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An optimal control problem for the Wigner
equation

Omar Morandi* Nella Rotundof Alfio Borzi* Luigi Barletti®
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Abstract

The Wigner quasi-density function allows a phase-space formulation of statistical
quantum mechanics that is of fundamental importance in theoretical investigation
and in applications. This work contributes to these tasks with the formulation and
analysis of an optimal control problem for the Wigner equation, which describes the
time evolution of the quasi-density function.

For this purpose, two possible control mechanisms are considered and, corre-
spondingly, a detailed analysis in weighted Sobolev spaces for the controlled nonho-
mogeneous Wigner equation is presented. Further theoretical results are reported
concerning existence of optimal controls and differentiability of the control-to-state
map and of the ensemble cost functional, which allows the derivation of the opti-
mality system that characterizes the optimal controls sought.

Keywords: Wigner equation, Schrodinger equation, Optimal control theory, Ensemble cost
functional, Control potentials.

MSC: 35Q93, 4920, 81Q93

1 Introduction

The works by H. Weyl in [39] and E. Wigner in [40] in the thirties of last century mark
the beginning of a continued effort in the development of a statistical formulation of
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quantum mechanics that is of fundamental importance in the theoretical investigation
of quantum mechanical phenomena and related applications.

A distinctive feature of the Weyl-Wigner formulation is the ability to represent a
quantum state in phase space, thus allowing to draw a clear connection between quan-
tum and classical mechanics from a statistical perspective. In fact, similar to L.E.
Boltzmann’s and J.C. Maxwell’s statistical approach in classical mechanics, the state of
a quantum system is described by a distribution function in phase space that is named
Wigner function. However, the Wigner function can assume negative values and for this
reason is termed a quasi distribution [12]. On the other hand, we can use the Wigner
function in the Weyl-Wigner formulation in the same way of a classical distribution to
obtain a complete statistical description of the state of the system in phase space and,
in particular, compute expectation values of physical observables [4, 22, 37, 42, 28] .

We recall that in Boltzmann’s framework, a time-evolving distribution function pro-
vides a statistical description of an ensemble of trajectories. If these classical particles do
not interact, then the evolution of the distribution function is governed by the Liouville
equation. Specifically, in the case of particles of mass m subject to a potential U(x)
and with initial distribution py(x,p), the statistical description of the ensemble of the
corresponding trajectories is given by the function p(x,p,t) that solves the following
Liouville problem

dip + % Vxp—VxU - Vpp=0,  p(x,p,0) = po(x,p). (1.1)

In quantum mechanics, because of the uncertainty principle, we cannot refer to a
phase space trajectory in a classical sense. Nevertheless, the term (quantum) trajectory
appears frequently in many different contexts [7, 27, 41] and it acquires its classical
meaning in the semiclassical limit. This density distribution is called the Wigner func-
tion f, and its evolution is governed by the following Wigner equation (also called the
quantum Liouville equation)

Of +p- Vxf —Oulf] =0, (1.2)

where, for simplicity, we take the mass m = 1.

As in the Liouville problem, a unique f(x, p, t) is obtained by specifying an initial dis-
tribution f(x,p,0) = fo(x,p). In (1.2), the term Oy[f] is a pseudodifferential operator
that is specified below (see Eq. (2.3)). However, for quadratic and linear potentials, the
Wigner equation reduces to the Liouville equation and, in general, in the semi-classical
limit the Liouville equation is recovered regardless of the potential profile.

The ability of the Weyl-Wigner framework to combine concepts that link quantum
and classical mechanics from a statistical perspective makes possible to model interaction
between quantum and classical systems [13, 43], which is essential in applications. In
particular, this framework can also be used to compute quantum corrections to classical
results [32, 40, 30, 25] and to investigate open quantum systems and semiconductors; see,
e.g., [11, 22, 44]. In applications, the Wigner equation appears in various fields including
optics [2, 24], signal processing and pattern recognition [18], quantum transport [21, 36],
quantum tunneling phenomena [3, 17, 34, 29, 31], and decoherence [14, 15, 16].



However, while a lot of effort has been put in the analysis and simulation of the
Wigner model, much less is known on the formulation and validation of control strategies
of the Wigner function that are of fundamental importance in the design of experiments
and design of semiconductor devices. For this reason, we would like to contribute to this
field of research with the formulation and analysis of optimal control problems governed
by the Wigner equation.

