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ABSTRACT. We study the collective behaviors of the Wigner-Lohe (WL) model
for quantum synchronization in phase space which corresponds to the phase
description of the Schrédinger-Lohe (SL) model for quantum synchronization,
and it can be formally derived from the SL model via the generalized Wigner
transform. For this proposed model, we show that the WL model exhibits
asymptotic aggregation estimates so that all the elements in the generalized
Wigner distribution matrix tend to a common one. On the other hand, for the
global unique solvability, we employ the fixed point argument together with
the classical semigroup theory to derive the global unique solvability of mild
and classical solutions depending on the regularity of initial data.

1. Introduction. Collective behaviors often appear in many classical oscillatory
systems [1,4, 7,17, 18, 25, 27, 29]. Recently, such classical synchronization dynamics
has been extended to a quantum regime, and it is called quantum synchronization in
literature. It is worthwhile mentioning from [19, 20] that quantum synchronization
has attracted many researchers in the quantum optics community due to its powerful
applications in quantum information and quantum computing [8, 14, 15, 16, 21, 28,
33, 34]. Among possible candidates describing quantum synchronization, we are
interested in analytical studies on quantum synchronization via Wigner’s formalism
[30] that was first introduced by Wigner in 1932 in order to find quantum corrections
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to classical statistical mechanics. For the mathematical properties of the Wigner
transform, we refer the reader to [32].

To set up the stage, we begin with the Schordinger-Lohe (SL) model [19]. Let
W =j(t,x) Ry x R? — C be the wave function of the quantum system situated
at the j-th node whose dynamics is governed by the Cauchy problem to the SL
model:

<wJ7 wk>

N
i0yp; = — A%”% 2N (wk—% ;)

¢j(0ax) = ¢9(l‘)a Je€ [N] = {17 7N}7

where V; = Vj(x) : R? — R is a time independent potential at the j-th node, x
denotes a (uniform) nonnegative coupling strength between nodes, and (,-) is the
standard inner product in L?(R?).

Note that the Planck constant is assumed to be unity for simplicity. Like the clas-
sical Schrodinger equation, system (1) satisfies L2-conservation of the wave function
;. We refer the reader to a recent review article [9] for the emergent dynamics of
the SL model (1).

In this paper, we study the emergent dynamics of the Cauchy problem to the
WL model with identical potentials:

d
w) t>0, reR" (1)

atwm +p - Vewij + O[V](wiy)
N

Z { Wi + Wik) (/de (wik, + wkj)d.]?dp) wij} : @)

k:
t>0, (z,p) € R,
wij(oar7p) = w?j(xap)v Za] € [N]v

subject to initial constraints:

/ wldzdp = 1, ’/ w?jdxdp - 1‘ <1, i#j€[N]. (3)
R2d R2d
First, we recall the following definition of the emergent dynamics as follows.

Definition 1.1. [3] System (2) exhibits complete aggregation if relative states tend
to zero asymptotically.

tli)ril() ||wij — wgmHLz(de) =0, 1,7, {,m € [N]

In the sequel, we provide several comments on the Cauchy problem (2)—(3). First,
the WL model (2) was first introduced in [3], and a priori asymptotic analysis has
been studied only for the two-particle system with N = 2. Second, one notices
that (2) is equipped with the identical potential V for all ¢,5. In fact, potentials
for the corresponding SL model (1) would be non-identical in general. However, for
the simplicity of mathematical representation, identical potentials are considered in
both [3] and our analysis of this work. Third, initial data are restricted to a suitable
class. For (3),, it is usually assumed for the classical Wigner equation so that
conservation laws hold under the assumption. Precisely, it corresponds to the mass
conservation for a classical Schrodinger equation (see Remark 1). Hence, it would be
reasonable to employ (3);. On the other hand, the assumption (3), does not appear
in the study of the classical Wigner equation consisting of a single equation, whereas
(2) contains N? equations. Later, we will see from Corollary 1 that (3), guarantees
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the uniform L?-boundedness. We refer the reader to [5, 6, 10, 11, 13, 22, 23, 26, 35]
for the Wigner and Wigner-type equations.

The main results of this paper are two-fold. First, we provide the complete
aggregation dynamics of (2) in a priori setting. Under the assumptions (3) on initial
data, we can find an invariant set whose center plays the role of an asymptotically
stable fixed point (see Lemma 3.2). Then, we obtain the uniform-boundedness of
the L?-norm of a solution to the WL model and show that the L2-norms of all
relative states tend to zero (see Corollary 1). For details, we refer to Theorem 3.1
in Section 3.

Second, we provide a global existence theory of (2) combining the classical meth-
ods (fixed point theorem and semigroup theory) and exponential aggregation esti-
mates. We highlight that this paper extends the results in [3] where the existence
theory was not considered even for N = 2, whereas a priori aggregation estimates
were established only for N = 2. For this, we first define a suitable function space
X which is a subset of L?(R??). Then, we recast the WL model as a first-order
matrix-valued PDE on X and apply the fixed point theorem to show that the WL
model admits a global mild solution. Furthermore, if more regularity assumptions
on initial data are imposed, then we show tha a global classical solution can be
obtained from the semigroup approach (see Theorem 4.1).

