in terms of \/u which the author has proven to hold for weak
solutions within the class of uniqueness in [10]; we then again insert |z|? and use
Hardy’s inequality to obtain a differential inequality, arguing analogously to the
one-dimensional case. For the quantum drift-diffusion equation, we are faced with
the problem of additional negative terms of the form —|y|b(t) [ v/u(.,t)|z|" dz ap-
pearing on the right-hand side of the differential inequality, where b € L} ([0, 00))
for some p > 1. We show that the effect of these terms on the solutions of the
differential inequality is negligible compared to the effect of the positive term
A3 [ V. t)le] da.

Throughout the paper, we use standard notation for Sobolev spaces. By abuse
of notation, by e.g. L2(I; W 2(2)) we denote the space of functions u which for all

loc
K ccC Q satisfy u € L*(I; W'2(K)). We set I := [0,00). By L? (I; X) we denote
the set of all mappings v : I — X which belong to L?([0,7]; X) for all T > 0. By
((H?)")10¢(2) we denote the space of all distributions on  which belong to H ~2(K)

for all K cc Q.
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2. MAIN RESULTS

Jiingel and Matthes [17] have introduced the following definition of weak solu-
tions of the DLSS equation with periodic boundary conditions:

Definition 1. Suppose Q = [S']4. Let ug € LY(Q) be given with ug > 0. We
call a nonnegative function u € L>(I; L*(Q)) with u € WH1(I; H2(Q)) and \/u €
L?(I; H%(Q)) a weak solution to the DLSS equation with initial data ug if for all
e L=(I; H3(Q)) we have

T T
2 — u u) 2 XL =
(1) /O<c’9tu,w>+/0 /Q(\/EDI VVu® V) : D*) do dt =0

for all T > 0 and if in addition u(.,0) = ug(.) in H~2().

For d < 3, existence of weak solutions for initial data ug with uglogug €
L*([S1]%) has been shown in [17].

For our second result, we use the following weaker definition of local weak solution
(where “local” refers to space, not time) which does not impose any boundary
conditions:

Definition 2. Let Q C R? be open or let Q = [SY]?. Let ug € LY(Q) be given with
ug > 0. We call a nonnegative measurable function u with u € Wzicl (I; (H*(2)))10c)
and Ju € L} (I; H2.(Q)) a local weak solution to the DLSS equation with initial
data ug if for all ¢ € L>(I; H*(Q)) with the property J,c; supp¥(.,t) CC Q we

have
T T
(2) /O (Opu, 1) dt+/0 /Q(\/EDWE—V\/M@V\/E):D% de dt =0

for all T > 0 and if in addition u(.,0) = ug(.) in (H*(2)))ioe-

Our third result involves quantum drift-diffusion models. As we are interested
in qualitative behaviour of solutions, we only need to consider the case of a sin-
gle charge-carrier species in an arbitrary but fixed electric field (subject to some
regularity conditions). Our result then applies to all solutions of coupled quantum
drift-diffusion models, as for a given solution the density of any fixed species solves
a scalar QDD equation with given electric field.

The (dimensionless) quantum drift-diffusion equation for a single species u reads

AV
Vu
where ¥ > 0 denotes the temperature. Existence of solutions for such models has
been shown e.g. by Chen, Chen and Jian [5], Chen and Chen [4], and Chen and Ju

[3]. We shall work with the following notion of local (with respect to space) weak
solution:

ut:—V~<uV >—V-(uVV)+V~(19Vu),

Definition 3. Assume that Q@ C R? is open or that Q = [S']?, where 1 < d < 3.
Let ug € LY(Q) be given with ug > 0. Let V. € L (I;L} .(Q)) be given with
AV € L (I; L} () N Ly, (I; HE (Q)). Let u be a nonnegative function with

u € LS. (L5 Lo () N Wi (15 (H?(2)) Vioc) and V/u € L}, (I H}, ().

loc loc loc loc
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We then call u a local weak solution of the quantum drift-diffusion equation with
initial data ug if for all ¥ € L>(I; H*(2)) with e, supp¥(.,t) CC Q we have

T
/ (O, ) dt
0
T
:7/ /(ﬁDQ\ffVﬁ@V\/ﬂ):Dzw dx dt
0 Q

T
+/ /19Au Y4+u VV -V do dt
0o Jo
for any T > 0 and if in addition u(.,0) = ug(.) in ((H2(2)))i0c-

Again our definition does not include any boundary condition. Note that exis-
tence of such solutions has not yet been established; however, as formal calculations
yield energy estimates which imply bounds for solutions in the stated norms, we
expect such weak solutions to exist, at least for periodic boundary conditions (and
presumably also for Dirichlet-Neumann boundary conditions).

Our first main result deals with the one-dimensional case. It reads as follows:

Theorem 4. Let u be a weak solution of the DLSS equation on S'. Suppose that
||uol|zr > 0. We then have suppu = S* x [0, 00).

In the case of several spatial dimensions, we need to impose an additional reg-
ularity assumption on the solution, namely ui € L2(I; H2(Q)). However, this
regularity is implied by the entropy estimates for the DLSS equation and thus is
satisfied for the solutions constructed by Jiingel and Matthes [17]. Moreover, note
that this additional regularity is precisely the additional regularity of solutions
within the class of uniqueness obtained by the author [10].

