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Abstract

We study the large-time behavior of a hydrodynamic model which describes the
collective behavior of continuum of agents, driven by pairwise alignment interac-
tions with additional external potential forcing. The external force tends to compete
with the alignment which makes the large time behavior very different from the
original Cucker—Smale (CS) alignment model, and far more interesting. Here we
focus on uniformly convex potentials. In the particular case of quadratic potentials,
we are able to treat a large class of admissible interaction kernels, ¢ () = (1 +r3)—B
with ‘thin’ tails 8 < 1—thinner than the usual ‘fat-tail’ kernels encountered in CS
flocking < 1/2; we discover unconditional flocking with exponential convergence
of velocities and positions towards a Dirac mass traveling as harmonic oscillator.
For general convex potentials, we impose a stability condition, requiring a large
enough alignment kernel to avoid crowd scattering. We then prove, by hypocoer-
civity arguments, that both the velocities and positions of a smooth solution must
flock. We also prove the existence of global smooth solutions for one and two space
dimensions, subject to critical thresholds in initial configuration space. It is inter-
esting to observe that global smoothness can be guaranteed for sub-critical initial
data, independently of the apriori knowledge of large time flocking behavior.
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1. Introduction

We are concerned with the hydrodynamic alignment model with external poten-
tial forcing:

9p+ Vx - (pu) =0,

1.1
8zu+U~VXU=/¢(IX—y|)(u(y, 1) —ux, 1)p(y, t)dy—VU(X).( )

Here (p(x, 1), u(x, t)) are the local density and velocity field of a continuum of
agents, depending on the spatial variables x € Q = R or T¢ and time 7 € R>o.
The integral term on the right represents the alignment between agents, quantified in
terms of the pairwise interaction kernel ¢ = ¢ (r) > 0. In many realistic scenarios,
agents driven by alignment are also subject to other forces—external forces from
environment, pairwise attractive-repulsive forces, etc. Such forces may compete
with alignment, which makes the large time behavior very different from the original
potential-free model and far more interesting. One of the simplest types of external
forces is potential force, given by the fixed external potential U (x) on the right of
(1.1). This is the main topic on the current work.

The system (1.1) is a realization of the large-crowd dynamics of the agent-
based system in which N > 1 agents identified with their position and velocity
pair, (x; (1), vi(t)) € (2 X R9), are driven by Cucker—Smale (CS) alignment [4, 5],
with additional external potential force

X; =V;

. 1 C
Vz'=N§¢(|Xi—le)(vj—v,-)—VU(xi) i=1....,N. (12
J#i

In the absence of any other forcing terms, both the agent-based system (1.2) and
its large crowd description (1.1) have been studied intensively in the last decade.
The most important feature of the potential-free CS model, (1.2) with U = 0, is
its flocking behavior: for a large class of interaction kernels satisfying the ‘fat tail’
condition,

/Oofb(r)dr = 00, (1.3)
0

and the global alignment of velocities follows [7,8], |v; () — v;(t)| Z%0. The
corresponding potential-free continuum system, (1.1) with U = 0, was studied in
[2,7,8,11]; the large time behavior of its smooth solutions is captured by flocking,

lu(x, t)—u(y, )| px)p(y) iy 0, similar to the underlying discrete system. More-
over, the existence of one- and two-dimensional global smooth solutions was proved
for a large class of initial configurations which satisfy certain critical threshold con-
dition, [1,9,13,14,16] and general multiD problems with nearly aligned initial data
[6,12].
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In this paper we study the alignment dynamics in the d-dimensional continuum
system (1.1). The dynamics of (1.1) is driven by the decay of its toral energy,

1
E(t) := f <§|u(x, N>+ U(x)) o(x, 1) dx. (1.4)
The fundamental bookkeeping of (1.1) is the L?-energy decay
d 1
EEO) = —5/ d(Ix — yDlu(x, 1) —u(y, > p(x, Hp(y, 1) dxdy, (1.5)

which quantifies the decay rate of the energy in terms of energy fluctuations on the
right. A parallel study of the discrete alignment dynamics (1.2), which we omit,
can be carried out in terms of the corresponding discrete energy bookkeeping

d 1 I 5 1 2
il (GMP+uen) = -5 le:qb(IXi = x;DIv; = Vil

We focus on the following two key aspects of the continuum alignment dynamics
(1.1):

e The Flocking Phenomena of Global Smooth Solutions, if they exist. Such
results are well known in the absence of external potential—smooth solutions sub-
ject to pure alignment must flock [8,9, 16], but the presence of external potential has
a confining effect which competes with alignment. Here we explore the flocking
phenomena in the presence of uniformly convex potentials

aljyg <VUKX) < Algya, O<a<A. (1.6)

The upper-bound on the right is necessary for existence of 1D global smooth solu-
tions, consult Theorems 4.2—4.3 below; the uniform convexity on the left is neces-
sary for the flocking behavior. We discover, in Sect. 3, that both the velocities and
positions of smooth solution must flock at algebraic rate under a linear stability
condition (3.10), my¢ (0) > %. The necessity of a precise stability condition, at
least in the general convex case, remains open. We can be much more precise in
the special case of quadratic potentials,

a o2
U =i, a>0. (1.7)

Here, in Sect. 2, we discover unconditional flocking of velocities and positions with
exponential convergence to a Dirac mass traveling as a harmonic oscillator. More-
over, the confining effect of the quadratic potential applies to interaction kernels,
¢(r) > (1 4+ r*)~P which allow for ‘thin’ tails 8 < I—thinner than the usual
‘fat-tail” kernels encountered in CS flocking (1.3).

e Existence of Smooth Solutions for all Time. In the absence of external force, the
existence of global smooth solutions of the one- and respectively two-dimensional
(1.1) was proved in [1,16] and respectively [9], provided the initial data is ‘below’
certain critical thresholds, expressed in terms of the initial data pg, V - ug, and the
spectral gap of Vgup. We mention in passing that in case of singular kernel ¢, then
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smooth solutions exist independent of an initial threshold [13]). In the presence of
additional convex potential, (1.6), we discover that the critical thresholds still exist,
though they are tamed by the presence of U (consult [17]). In particular, they limit
the maximal velocity max;>o xeq |u(x, t)|. The case of quadratic potential (1.7) is
a special case: when U (x) = %|x|2, it can be shown to have a limited affect on the
dynamics of the spectral gap of Vgu (which is a crucial step of the regularity result
in [9]). Consequently, it further simplifies the quadratic critical threshold for global
regularity, requiring V - ug + ¢ * pp > 0, in agreement with the threshold of the
external-free case. These results are summarized in Sect. 4.

2. Statement of Main Results: Flocking with Quadratic Potentials
We focus attention to quadratic potentials, U (X) = %|x|2, where (1.1) reads
as
9p+ Vx - (pu) =0,

2.1
8;!l+u-Vxll=/¢(|X—yl)(u(y,t)—U(X,t))p(y,t)dy—aX- @D

2.1. General Considerations

We begin by recording general observations on system (1.1) which is subject to
sufficiently smooth data (pg, ugp), such that py > 0 is compactly supported. Denote
the total mass

mgy = /po(x) dx > 0.

o Interaction Kernels We assume that the system (1.1) is driven by an interaction
kernel from a general class of admissible kernels.

Assumption 2.1. (Admissible kernels) We consider (1.1) with interaction kernel ¢
such that
(1) ¢(r) is positive, decreasing and bounded : 0 < ¢ (r) < ¢(0) := P+ < 00;
(2.2a)

o
(i1) ¢ (r) decays slow enough at infinity in the sense that f r¢(r)dr = oo.
(2.2b)

Note that (2.2b) allows for a larger admissible class of ¢’s with thinner tails than
the usual ‘fat-tail’ assumption (1.3) which characterizes unconditional flocking
of potential-free alignment, e.g., the original choice of Cucker—Smale, ¢ (r) =
(14r%)~F, B < 1/2is now admissible for the improved range g < 1.
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e Vanishing Means The distinctive feature of the alignment dynamics with quadratic
potential (2.1), is its Galilean invariance w.r.t. the dynamics of means. Thus, if we
let (X, u.) denote the mean position and the mean velocity

X:(t) = L/x,o(x, t)dx
0 (2.3)

u.(1) := mLO/u(x, t)p(x,t)dx,

then the translated quantities centered around the means, p(X, 1) := p(X.(¢) +
x, 1) and UW(x, 1) := w(x.(¢) + X, 1) — u.(¢), satisfy the same system (2.1) with
vanishing mean location and mean velocity. We can therefore assume without loss
of generality, after re-labeling (0, W) ~ (o, ), that the solution of (2.1) satisfies

/xp(x, t)dx =0, /u(x, Hpx,t)dx =0, forall r > 0. 2.4)

Remark that the same Galilean invariance is intimately related to the fact that
quadratic external forcing can be interpreted as pairwise interactions. Thus, in the
context of the discrete dynamics (1.2) with U = %alx|2 for example, we end up
with

)'(l' =YV;

= Yot —xhw v - e —xp. 3
J#i J#
Indeed, the means of (1.2) with this quadratic potential—the center of mass x.(¢) :=
1/N Y ~; x; and mean velocity u.(¢) := /N ), v;, satisfy (2.16) below; subtracting
the means, we find that the translated quantities X; — X; — X.(¢), V; — V; —u.(?)
satisfy (2.5).