The rest of this paper is organized as follows. In Section 2, we introduce general-
ized Wigner functions and the WL distribution matrix, and study their elementary
properties. We also review previous results for the WL model. In Section 3, we
provide complete aggregation estimates for the WL model in a priori setting. In
Section 4, we show the global existence of mild and classical solutions depending on
the regularity of initial data. Finally, Section 5 is devoted to a brief summary of this
paper and some remaining issues for a future work. In Appendix A, we summarize
classical results on the semigroup theory to be used for the global solvability in
Section 4.

Gallery of Notation: Throughout the paper, as long as there is no confusion, we
simply use R?? instead of RY x R or R2%. Let f = f(z,p) and g = g(z,p) be two
functions in L?(R24). Then, the standard L2-inner product and the L?-norm are
defined by

()= [ 1ol idadp, 1=,

where g(z,p) is the complex conjugate of g(z,p) € C. We set the Fourier transform
and its inverse transform as follows:

—iz-p T —1 T :L eiw'P
FOw) = [ o rarn (Fow) = g [ o).

For a given real-valued function v with two set of variables z,y € R?, we define the
Fourier transform in y variable as follows:

Fropan) = [ vlap)e 7y

2. Preliminaries. In this section, we introduce the N x N Wigner-Lohe (WL)
distribution matrix associated with the SL model (1), and its governing model “the
Wigner-Lohe model”, and review the emergent behaviors of the 2 x 2 Wigner-Lohe
model in [3].
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2.1. The Wigner-Lohe distributon matrix. In this subsection, we show how
the WL distribution matrix can be constructed from the SL model. For this, we
first recall the generalized Wigner distribution and the pseudo-differential operator.
Definition 2.1. [3]

1. For any two complex-valued wave functions ¢, ¢ € L?(R?), the generalized
Wigner distribution w(i, ¢] is defined by
1

Ao = s [ (e DB D)oy, @rem @

where 1) is the complex conjugate of 1.

2. For V € L>*(R%) and w € L?(R??), we define the pseudo-differential operator
O[V] as

OVi(w)(z,p)

S ) R o LR

- _ﬁ /de [V (a: + %) - V<x - %)} W(x,p’)ei(P—P')-ydp/dy_

Remark 1. Below, we give several comments on the generalized Wigner distribu-
tion and the pseudo-differential operator.

1. The generalized Wigner distribution is complex conjugate symmetric in the
sense that

w(g, Y] (z,p) = (271r)d /Rd ¢ (x + g) ¥ (fc - %) e Ydy
- (271r)d /Rﬁ (z+5)0(e=5) ey byyer—y (5)
y

- oy LoDl D) e

2. For the case ¥ = ¢, two definitions (4) and (5) yield the standard Wigner
function [12]:

1 NG (o= Y o-ivw
- Z — Z) emiPugy,.
wly, ¥)(x, p) 2y /Rdll)(x+2>1/z(z 2)@ y
Since w[v, 9] coincide with the standard Wigner function, we simply denote

wl, Y] = wly].
Moreover, one can easily verify that wi] is real-valued.

3. The p-integral of w[y)] = w[i, 1] is the modulus square of ¥:

[, wlolte.pan = ota)

Moreover, the (z,p)-integral of w[y, ¢] is the inner product of ¢ and ¢:

/R?d w, ¢)(z, p)dzdp = @ /RM 1) (x + %) m (g; — g) ePYdydazdp
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= [ sy = (6.0,

4. Since V is real-valued, one also has

= O[V](@)(z,p).

In the following lemma, we provide several properties of O[V](w) in Definition
2.1.

Lemma 2.2. For f,g € L?>(R??), one has the following relations:
W [ eI gtsdn=— [ oVi(g)- fasdp
R2d R2d
(ii) / O[V](f)dzdp = 0.
R2d

Proof. (i) We use the change of variables:
(.0 y) < (0,0, =)

to yield
OVI(f) - gdzdp
R2d
i Y\ _ _Y / i(p—p")y
) /R4d [V (:E + 2) V(x 2)} flx,p)g(z,p)e dp'dydxdp
i _Y\ _ Y Nel®P—1")y 4/
G /RM [V (x 2) V<x+ 2)} flx,p)g(z,pe dp'dydxdp
= - R2d9[V](9)~fdxdp-
(ii) By the definition of Definition 2.1 and Fubini’s theorem, we have
/., emi)dady
- Yy Y N el®P—2")y 4/
) /RM {V x + 2) Vie— 2)} f(z,p)e dp'dydzdp
y y

\_/
<

[\

(
(Jc 7) lpy / f(x,pe P ydp)dydatdp
-v(

2= 2)]| Fyosn)(@,y)eVdydadp

1\9\@

<
—
B
|
<
—
B
=
<
1
[e=}
&h
SN—
—~
&
o
S—
o
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Remark 2. If we set f = v and ¢ = @ in Lemma 2.2, and recall Remark 2.2(4),
then one has

O[V](u) - adaxdp = — O[V](a) - udzdp = — O[V](u) - udadp
]RQd R2d ]RQd

= 7/ O[V](u) - udxdp.
R2d

This yields
Re [ O[V](u) ~udxdp} =0.
R2d

This fact was used in [23] to show the conservation of L?-norm for the solution to
the quantum Liouville equation, which can be considered as a special case of the
WL model with « = 0.