The second main result covers the case of several spatial dimensions.

Theorem 5. Suppose that @ CC R is connected or that Q = [S']%. Let u be

a local weak solution of the DLSS equation with the additional reqularity ui €
L} (I; HE (). Assume that |lug||zr > 0 and that u € L§S,(I; LY (SY)). Then for

every 6 > 0 and every xo € Q we have suppu N (Bs(xg) x [0,48)) # 0.

Remark 6. Note that in case of periodic or no-flux boundary conditions, mass is
conserved and therefore the condition w € L5, (I3 L' (SY)) is always satisfied. More-

oc
over, in this case we have ||u(.,t)||r > 0 for every t > 0 and therefore we obtain

suppu = Q X [0, 00)
(since the theorem can be applied starting at any time to > 0 instead of to = 0).
Our third result covers the case of quantum drift-diffusion models:

Theorem 7. Suppose that Q CC RY is connected or that Q = [S']?. Let u be a local
weak solution of the quantum drift-diffusion equation with the additional reqularity
ui € L2 (I; H2 (). Suppose that ||ug||1 > 0. Then for every § > 0 and every

loc loc

xo € Q we have suppu N (Bs(zo) x [0,6)) # 0.

Again, the regularity assumption ui € L2 (I; H2 () follows from (formal)
entropy estimates; thus, we expect weak solutions with the stated regularity to

exist.
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Note that again in case of periodic or no-flux boundary conditions, mass is con-

served and therefore the condition u € L$° (I; L' (£2)) is always satisfied. Moreover,

in this case we have ||u(.,t)||,1 > 0 for every ¢t > 0 and therefore we again obtain
suppu = Q x [0, 00).

3. INFINITE SPEED OF PROPAGATION FOR THE DLSS EQUATION

‘We now proceed to the proof of infinite speed of support propagation for solutions
of the DLSS equation. We first prove two Hardy-like inequalities which will be
required.

Lemma 8 (Hardy-like inequalities). Let ¢ € C*° (R%\ {0}) be given with Ay > 0
on R4\ {0}. For any nonnegative v € H? with suppv CC R\ {0}, the inequality

2 2
/vA¢dx§/@~%dx

holds. Moreover, for any nonnegative v € H' with suppv CC R4\ {0}, the inequal-

ity
2
/v2A¢ dx < 4/|Vv|2- |qu’2} dx

is satisfied.

Proof. Regarding the first assertion, for smooth compactly supported nonnegative

v we calculate
/’UA’L/) dx:/AU~1/)dm

[y
= </supp'u(v * E)Aw dm) (/suppv V+e€ A’L/} dz

By approximation (convolution of v with a smoothing kernel and passing to the
limit) this formula remains valid for any v with the properties stated in the lemma.
Passing to the limit e — 0 using the monotone convergence theorem, we finish the
proof.

Regarding the second assertion, for smooth compactly supported nonnegative v
we calculate

/v2A1/) dxr = 72/1)VU'V1/) dx

3 2 3
<2 (/ V2 A da:) (/ |Vol? - [Vl dx)
supp v supp v Aq/}

By approximation (convolution of v with a smoothing kernel and passing to the
limit) this formula remains valid for any v with the properties stated in the lemma.
O

We now prove our main result in the one-dimensional case with periodic bound-
ary conditions.
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Proof of Theorem 4. Let us rearrange the weak formulation of the DLSS equation
(1) by integration by parts to yield

T T 1 T
/ <atua7/}> dt = 2/ / |\/ax|2w9€z dx dt — 7/ / U Yygze dr db .
0 0o Jst 2 Jo Jsr

We argue by contradiction. Suppose that there exist g € S*, 6§ > 0, 0 < tg < tg
such that supp uN (Bs(xo) X [ts,tr)) = 0. We may identify S with [0,1). Without
loss of generality, we may assume xzg = 0. We plug in 7 as a test function in the
weak formulation, where v < —4. This is possible as by our assumption this test
function is smooth in supp u|g1[¢g.¢,). Thus we obtain for any tg € (tg,tg) and
any T e (fo,tE)

/ u(.,t)z” dx
(0,1) t

3) —2y(y— 1) /T / Vi [2e72 da dt

1
— =y =D (y=2)(y — 3/ / )74 da dt .
2 01)

Recall that by Lemma 8 we have

4
/ Vit dw < 72/ IV, |2z 2 dx .
(0,1) (v=3) (0,1)

T

Using (3) it follows that

/ u(.,t)x” dx
(0,1)

2%7(7*1)((7 3)° — (v —2)(v—3)) //01) )7~ da dt

1

—v(y =1y - 3/ / )27~ dx dt

27 to 01)

1
——y(y—=1)(vy - 3/ / )z dz dt

2" to 01)

where in the last step we have utilized x=% > 1 on (0,1). Gronwall’s Lemma now
implies that

T

to

(4) / u(., T)zY dx 287%7(771)(773)(717%)/ u(.,to)z” dx
(0,1) (0,1)
Ze—év(v—l)(v—fi)(T—to)||UO||L1

where again we have used 7 > 1 on (0,1). We now note that

| Ty do <8l Dl = ol
(0,1)
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where we have used conservation of mass and the fact that ¥ < 67 on supp u(., t)
for t € [ts,tr). Putting this estimate and the inequality (4) together, we obtain
8 |uo|| 12 > e—%v(v—l)(v—?’)(T—to)HuOHL1
or equivalently in case ||ug||p1 > 0
1> e Mlogd+5(y-D(7=3)(T~to)]

which yields a contradiction if we let v — —oo for 6 > 0 and T' > ¢, fixed. This is
possible as v < —4 is arbitrary. Thus our assertion is proved. (]

The following result has been established in [10] in case of weak solutions (see
Lemma 15 in [10]); however, the proof for local weak solutions is entirely analogous.