2.2. Bounded Support

A priori estimates for the growth rate of the support of p is the key for prov-
ing flocking results for admissible kernels ¢ with proper decay at infinity. For the
case without external potential, it is straightforward to show that the velocity varia-

tion ax lu(x, t) —u(y, t)| is non-increasing, which implies the linear
120, x,y€esupp p(-,1)

growth, diam(supp p(-, 1)) = O(¢) which in turn yields the ‘fat-tail’ condition
(1.3). Here we show that confining effect of the external potential enforces the
support of p(-, t) to remain uniformly bounded.

To this end, define the maximal particle energy

P(t):= max (1|u(x, N+ U(x)). (2.6)
xesupp p(-,1) \2

The confinement effect of the external potential shows that this L°-particle energy

remains uniformly bounded in time. We then ‘pair’ the quadratic growth of U (x)

with the admissibility of thin-tails assumed in (2.2b), to show that supp p(:, t)

remains uniformly bounded.
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Lemma 2.2. (Uniform bounds on particle energy) Let (p, w) be a smooth solution
to (2.1) with an admissible interaction kernel (2.2). Then the particle energy and
hence the support of p(-, t) remain uniformly bounded

%Dz(l) < P(@) < Ro, D) :=diam(supp p(-, 1)). 2.7
Here, the spatial scale Ry = Ro(¢p+, mo, a, Eqo, Py) is dictated by (2.11), below.

For the proof, follow the particle energy F(Xx,t) := %|u(x, N|? + U(x) along
characteristics

F'=8F +u-VF
u- (—u-Vu+/¢(X—y)(U(y) —ux))p(y) dy—VU(X)>
+u-(u-Vu)+u-VU(x)

=u- </ d(x —y)(u(y) —u(x))p(y) dy)

= [66x- @ - u - WPy

= [oex=w( = P +ue -uy) - e ) ) dy
4 / B0~y M p(y) dy

_ / D —y)|uo - %u(y) "oy dy
. / b0~ DI dy < 2 B0,

where E(t) denotes the kinetic energy

d 1
SPo < ‘%*Ek(r), Ext) =5 / e DPoxdx.  (28)

We emphasize that the bound (2.8) applies to general symmetric kernels ¢ and
is otherwise independent of the fine structure of the potential U. Recalling the
diameter D(¢) = diam(supp p(-, 1)), then Lz—energy decay (1.5) yields

d 1
3 EO s —5¢(DW) // lu(x, ) —uly, N> p(x, )p(y, 1) dx dy;

in view of the vanishing means assumed in the quadratic case, (2.4), this decay rate
can be formulated in terms of the kinetic energy

d
3 EO < —2mop (D)) Ex (1) (2.9)

Further more, the support of p(-, t) can be bounded in terms of the particle energy,
so we have
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max |x|2 > c—lDz(t), D(t) = diam(supp p(-, 1)).

a
PO)>U®x) ==
® 0 2 supp p(-1) 8

(2.10)

o0 o0
Finally, by the fat-tail assumption (2.2b),/ ¢(\/8r/a)dr = %/ r¢(rydr =

00, there exists a finite spatial scale Rg > Py such that

R
/ 0qs(,/Sr/a)dr > ¢—+EO. (2.11)
P 4my

0

4 P(@)
We now consider the functional Q(t) := E(¢) + % / ¢ (y/8r/a) dr which we
+ JR

0

claim is non-positive: indeed, by (2.11), Q(0) < 0 and in view of (2.8)—(2.10),
Q(t) decreasing in time

d 4
—-0() < ~2mop (D) Ex(r) + (%O%Ek(r) x ¢(\/8P(1)/a) < 0.

It follows that the particle energy remains uniformly bounded:

P(1)
dmo f ¢(/8r/a)dr < Q(1) <0,
R

¢+ 0
hence P (¢) remain bounded, P (#) < Ry, and the uniform bound on D () stated in
(2.7) follows from (2.10). |

For the typical example of ¢ (r) = co(1 + rz)’ﬂ, we find that (2.11) holds, with

a 8 \ip, 20—P)ds \T5
Ro>§[<(1+;Po) +WEO) —1]

2.3. Flocking of Smooth Solutions with Exponential Rate

The uniform-in-time bound on the supp p(-, t)in (2.7) shows that the values
¢(r) with r > /8Rp/a play no role in the solution of (2.1). We can therefore
assume without loss of generality that our admissible ¢’s are uniformly bounded
from below:

v SRO). (2.12)

Ja

This enables us prove our main statement of flocking with exponential decay.

90 = (D) > - >0, ¢ i=9(

Theorem 2.3. (Flocking with L?-exponential decay) Let (o, u) be a global smooth
solution of (2.1), subject to compactly supported py. Then there holds the flocking
estimate at exponential rate in both velocity and position:

SE(r) = / (lux, 1) —u(y, N> +alx — y*)px, 0)p(y, 1) dxdy < 2-8Ep-e .
(2.13)
Here A = AMa, ¢—, ¢4+, mgp) > 0.
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Remark 2.4. In fact, one could develop a small-data result, where the exponential
flocking asserted in Theorem 2.3 is extended to U’s close to quadratic potential
provided under appropriate smallness condition on the initial data.

From the proof of Theorem 2.3, one can take the decay rate

mop— Va }

_— — (2.14)
midlja+32 2

A= Aa) = —min{

If one fixes mg, ¢+, ¢— and considers the asymptotic behavior for @ — 0, then the
decay rate A = O(a). For a — oo, the decay rate . = (O(1). This shows that the
strength of external potential force may have significant influence on the rate of
flocking, and a weak potential tends to give a slower decay. One could interpret this
as follows: to achieve an equilibrium, both velocity and position have to align; if
the potential force is weak, then the alignment of position happens on a slower time
scale, since the potential-free Cucker—Smale interaction does not provide position
alignment.

Next, we turn to improve the L2-flocking estimate in Theorem 2.3 into an L™
estimate.

Theorem 2.5. (Flocking with uniform exponential decay) Let (o, u) be a global
smooth solution of (2.1), subject to compactly supported py. Then

sP(t) = max (ux.t) —u(y. > +alx—y|?) < Coo-8Py-e 2, Vi >0
x,yesupp p(-,1)

where the decay rate . = M(a) > 0 given by (2.14) and C is a positive constant
given by

Coo = 4(1 +¢im%<m + g))

Note that since S E < m(z) -8 P, the L°°-version of flocking stated in Theorem 2.5
is an improvement of Theorem 2.3. This improvement can be useful in studying
the existence of global smooth solution for two-dimensional systems asserted in
Theorem 4.4 below.

Remark 2.6. (blow-up as a < 1) We note in passing that (2.15) does not recover the
velocity alignment in the potential-free case due to the blow-up of Coo = O(1/a) as
a — 0. The growing bound is due to the proof in which we estimate the momentum
¢ * (pu) as a source term by using L? exponential decay in Theorem 2.3: yet, the
L2-decay rate A(a) deteriorates as a — 0, and the effect of an increasing source
term leads to the blow-up of C. Indeed, it is known that the unconditional velocity
alignment in the potential-free case is restricted to the ‘fat-tails’ (1.3), hence our
approach for the thinner tails (2.2) cannot apply uniformly in 1/a.
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2.4. Convergence to Harmonic Oscillator

Recall that (x.,u.) denote the mean position and the mean velocity of the
dynamics (2.3). A distinctive feature of alignment dynamics with quadratic potential
(2.1) is that these means are governed by the harmonic oscillator

Xe = U, Xc(t) | [ cos(y/at) sin(y/at) x.(0)
U, = —ax, i \/%;Uc(l) | —sin(y/at) cos(y/at) \/LEUC(O) )

(2.16)

The L>-flocking statement (3.13) implies that the dynamics concentrates along this

—le—M

harmonic oscillator. Indeed, since | |x — xcl2 px,t)dx S my , it follows

that for arbitrary test function X € WC1 >,

‘/p(x, DX(X)dx — moX (xc)| < /p(x, DX x) — X (xc)| dx

12

1/2 B
<my (/IX—Xclzde) VX @)oo S 1V lloe ™72,

and

)/pu(x,z)X(x) dx — mouc(£) X (xc)

12 172
<my( [ o ax) ([ = xPoax) 1A @l £ VE - 19K

</p|u|-|(><<x)—><<xf)|dx

We conclude that the smooth solutions of (2.1) converges exponentially to the
dynamics of harmonic oscillator (2.16)

p(x, 1) —mod(X — X (1)) =2 0, (2.17)

—>00

pu(x, t) —mou.(1)§(x — x.(1)) — 0.