2.2. Dynamics of the Wigner-Lohe distribution matrix. For a given ensem-
ble of wave functions {¢;} which is a solution to the SL model (1), we set

Wij = ’UJ[’I,[}“?/)]], wy = wW’] = w[¢i7wi]a Z7.] € [N]

Then, the evolution of the WL distributions {w;;} is given by the following coupled
system:

Orwij + p - Vawi;

T (zi)d /de [Vi (a: T %) -V (95 - %)}wij(x,p’)ei(f’—:v')ydp/dy

- Jiza wirdzdp  [oas wkjdxdp) }
v

K
+ o Wk + Wik) —
2N [( & 2 (fRM wigdzdp  [poq wj;dadp

For the detailed derivation of (6), we refer the reader to [3]. Next, we show that
system (6) admits conservation laws.

Lemma 2.3. Let {w;;} be a solution to (6) which rapidly decays to zero at infinity.
Then, one has

d
(i) 7/ wii(t,z,p)dadp =0, ¢>0, i€ [N].
dt R2d

(i) 3/ w (£, 7, p)dadp — / (Vi) = Vy(@))wiy(t, 2,0)de, >0, i,j€[N].
dt Jpea Rd
Proof. (i) It follows from (6) that

Oywi; + Vg - (pwii) + OV (wii)

N
K Jpza wirdzdp  [poa wkidxdp> } (7)
= 5 § Wgi + Wik) — + Wis | -
2N =~ [( F 2 <fR2d widzdp  [poq widzdp

Now, we integrate (7) over (z,p) € R*! and then use the zero far field assumption
on w;; and the second estimate of Lemma 2.3 to see

d

& 2 w“(t,:l:,p)dardp =0.

(ii) For the second assertion, we follow a similar calculation in (i). O
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Remark 3. (i) Consider the linear Wigner equation:
Ow +p - Vyw + O[V](w) = 0.

Then by Lemma 2.3, one has

= ' — 0.
T dew(,x,p)dzdp 0 (8)

However, it is worthwhile mentioning that since w(t, x, p) can take negative values,
the L'-norm of w would not be conserved in general. In fact, the relation (8)
corresponds to the L2-conservation of the Schrodinger equation. If we assume that

w = wly]

for a solution 1 to the linear Schrédinger equation, then the following relation holds
(see Remark 1 (3)):

[ wltpisdy = [0, >0,
R2

Thus, the results in Lemma 2.3 is consistent with the classical theory for the Wigner
equation.
(ii) It follows from Moyal’s identity [31] that

lw(®)I* = @)

Hence, the linear Wigner equation enjoys L?-conservation (but not L!-conservation).

(iii) We have shown in Lemma 2.3 that diagonal elements {w;} satisfy conservation
laws. However the off-diagonal elements do not satisfy conservation laws. Hence,
conservation laws hold for system (6) with identical potentials.

From now on, we are concerned with the following special situation:
Vi=V and / w) (z,p)dzdp =1, i€ [N]. (9)
R2d

In this case, the (z, p)-integrals of {w;;} are constants along the dynamics (6) (see
Lemma 2.3):

j/ un@,$4ﬂdxdp::j/ (e, p)dadp=1, >0, ic[N],
R2d R2d

/ wij(tvxapa)dxdp :/ ng(x,p)dxdp, t>0, i4,j€ [N}
R2d R2d

Hence, the Cauchy problem for system (6) with (9) can be further simplified as
follows:

Oywij + p - Vawij + O[V](w;j)
N
K
= 5N Z [(wm + wy;) — (/ d(wik + wkj)da:dp> wij}, t>0, (z,p) € R24,
k=1 R?
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2.3. Previous results. In this subsection, we briefly recall the result from [3] for
a two-body system. Extension to the many-body system will be discussed in the
following two sections separately. We set

wfz := Relwya], z12(t) := /2d wia(t, z,p)dadp, Ria(t) := Rel[z12(¢)].  (10)
R
Then, (w;,ws,w12) satisfies the Cauchy problem:

K
6{[01 ervmwl +@[V](w1) = 5(11)1‘_27}%12’([}1), t>0,

K
Oywa —|—p'wa2+@[V](w2) = §(wf'2—R12w2), ( )
11
K
6151012 +p-Vawis + @[V](’wlg) = Z(wl —+ wo — 221211)12),
(w1(0)7w2(0)7w12(0)) = (w?vwng?Z)a

subject to constraints:

/ w(fdxdp:/ wd dzdp =1, ‘/ w(dexdp‘ <1, / wy dadp £ —1. (12)
R2d R2d R2d R2d

Theorem 2.4. [3] Let (w1, w2, w12) be a solution to (11)—(12). Then, we have
L= 2O S e, fur(t) - ws(B)fs < e, ast - oo,

where z12 s defined in (10).

Proof. (i) The first estimate follows from the following ODE:
219 = 5(1—2%2), t>0.

This can be integrated explicitly:

(14 275)e™ — (1 = 20,)
t) = t>0 13
212( ) (1 + 2?2)6’“ ¥ (1 — Z?2>7 >0, ( )

where 295 = 215(0). If we assume that

2 €R, 2l < —1 or 29 >1, (14)

then the denominator of the right-hand side of (13) can be zero, and hence z12(t)
can blow up in finite-time. Precisely, there exists 0 < T, < oo such that
1. 1-29
li t) = T, = -1 2.
talzq*lfzm( ) =0, K nl—l—z‘fQ

In other words, for initial data satisfying (14), z12(¢) would not be bounded. Thus,
Rez}, should be not be small enough to prevent a finite-time blow-up, and such
condition is realized as (12). Of course, condition (12) would not be optimal in the
sense to guarantee the finite-time blow-up.