Theorem 9. Given any local weak solution u of the DLSS equation with the
additional regularity ui € L} (I;HE,), we have for any ¢ € L>(I;W*>) N
WE(I; L) with (., T) =0 and Usejo,rp supp¥(.,t) CC Q

T
(5) —2 [ (V) de=2 [ a0 do

:/OT/\;/’Emﬁ? dxdt—/oT/A\/ﬁAzpdxdt.

By the following lemma (whose first part is well-known), the term
well-defined and belongs to L} (I; L} ):

loc loc

1AVl

B

is

9

Lemma 10. Let d < 3. Given v € H? (Q) with v > 0 and ¢ € C°(Q), we have
vE € W’llof(Q) with the estimate

/¢4|vv%|4 dx gC(d)/¢4|D2v\2 dg;+0(d)/v2|v¢|4 dx .

Moreover, for v € H () with v > 0 and /v € HE,.(Q) we have Av =0 a.e. on
{v=0} and
|Av|?

v

L2
= dxoro - (A\/E + 4| Vot |2)
pointwise a.e..

Proof. We calculate for smooth strictly positive v

1 1
/\8iv§|4¢)4 dzx = 6 /v*2|8iv|4¢4 dx
_3
16

By Young’s inequality we obtain
/|8¢1}%|4¢4 dx < C’/ |0 v|2p* dx+0/v2|8i¢\4 dx .

Taking the sum with respect to i, we obtain the first assertion of the lemma for
smooth strictly positive v. By approximation the inequality carries over to the case
of stricly positive v € HZ,.. Considering v + € and passing to the limit € — 0, we

finally see that the first assertion of the lemma holds for any nonnegative v € H 1206.

v R o d + / v 00 836 ¢ da .
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Regarding the second assertion of the lemma, we first note that the first assertion
of the lemma applied to /v yields vi € VVllof( ). For smooth strictly positive v
we calculate

AP IV (OVVOR (VA + [TV

v
which implies

1Al (Aﬁ+ 4|Vt |2)2

By approximation, the latter identity remains valid a.e. for strictly positive v € H?, .

(note that by d < 3 we have v € L{?.). To prove the identity for all nonnegative
€ H?, with /v € H? ., we consider v + € in place of v and deduce by the chain

loc

rule (note that A(v + €) = Av)

|Avf? NG ) Eooe)
s (FA\ij( )%|V\f| +4(U+6>%|v |> .

Passing to the limit ¢ — 0, the desired assertions are obtained as by dominated
convergence the rlght hand side converges strongly in L}, to the desired limit (note

that V /v = 07 Vv4) and the left-hand side converges pointwise a.e.. (]

We are now in position to prove the infinite speed of propagation result in up
to three spatial dimensions. We first show that the assertion of the theorem holds
for any point z¢ € Q with dist(zg, suppug) < dist(zg, 9Q); the general case will be
seen to follow below.

Lemma 11. Suppose that @ CC R is open or Q = [SY? with d < 3. Let u
be a local weak solution of the DLSS equation with the additional reqularity ui €
L? (I; HE (Q)). Assume that u € L2, (I; LY (Q)) and that suppug # 0.

Given xo € Q with dist(zg,suppug) < dist(xg,dQ), for any 6 > 0 we have
supp u N (Bs(zo) x [0,0)) # 0.

Proof. We argue by contradiction. Assume that there exists § > 0 such that
(Bs(z) x [0,0)) Nsuppu = @. Set r := dist(zo,suppug) and R := dist(zg, dQ);
by assumption we have r < R. Take a smooth nonnegative cutoff ¢ with ¢ =1 on
Baren (z) and ¢ = 0 on RY\ Birizn (z9). Let £ € C*°(R) be a smooth monotonous
function with £ =1 for s <0 and £ =0 for > 1. Let to € (0,9) and v < —d — 4.
We use 1(z,t) := ¢*(x)|z — xo|” - £ () as a test function in formula (5) (which
is applicable by our assumptions).