The convergence is interpreted weakly in (Wl’oo)/. An even stronger notion of
convergence follows from the L°°-flocking estimate (2.15) which in turn implies
the uniform decay of the support |X — X¢|Lsupp p(x.1) < e /2 Tt follows that the
concentration bounds above apply to arbitrary test function X € C. and convergence
to the harmonic oscillator (2.17) follows in the sense of measures.

The last conclusion could be examined in light of the self-propelled dynamics
studied in [3]. Their dynamics—driven by a different competition between confin-
ing potential and self-acceleration/deceleration, led to interesting (double-)milling
patterns, and it was believed that such milling patterns will not to survive by either
velocity alignment or repulsive interactions [3, p. 36]. The convergence to harmonic
oscillator asserted in (2.17) rebukes this belief, at least when confining potential
competes with velocity alignment.
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3. Statement of Main Results: Flocking with General Convex Potentials

3.1. General Considerations

We now turn our attention to alignment dynamics (1.1) with more general
strictly convex potentials, (1.6). The flocking results are more restricted. We begin
with specifying the smaller class of admissible interaction kernels.

Assumption 3.1. (Admissible kernels) We consider (1.1) with interaction kernel
¢ such that

(i) @(r) is positive, decreasing and bounded : 0 < ¢(r) < ¢ (0) := P4+ < 00;

(3.1a)
(i1) ¢ (r) decays slow enough at infinity in the sense that lim supr¢ (rr) = oo.
r—00
(3.1b)

Notice that (3.1b) is only slightly more restrictive than the usual ‘fat-tail’ assump-
o
tion ¢ (r)dr = oo, which characterize unconditional flocking in the case of

0
potential-free alignment [7,8].
We begin noting that the basic bookkeeping of energy decay (1.4) still holds:

d 1
S EO =3 [[ 60x = yDlutx. 1)~ uy. 0P px. (3. 1) dxey.
e Uniform Bounds A necessary main ingredient in the analysis of (1.1) is the uni-
form bound of diam(supp p (-, t)), and the amplitude of velocity max |u(x, t)|.
Xesupp p

Our next lemma shows that whenever one has a uniform bound of |u(x, #)| + ||
for the restricted class of lower-bounded ¢’s which scales like O(1/ min ¢), then
it implies a uniform bound of [u(x, #)| + |x| for the general class of admissible ¢’s
(2.2).

Lemma 3.2. (The reduction to lower-bounded ¢’s) Consider (1.1) with a with
the restricted class of lower-bounded ¢’s:

0<¢- <o) <Pq <o00. (3.2)

Assume that the solutions (p, W) associated with the restricted (1.1),(3.2), satisfy
the uniform bound (with constants C+ depending on U, ¢, my and E)

~ ~ C_
max _ (Ja(x, )| + [x]) < max {C+ - max_ ([ap(x)| + [x]) , —} .
t>0, xesupp p(-,t) XEsupp o o

(3.3)

Then the following holds for solutions associated with a general admissible kernel
¢ (3.1): if (p, ) is a smooth solution of (1.1), then there exists o > 0 (depending
on the initial data (po, o)), such that (p, w) coincides with the solution, (py, Uy ),
associated with the lower-bounded ¢ (r) := max{¢(r), o}.
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This means that if ¢ belongs to the general class of admissible kernels (3.1), then
we can assume, without loss of generality, that ¢ coincides with the lower bound
¢ and hence the uniform bound (3.3) holds with ¢_ = «. The justification of this
reduction step is outlined below.

Proof of Lemma 3.2. By the condition (2.2b), there exists ¢ such that ro¢ (rg) >
2C_, and one could take large enough 7 such that

ro 2 2C4 - max(|ug(x)| + [x]). (3.4)
XEsupp po
Let o = ¢ (ro). By assumption, (3.3) holds for the lower-bounded ¢, so that

C_
max  (ue(x, 0|+ [x]) < max {Cy - max(uo(o)| + [x]), = |
120, xesupp pg (+,1) XEsupp po o

(3.5)

where (pq, Ug) is the smooth solution of (1.1) with interaction kernel ¢,, which
we assume to exist. Therefore, for any # > 0 and any X, y € supp pq (-, 1), we have

C_
x =y < Ixl + Iy] < 2max {C4 s max(uo(o) |+ xD. —}. (3.6
XESupp 0o o
By definition,

Cc_ Cc_ o

< = 37
o ¢(ro) 2 67

Together with (3.4), we obtain that |x — y| < r¢, for which, by the monotonicity of
é, d(Ix —yl|) = ¢ (ro) = «, but for this, x, y, which persist with a ball of diameter
7o, we have ¢ (|x — y|) = ¢ (]x — y|), so the dynamics of (pq, ) coincides with
(0, ). O

P+

SR with B < 1, the proof of

Remark 3.3. For the special case ¢ (r) =
Corollary 3.2 shows that one could take

1
C_\T-¢
o = ¢(rg), ro=max {4 <—> , 2C4 - max (laoxX)| + |x]) ¢ -
+ XESupp po

(3.8)

Therefore, the lower cut-off at &, which depends on B, m, ¢+ and the initial data,
gets smaller when B approaches 1.

The following proposition asserts the uniform bounds (3.3) exist for the restric-
tive class of kernels bounded from below, under very mild conditions on U':
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Proposition 3.4. Assume that the potential U satisfies

A
LxP<U® < ZIXP alx| < |VU®)| <A, YxeQ, 0<a<A.
2 2
3.9)

Consider the alignment system (1.1),(3.9) with an interaction kernel which is
assumed to be bounded from below, (3.2). Then there exist constants C+, depending
onU, ¢, mg and Ey, such that (3.3) holds.

Remark 3.5. We note in passing that if U is strictly convex potential satisfying
(1.6) then (3.9) follows. Indeed, assuming without loss of generality, that U has
a global minimum at the origin so that U(0) = VU(0) = 0, and expressing
VUx) = [y V2U(sx)xds we find [VU(x)| < fy Alx|ds = Alx| while strict
convexity implies

1
x~VU(x)=f x'V2U(sx)xds = alx|®> ~ |[VU®X)| = alx|;
0

moreover, expressing U (x) = fol VU (sx) - xds, we find

a I 1 ! A

@2 - 2 - L )
x| _/ alsx|” ds </ VU (sx) - sxds < U(x) é./ Alsx| - |x|ds = —|x]|".
2 0o S 0o S 0 2

Thus, the assumed bounds (3.9) follow from (1.6). In fact, (3.9) allows for more
general scenarios than uniform convexity including, notably, more complicated
topography involving than one local minima. It is straightforward to generalize
Proposition 3.4 to the case when (3.9) only holds for sufficiently large |x|. We omit
the details.

3.2. Flocking of Smooth Solutions with Convex Potentials

From now on we will restrict attention to uniformly lower bounded kernels, so
that ¢ satisfies (3.2), 0 < ¢_ < ¢(x) < ¢+. The reduction Lemma 3.2 tells us
that the results will automatically apply to the class of all admissible kernels which
satisfy (2.2). We develop a hypocoercivity argument, different from the one used in
the quadratic case, which gives the following L2-flocking estimate with algebraic
decay rate:

Theorem 3.6. (Flocking with Lz-algebraic decay) Consider the system (1.1) with
uniformly convex potential (1.6), 0 < aljxqg < VZU(X) < Algxg and with a
C' admissible interaction kernel ¢, (3.1). Assume, in addition, that ¢ satisfies the
linear stability condition

mo¢(0) > —. (3.10)

Bk
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Let (p, n) be a global smooth solution subject to compactly support py. Then there
holds flocking at algebraic rate in both velocity and position, namely, there exist a
constant C (with increasing dependence on |¢'|oo) such that

SE() := / (lux) —u)* +alx — y1*)p(0)p(y) dxdy < S Eo.

C
VAR
3.11)

The proof of Theorem 3.6 involves three ingredients. First, from the total energy
estimate, we show that when ¢ is large enough, most of the agents almost concentrate
as a Dirac mass, traveling at almost the same velocity. Second, for such a concen-
trated state, one can replace ¢ by the constant kernel ¢ (0) without affecting the
dynamics too much, which in turn implies that the agents near the Dirac mass will
be attracted to it, consult Theorem 3.7 below. Third, this gives some monotonicity
of the energy dissipation rate, which in turn gives (3.11).

The L° counterpart of Theorem 3.6 is still open. If one could obtain an L™
flocking estimate, then it might be possible to have flocking estimates for ¢ with
thinner tails, similar to what was done in Sect. 2.

The origin of the stability condition (3.10) can be traced to the case of a constant
kernel, ¢, where the algebraic convergence stated in Theorem 3.6 is in fact improved
to exponential rate.