(ii) Tt is easy to see that w; — wo satisfies

KkR12
2

We multiply (15) by 2(w; — w2) and integrate the resulting relation to obtain

%le(f) — wy(t)||72 = —KR1a(t)||lwi (1) — wa(t)|7

Op(wy — wa) +p- Va(wy — ws) + OV](wy —wy) = — (w1 — wa). (15)
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Then, Gronwall’s inequality and the first estimate |1 — 2z12(¢)] < e " yield the
desired second estimate. O

Before we close this section, we introduce elementary estimates to be used in the
following sections.

Lemma 2.5. Lety: Ry — Ry be a C'-function satisfying a differential inequality:
Y < one Mty +aze P2 > 0. (16)
Then, the following assertions hold.
1. If a; and B; satisfy
a1 <0, pB1=0, ay>0, [By>0,
there exist uniform positive constants Cy and Dy > 0 such that
y(t) < Coe Pt t>0.
2. If a; and B; satisfy
a1 >0, B >0, ay=0,
there exists a uniform constant Cy such that
y(t) < Ciyo, t=>0.

Proof. (i) By the comparison principle of ODE and method of integrating factor,
we have

Qo t (65 —Bat
)< (yot+ —22 Jemt — B2 =Bt 4>,
y(t) (y a1 +@2> a1 + Bs

Hence, there exist uniform positive constants Cy and Dy > 0 such that
y(t) < Coe Dot t>0.

(ii) We multiply (16) with the integrating factor

t
exp (—/ 0&16_61st> = exp (_041(1 - e_ﬁlt))
0 B1

< e%yo =:C1y, t2>0.

to find

O

3. Uniformization of the Wigner-Lohe distribution matrix. In this section,
we present complete aggregation estimates for (2)—(3) in a priori setting. Our first
result can be stated as follows.

Theorem 3.1. Let w;; be a sufficiently smooth solution to (2)—(3). Then, the
complete aggregation emerges asymptotically:

}i}m ||wzk - wij = 07 i?jv k7m € [N] (17)

Proof. Since the proof is rather lengthy, we introduce a strategy toward the proof.
We first claim:

tlirgoﬂw,;k —wikl| =0, k#i,j€[N].
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For this, the key idea is to derive Gronwall’s type differential inequality for Zgzl
lwik — wjg||*. To be more specific, we will show that there exist two positive
constants C7 and Cy such that

N N

d

5 2 i = wel? < fn(l - cle*m) 3 llwi — wii|® + Cae™™, ¢ > 0. (18)
k=1 k=1

Then, we apply Lemma 2.5 to derive the desired zero convergence for ||w;; — w;|.
Finally, the triangle inequality gives the desired result:

|wik — wim || < lwik — wikll + [wik — wim | = wik — wjkll + [[wk; — Wis]-

The derivation of (18) will be given in Section 3.2 after some preparatory estimates
in Section 3.1. 0

3.1. Preparatory estimates. In this subsection, we study basic estimates for
(2)—(3) that will be used in the derivation of (18). We set

2i;(t) ::/ w;j(t,z,p)dedp, i,j € [N], t>0.
R2d'
Then, it follows from Lemma 2.3 that
zit=zy =1, 1€ [N] (19)

On the other hand, we integrate (2) with respect to (z,p) € R?¢ to find the finite-
dimensional dynamics for z;;:

dZZ‘j
dt

N
K
= o 2z ak) (L= 2iy), >0, (20)
k=1

Due to (19), it is natural to consider the maximal diameter for the set {1 — z;;}:

— . 0y .
D(Z(t) = max [1 - =), t>0, D(2°):=D(Z(0))
which is expected to converge to zero under a suitable condition.

Lemma 3.2. (Existence of a positively invariant set) Let {w;;} be a solution to
(2)—(3) satisfying the relation:
D(2% < 1. (21)
Then, one has
D(Z(t)) <1, t>0.

Proof. It follows from (20) that

d K

N
aa—zij):—ﬁ;(ziﬁzkj)(l—zm), t>0. (22)

Then, (22) gives

. t>0, (23)

N t
K
1 25 (0)] = |1 = 25 exp [—QNE/O (Rix + By s
k=1

where R;; := Re(z;;). Now, we define a set and its supremum:
T :={T€(0,00):D(Z(t)) <1, te[0,T)}, Ty:=supT.
By the assumption on initial data, the set 7 is not empty. We claim:

T, = 0.
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Suppose to the contrary, i.e.,
T, < 0.

Then, one has
lim D(Z(t)) = 1. (24)
t—T

On the other hand, we observe

r?%xﬂ -zt <1 = rlr;glRm(t) >0, te][0,Ty).
For t > 0, let (it,7:) be the extremal indices satisfying
D(Z(t)) =1 — 2,5,
Hence, (23) yields

1=D(Z(T,)) = 'D(ZO ) exp [— Z/ Rk + Rth)dS] <1,

which contradicts (24). Since R;x(t) does not blow up in finite time, one has

T, =00
and the set {D(Z(t)) < 1} is positively invariant along the flow (20). O
Remark 4. Lemma 3.2 says that if initial data satisfy (21):

/ w?jdxdp -1
R2d

/ w;j(t, z, p)dedp — 1’ <1, 4,j€[N], t>0.
R2d

<1, i,j€[N],

then one has

Thus, the (x, p)-integral of w;; is uniformly bounded in time.

As a direct consequence of Lemma 3.2, we can also show the uniform L2-
boundedness of w;;. For this, we define

ROV(®) = max_[wi (@), t>0.