Letting ¢ — 0 and noting that v/u € Wb (I; (H2,,)) VLS (I; L7,
continuity in L? . of the map ¢ — /u(.,t), we obtain

2/\/u(.,t0)¢>4|x—x0|7 dm—2/\/%¢4\x—xo|”’ dz
to

/ /¢’4 o A/al? da dt — / /A\/EA(¢4~|x—a:0\7) do dt |
0

) implies weak



INFINITE SPEED OF PROPAGATION FOR THE DLSS EQUATION 9
Let 0 < t; < t2 < §. We obtain (since the previous formula holds for any ¢q € (0, 6))
2 / Vul.,ta)otz — x| dx
:2/\/u(.,t1)¢4|x — xo|” dx
t2 |z — x0| b2 2
(6) / / Alp* V| dxdt—/ /qbfA |z — xo|” dx dt
t1

e 1?0| ool
v [ [ e - S A ) s

—/ /\/wa — o] - ¢*V/a Ao — z[" du dt .
t1

Note that \/¢4 = ¢2ui € L2 (I; H2,); thus we know by Lemma 10 that the
expression \/ﬁ Alp*\/u] is well-defined and belongs to L? (I; L2 ).

Lemma 8 applied to v := ¢*\/u and ¢ := Alx — x¢|” for v < 1 — d states that

2)( 4
(’Y ()72+d+d /(b fAQx—x|7dac</||$—$o|'ydﬂU-

Using this inequality in (6), we get

2/ Vul(,ta)ot e — x| da

22/ Vul(, )¢t e — 20| da
ta
(7) +(772)('yf4+d)(74772d+8)/ /¢4\/ﬂ |z — 207" da dt
A e N e N
- / /\/aﬁ[fbﬂx — o] = ' VaA2z — zo|" da dt .
ty

Note that the difference in the latter two integrals is nonzero only on supp V¢, i.e.
it is zero outside of Bri2r (xg) \ Bar+r (xg). Moreover we have
3 3

1 2
|7z e b (B o) H s (e

8)  <C(r,R)||¢*ut|? +C(r, R)lu
®)  <CeR)o IIHQ(Bﬂm)) I ()

C(r,R ik
B o)

(the first inequality is a consequence of the second assertion of Lemma 10 applied to
v := ¢*/u and v := \/u using some suitable cutoff ¢; the second inequality follows
noting that ¢ depends only on r and R). Note that

|A(¢*Vau) — ¢*"AvVu| < Ce?|Velut [Vut| + O | Vo> Vu + C6°| Aglvu
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which implies
1
¢2us

SO, RNy 205 stz - (V)

3

) INCNRE AN

Moreover, we have

(10)  [¢*A%|z — zo|” — A*(¢*|z — wo|")]
SO B)X (2058 gl < 2228 (lx — ol + | - [ — o'
+ (WP +D)Jr =2+ (P 1) - o~ $0|W_3> '

Putting (8), (9), and (10) together, we therefore obtain (note that the constant
does not depend on ~)

to 4 _ _
/ /W|A\/ﬂ|2_W|A[¢4\/ﬂ]|2 dx dt‘
t1

NG
t2
+ / /\/EAQ[&\:E—CEOM — [ Vu A%z — wo|" da dt‘
t1
“2r2r+ R 12
<C(r,R)(1+ 3/ [ ] ut ar-
( )( |’7‘ ) o 3 H2<B#(1o)>

Using this inequality in (7), this proves that
/\/u(.,t2)¢4|z —xo|? dx
2/\/u(.7t1)¢4|x — x| dx
1 t2
+*(7—2)(7—4+d)(—4y—2d+8)/ /¢4\/ﬁ |z — 20[7™* da dt
t1

2

—C(r,R) 1+ [7]?) {Qr;Rr/:

(11) 2/\/u(.7t1)¢4|x—m0|7 dx

ta
- 1(“y— 2)(y —4+d)(—4y - 2d+8)R_4/ /¢4\/17 |z — ol dx dt
t1

2

e (espnien)

1
u4

2

ot m+ b 28 [

2

> (3#(10)) dt .

1
I

Knowing that r = dist(xg, supp ug) we see that My := st 1 (o) V1O dx > 0 and
4

therefore

4

/\/u(.,0)¢4|x —xo|” dz > [3T+R]7Mo >0.
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Here we have used that ¢ =1 on B 2rip (zp). We now apply Gronwall’s inequality
to (11) and our assumption (Bjs(zg) x [0,9)) Nsuppu = 0 to yield for ¢ € (0,0)

57/\/u(.,t)¢4 dx
2/\/u(.,t)¢4|zf:co|7 dx

z(/mwmw "

-ctm+ il [P [

2

12 (B o (a0)) dt)

- exp (;R_‘l(v —2)(y—4+d)(—4y—2d+ 8)t>
2( PIRTMO
~Cr, R+ ) {QT;RT/:) ;(Bﬁs“%)) dt)

- exp (;R4(7 —2)(y —4+d)(—4y—2d + 8)t) .