In the formulation of control problems for quantum mechanical systems, a control
mechanism is implemented in the form of a potential representing, e.g., an electric-
magnetic field. A control potential aims at steering the state of a system to perform a
desired task. In particular, we can require to reach a given target state and/or optimize
the expected value of a given observable. Usually, this action results in a change of
energy that necessarily requires a time-dependent potential. Therefore a general setting
consists in a total potential U(x,t) = Up(x) + Uc(x,t), where Uy represents the (e.g.,
confining) potential defining the uncontrolled system, and U¢ is the control potential.
In this framework, the widely considered dipole control mechanism is modelled by the
function VxUc(x,t) = u(t) x where u is a modulating control function; see, e.g., [8] and
references therein. Another representative setting is given by a quartic convex potential
Uy and a quadratic concave control potential Ug(x,t), which allows to split the density
for channelling and interference experiments; see, e.g., [20].

In the Weyl-Wigner statistical framework, the purpose of any control mechanism
must be formulated in terms of minimizing (or maximazing) expected values of phys-
ical observables. In particular, we could require to maximize the expected value of a
hermitian operator in phase space A at final time t = T given by

d=— o Ax,p) f(x,p,T) dx dp (1.3)
(where, with a little abuse of notation, we identify the operator A with its Wigner-Weyl
phase-space symbol A(x, p)).

However, in a similar way we can wish to manipulate the distribution function in
order to improve the localization of the system at ¢ = 7" in the neighbourhood of a given
point in the phase space denoted with (x7,pr). For this purpose, we could require to
minimize (1.3) with A replaced by V representing a ‘valley’, that is, a function that is
locally strictly convex at (x7, pr) and radially increasing from this point. In particular,
we can take

V(x,p,T)=-C o~ [(x=x7)*+(p—p1)?]

Notice that by defining the bottom of a valley in phase space and time as the trajectory
(x¢,pt), t > 0, we can also aim at steering the quantum system such that the distribution
function f(x,p,t) concentrates on this trajectory along the time evolution. Thus, we
would consider the minimisation of the following objective

T
\I/:/ . V(x,p,t) f(x,p,t) dx dp dt .
0 Jr2n

This modelling strategy has been introduced only recently in [10], and further devel-
oped and analyzed in, e.g., [1, 5, 6, 35] for the optimal control of a Liouville equation,



a linear Boltzmann equation, and a Fokker-Planck equation. As proposed in [10], op-
timal control problems governed by continuity equations and involving expected value
functionals are called ensemble optimal control problems.

We remark that, in addition to defining the purpose of the control, we need to
measure the cost of its action that should be kept as small as possible. For this purpose,
an appropriate norm of the control function Ug is added to the functional above, thus
defining a cost functional to be minimized with the additive structure J = ®+¥+||Uc||?.

Our purpose is to formulate and analyze a class of ensemble optimal control prob-
lems governed by the Wigner equation in phase space. In this way, we extend previous
results [1] for similar problems governed by a generic Liouville equation in the x space.
However, this extension results challenging because of the presence of the pseudodiffer-
ential operator O, and requires to considerably improve upon known results to allow a
complete characterization of solutions to our optimal control problems.

For this reason, we present a novel detailed analysis of the Wigner equation with a
time-varying control potential in a functional setting where the initial condition and the
solution are defined in weighted Sobolev spaces. In this way, we provide the appropriate
functional framework for proving existence of optimal controls and for characterizing
these controls by first-order optimality conditions. Therefore we present a complete
analysis of Fréchet differentiability of the Wigner equation and of the cost functional,
and derive the optimality system that is required for developing optimization procedures
for solving optimal control problems [9].

In the next section, we introduce the Wigner density function and the equation that
governs its time evolution. In this model, we identify two possible control mechanisms. In
Section 3, we present novel theoretical results in weighted Sobolev spaces for a controlled
nonhomogeneous Wigner model. In particular, we discuss existence and regularity of
solutions for different initial conditions. These results are essential for the analysis
presented in Section 4 concerning continuity and differentiability of the control-to-state
map. Section 5 is devoted to the formulation of ensemble optimal control problems
governed by the Wigner equation. In this section, we prove existence of optimal controls.
In Section 6, we discuss Fréchet differentiability of the optimal control problem, and
derive the optimality system that characterizes the optimal controls sought. A section
of conclusion follows and a final Appendix contains a postponed proof.