Corollary 1. Let w;; be a solution to (2)—(3) with initial data satisfying the relation
(21). Then, the following assertions hold.

1. The functional D(Z(t)) decays to zero at least exponentially. In particular,
one has

D(Z%) et < D(Z29)
D(2%) et +1-D(2% — 1- D(29)
2. The functional R(W(t)) is uniformly bounded in time. Precisely, there exists

a uniform positive constant R such that

sup R(W(t)) < R*™.

0<t<oo

Proof. (i) It follows from (20) that

D(Z(t)) < e "t t>0.

d

N
K
&(1 — Zij) = —,‘{(1 — Zij) + ﬁ Z(l — Zik + 1-— ij)(l — ZZ])
k=1
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Then, we find a differential inequality for D(Z):

%D(Z) < —kD(2) + kD(Z)?, t>0.

Lastly, we use initial data (21) together with the above Riccati differential inequal-

ity to give the desired result.

(i) We multiply w;; with (2) and take real parts for the resulting relation to obtain

1 1
§at|wz'j|2 TP Velwi;|* + Re [O[V](wq; )W)

N
K
5N ZRG {(wm + wrj — (zik + zkj)wij)@ij] .
k=1

Now, we integrate (25) with respect to (z,p) € R?? to find

d

2
= J2dad
0t o AP

__ / P+ Volws; Pdudp — / Re [@;;0[V](w;;)) dxdp
R2d R2d

N
* % ; /]de Re {w”' (w““ +wij — (2 + Zk:j)wij)] dzdp
=111 + 112+ Iya.

Below, we present estimates for 71, k = 1,2, 3, respectively.
e Case A.1 (Estimate of Z11): By integration by parts, we see
Ti1 = —/ p- V$|wij|2dxdp =0.
R2d

e Case A.2 (Estimate of Z;5): It directly follows from Remark 2 that
T15 = 0.

(25)

(26)

e Case A.3 (Estimate of Z13): We use the Cauchy-Schwarz inequality and Corollary

1 to see

/ (@ijwik + W;jw; — (zik + ij)|wij|2)dxdp
R2d

= —2[|lwi;|I* + / (Wijwik + Wijwe;)dadp + (1 — zi + 1 — 2i5) wg |2
R2d

< =2||lwij[|? + 2R(W)? + 2D(Z)R(W)?.

In (26), we collect all the estimates in Case A.1-Case A.3 to derive
=
dt

This yields

lwij||2 < —26|w||? + 26RONV)? + 2D(Z)R(W)?,  t> 0.

%R(W)Q <2D(Z2)YR(W)?, t>0.

(27)

Since D(Z) tends to zero exponentially, Lemma 2.5 and differential inequality (27)

yield the desired estimate.

O
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3.2. Derivation of Gronwall’s inequality. In this subsection, we are ready to
provide the proof of Theorem 3.1. First, we claim:

i {lwi, —wii| =0,k #4i,j. (28)
Note that if one verifies (28), then (17) follows from the triangle inequality:
lwir = wjml| < lwik — wjkll + [[wjk — wjmll = [wix — wikll + lwe; — wmg |-
We consider the difference between w; and w;j, to obtain

Ko (29)
T 9N Z [(ww —wjg) — (Ziewir, — Zjewjx) — zex(wix — wjr) | = 0.
£=1

Similar to the proof of Corollary 1, we multiply w;; — wji to (29), take real parts
and integrate the resulting relation with respect to (z,p) € R?¢ to obtain

3 Wi = wjr||?
=: —/ P+ Valwix — wyp[*dadp
R2d

- / 2Re [(mk — W) OV (wiy — wjk)]dxdp (30)
R2d

N
K
+ N ;,/Rm Re(.jijkg) dzdp

=:1o1 + Lo + Loa.

Below, we present estimates of Zo, k = 1,2, 3, respectively.

e Case B.1 (Estimates of Zo; and Zsz): It follows from the estimates of Z;; and
T15 in Corollary 1 that

e Case B.2 (Estimate of Z3): Note that
Tiike = (@i, — Win) (wie — wje) — zie|wix — wig|?
+ (230 — zj0) Wik (Wi — Wjk) — Zek| Wik — Wk 2

= (Wix — Wjk)(wie — wje) — (Zie + 2ew) | Wik — wjk|2

+ (zie = zjO)wjk (Wi, — Wjy,).

In (30), we combine all the estimates Case B.1-Case B.2 to find
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d
a\lwik — wj|?

N
K
< N Z/ (\wik — wik||wie — wje| — Re(zie + zow) [ win, — wir|?
=1 R2d
+ ‘Zif - Zj[HU)ij'wik — U)jk|>dil'dp (31)
K
< 25 (lwin = winlllwie = wjell — Re(zie + ze0)llwie — wgi
=1
+ [2ie — zjelllwj || [|wik — wij).