1
u4

1
u4

For —~ large enough (depending on r, R, My, and u), the first factor can be
estimated from below by % [%]7 My since W < %. Dividing both sides of
the inequality by §7 we obtain for ¢ € (0, d)

/ V(. t)¢* do

1 1
2§M0 exp <2R_4(7 —2)(y—4+d)(—4y —2d+ 8)t

3r+ R
4

+ vlog 710g5> .
Letting v — —oo we get [ y/u(.,t)¢? dz = oo for any t € (0,5). With ¢ being
compactly supported, this contradicts the fact that u € L (I; L}, ) and therefore

loc loc

finishes the proof. O

Proof of Theorem 5. Having shown the assertion of the theorem for any zo € 2
with dist(zg,suppug) < dist(zg, ), the general case follows easily by iterating
the result of the lemma: Given an arbitrary point xy € 2 and a point y € Q) with
dist(y, suppug) < dist(y, dQ) (such a point exists as otherwise suppug = @), there
exists a path a : [0,1] — Q with a(0) = y and a(1) = x¢. By compactness of the
interval [0, 1] and continuity of «, for any n sufficiently large we have

dist (a (2) L (’T)) 4 % < dist ( ([0, 1]),09)

for all k € {0,...,n — 1}. We additionally require n > %
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Since dist(y,suppug) < dist(y,d), by the previous lemma there exists ¢y €
[O, %H) such that the inequality dist(a(0),suppu(.,tg)) < % holds (note that by
u € Wy, (I (H},

loc

)') and by sup,c(o,5) [[u(.,?)[|1 < 0o, we know that the mapping
t — u(.,t) is a weak-+* continuous mapping with values in the space of Radon

measures). This implies
) 7supput,to)>

&m<a
a2 (2)) o (3 o)
) (2))

< dist(a([0,1]), 00)

oo () )

We can therefore apply the previous lemma again (starting at time ¢ instead of 0)

S~ N 7 N 7N

< dist <a

— 3o 3|lo 3=

=

to obtain t; € [to, A) satisfying

n+1
. 1 1
dist (a | — | ,suppu(.,t1) ) < — .
n n

More generally, let k& € {1,...,n—1} and assume that there exists t, € [07 5(k+1))

n+1
such that
k 1
al—),suppu(.,tg) | <= .
n n

,suppu(-,tk))

(
(5°)
< dist (a (k“) Lo (5)) + dist (a (:) ,Supp u(-»tk))
<mﬁ(a§ g

< dist(a([0, 1]),

Thus, applying the previous lemma again with initial time ¢; instead of 0, we see
that there exists tp11 € [tk,tk + %) (in particular t541 € [0, 5(k+2))) with

n+1
k41
dist <a (+) ,suppu(.,tk+1)> <
n

Arguing by induction, we finally obtain a time ¢,, € [0,9) for which the estimate
dist(c(1), suppu(., t,)) < L < § is satisfied (recall that n > 1). This finishes the
proof since a(1) = zo. O

S|

~
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4. INFINITE SPEED OF PROPAGATION FOR QUANTUM DRIFT-DIFFUSION
MODELS

We now adapt our method to the case of quantum drift-diffusion models. We
need the following theorem which is proven by proceeding as in the proof of Theorem
9 in [10] (the proof in [10] is stated only for weak solutions, but it also applies
without any changes to local weak solutions):

Theorem 12. Let u be a local weak solution of the quantum drift-diffusion equa-
tion with the additional regularity ui € L} (I;H}E,). Then it holds that \/u €
Wllo’cl(l; ((H?) )1oc); moreover, for any ¢ € L*(I; H?) with | J,c; supp¢(.,t) CC Q
we have

2/tfz<ﬁt,w> at

:/tt/Q |A\/€‘2¢ dz dt—/:/QA\/EAw dz dt

to . to
+ 819/ / |Vui|?y de dt+219/ / VUl dz dt
t1 Q t1 Q

to ta
—/ /wvv-v\/ﬂdxdt—‘r/ /\/EVV-VzﬂdJL‘dt
t1 Q t1 Q

for a.e. 0 <ty <ty and a.e. to >0 in case t; = 0.
Furthermore, the following Gronwall-type estimate will be required:

Lemma 13 (Gronwall’s Lemma). Let f : [0,7] — R be a nonnegative measureable
function satisfying the integral inequality

£ > £0) + / B(E) () — d(t) + e(t) dt |

where b,d,e € L'([0,T]) are nonnegative. Then the estimate

F(t) > <f(())+/0te(t) dt) - exp <—/0tb(t) dt) —/OTd(t) dt

holds true for all t € [0,T].
Proof. Define

g(t) = (f(O) +/Ote(t) dt) exp (-/Ot b(1) dt) —/OT d(t) dt .

Writing g(t) = g(0)+ fot % g(t) dt and using the integral inequality for f, by standard
estimates we deduce

£ — gt) > — / bLF(E) — g(t)] dt

Reformulating this inequality in terms of g — f, we may apply Gronwall’s inequality
in its standard formulation to conclude. (I

The first step in the proof of Theorem 7 is the derivation of an estimate for our
usual weighted entropy.
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Lemma 14. Let d < 3. Assume that u is a local weak solution to the quan-
tum drift-diffusion equation with nonnegative initial data ug. Suppose that ut €
L} (I; HE (). Let xg € Q. Set R := dist(zo, Q) and r := dist(xo, suppug). As-

loc
sume that 0 < r < R and let ¢ be a smooth function on Q with supp ¢ C BT+32R (zo)
and ¢ =1 on BZr;rR (x0). Suppose that there exists § > 0 with supp u N (Bs(xo) X

[0,8)) = 0. Then we have for any v < —d and any 0 <t <ty <4

ta

/\/ﬂ(,t)\x — 200" dx

t1
1
>y = 2)(y — 4+ d)(~4y — 24+ 8)R / [ Va0l —al o
ty
to
(12) —/ 1AV, 1)l R@m)/f Bl — zol "¢ da dt
tzl
|’Y|/ *||VV HL"O(BR(xO))/ Vau(, )|z — zo| ¢t do dt

— C(r, R, $)(1+ |]*) FT;R} /t :

2r+ R
3

dt
H2(BR(Z0))

1
u4

—c<r,R,¢>[ } / VG )220 00 19V (o )l 22085 ) €

where we have set R := #.