2 The Wigner equation

The Wigner equation governs the evolution of the Wigner function of a quantum me-
chanical system in the phase space coordinates (x,p). The starting point for the con-
struction this function is the quantum density matrix [19, 37]. The hermitian density
matrix p(x,y,t) can be considered as a generalization of Schrédinger’s wavefunctions,
since it accommodates both pure and mixed quantum states. The Wigner function



represents the inverse Weyl-Wigner transform of the density p as follows
h h ,
/ p(x NI t) e P dn. (2.1)
RTL

A direct consequence of this definition is that f is real valued.
Based on this construction, the Wigner equation is obtained starting from the Schrédinger
equation [37]. We have

f(x,p,t) = G

6tf(x7 P, t) + P fo - @U[f] = 07 (22)
where the skew-symmetric pseudodifferential operator is defined by

(271’)" R2n

1 ~ )
SU(x,m, 1) f (x,m,t) P dn (2:3)
(27’(’)“ Rn

= 7y (0UF) (x,p.1).

Oulfl(x,p,t) = U (x,m,t) f(x,p',1)e PP dp’ dn

Jy denotes Fourier transform, and

SU(x,m,¢) = % {U (x + Z) G (x - hz”)] . (2.4)

Notice that (2.2) conserves the quasiprobability in the sense that if the initial density
fo of the system is normalized to one, then the following holds

[ | repndpdx=1, =0
n Rn

However, although we could choose an initial configuration such that fy(x, p) > 0, during
its evolution the Wigner function can locally take negative values. On the other hand,
it cannot take on arbitrary large values since it holds |f(x, p,t)| < 2/h.

In quantum mechanics, a control mechanism is usually implemented by a control
potential Uc that is added to the potential of the uncontrolled system Up; see, e.g., [8].
The uncontrolled potential Uy is typically a confinement potential. Our analysis focuses
on a class of bounded Uy, for example a (smooth) potential well. From the mathematical
point of view, the confining character of Uy is not important; from the physical point
of view the confinement is obtained by creating a deep enough well (e.g. by means of
suitable electrostatic fields).

Further, we choose a class of control potentials that includes a transport potential
such that VxUc(x,t) = u(t), and a dipole control given by VxUc(x,t) = xov(t), where
the symbol o denotes the Hadamard product in multidimensions. We remark that the
latter is omnipresent in quantum optimal control in the Schrédinger framework, whereas
the former is typical in open-loop control problems governed by dynamical systems. Due
to the relatively easy implementation, dipole fields are employed in many experiments



in which particles are confined at the atomic scale. The experimental feasibility of the
control mechanism is at the basis of our choice of considering external dipole field as
control mechanisms to quantum dynamics. The control strategy can be easily understood
by simple consideration on the statistical mechanics of the particle ensemble. Assuming
the initial fy to be a Gaussian and Uy = 0, one can verify that the transport potential
acts on the mean of the position of an ensemble, whereas the dipole control allows to
manipulate the variance; see, e.g., [10] in the case of the classical Liouville equation. For
our analysis, we make the following assumptions:

(A.1) Assumption on the confinement potential: Uj is bounded and fixed
Uo (x) € Gi* (RY) , (2.5)

where k € N, and CZ* (R?) denotes the subspace of the space C2 (RZ) of all
2k-times continuously differentiable functions, formed by functions which are uni-
formly bounded together with all their derivatives up to the order 2k.

(A.2) Assumption on the control potential: U¢ is a dipole-type control

Uo (x,) =S ziuwi(t) + 3 %vi(t) . (2.6)
i=1 i=1
with & > 0, u = (u1,...,u,) and v = (v1,...,v,) are the control functions. We

also define the control pair w = (u, v), and assume that it belongs to the following
space of admissible controls:

U= {w = (u,v) € H ([0, T; R") x H' ([O,T];R")} . (2.7)

We remark that Oy is linear in U, and, since Ug is quadratic, the contribution of
the control potential to the Wigner equation results in the classical expression

Ouc[fl =[u(t) + (xov(t))] - Vpf . (2.8)

In order to express the dependence of the control potential on the control functions we
refer to the control potential as Ux(w) which coincides with Ug(x, t), with a little abuse
of notation.

3 Analysis of the Wigner function in a weighted space

One of our contribution to the formulation of optimal control problems with the Wigner
model is the analysis of this model with the given time-dependent unbounded control
potentials. For this reason, we have to extend to the non-autonomous case, the results
of existence and regularity for the Wigner equation with time-independent potential U
(see, e.g., [33, 26]). On the other hand, the presence of the confining potential requires
to further develop the theory in [6] on the optimal control of the classical Liouville



equation in the space of coordinates. Moreover, as illustrated below, the characterization
of optimal controls leads to the formulation of an optimality system that involves the
optimization adjoint of the Wigner equation, which has the same structure of the Wigner
equation but includes a source term. Therefore we study the following nonhomogeneous
Cauchy problem for the Wigner function

ohf+p-Vxf—0ul[fl=yg, in Ry x RY x [0,7]
fit=0 = Jo, on R x RI.