If we use Corollary 1 with « := %, then (31) becomes

aﬂwz‘k —wir)® < —26(1 — ae™)lwir, — wjnl|”

K N
+y D lwir = wjilllwie = wyel

o (32)
KR N
+ |zie — zjel||lwir, — wjkl|-
N =1

We sum up (32) with respect to k € [N] to get

d N
% D Mwir, = wji?
k=1

N
< =261 — ae™™) Y " flwik — wji)?
k=1
K N
+ 5 D Nwik — wyellflwie = wje (33)
k=1
N N
KR
+ D lzie =zl > llwir — wi|
=1 k=1
N
=: —2%(1 — oze_“t) Z ||wﬂC — wijQ + Z31 + I3o.
k=1

e Case C.1 (Estimate of Z31): we use the Cauchy-Schwarz inequality to see
N

N 2
K K
Is1 =+ > Nwik — winlllwie — well = N <kz—1 |wir — wjk||>

k=1 (34)

N
<k Y fwi —wi]*.
k=1

e Case C.2 (Estimate of Z35): we use Corollary 1 to find

N N

KR —K

N E |zie — 141 — 2] g |wix — wir|| < 4ANK|IR®2ae™"". (35)
=1 k=1

Isp =
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In (33), we combine all the estimates (34) and (35) to derive
q X N
p D lwik — wik|® < —r(1 = 20e7) Y " [lwik — wj]|* + ANEIR®|Pae ™"
k=1 k=1
Finally, we use Lemma 2.5 to establish (28). This completes the proof of Theorem
3.1.

4. Global solvability of mild and classical solutions. In this section, we show
the global existence of a unique mild solution to the Cauchy problem for the WL
model (2) following the fixed point approach in [23] where a linear Wigner equation
is considered. For this, we define a subset X, a norm and a transport operator:

<oo},

, A:=—p-V,.

fdxdp

X = {f € L*(R*)
R2d

(36)
1l o= 11+ j [ saxap

Then, it is easy to check that (X, ] - |l x) is a Banach space. In addition, since the
transport operator A for the linear Wigner equation maps L?(R??) to L2(R??), it
is also useful to define the domain of A denoted by D(A):

D(A):={feX:p V,fe >R} Cx.

For the WL model as a perturbation of the linear Wigner equation, it is strongly
believed that D(A) is crucial for our analysis (Lemma 4.3). Now, we are ready to
provide our second result on the global existence of mild and classical solutions to

(2).
Theorem 4.1. For T € (0,00), the following assertions hold.
1. If initial data and the potential satisfy

wd € X, i,j€[N], and V €L®R?),

then there exists a unique mild solution to the Cauchy problem (2)—(3):
wi; € C([0,T); X), i,j€[N].
2. If we impose further regularity on initial data and the potential
w);, € D(A), i,j€[N], and Ve L>R%)NL*RY),
then there exists a unique classical solution to the Cauchy problem (2)—(3):
wij € C(0,T:2) N CH(0,T): D(A)), i, € [N].

Proof. Since the proof is rather lengthy, we provide the proofs in Section 4.2 and
Section 4.3. O

4.1. Preparatory lemma. In this subsection, we follow the same strategy in [23]
in which the linear Wigner equation has been treated by means of the semigroup
approach. First, we begin with an elementary property of the transport operator A
n (36) for the WL model.

Lemma 4.2. Let w;j be a classical solution to (2)—(3). Then, the transport operator
A= —p-V, satisfies

Awij S L? (de).
In other words, the transport operator A for (2) maps L*(R?*?) to L?(R??).
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Proof. Since a solution {w;;} to (2)-(3) belongs to L?(R??) in Corollary 1, it suffices
to show that

sup |[|p- Vewij|| < oo, i,j € [N].
0<t<o0o

By straightforward calculations, we observe

1d

2
5&”]3 - Vawig|

= Re(p- V,0w;j,p - Vaw;,)
= Re(p . vm(_p . vxwij)7p . vxw1j> - <p . vm(@wij)vp : Vzwij> (37)
N
K
ToN > Re(p - Va(wi + wij — (zik + 255)wi5), p - Vawss)
k=1

=:Ty1 + Lyo + Iy3.

Below, we estimate Zy, k= 1,2,3 one by one.

e Case C.1 (Estimate of Z41): we use integration by parts to find

N
- <P : Vz(P : waij),P : Vz%‘j) = - <ij5'j(p : Vzwij),]? : waij>
j=1

N
= <p : waij7ZPj3j(p'waz‘j)> =P Valp- Vowiz),p - Vawsj).
j=1

Hence, we see that Z4; vanishes:

e Case C.2 (Estimate of Zy2): since ©[V] and —A commute particularly for w;;,
we get

(P Va(Owij),p - Vawij) = (OV](p- Vawij),p - Vawij).
By the skew-Hermitian property of O[V] in Remark 1, one has
T4o = 0.
e Case C.3 (Estimate of Zy3): for the summand in Zy3
(P Va(wik + wij — (zik + 21j)wiz)s p - Vawij)
= (p- Valwir +wij),p - Vewij) — (zir + 215) P - Vaewi||?
=2[|p - Vawi; | + (1 = zi + 1 — 215)lp - Vowsj |2
+ (P Va(wir + wk;),p - Vowij)
< =2|lp - Vows|* + 11 = zie + 1 = 25l [l - Vawy|?
+ o - Vawijll(llp - Vawir ]| + lp - Vawss ).
In (37), we collect all the estimates in Case C.1-Case C.3 to find
1d

5@“19 - Vowi || < —kllp - Vews[|* + £D(Z)|p - Vaws|?

o (39)
o3 o Vawig (o~ Vawiel) + o+ Vowsl).
k=1
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We sum up (38) with respect to i,j € [N] and use the Cauchy-Schwarz inequality
for the last term to derive

14 & N
sqr 2 P Vewsl® < xD(2) Y- [lp- Vawiy .
ij=1 i,5=1

It follows from Corollary 1 that D(Z) tends to zero exponentially fast and Lemma
2.5 gives the desired uniform boundedness. O

4.2. First assertion in Theorem 4.1. In this subsection, we show that the
Cauchy problem for the WL model admits a unique mild solution.