Proof. We plug in |z — zo|7¢* as a test function in Theorem 12. This is pos-
sible since by our assumption, |z — x|”¢* coincides on some neighbourhood of
Ute[o,é) supp u(.,t) with a smooth compactly supported function. Estimating the
terms originating from the DLSS operator as in the proof of Lemma 11, we obtain
for a.e. 0 <t; <to < and a.e. ty € (0,9) in case t; =0

to
2 / (i, | — ol 6%) dt

t1

2(7—2)(7—4+d)(—4v—2d+8)/t2/¢>4\/ﬂ(.7t)|x—x0|7_4 dx dt
-cora+hP) 250 [

to )
+ 819/ / |Vut |2tz — zo|? da dt
t1 Q

2

122 (Pospn (e0))

1
1

dt

to
+ 29 / VulA(¢tz — xo|?) da dt
t1 JQ
ta
—/ / ¢|le — xo|"VV - Vu dx dt
t1 Q
to
+/ / VaVV - V(¢ e — xzo|?) dx dt .
t1 Q
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Since we have v/u € W, (I; ((H?)")10¢) which implies that /u € CP_(I; (H?))i0c)
and since |x — 29|7¢* is smooth in some neighbourhood of Usepo,s) supp u(., ), we
in fact obtain this inequality for every ¢1, {2 with the stated restrictions (not just
a.e. tq, ta).

Integrating by parts in the penultimate term and estimating, we obtain
to

2/\/&(.,75)@71’0”(1)4 dx

t1

>(y=2)(y —4+d)(—4y—2d+38) -/tt2/¢4\/ﬂ(.7t)|x—x0|7_4 dx dt

+219/tt2/9\/ﬂ¢4A|x—x07 dx dt

—C/t2/§2\/a¢3|v¢| o — a0 da dt

t1

-C :2/9\/6@252|V¢|2|x—x0|7 dx dt

-C tt2/§2\/ﬁq§3|A¢|~|x—xo|'y dx dt
+/tt2/ﬂ¢4|x—:ﬁo|7\/aAV dx dt
+2/tt2/ﬂﬁvv-w¢4|x—xo|7) dx dt

~ctrrou+n) 2] [0

2

#2(Besgn o)

1
1

dt .

Using the fact that v(y—24d) > 0, we may drop the second term on the right-hand
side. Using the fact that |x — z¢| > # on supp V¢ and the boundedness of the
first and the second derivative of ¢, we may estimate the third, the fourth, and the
fifth term on the right-hand side to yield

ta

2/\/1;(.,t)|x—m0|7¢4 dx

ty

>(y = 2)(y — 4+ d)(—4y — 2d +8) /ft2/¢4\/ﬂ(.7t)|a:—xo|'y_4 do dt
+/tt2/ﬂ¢4|x—:co|7\/ﬂAV dx dt
+27/tt2/9ﬁvv. ¢z — 20| (2 — m0) dx dt
—&-8/:2/9\/EVV-¢3|$—$0|7V¢ dz dt

—C(r,R,¢)(1+ ) [27”},%]7[

2

#2(Besgne0))

1
1

dt .
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We abbreviate R := #. Using again the fact that |« — x| > # on supp V¢
and in addition the fact that suppu(.,t) N Bs(zg) = 0 for 0 < ¢ < §, we obtain the
desired inequality by estimating the second, the third, and the fourth term on the
right-hand side. [

Lemma 15. Let d < 3. Assume that u is a local weak solution to the quan-
tum drift-diffusion equation with nonnegative initial data ug. Suppose that ui €
L? (I;HE (Q)). Let zg € Q. Set R := dist(zg,0Q) and r := dist(xo, suppug). As-
sume that 0 < r < R and let ¢ be a smooth function on Q with supp ¢ C B@ (z0)
and ¢ =1 on Barin (o). Suppose that there exists & > 0 with suppu N (Bs(xg) X

[0,8)) = 0. Then there exists vo < —d depending only onr, R, ¢, ug, ¥ and V such
that for all v < vy the following assertion holds: For all ty € [0,0) with

(13) /¢4\/u(x,to)\x —xo|" dx > /¢4\/u0(x)|m — xo|” dx
the estimate

/¢4\/u(x,t)|x—aco|'y dx
Z%/df*vu(m,toﬂx—xop dx

29

is satisfied for all t € (tg, min(tg + 7,9)), where 7 := |y| 0.