Theorem 3.7. (Flocking with L?-exponential decay— constant ¢) Let (p, u) sub-
Ject to compactly supported po be a global smooth solution of (1.1) with uniformly
convex potential (1.6), 0 < aljxg < VZU(X) < Algwg, and assume that the
interaction kernel ¢ is constant satisfying

A
mop > —. 3.12
0® Ja (3.12)
Then it undergoes unconditional flocking at exponential rate in both velocity and
position: there exist .. > 0 and C > 0 depend on a, A, mo¢ such that

SE(t) < C-8Ey-e ™. (3.13)

Remark 3.8. One may wonder about the necessity of the stability condition (3.10).
In fact, already in the simplest case of a constant ¢ where the Cucker—Smale (1.2)
is reduced to

X; =V . 1
V=g G-w)-VUK) N;Vﬁ (3.14)

one may encounter ‘orbital instability’, where arbitrarily small initial fluctuations
Ix; (0) —x; (0)| +]v; (0) —v; (0)] subject to 1d non-convex potential may grow to be
O(1) at some time. The stability condition (3.10) guarantees, in the case of convex
potentials, strong enough alignment that prevents scattering and eventual flocking.
The question of the precise necessary stability condition vis a vis convexity remains
open.



360 R. SHU, E. TADMOR

4. Existence of Global Smooth Solutions

The proof of the existence of smooth solutions proceeds in two parallel tracks.
We seek smooth solutions of (1.1), (,0, u) (x, 1), restricted to x € supp p(-, ¢). This
notion of a restricted solution ignores the possibly non-trivial velocity field induced
by the non-local alignment term in (1.1); in the vacuous region x ¢ supp {p(-, 1)}
To this end, (1.1) is interpreted in its Lagrangian formulation e.g., [10, §2], where
supp p(-,t) = X (¢, supp po) is the pushfoward of the initial compact support,
supp po C €2, by the characteristic flow

%X(t,a) —uX(t, ),1), X0, =a. 4.1)

Expressed in terms of the Lagrangian velocity v(¢, o) := u(X (¢, o), t), (1.1)
recasts into the form

diX(t, o) =v(t,a), o € supp po,
! (4.2)

d
5 o= f¢(|X(t, o) = X1, HNVE, a) = v, B))po(B)df — VU(X (1, a)).

Observe that smooth restricted solutions are unique as long as the flow is
well posted. Thus, making sense of such restricted solutions requires a globally
defined flow map, X (¢, @) fora € © = R? or = T?, in order to guarantee that a
well-defined supp {p (-, #)} has a global-in-time life-span, i.e., that the evolution of
supp {p(:, t)}is secured away from self-intersections. This global flow is attached to
a second notion of a solution, simply called global solution, where (1.1) is satisfied
throughout space, (x, 1) € (2 x R>p).

Clearly, a globally defined solution yields a restricted solution, simply by
restricting (o, w) on supp p(t, -). The converse, however, requires a proper process
of extension which needs not hold in general. It was worked in the 1D potential-free
case in [10]. Here we shall work out the extension process of multi-dimensional
extension in the presence of external potential. The following extension lemma is
at the heart of matter :

Lemma 4.1. (Extension procedure) Assume that (1.1) satisfies the a priori bound

max |x| < Cy, Vr>0. 4.3)
xesupp p(-,t)

Fix Roo > 2Cy and set the cut-off kernel

@ (r), r < Reo

$(Roo). r > Re. 44)

@(r) = {
Denote by (/1\1/) the dynamics of (1.1) with ¢ replaced by 5 and assume it admits a
global smooth solution on 2 x [0, T'). Then a smooth restricted solution of (1.1),
(p,u) defined on supp {p(-,t)},t € [0,T), admits a global smooth extension,
(p,0) on Q, which is a solution of (TT) In particular, therefore, if (fl/) admits
global smooth solutions for all time, then the lifespan of smooth restricted solutions
is infinite.
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Lemma 4.1 tells us that it suffices to focus on the question of existence of global
smooth solutions for ‘uniformly aligning” model a\_l/) with lower-bounded kernel
¢— = ¢p(Rso) > 0. In fact, since ¢(r) remains constant for » > Ry, > 2Cy, it
dictates a ‘finite horizon’ of (TT) alluded to in [9, §1.3]: beyond this finite horizon,
(/1\._1/)2 is reduced to relaxation

u+u-Vyu=¢_ - (f(pu)(y, t)dy — mou(x, t)) — VU (x), dist{x, supp {p(:,)}} > Reo-

Proof. Let (p,u)(-, t) be a restricted smooth solution of (1.1) and let (o, 0) be a
global smooth solution of (/1\_1/) subject to given initial conditions (pg, Up) which
coincide with (pg, ug) on supp po. The alignment kernel on the right of (1.1);,
¢(|x —yl|), engages x,y € supp p(-, t) and by (4.3),r = [x —y| < 2C;. However,
é(r) = ¢(r) for r < 2Cy, hence (P, U) is also a solution of (1.1) on supp {p (-, )},
and therefore, its restriction on supp {p (-, #)} coincides with (p, u).

Now assume that (/1\_1/) admits smooth solutions for all time but a smooth restricted
solution of (1.1), (p, u), has a finite maximal existence time 7 < oo. Then, since
its extension (o, W) has a smooth continuation to ¢ = T, this leads to a contra-
diction with the finite lifespan 7. Specifically, take § > 0 small enough. By (4.3)

max |x| < Ci, and since u—the propagation speed of supp p, is clearly
xesupp p(-,T—3)
uniformly bounded, then ~ max  |x| < Cj +€/2. Therefore (p, @) solves (1.1)
xesupp p(-,T)
on [0, T'], which contradicts the maximality of 7. O

Smooth solutions of alignment models are secured under certain critical thresh-
old conditions on the set of initial configurations, e.g., [1,9,13,15,16]. As noted in
the 1D study of [10], these initial threshold conditions should be imposed through-
out space to guarantee existence of a global smooth flow map (4.1). Below we
derive threshold conditions for existence of global smooth solutions of (/1\_1/) By
the extension lemma, this implies existence of restricted smooth solutions for all
time.

4.1. Existence of 1D Solutions with General Convex Potentials

We begin with one-dimension (for which u, x are scalars, written as u, x). The
1D setup is covered in the next two theorems, where we
(i) guarantee the existence of global smooth solution for a class of sub-critical initial
configurations; and
(ii) guarantee a finite time blow-up for a class of super-critical initial configurations.

Theorem 4.2. (Global smooth solutions—1D problem) Consider the one-
dimensional hydrodynamic alignment (1.1) with sub-quadratic potential U so that

(mop—)*
< —_—

a<U’'(x) <A YR Vx € Q, 4.5)
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and subject to sub-critical initial configurations, (po, uo), such that

2
Buuto(x) + (& * po)(x) > ’"02"5* — (’”Of*) A forall xeQ. (46)

Then (1.1) admits arestricted smooth solution, (p, u)(x, t) : (supp {p(-, )}, Rx0) —
(LY, whe).

Observe that the statement of Theorem 4.2 is independent of the lower-bound a,
whether positive of negative: its only role enters in the upper-bound of

max uy (-, 1) < max {co(rnax u6, mo, ¢+), v/ max{0, —2a}}.
X

Theorem 4.3. (Finite-time blow-up—1D problem) Assume U” (x) > a, Vx € Q.
The 1D problem (1.1) admits finite-time blow-up under the following circumstances.
(1) If a is large enough so that

2
(mog-) , @7
4
then there is unconditional blowup: 9,u blows up to —oo in finite time for any
initial data.

Otherwise, blow-up occurs if the initial data is super-critical in one of the following
two configurations:

(i) If a > 0 is not large enough for (4.7) to hold', then d,u blows up to —oc in
finite time if there exists x € Q2 such that

2
Butto(x) + (¢ % po)(x) < ’"02"5* — (’"Of*) —a. “8)

@ii) If a < 0, then d0xu blows up to —oo in finite time if there exists x € 2 such

that®
2
Oxup(x) + (¢ x po)(x) < m02¢7 =/ (moff) —a. 4.9

Note that in the potential-free case U = 0, Theorems 4.2 and 4.3 amount to
the sharp threshold condition dyug(x) + (¢ * po)(x) = 0 which is necessary and
sufficient for global 1D regularity, see [1,13]. When the external potential U is
added, these theorems indicate that convex U enhances the scenario of blowup in
(1.1), while concave U’s makes more restrictive scenarios for possible blow up. In
other words, the size of U” determines the influence of the external potential on the
threshold for the existence of global smooth solution.

I Notice that in this condition the RHS in (4.8) is positive.
2 Notice that in this condition the RHS of (4.9) is negative.
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4.2. Existence of 2D solutions with general convex potentials

For the existence of global smooth solution for general external potentials, one
faces the difficulty of lack of exponential decaying flocking estimate in the finite
horizon region, and the contribution from (the variations of) u to the dynamics,
though bounded, may accumulate over time. Interestingly, we discover that the issue
can be resolved by strengthening the critical threshold, requiring that maxy |[u(x, 7)|
remains uniformly bounded in time and the quantity V - ug + ¢ * pp remains above
certain positive threshold. In the special case of quadratic potential, this lower bound
is further relaxed to zero, recovering a similar threshold as in the potential-free case.