First, we rewrite (2) as a matrix form to apply the fixed point theorem. For
W = (wij) 5,
oW +p-V, W+ O[V](W)

K (39)

= ﬁ (E‘UVVC'7 + RiWEij — W/de(EijWCj + R1WEU)dIdp> 5
where E;; is an N x N matrix whose entries are all zero except for (i, j)-component
being 1, R; is an N x N matrix whose elements in i-th row are all one, and Cj is
an N x N matrix whose elements in j-th column are all one. Here, O[V](W) is
understood as an N x N matrix whose (7,7)-th component is ©[V](w;;), and the
integral in the right-hand side is defined in a similar way. For N2 copies of the
function space X in (36), we define a set and its norm:

X = {F:(F,)e(L%RQd))@Nz : ‘ Fijdxdp‘<oo, i,7 €[Ny,
2d

[, Fais] = (1550 + | [ ] ).
R2d 2,] R2d

Then, X becomes a Banach space. For the time variable, we use the sup norm.
Thus, we consider the Banach space

C([Oa T]? X)

1Fllx = HF||L2(R2d)®N? +

equipped with the norm
IIEN == sup [IF(t)]x-
0<t<T

Now, we are concerned with the global solvability of (39). Let T' > 0 (to be deter-
mined later) and consider a map 7 : X — X defined by the following prescription:
for each G € X, the function W = TG is a solution to the Cauchy problem:

OW +p-V, W+ O[V]|(IW)

_Ii
T 9N

W(0) =Ww".

‘We need to check well-definedness and strict contraction of 7T .

R2d

o (Well-definedness of T): It suffices to show that for G € X, its image W = TG
also belongs to X. As done in Corollary 1, we multiply W with (40), take real

parts and integrate the resulting relation with respect to (z,p) € R?? to verify that
W e X.
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e (Strict contraction): for G € X with W = TG, our goal is to find a constant
C € (0,1) such that o -
B W =Wl <clic-Gll.
If we set W = (w;;) and G' = (g;;), then
dwij +p - Vawij + O[V](wij)

N ~
K
= — Wik + Wkj — Wij / (gir + gkj)dxdp )
2N =L R2d
0w +p - Vi + O[V](wij)
koL T
= — Wik + Wi — Wsj / (Gix + Gi;)dzdp | | -
2N =L R2d

For simplicity, we set

(1) 1=/ gizdzdp,  G;(t) 3:/ g, dadp.
R2d R2d

By straightforward calculation,
1d

2 dt 1<I1’1 <N HU}” EH” < 0151,?%(1\1 HU}” wl]” + max ||OJ”|| max |qU qz;} .

J<N 1<i,j<N
(41)
In addition, we observe
T 1;1’?%(]\] |zi; — Zij| < C 1<rnaLX |zij — Zij| + C 1<max lgi; — aij|. (42)
It follows from Corollary 1 that
<R .
s w0 SR, >0
Then, (41) and (42) yield
d — — _
W - Wix < G[W = Wl|x + |G~ Glx, (43)

and integrate the relation (43) to find
¢ ¢
W = W|x < [W° - W' |x + Cy / W — W xds + eczT/ |G — G|xds.
0 0

Since WO — W"° = 0, we obtain
W =Wl = sup W —W]|x <Te 7T sup |G- C|x
0<t<T 0<t<T

= TG .

If Te(©1+C2)T < 1, the map T becomes a strict contraction on the closed subset of
the (complete) metric space X. Hence, 7 has a unique fixed point in X for each
W9 € X which gives a unique local solution. Then, it can be globally extended
due to uniform L? estimate or classical way by induction. Precisely, we define
W, by the unique solution to the main equation on [0,7] with the initial data
Wp41(0) = W,,(T'). Then, we denote

W(t) =Wyt —nT), tenT,(n+1)T], n>0.

Hence, W becomes the unique global solution to the main equation with the initial
data W9, This completes the proof.
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4.3. Second assertion of Theorem 4.1. Next, we are concerned with a global
classical solution. In order to apply Theorem A.2(2) in Appendix A for a classical
solution to the Cauchy problem (2)—(3), we have to show the continuously differen-
tiability of the coupling term containing k.

For W = (w;j;)(i,j), we introduce an N x N matrix F'(W) whose (i, j)-th compo-
nent is given as

(V)i = o Z 20y = Z ([

which is nonlinear with respect to the argument W. Since W € X, one can easily
verify that F' maps from [0,7] x X to X for any T > 0. Below, we show that F is
indeed Lipschitz.

2d

(wi + wkj)dxdp) Wij,

Lemma 4.3. For U,V € X, there exists a positive constant C' > 0 that may depend
on time T such that

I1F(U) = F(V)llx < CIIU = V]x-

Then, the functional derivative, denoted by DF', is continuous. Consequently, F' is
Lipschitz from a bounded subset of X to X.