(3.1)

In order to accommodate the use of unbounded controls and allow the analysis of
(3.1) and of the resulting optimality system, we choose, as in [6], weighted Sobolev spaces
that provide the appropriate functional setting.

Notation and definitions

Throughout the paper, we use the notation R?" := R? x R and, when it is clear from

the context, we omit to write this space. For example, if W (RQ X Rg) is a generic
Sobolev space on Ry x R, we may denote it only with .

Definition 3.1. Let (m, k) € N*>. We define the space HJ" (RZ X Rg) in the following
way:
HY = L} = {fel?| (xl+p)"f e L7},

The space L% is endowed with the following norm:

1
- k k:2 2 2
= ([, (141 pl) 2 ax ap)

The space H,i 1s endowed with the following norm:

-

2

190y = ([, (4 b+ 1p19)” (£ (V) + (V) ax dp)
Finally, for m > 1, we set
Hp = {fe H"nHP | (jx[F +|p[F) D € LAR") Vo] =m}.
and

2
2’

£ = D2 |1+ xI* + Ipl*) D]

lal<m

Notice that, H;® C H™ for all m and k in N.

In the main part of this section, we present a detailed analysis of the solution to (3.1)
in H;* spaces assuming fo € H;", m = 0,1,2, k € N, and a generic source term that
satisfies the following:



(A.3) Assumption on the nonhomogeneous term
ge L' ([0,7); H (R xRp)). (3.2)

(A.4) Assumption on the initial density: fy € H}", for m € {0,1,2}, k € N fixed, is
nonnegative, bounded in the sense |fo(x,p)| < 2/h, and normalized:

/R" /R" fo(x,p) dp dx = 1. (3.3)

In particular, we remark that the bound |f(x,p,t)| < 2/h follows from (2.1). In fact,
every mixed-state density matrix p(x,y,t) can be decomposed into a convex combination
of pure-state density matrices ¥ (z,t)1(y,t), for which the bound follows directly from
the Schwartz inequality (see [12]).

Next, we discuss our problem in the Li space. Later, we use this result to prove
similar estimates in the H ,% norm. Finally, we present our results in the H. ,g space, which

will be used in the next sections.

Lemma 3.1 (L} estimate). Let k € N, T > 0, and the assumption (A.1)-(A.4) be
satisfied with fo € L. Then there exists a unique solution f € C ([0,T]; L3) to the
problem (3.1) and the following estimate holds true for any t € [0,T]

t
1 Gtz < (Wolgz +3 [ Nl o)lgp )
X exp <32k/0t <1+§:(|ui\+]vi\)> d7-+K0t> . (3.4)

k
.6 h?

The proof of Lemma 3.1 is postponed to Appendix A. This result is now used to
prove the main theorems about the Cauchy problem (3.1).

where we have defined

Theorem 3.1 (H} estimate). Let k € N, T > 0, and the assumption (A.1)-(A.4) be
satisfied with fo € HY. Then there exists a unique solution f € C ([0,T]; H}) to problem
(3.1), and the following estimate holds true for any t € [0,T]

15 o0y < (Uollag + [ g ool )
t t
X exp (C’/O (\u(7)| + |v(7)] + ||U0(T)||C§k+1) dr + 02) , (3.6)

where o = 9v/2n + 1.



Proof: =~ We proceed as in the proof of Lemma 3.1. We take the derivative of
the nonhomogeneous Wigner equation (3.1) with respect to space, we multiply by

(1 +|p|% + \x]zk) % and we integrate. This yields

1d ory (O \°

2 dt /R2n <1+T ) <8xi> bedp =
’“(1+§nj(|u~|+|v|))/ (1++%) (8f)2 dx dp
2 =1 J J R2n (%Z

k 2%\ 2
+§|v1~|/ﬂ§2n(1+r )f dx dp

+ HU()HCbszrl % (1 + (hz)k> /R% (1 Jerk) [(g:i)z +f2] dx dp

+ /. (1+ 2’“) gg‘igid dp

where 7F = |p|*¥ + |x|F. After straightforward calculations we obtain

1d

o IVl <Ea (IVdllzz +1£122) + V2 + T Vad i [IVxglle - (3.7)

where
Ky =k(1+ i (tust + a51)) + W00l 7 (1+ @)k) ’
J

and we have used }_;\/a; < v2n+1y/)_;,a;. We apply a similar procedure to the
derivative with respect to the momentum of the Wigner function: proceeding as above

but with the p;-derivative, we get

1d 2k (8f )2
5 q /Rzn (l—i—r ) B dx dp
k 2 L|8f 09| |OF Of
< —
- R2n (2 opi (9pi Op; Op; Oz; b dp

of o
/R?"(l—i—r )a op

We study the term A% = [pon (1 + |p|** + ]X|2k) g}f 8‘2 Ovu.[f] dx dp. We use (2.8) and
note that