Theorem 4.4. (Global 2D smooth solutions with convex potential) Consider the
two-dimensional system (1.1) with sub-quadratic potential U,

alyys < VPU(X) < Ay, (4.10)

and subject to initial data (po, ug).> Assume the velocity field satisfies the uniform
bound
[u(x, )| < tmax < 00 for all x such that dist{x, supp {p(-, t)}} < Reo,
4.11)

so that

m2¢2
Cinax = 4m0|¢/|ooumax +A—-a< T 24 = Ca. 4.12)
If the initial data (pg, wg) are sub-critical in the sense that the following two con-
ditions hold

V-up(x) + (¢ * po)(x) > \/CA - Ci —C2,. forall x € Q, (4.13a)

and the initial spectral gap (ns)o, is not ‘too large’ so that,

max [(ns)o(X)| < \/CA +,/C3—-C2.. (4.13b)

then (1.1) admits restricted smooth solution (p, w)(x, 1) : (supp {p(-, 1)}, R>0) —
(Ll Wl,OO).4

Notice that Proposition 3.4 already gives an a priori estimate
Cc_
max lu(x,7)| =max {Cy - max (lup(x)|+ |x]), — ¢ (4.14)
120, xesupp p(-,1) XEsupp po ¢—

for a general class of external potentials, including those satisfying (1.6) (with the
further assumption that the unique global minimum of U is U(0) = 0, without

3 Note that U need not be convex, i.e., we allow negative a’s.
4 ns denotes the difference of the two eigenvalues of Vgu :=1 /Z(Vu + (Vu)T).
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loss of generality). To upgrade it to a uniform bound sought in (4.11), requires the
extended solution, [u(-, 7)|, governed by the uniformly aligning model outlined in
lemma 4.1, remains uniformly bounded in the bounded horizon region

max {lux. )] : 0 < dist{x, supp {p(-, H}} < Roo} < tmax.
>

Remark 4.5. (Global smooth solutions with 2D quadratic potentials) The case of
quadratic potential carries out further simplification of the critical threshold con-
ditions (4.13). Specifically, the first term in Cy,,, originates with the bound of the
residual term, see (6.8) below

IRij| < 2mol@loottmax,  Rij = /3j¢(lx —yD (i (x, 1) — ui(y, 1)) p(y) dy.

In the quadratic case, we have the exponential flocking towards the zero mean

velocity (2.4), max lu(y, 1) < e */* Moreover, it can shown (we omit the
yesupp {p(-.1)}
details) that in this case, the velocity field along particle path remains uniformly

integrable in time

oo
/ IRij (X (1, @), )| dt < ['|oCr,
=0

which implies the uniform-in-time bound on the spectral gap:
max [ns(x, )| < max |(1n5)ol + 2[¢'|ocCr- (4.15)
XeQ xXeQ

Consequently, in the quadratic case we can discard of the R;; bound and are left
with Cy,0x = A — a = 0 at the expense of having modified C,. We end up with
the simplified critical threshold (see remark 6.1 below)

V.ug(x) 4+ (¢ * po)(x) > 0 forall x € 2, (4.16a)

242
max [1)0(X)| + 2(¢'|cCr < V2Ca,  Ca= m02¢— —2a>0. (4.16b)
Xe

5. Proof of Main Results: Hypocoercivity Bounds

5.1. Quadartic Potentials

We prove Theorems 2.3 and 2.5, making use of the uniform lower-bound of
¢(r) = ¢_ in (2.12).

Proof of Theorem 2.3. Since the fluctuations functional § E (p, u) in (3.13) satisfies
SE(p,u) = SE(p, 1), itsuffices to study (2.1) with (x.(0) = 0, u.(0)) = (0, 0) ~
(xc(1),uc(¢)) = (0, 0), for which the fluctuations coincide with (multiple of) the
energy

1
SE(t) = 4m0/ (§|u(x, N2 + %|x|2)p(x, 1) dx. (5.1)
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As before, the energy decay is dictated by the minimal value min d(x —

x,yesupp {p(-,1)}
yh) = ¢— = ¢(/8Ro/a),

1 2,4 .2 1 2
3:/(*|U(X,l)| +5P) o nax = = [[ o= plu) -u o) dxdy
2 (5.2)

25 [ 1w — R p o) dxdy = —mop— [ 1ufpax.
Then we compute the cross term
8,/u(x, 1) -xp(x,1)dx
—/(u(x, 1) -x)V - (pu) dX+/X- (—u-VU+f¢(x —y)u(y) —ux)p(y)dy —aX) p dx
= fa/|x|2pdx+/|u|2pdx+/ P(x — y)x - (u(y) — u(x)p(x)p(y) dxdy
<—a [ Poaxs [lpaxr B[] (i + " ) —uw ) popw axdy
+

m2a2
:—%/|x|2pdx+<l+ 0% )/lu\ pdx

Adding a A-multiple of this cross term—=2 is yet to be determined, we conclude
that

1 2,4, 2
a’/(i'“(x’ 1| +§IXI + 2Au(x, t)~X)p(x, 1) dx 53)
0¢+
g—(moqa_—zx(l /lul de—ZA/ x|2p dx,

which means the LHS is a Lyapunov functional if A > 0 is small enough; in fact,
we set

= 5 min ’"0—¢’*§ , (5.4)
(14285 + 3
to conclude that the Lyapunov functional
1 2,4 0
V) = (§|u(x, D + S+ 2ru(x, 1) - X)p(x, 1) dx (5.5)

d
admits the decay bound EV(I) < =X (|u|2 + alxlz),o dx. Noting that this

modified Lyapunov functional is comparable to the energy functional (recall 24 <

Va/2)

1 SE
== /(|u|2 +alx))pdx < V(1) < /(|u|2 +alx?)pdx = —,
2 2mg

we conclude its dissipativity V'(t) < —AV (¢), which in turn proves the L?-flocking
SE ( ) SEy -
bound (3.13), —— < V(#) < O
mo
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Proof of Theorem 2.5. We define the perturbed energy functional
1 2, 4.2
Fi(x,1) == EIU(X, nl” + EIXI +2ru(x, 1) - X (5.6)

where A1 > 0 is yet to be determined. Then we compute the derivative of F; along
characteristics:

Fl=0F +u-VF
— 2% (—u Vu+ / $(x — VU — u@)py)dy - ax)
+u-(u-Vu) +au-x+2iju®+2xx- (u- Vu) (5.7)
= —2nalx* + (u+22%) - (/ b (x —y)(u(y) —u®)p(y) dy) +2h1luf?

= 2h1alx =@ x p)lul*+u - (@ x (pw)+221x - (¢ * (pw) — (¢ * P)wW)+24; [uf>.
We bound the convolution terms of the right of (5.7): by (2.7) we have mo¢p_ <
(¢ * p)(x) < mooy; further, by (5.1), SE(t) > 4moE(t), and the exponential
decay of the L?-Lyapunov functional, (3.13), we have that
(¢ * (pw)(X)| = ‘/ P —yu)o(y) dY‘

1/2 V2SE
<¢+f|u<y>|p<y)dy<¢+m (f |u|2pdy) <¢+Fﬁ° e M2,

‘We conclude that the perturbed energy functional F; does not exceed

mob- L2 + 9 SEo - e—“)

—2nalx]? — mog_|ul? + ( . T

Aa 2
+( 42 + 1¢+8E0~e_)")+2klm0¢+< x| + °¢+ \u\2)+2x]|u|2
a 4mod+

242
halx? — (’"OT‘p‘ —2a(1+ moa&))m2 1 Cy-8Eq- e
with
1 2)\1
Co=( =) 5.8
0= (55 + 0 )90 (5.8)
Therefore, by choosing 1| as
1 _ A
= —min[ ";;)f’H ?] > (5.9)
1+ 222 + 5

one has
/ A0 2 A vy
Fi() < 2(a|x| + ")+ Co-0Ep-e ™ < 2F1(t)+C0-5Eo~e ,

with the explicit bound Fi(r) < e /2 (F(0) 4+ 2Co - 8Eo/2). Finally, since

max F1(x, t) is comparable with § P, namely —6P < F; < —§P and
xesupp {p(-.1)} 8 2

< mg - , the result (2. ollows with Co = +4Com . 0
SE %BP hi It (2.15) foll ith C 4(1 4+ 4C %A)
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5.2. General Convex Potentials

We begin with the proof of Proposition 3.4, which confirms the the uniform
bound |u| + |x| in terms of O(1/¢_). The main idea is to study the evolution of the
particle energy % lu(x, 1)|>+U (x) along characteristics, and conduct hypocoercivity
arguments to handle the possible increment of the particle energy due to the Cucker—
Smale interaction.