Proof. By our assumptions, Lemma 14 is applicable. The Gagliardo-Nirenberg-
Sobolev interpolation inequality implies that

[[0][ Lo (B (x0))

<Cd RID*|S2 5, ao 15505, o0y + e Rz 3500

holds with § = 4—Td Knowing that AV € L} (I; HZ )N L (I; L},

obtain AV € Lljg’ (I; L>*(Bg(0))). The GNS interpolation inequality also implies
that

), we therefore

10llza(, (o)) < C s RID VI L2 5, (wop 101135, o)y + Clds B0l 215, (20

with 6 = 245, We thus have AV € Ll;;l (I; L*(B,(20))) with p := “2& and

therefore obtain by elliptic regularlty theory and the Sobolev embedding (note that
d < 4and R < p) that VV € L (I L*>(Bp(x0))). Since v < —d we infer from

loc
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inequality (12) that
to

/\/ﬂ(,t)|z — 200" dx

t1

ta
> = [ IAVC Oy [ Vil Ol = ol e a

h’|/ <[IVV(, ||L°°(B (z0) /\f Im—xo|”¢ dx dt

2r+R 1
- et a1+ ) ][ Ol o
ty

2r+ R
~C(rR.0) [ ] [ IV Ol IV O
Recall that 7 = |y|~16. We then obtain by Lemma 13 for ¢ > t

/\/ﬂ(.7t)|x—x0|7¢4 dx
Z/ﬁ(.,to)\m—x()r’(b‘l dx

t
- exp <— HAV('vt)”L"O(BR(mo)) dt

to
’y ~
- VBl g dt)

2r+R]T (Y0 7
-t R+ P 2| [l
to

2r+ R Y t B _ ~
} /t IVl Dll28,@on IVV (Dl 284 o)) dE -
0

Assuming that ¢ € (tg, min(to + 7, 9)), we infer
/\/a(.,mx ~ w16t do
E/ﬁ(.,to)\x — w79 de

C(r,R,¢) [

4—d

- exp ( — ||AV(., t)‘|L%[’([0)5];1;00(3&(900)))7-“{1
Ml w¥3a
||VV( )HLs_ngd([O,é];L“(Bﬁ(wo)))T8+2d

2r+R Tt 1, =~ ~
Cr R+ P 2| [t BB ey

2r+ R]Y [t . . .
} [ IV 9 Dl
0

where we have used Holder’s inequality and the fact that |t — ¢o| < 7.

C(r,R, o) [
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8—d
Recall that :%2‘2 > 5 since d < 3; thus || - 75724 < |y|'~ 13 (since v < —1 and

T= M—%)_ Thus there exists some 7; < —1 such that for all v < ~; we have

L 4-d
(15) 1 ZHAV(.’t)“L%([0,6};L°°(BR(950)))T4+d
vl s
+ S IVVEDI a3 e B paon ™
Define
Barpn (@0)

Note that My > 0 since r = dist(xo, supp ug). There exists 72 < 0 such that

2r+ R v o 1 ~ ~
cr o)1+ P 28| [ DB

2r+ R
3

Y )
a7) +c<r,R,¢>[ } [ IV B2 [TV

<1 3r+R
4 4
is satisfied for all v < ¥2 (as one easily checks, such a s exists since r < R).

We now define vy := min(y1,72). Since v < min(7;,2) holds, we deduce by
inserting (15) and (17) in estimate (14) that

/ V(. )|z — zo| ¢t da
> exp (—}1) [ Vit to)le = oot de -
25 [ Vsl — w6t da

where in the last step we have used the bound exp(—31) > 2, assumption (13), the
definition (16), as well as the fact that ¢ =1 on BS'V'IR (z0). O

i
|

[3r+R

Y
M,
4]0

1
4

Lemma 16. Let d < 3. Assume that u is a local weak solution to the quan-
tum drift-diffusion equation with nonnegative initial data ug. Suppose that ui €
L} (I; HE (). Let xg € Q. Set R := dist(zo, Q) and r := dist(xo, suppug). As-
sume that 0 < r < R and let ¢ be a smooth function on Q with supp ¢ C B% (x0)
and ¢ =1 on By (o). Suppose that there exists § > 0 with supp u N (Bs(xo) X
[0,8)) = 0. Then there exists vo < 0 depending only on v, R, ¢, ug, ¥ and V

such that for all v < 9 and T = |’y|_% the following assertion holds: For all
to € 10,0 — 7) with

(18) [ovatitle —aol do = [ 6 VuOle ~ ol da
the estimate

(19) /¢4\/u(.,t0—|—r)|x—m0\'y dx
zéf(y—m(y—ud)(—zw—2d+8)R*4/¢4\/WIx—xo”
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is satisfied.

Proof. The proof is somewhat analogous to the proof of the previous lemma. We
shall use the same choice of g, 71, 2 as in the proof of the previous lemma. By our
assumptions, Lemma 14 and Lemma 15 are applicable. Let tg < t1 <ty <tg+ 7.
Inserting the estimate from Lemma 15 in (12), we obtain

ta

t1

/\/ﬂ(,t)pc —20|70¢" dx
(v=2)(y—4+d)(—4y—2d+8)R / /(bf Jto)|r — wo|” dx dt
ty
ta
[ IVl [ Vil = oD de
t2
\’Y|/ *||VV ||L°°(BR(.KU))/ V(. t)|a — xo[7¢* do dt
2r+R 2
—C(r,R,¢)(1+ |° [ ] / dt
(r R, @)1+ 1) | —5 \ H2(B (o)