Proof. For U,V € X, we define the Gateaux derivative (or it is sometimes simply
referred as the functional derivative) of F at U in the direction of V that is denoted
by DF(U)(V):
FU+7TV)-FU d
DEW) V) = tim LU EVIZFWO) 4 pr oy

T—0 T dr

=0
At each point U € X, the Gateaux derivative maps from X to X. Then by the
definition of the Gateaux derivative, we calculate for U = (u;;) and V' = (v;5),

DFW)V)is) = 55 Z <uw / (vik 4 vgj)dadp + vy /

(wir, + ukj)dxdp) .
R2d
Since U,V € X, one ﬁnds

IDF(U)(V)lx < 26|Ullx - [V Ix-

Therefore, we verified that DF(U) is a bounded linear operator on X. Hence, DF
is continuous on X. Finally, we recall the Gateaux mean value theorem in Lemma
A.3:
IFU) = FV)llx < U= V]x - Sup IDEEU + (1 =1)V)lop-
€10,

Here, || - ||op denotes the operator norm when we regard DF(-) as a linear operator
which maps from X to X. Since we know that DF' is a bounded linear operator,
we find the desired constant:

[E(U) = F(V)llx <2k sup [tU+ (1=t)V|x - [|U = V]x-
te0,1]
This shows that F' is Lipschitz since U and V belong to a bounded subset of X. O

Now, we are ready to provide the second assertion of Theorem 4.1 by applying
semigroup theory.
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e Step A (the linear Wigner equation on X): As a first step, we begin with the
linear equation in the space X instead of L?(R29):

8twl-j +p- Vzwij —+ @[V] (ww) =0. (44)

Since (44) on L?(R??) has been studied in [23], we slightly modify the proof of [23]
to show the existence in X'. In order to use Theorem A.1, we show the term ©[V]
is a a bounded perturbation of the transport operator A = —p -V, in X. However,
when the X'-norm is considered, Lemma 2.2 gives

1O[V]w|[x = [|©[V]w]|.

Since ©[V] is a bounded perturbation of A in L?(R?4) (see [23, Lemma 1]), we then
conclude that O[V] is a linear bounded operator defined on X. Hence, (44) admits
a unique classical solution

wi; € C([0,T]; &) N CY([0, T]; D(A)).

For details, we refer the reader to [23, Theorem 1].

e Step B (the WL model on D(A)): Next, we recall from Lemma 4.3 that F is
continuously differentiable and then apply Theorem A.2(2) to guarantee that a mild
solution obtained from the first assertion of Theorem 4.1 indeed becomes a classical
solution to (2)—(3):

Wij € C([O’T]vX) ﬁCl([O,T];D(A)), i,J € [N]

This completes the proof.

5. Conclusion. In this paper, we have studied the complete aggregation estimate
and the global existence of the Wigner-Lohe(WL) model which describes quan-
tum synchronization in the Wigner picture. By taking the Wigner transform on
the Schrédinger-Lohe model with identical potentials, we formally derived the WL
model which is an integro-differential equation. Compared to the linear Wigner
equation, one of the main difficulty to deal with the WL model lies in the lack
of conservation laws. However, fortunately, we can overcome the loss of several
conserved quantities via collective dynamics. For the WL model, we first establish
complete aggregation estimates that can be achieved with an exponential conver-
gence rate in a priori setting. Next, we show that the WL model admits a unique
global mild solution by the standard fixed point theorem and if we impose further
regularity on initial data, a unique global classical solution can be obtained by us-
ing the semigroup theory. Of course, there are still lots of untouched issues. For
instance, we focused on the identical WL model where external one-body potentials
are assumed to be the same. Thus, the extension of collective dynamics and global
solvability of the WL model with non-identical potentials are left for a future work.

Appendix A. Existence results of the Wigner equation. In this appendix,
we briefly summarize several results in [24] on the semigroup theory to show the
existence of evolution equations. The first theorem deals with the bounded pertur-
bation of a linear equation.

Theorem A.1. [24] Let X be a Banach space, and let A and B be operators on X
such that
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(i) A is the infinitestimal generator of a Cy-semigroup T(t) on X satisfying
IT@)[ < Me+*.
(7i) B is a bounded linear operator on X.
Then, A+ B is the infinitestimal generator of a Cy-semigroup S(t) on X satisfying
IS@®)]| < MeMIEDE

Consider the following abstract Cauchy problem:

du(t) _
q T Au®) = ftu(®), t>to, (45)
’u,(to) = Uop-

In next theorem, we recall the result on the mild and classical solutions of (45).

Theorem A.2. [24] The following assertions hold.

1. Let f: [to,T] x X — X be continuous in t on [to,T] and uniformly Lipschitz
continuous (with a Lipschitz constant L) on X. If —A is the infinitestimal
generator of a Cy semigroup T(t) fort > 0 on X, then for every ug € X, the
initial value problem (45) has a unique mild solution u € C([to,T); X). More-
over, the mapping ug — w s Lipschitz continuous from X into C([to, T]; X).

2. Let —A be the infinitestimal generator of a Coy semigroup T(t) for t > 0 on
X. If f:[to,T) x X = X is continuously differentiable from [to,T] x X into
X, then the mild solution of (45) with ug € D(A) is a classical solution of the
initial value problem.

Finally, we recall Gateaux’s mean value theorem. We denote the directional
derivative of f at z in direction v by d, f(x):

Lemma A.3. [2, Proposition A.2] Let f : X — Y be a function between Banach
spaces X and Y. If f is Gateaux differentiable, then for x,y € X,

1) = f@)lly <llz—yllx sup [[Df(0x + (1 - O)yllcix,v)s
0<0<1

where D f(x) is a bounded linear operator Df(x) : v — d,f(x). Here, §,f(x) is the
directional derivative of f at x in direction v:

flw+tv) = f(z)

. f(x) = lim t
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