Proof of Proposition 3.4. We define
1
F(x,1) = EIU(X, P+ U + cu(x, 1) - VU(x), (5.10)

with ¢ > 0 being small, to be chosen. Then it follows from the assumptions on U
that

F— Lt = 4w = L + 0w - SxP) + cutx, ) - VU )
——lu*—=x]“=-|u X) — —|x cu(x,t) - X
4 4 4 4
1 1
> lul + %|x|2 - §<4—c|u|2 LavU®P) G
1
>§|U|2 + %|X|2 — 22 A% %)% = 0.

Now fix ¢ < \/% . Then we compute the derivative of F along characteristics:
F' =8F+u-VF
=@+ cVU(X) - (—u -Vu+ / ¢(x —y)(uly) —ux)p(y)dy — VU(X))
+u-(u-Vu)+u-VU®K) +cu' VU + cVU(X) - (u - Vu)
= —c|VU®* + @+ cVU (X)) - (/ ¢x —y)(uly) —ux)py) dy) +cu' VU (x)u

= —c[VU®) = (¢ * p)|ul> +u- (¢ x (pw) + VU () - (¢ * (pw)) — (¢ * p)u)
+cu' V2U (x)u. (5.12)

Noticing that mo¢— < (¢ * p)(x) < mo¢+, the convolution term on the right of
(5.12) can be upper-bounded in terms of the dissipating energy E(¢) in (1.4)

[(¢ * (pw))(X)| = Urﬁ(x —yu)pe(y) dy’ < oy f [u(y)|p(y) dy
12
<4s / U@ dy < dpm? ( / |u|2pdy) <26,mY2E2(0), V.

Therefore

mogp—

Fl < —elV 2 _ 2 2 2 o E
< —c|VUX)|” — mog—|u|” + ( ) ul -i-m0 ¢ moEo)

IVUX)|? + mog [u]?) + cAlul?

+ <§|v0(x>|2 +AcmoEo) + (emog) (o =

MOP (A + mdé?))ul + Co

2

c
<=5 IVU®P = (
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with

2
Co = (mo¢_ +4c)¢im0E0. (5.13)

Therefore, by choosing
. mogp— | a
¢ = min =1 5.14
{ A+2(A+mip7) N 8A2 } .19

F' < —§<|VU<x>|2+A|u|2)+co. (5.15)

one has

Next we notice that

1 A c 1
F<—ufl+ 252+ Sl + cA?x)?
2|ll| +2|X| +2(C|ll| + cA%|x[)

ZA
< max 1, bluP? + AXP) = u? + Alx?
and
2
VU + Aluf* > min {A. = [ qui® + 4lx?) = = <|u| + AP,
This means that if
2AC
Fx,1) >~ = Cp, (5.16)
a=c

then F’ < 0. Thus F cannot further increase (along characteristics) if it is larger
than Cp. It is clear that c = O(¢—_) and Cyp = O(1/¢_) for small ¢_. Therefore
Cr=0(01/¢2).

Therefore, by (5.11) we get

a] + x| < 2( f>f F<2(1+ — \/max F, max F(x,0)}

XESUpp po

1
<2(1 +ﬁ)\/max{cﬂ max (UG + Alxl?)

<max{c+~max (|uo<x>|+|x|>,2<1+—a>@,}, c, ::zﬂ(u%),

XESupp po a

and the term 2(1 + «/CF scales like O(1/¢_) for small ¢_. O

When dealing with convex potential U (x) = %|X|2 we used the fact that the
mean location X, and mean velocity u, satisfies the closed system, (2.16), which
enabled us to convert the measure of L2-fluctuations into an energy-based func-
tional. In case of general convex potentials, however, the mean location x. and
mean velocity u. do not satisfy a closed system and therefore one cannot reduce
the problem with x. = u, = 0, for which §E is equivalent to the total energy.
Therefore one cannot using hypocoercivity on the energy estimate to obtain the
decay of § E. Instead, we will construct a Lyapunov functional which is equivalent
to § E directly. We begin with the case of a constant interaction kernel.
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Proof of Theorem 3.7. Recall that we assumed ¢ is constant. Denote K := mo¢
so that the convolution terms with ¢ amount to simple averaging, (¢ * f)(x) =
K f f dx. We will use the p-weighted quantities

(f&xy), 8x,¥)p = // F&y) - Yooy dxdy, |f ) = (fx ), fX V)

for any scalar or vector functions f, g, where we suppress its dependence on ¢.
We compute the time derivative of the following quantity (where 8 > 0 to be
determined):

F(1) = glx —yI3 4 (x—y, u® —uy), + glu(X) —uy)l} (5.17)
=[Gy + x =9 @ - u) + 5 e - uwp)x
(= Vs (pEuE)PE) — Yy - (pmuE)P™)
+(x =y + B —u)) - (~ v - V) +u) - Vyu)
~ Ku() + Ku(y) ~ VUK + VU)o x)p(y)] dxdy (5.18)
=[] [(xx =9+ ut0  u) + Vauox -y + pu — uw) -ue)
+ ( —Kx—y) - @X —uy) - Vyuy)x -y + pukx) - u(y)))) -u(y)
+(x=y+ B —u)) - (- u® - V) +u) - Vyu()
— Ku) + Kuy) = VU®) + VU ) |p0p() dxdy
= [[ [~ &b = D1 ~uwP - =9 (U@ - U@

= Bu(x) —u(y)) - (VU(Kx) — VU(y))}p(X)p(y) dxdy. (5.19)
Notice that

x—y) - (VUX = VU®y) = /01<x -y VU1 = 0)y + %) (x — y) dO > alx — y|*,
(5.20)
and similarly that
[(u(x) —u(y)) - (VU(x) = VU ()| < Alux) —u(y)|-[x—y[. (5.21)
Then we obtain
(5.19) < —(KB — Dux) —u)|3 — alx — y[3 + ABJux) —u)l, - |x — ¥l,-
(5.22)

We want to choose a 8 such that the RHS of (5.22), as a quadratic form, is negative-
definite, i.e., its discriminant is

A28 —4a(KB — 1) = A2 B% — 4aKB + 4a < 0. (5.23)
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This is possible, since by (3.12) (4aK)? — 16A%a = 16a(aK?* — A?) > 0, and we
can take

2aK
and then
dF ) )
= < —m(lu —uWI} +ax - yP}) = —uisE, (5.25)

for some p; > 0 (whose explicit form will be given in Remark 5.2). With this
choice of B, the discriminant of the LHS of (5.19) is

12_4£§:1_2a1<2<1_2aA2:

—1
272 AZ aA? ’

and thus it is positive definite. One can estimate F' above and below by 36 E <
_m
F < o8 E for some wo > w3 > 0. Therefore F(t) < F(0)e *#2 and then

1 1 _H "2 _m
SE() < —F(1) < —F(0)e = < B25E0)e 2.
"3 "3 3 O

Remark 5.1. The key idea of the proof is the cancellation of the term K(x —y) -
(u(x) —u(y)) in (5.19). For large K, this term is O (K ), while the two good terms
are O(K) and O(1) respectively. If this term was not cancelled, then it could not
be absorbed by the good terms.

In fact, the positive/negative K (x —y) - (u(x) — u(y)) terms are given by the
time derivative of % |x — y|% and (x —y, u(x) —u(y)),, respectively. Therefore, in
the Lyapunov functional, one cannot change the coefficient ratio between a square
term |x — y|f) and the cross term (x—y, u(x) —u(y)),. This is an essential difference
from the standard hypocoercivity theory (for which the cross term can be arbitrarily
small).

Remark 5.2. One can obtain the explicit expression of 11 from (5.22) by letting the
good terms absorb the bad term exactly, i.e., solving the quadratic equation
A2ﬂ2

4

(KB —1—pup)(a—ap) =

yields u =

ak? a’K*  akK? o .
— + 1 > 0; similarly, one obtains (> 3 as

A2 A4 A2

1 a’K n K " (azK n K>2 4 (aK2 1) 0
= | — 4+ = —+—) —dal—5—-) ] >0.
H23=5.\ a2 72 Az T2 242 4

To handle the case with non-constant ¢, we start with the following lemma:
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Lemma 5.3. With the same assumptions as Theorem 3.6, further assume the apriori
uniform bound on the velocity field

max (lax, )| + |X]) < umax < 00. (5.26)
120, xesupp {p(-,1)}

Fix any €1 small enough. Assume that at time ty, one can write supp p (-, ty) into
the disjoint union of two subsets:

supp p(-,t0) = S1 U S, S1NS =90, (5.27)

which satisfies
/ p(x, 7o) dx < ne, (5.28)
S

with n > 0 depending on ¢, U, umax but independent of €1, and

8P(to; S1) == sup (Ju(x) —uy)> +alx —yP*) <e. (5.29)
X,yES|

Let S1(t), S2(t) be the image of S1, S> under the characteristic flow map from ty to
t. Then

SP(1; 81(1)) < €1, Vi =19 (5.30)

In this lemma, S consists of the particles which are almost concentrated as a Dirac
mass, and S the other particles, which can be far away from the Dirac mass, but
whose total mass is small. The lemma claims that the Dirac mass will not scatter
around for all time. This can be viewed as a perturbative extension of the constant
¢ case, applied to the Dirac mass S.