2r+ R
cm&w[ } / IV )220 00 9V (o )220 -

v
1 =

1
u4

3
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Applying Lemma 13, we get
/\/ﬁ(.,to + 7|z — x| P* da

> (1 + iR*“(v —2)(y—4+d)(—4y—2d+ 8)T> /\/ﬂ(»to)lﬂf —ao[70" du

t(J-’rT
- exp —/ AV (D)2 (B4 (x0)) dt

to

|’V| to+T
-5/ [IVV () Lo (B (xo)) dE
0

to+T N )
] I O

to

—C(r,R,¢)(1 4 |7])® [2r+R]7

2r + R1Y [lotT
- r) || [ IVl a9V GOy
to

> (1 o 2)(v4+d)(472d+8)7> [ Vit tolle = ol ds

4—d

- eXp (— HAV(,t)H A+d a+d

r
L72a ([0,0;L>(Bg(20)))

ool )

8+2d
L73da ([0,6];L°°(Bg(x0)))

to-‘rT 1 9
/ s (02 (B (20))

to

3

—C(r,R,¢)(1+|y])? [2r+R]7

to+T1
[ IV Ol IV Gt 2

to

O R.&) [27‘—1—}2}7

3

where we have used Hoélder’s inequality in the second step. Since we have v <
min(y1,72) = 7o, the exponential term is bounded from below by 2 (see (15)). By
our assumption (18), the bound (17), the definition (16), and the fact that ¢ = 1

on Bsrer (o), the inhomogeneities are bounded by + [ /u(., to)|x —zo|7¢* dz. We
therefore obtain

[ Vit to vl = ol da
= B (1 + iT(w —2)(y —4+d)(—4y —2d + 8)R—4> — ]
-/\/ﬂ(.,to)\x — x| 0" da .

This finishes the proof of the lemma.

Proof of Theorem 7. Again we only need to prove the assertion in case the condition
dist(zo, supp ug) < dist(zg, 9Q) is satisfied, since the general case follows from this
case as in the proof of Theorem 5. Set R := dist(zg, Q) and r := dist(zq, supp ug).

We then know R > r > 0.
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We argue by contradiction. Assume that there exists 6 > 0 such that suppu N
(Bs(z0)x[0,8)) = 0. Let ¢, 0 < ¢ < 1, be a smooth cutoff with supp ¢ C B% (xo)
and ¢ =1 in Barir (0).

Now obviousl; Lemma 16 applies to our situation. We continue to use the
definition 7 := |y|~ 0.

Let 3 < 0 be chosen such that

(20) éR_‘l(w—2)(v—4+d)(—4fy—2d+8)7 >

holds for any v < 5 (such a 75 exists since 7 = |y|~10).
We now prove exponential growth of the weighted entropy in case v < min(vo, v3):
Let v < min(yo,7ys). We shall show by induction that

(21) /\/ﬂ(x,nT)LT — z0|7¢* dx > 2"/ Vug(z) |z — x| ¢* da

holds for any n € Ny with n7 < §. For n = 0 this assertion is obvious. Assume
that the assertion holds for n € Ny and that (n+1)7 < §. Then we deduce by (19)
and (20) that

/\/ﬂ(x, (n+1)7)|z — 20|7¢* da
22/ﬂ(x,n7)|x —x0|7¢* dx
>2.2" / Vuo(z)|z — 20|7¢* da .

Thus, induction is complete.
In particular we obtain for any T € (0, )

[ VBT e 2Pt do
>olTh ) / Vil 0)[z — w0 "6" d .

Using Holder’s inequality and the fact that suppu(.,t) N Bs(0) = 0 for t < §, we
infer using 0 < ¢ <1

[ VBT e - 5Pt do

1

<C(R) ( /B ) )u<.,|v|-?3LT|v|f3J>dx) 5.

Moreover, using the definition (16) (recall that My > 0 since we have r = dist(supp uo, o))
and the fact that ¢ =1 on Borsn (o), we get

/\f )z — zo|¢? dgc>M0[

Putting the previous three inequalities together, we obtain

3r+R]

- 1
C(R)‘|u||z°°([0,6);L1(Bé(xo))) 4

Letting v — —o0, we now get the usual contradiction. (I

§
57 > ot B {37“ + R}
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5. DI1SCUSSION AND OPEN PROBLEMS

We have shown that the Derrida-Lebowitz-Speer-Spohn equation displays infinite
speed of support propagation; more precisely, viewing a solution u of the DLSS
equation as a function of both space and time, the support of u has been seen to
be either empty or equal to © x [0,00) (at least, as long € is connected and as long
as periodic or no-flux boundary conditions are imposed).

Unfortunately, our approach does not yield any result on the support of u at any
fixed time. Numerical results seem to indicate that the support of a solution of the
DLSS equation is nondecreasing with respect to time [16].

However, as comparison methods are unavailable for higher-order equations and
our methods do not seem to yield any stronger assertion, we do not know how to
derive any such stronger result. If d = 1 and if at a certain time ¢ the quantity logu
becomes globally integrable, formal calculations suggest that it will stay integrable
for all future; see e.g. [18], where in particular it is proven that logug € L' implies
logu(.,t) € L! for all t > 0 for the solutions constructed in this paper. However, a
localization of this result does not seem to be possible.
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