Also notice that (3.3) gives (5.26) with um,x being the RHS of (3.3).

Proof. Define

_K 2 p 2
F(x,y, 1) = 3|X =yIr+ =y - (ux, 1) —uly,n)+ §|“(X, 1) —u(y, DI,

Foo(t; S) = gagg F(x,y, 1)

where K = mo¢(0), and the choice of 8 is the same as the proof of Theorem 3.7, so
that F is a positive-definite quadratic form. Fix two characteristics x(¢) and y (#) with
x(t9), y(t0) € S1, and we compute the time derivative of F along characteristics:
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d
EF(X(I),Y(t),I)
=0 F +u(x) - VxF +u(y) - VyF

=(x—y) + X)) —u®y))) - ( —u(x) - Vxu(x) + u(y) - Vxu(y)

+ / ¢ (x —2)(u(z) —ux))p(z)dz - / ¢y —2)(u(2) —u(y))p(2) dZ)

+u®x) - (Kx—y) + @) —u®y) + x—y) - Vxux) + u(x) —u(y)) - Vxu(x))
—u@y) - (Kx—y) + @x) —uy) + x—y) - Vyuy) + fx) —u(y)) - Vyu(y))
= —(KB — Dux) —u(y)?

—(x—y) (VU®X — VU(y)) — B(u(x) —u(y)) - (VU() — VU(y))

+(x =y + B —u®)) - (/(¢(X —12) — ¢$(0)(u(z) —u(x))p(z) dz
- /(d)(y —12) — ¢ (0)(u(@) —u(y))p(2) dz)-

The first three terms are less than a negative definite quadratic form, as in the proof
of Theorem 3.7. Now we handle the last term, which results from the fact that ¢ is
not constant.

By the definition of S (¢), one has x(¢), y(¢) € S1(¢) forallt > 1. Ifz € S1(¢),
then |x — z| < /8P (¢; S1(1)/a < C1/Fuo(t; S1(2)) for some constant Cy, since

F is comparable with [u(x) — u(y)|> + a|x — y|2. Therefore

¢ (x —2) — ¢ (0)] < [§'locCi1v/ Foo(t; S1(1)). (5.31)

It follows that

< CaFoo(t; S1(1)Y/2,

((x=y) + X)) —u(y))) - fs ( )(¢(X —2) = ¢(0) (@) —ux)p(z)dz
10t

with C2 = (1/y/a + p)mo|¢' | C7.
If z € S»(¢), then we use the uniform bound (5.26) to estimate u(z) — u(x), and
obtain

(x=y) + ) —u(y)) fs ()(¢(X —2) — $(0)(u(2) — u(x)p(2) dz| < C3ner Fo (15 S1(1))'/2,
2 (1

with C3 = (1/3/a + B)Cy - 2¢4 - 2umax. Similar conclusions hold with x and y
exchanged.
Therefore we conclude that

d
< PO, ¥, 0) < —pF @), y(0), 1) + CFoo (15 5 (0)>/% + C3ne Foo (1 S1(1) /2,

with © > 0 a constant. Taking x(¢),y(#) as the characteristics where
maxy yes; (1) F'(X,y, t) is achieved, we obtain
df

o STH C2f% + Caner 12, F(1) = Foolt; S1()).
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Cs3 u? df
Now set = — and assume €] < ——, then — < 0 whenever f(¢) = €1, and
6)) 16C;5 dr
hence the bound f(#) < €1 persists in time. The conclusion of the theorem follows
from the fact that f and § P (¢; S1(¢)) are comparable (up to adjust the upper bound

€1 by constant multiple). O

The next lemma guarantees the existence of a partition satisfying the assumptions
of Lemma 5.3, in case the L? variation of velocity and location is small.

Lemma 5.4. With the same assumptions as in Theorem 3.6, for any €1 > 0,

2
monej

SE(to) < (5.32)

implies the existence of a partition satisfying (5.28) and (5.29).

Proof. Recall that (x.(t), u.(¢)) denote the mean location and velocity (2.3). Then

f (lu®) —u@)* +alx — y»)px)p(y) dxdy
= / (X)) —ue) — @y) —u)? +alx —x.) — (y — x)*)p(x)p(y) dx dy

= 2my / (lux) — uc)? + alx — x.[*) p(x) dx. (5.33)
Thus, at time £,

1 mone%
p)dx < — [ (lu®) —u* +alx —xc[M)p(x) dx < = nei.
E Zmo 2

/\-u(X)fuL [2+alx—x.>>

1
1

Therefore, we can take S := {x : [u(x) — uc|2 +alx — xL|2 €1/4}, and (5.28)
is satisfied. Then for any x,y € S1 := supp p\S2, one has

l(u(x) —ue) — (u(y) —ue)? +al(x —x0) — (y — xo)|?
& 2 + Juy) —ucl® +aly — x.[%)

lux) —u@)® +alx —yf?

<
< (|u(x)—uL +alx —Xx¢

2
4€L

N

4 €1,

which means (5.29) is also satisfied. |
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Proof of Theorem 3.6. We start by a hypocoercivity argument on the energy esti-
mate. Using the notation in the proof of Theorem 3.7,

%(x =y, u(x) —u(y))

— [ [x =9 00 — u)=¥x - um1p®) - Yy - G
F o) (00 Va0 + [ $x = @ — )o@ dz - VU

—u) - Vyu) + [ 6~ D0 -~ u)o (@) 2~ YU®)po(y)] dxdy

(5.34)
= [ux) —uI® + f f x-y-( / $(x = 2)(u(2) — u(x)p(®) dz

+ / ¢y —z)(u(z) —u(y))p(z) dZ)p(X)P(Y) dxdy — (x -y, VU(X) - VU(¥)

2 2
<|u(x)—u(y)|27a|xfy|2+2<§|x v+ ¢+|u<x> uy)?)

0¢+>

_ _§|X_y|2+ (1 + lu(x) —u(y)l%,

where we used

‘//(X -y / ¢ (x — z)(u(z) — u(x))p(2z) dzp(x)p(y) dx dY‘

2
< prerlx—yl +f; // (/I(U(Z)—U(X))Ip(z)dz> p(x)p(y) dxdy

(5.35)
<sseix—yP+ - [[mo [ 0@ —u)Pot daoonm axay
2 o¢+ 2
< gpcilx—ylo + 4c; —— [ux) —u(y)|”,
with ¢; = a/4¢,. Combined with the energy estimate (1.5), we obtain, for any
c >0,
L(EO +ets—youe0 —uw) < (% e+ M))m(x) —uP - Six -y
dt ' IRN) a 2 '
Then, setting
/2
¢ := min | / ﬁ} (5.36)

1 +2mg¢3ja+ 172" 8mo )’

we have

d c 2 2 c
E(E(t) +e(x—y, ux —u®y)) < *E(IU(X) —u)|*+alx-ylH) = *5315(1)-
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Notice that, since U (x) > §[x|?,

(X — ¥, ux) —uy)) < 255<a|x — ¥ + ) — u@))
<2 f @x® + u@P)px dx < 270 gy
S \/E P I ﬁ .

Therefore E(t) + c(x — y,u(x) — u(y)) = 0, which in turn implies that
o

/ SE(t)dt =: Cy < o0.

0

. C .
Next, forany fixed 11 > 0, there exists #p < 71 suchthat§E (tp) < t_o (otherwise
1

the integral fél S E(t)dt would exceed Cp). Lemma 5.4 implies that there exists a

| 2C
partition at r = #q satisfying (5.28) and (5.29), with €] given by €; = (; .
monti

If #1 is large enough, then €; is small enough, so that we can apply Lemma 5.3 to
get that (5.30) holds for all ¢ > fy. In particular, (5.30) holds for ¢ = #;. Therefore,
by using (5.30) for pairs (x, y) with x, y € S;(¢1) and the uniform bound (3.3) for
other pairs, we obtain (u#m,x denoting the RHS of (3.3))

SE(t1) < mder + 2mone; - 4(1 4+ a)u2,, = Cey, (5.37)

and the proof is finished by noticing that €; = O(1/./f;) for large 1. O

6. Proof of Main Results: Existence of Global Smooth Solutions

The proof of the existence of smooth solutions proceed in two parallel tracks.
Both the restricted solution and the global flow map address similar apriori
bounds—the former is restricted tox € supp {o(-, )} and the latter applies through-
out space, X € 2.

6.1. The One-Dimensional Case

The proof of the existence of global smooth solutions for 1d follows the tech-
nique of [1]: we analyze the ODE satisfied by the quantity d,u + ¢ * p along
characteristics.

Proof of Theorem 4.2. Write d := 0d,u. Differentiate the second equation of (6.1)
with respect to x to get

9o +udyp =—pd

0d + udxd +a* = —u/8x¢(x —yp(y)dy — /cb(x —»apMdy ¢

- d/¢(x —»p(ydy —U"(x).
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Expressed in terms of e := d 4 ¢ * p and the time derivative along characteristics
denoted by ’, then (6.1) reads

p'=—ple—¢x*p)

, Y (6.2)
e =—e(le—¢pxp) —U".

If e > 0, then by (4.5),

2 2
e’}—e(e—moqb_)—A:—(e—%) +<%—A).

Then since by (4.5) A < (mo¢—_)? /4, one has

2 2
& > 0. for mmiL /(m0¢ ) modL n /(MOiL) _A
2
By (4.6), initially e > =/ (m()d) L A for all x. Therefore the same

inequality persists for all tlme

Also notice that if e > 2mo¢, then ¢ < —e?/2 — a, which implies e is
bounded above by e < max{max; eg, 2mo¢, /max{0, —2a}}. Since ¢ * p is
bounded above and below, this implies that d,u« is uniformly bounded, and thus
global smooth solution exists. O

Proof of Theorem 4.3. We start from (6.2), the dynamic of e, which is derived in
the previous proof. We analyze the sign of €’ in the cases of positive and negative
e:

e If e > 0, then

2 2
&' < —ele —mopy) —a=— <e _ _m0¢+> . (<mo¢+> ) a)

2 4
(6.3)
— If (4.7) holds, then e’ < 0.
— If (4.7) does not hold, then if
mod+ (mop+)?
— — 6.4
T2 TV s ¢ ©4)
then e’ < 0.
o If e < 0then

2 2
&' < —ele—mop ) —a=— (e _ —’""2"’) + (—(’"Of) _ a)

(6.5)

— Ifa > 0,thene’ < 0.
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2
- mop— [ (mop-) iy 6.6)
2\ 4

Notice that for all the € < 0 cases above, we actually have ¢’ < —¢ < 0.
Therefore, as long as one stays in the &’ < 0 cases, e will keep decreasing until it is
negative enough so that the —e? term blows it up. Therefore, we have the following
situations where we can guarantee a finite time blow-up:

— Ifa <0, then if

then e’ < 0.

e If (4.7) holds, then any negative values of e will have e’ < 0 since a > 0, and
any positive values of e will have e’ < 0.

e If (4.7) does not hold but @ > 0 and (4.8) holds (which means (6.4) holds
initially), then (6.4) will propagate since €’ < 0 for positive or negative values
of e.

e If (4.7) does not hold and a < 0 but (4.9) holds (which means (6.6) holds
initially: in particular, e starts with negative values), then (6.6) will propagate
since € < 0 (because e stays negative). O

6.2. The Two-Dimensional Case

We follow [9], tracing the dynamics of the matrix M;; = d;u; associated with
the solution to (1.1). Since most steps are the same as in [9, Theorem 2.1] except for
the additional external potential term on the right of (1.1), we outline the derivation
along the same steps as in [9] while omitting excessive details.

Step 1: M satisfies

%M +u-VM+ M?>=—(¢p*p)M+ R — VU, 6.7)
where
Rij = 0j¢ * (pu;) — u; (3¢ * p). (6.8)
The divergence d = V - u satisfies
dd+u-Vd+TrM? = —(¢ * p)d + TrR — AU. 6.9)

The two traces in this equation are evaluated as follows: by (6.8), TrR = — (¢ * p)’;
also, TrM? = %(d2 + 77/2;4) where 7,y is the spectral gap of the two eigenvalues of
M. We find

1 1
(d+¢*p)’=—§n12w—Ed(d—i—Zqﬁ*p)—AU. (6.10)

Decompose M into its symmetric and anti-symmetric parts, M = § + €2, then

1712‘,, = 77% — 4w? where 7 is the spectral gap of S and w = (djuy — dpu1)/2 is the

scaled vorticity. Then, by introducing e = d + ¢ * p, we finally end up with

;1 2 2 2 2 .
e =§(4a) +(@*p) —ng—e” —2AU), e:=d+¢x*xp. (6.11)



378 R. SHU, E. TADMOR

Step 2: The ‘e-equation’ is complemented by the dynamics of the spectral gap ng.
To this end, we follow the spectral dynamics of S:

1
S+ §? = I — (@ * p)S + Ryym — VZU, Rsym = E(R + RT)§
where I stands for the identity matrix. The dynamics of the eigenvalues u; of S is
given by
i+ ui = — (@ % p)ii + (si, Rymsi) — (si, V2Us;),
where s1, s are the orthonormal eigenpair of S. Taking their difference,

ns +ens = q = (s2, RymS2) — (81, ReymS1) — (52, V2Us2) + (s1, V2Us1).
(6.12)
Step 3: We need to estimate ng based on (6.12). A good estimate of ng will give a
non-negative lower bound of e.

Step 4: Finally we need an upper bound of e. The dynamics of w is independent of
the symmetric forcing term VZU,

tew=imr), J=|07] (6.13)
w ea)—2 s = 10 ) .

Therefore we can bound w in the same way as we bound g, and this yields an
upper bound of e. This would conclude the proof of the uniform boundedness of
d = V-u. Combined with the uniform boundedness of g and w, we get the uniform
boundedness of Vu.

Proof of Theorem 4.4. Observe  that outside the horizon range, dist
{x, supp {p(-, 1)}} > R, the the entries of R(x, ) vanish since d;¢(|x — yl)
does; otherwise, we have, in view of the assumed bound (4.11),

|Rij (X, 1)| < 2mo|9’|cottmax- (6.14)
Therefore, since s1, Sy are unit vectors,
(2, RyymS2) — (S1, RyymS1)| < 8mo|d’|oottmax.
while | — (s2, V2Usz) + (s1, V2Us1)‘ < A — a, and we end up with
lg| < 8mo|@|octtmax + A — a =: Cprax. (6.15)

Hence, assuming that we have the lower bound (which is true initially, by assump-
tion (4.16a))

2.2
mop~

e> \/CA —/C3 —C2,, =:cy >0 where Cy = —2A (6.16)

(the quantity inside the inner square root is positive, by assumption (4.12)), ng does
not exceed

Cmax

Insl < max { max |0)o (), =2 | = 5 max. 6.17)
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Step 3: (6.11) implies
1
e > 5(612 —e?), o = midZ = 0§ max — 4A =2CA — 15 max. (6.18)

with well-defined ¢; > 0 provided the quantity on the right is positive. In fact,
assumption (4.16b) gives

max

2C4 —max |(15)o(M)[* = Ca = /CF = CRp = 6,

C 2
and by (6.16), 2C4 — | —=

= ¢3. Thus we have 2C4 — né,max = ¢3, and

c
therefore c; is well-defined gnd coincides with ¢; = ¢ > 0. With this, (6.18) now
reads ¢’ > 1/2(c§ — e2) and hence e is increasing whenever e < ¢;. This means the
initial bound e > ¢, can be propagated for all time, so we can identify ¢2 = epip.
Step 4: Similarly ,we obtain from (6.13) that w is uniformly bounded:

8m|d’| ot max

|o| < max {max |wo (%) ], } = Omax-
X

Cc2

Then (6.11) shows, since |AU| < 24, e’ < 34w, +mip? +4A — e?). Thus

we get the upper bound e < max {maxX ep(x), \'/46012][laX + m%qﬁ +4A } O

Remark 6.1. (Improved thresholds in the case of quadratic potentials) In the special
case quadratic potential, one can replace (6.17) with the uniform-in-time bound of
maxy |75 (X, 1)| < maxy |(ns)o| + 2|¢'|coCr, (4.15). In particular, since the latter
is independent of ¢y, we can reorganize the proof with eni, = ¢ = 0, ending with
global regularity in time for sub-critical data satisfying (4.16).

We close this section by noting that a key step of the existence proof, going back
to [9], is the upper-bound of the residual terms

Rij(x,1) = /3,/¢(|X — ¥D (ui (%, 1) — ui(y, 1)) p(y, 1) dy.
y

In fact, we can be slightly more precise in bounding these terms in (6.14). By
(2.15), the term (ui(x, t) — u;(y, t))p(y, t) is exponentially small and hence can
be neglected whenever x € supp {p(-, #)}. Thus, for x ¢ supp {p(:, t)}, we are left
with the bound

IRij (X, )| < mol|¢|oodttmax + Lo.t,  Sumax := max [U(x,1) —U(y, 1)l
X,YEAo

where Aoo = {x : 0 < dist{x, supp {p(-,)}} < Roo} is the vacuous horizon
region surrounding supp {p (-, #)}. However, there is no reason to expect velocity
alignment inside the horizon region, where the dynamics is dictated possibly by
different extension procedures. The study of such extensions is left open for future
work.
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