+

[f] dx dp’ :

2

of 9 _[ L9 2 I
GrOuclildp= [ 5o (u-Vys + e, ) dp =0,

r2n Op; Op;




We have
A

2
n
<C o k(ful + maxuyl) (1912, + 117172 -

i
where we have used

0 8
> [, e eul dp

__ Z’f/ PP (1w Y + Zmaf?) d
: R2n P P : 75 O,
Next, we consider the term containing the confining potential:

af 0
2k 2k
Lo (LI ) 25 60, ] e dp.

We write

~

0 ol ap = [ [Feem)| (<)t m) dn

R Op; Op; (2m)™ Jr

so that we have
i

<2|Uo|| oo (o)

O f] dp dx[

/R% (1 " ‘X|2k) 8]%’ Pi

<27lr>n L (i) [Foxom| il an ax

_ 2k 2
=2 [Unllgqagy [, (1+1x) [Vos P dp dx.
Finally,let us consider the term containing the momentum

af
2k 9
/R P ou, /] dx dp

1 8 Xa . " —ip
:(27T)n /R3n fép,p)(_mi)f (x,1)0Uo(x,n)|p|** =P dn dx dp

k
f(xm)\2 (im:) (Z —6772) (—in;)oUo(x,m) dny dx .

2 -
R=27m j

Note that
k

. = 62 2k—1

= (_277@) Z _877’]2 5UO(X> 77) + Z 0677 (5U0(X7 TI)
k

N AN e + ) o2k—1 5+

= (_an) (2) Z _@ 0 UO(X>77) + Z ¢ 0x 4 UO(Xa 77) )
J

J

10



where we have defined 67Uy = # [U (x + %") +U (x — %"ﬂ Now, we can estimate

of 0
2k
/]R?" Pl Ip; 8pi6U° ] dx dp‘ =

i k—1 N 9 )
(5)  Whllepey [, |7 oo ) an ax
—~ 2 .
+ CU0llogios g [, |[Foem| (im) am ax.

Putting together the estimation for Uy and U¢g, we have

of 0
L, (1) 52200l ] dx dp| < C (Jul + v+ [Uhlezregy)
x (IVe £l +1£172) -

Using the previous estimates we obtain

1d

5 Vs <

<5 19712 (3.8)
2 2
+C (1+ ul + V] + U0l gy ) (1701172 + 11£172)
+ V204 1 |Vpfl 2 1Vpgl 2 -

Summing up (3.8), (3.7) and (A.7), we get

S-S <Ko 171+ 3van T gy oy

where
2=3 + 1—|—§—|— ( +’u|+’V|+HUo||C§k(R2)) .

For the sake of compactness, we write Ky = C' + C( |u| 4 |v| + [|Up|| s2++1 ), which yields
b

d
Ly <K 1y +9v2n+ Tlgllyy -

O

Theorem 3.2 (H? norm). Let k € N, T > 0, and the assumption (A.1)-(A.4) be
satisfied with fo € H?. Then there exists a unique solution f € C ([0,T]; HZ) to the
problem (3.1) and the following estimate holds true for any t € [0,T]

1ol < (Wollg +€ [ N Coor)lge r)
exp (C /Ot (|u(7’)| + |[v(7)] + |’U0(’7')Hcgk+2) dr + C;) ,

11



or, in a more compact form,

1 G Dz < (Wollzz + € gl orrm2))

exp (C (yu ¥l oy + 100l o ryaesay + T)) (3.9)

where £} indicates the L' norm in R™.

The proof of Theorem 3.2 follows similar steps to that of Theorem 3.1, so we defer
it to Appendix A.

4 Analysis of the control-to-state map

Our analysis has shown that, for a fixed initial condition and given control functions,
a unique state of the quantum system, represented by its Wigner function, is obtained.
This correspondence defines a control-to-state map. In this section, we prove that this
map is continuous and differentiable.

We assume a fixed initial condition fy € H}*, m = 0,1, 2, and introduce the control-
to-state map G, defined by

G:U — L>([0,T); H"), w = fi=G(w),

where f is the unique solution to the Cauchy problem (3.1), for the given pair of admis-
sible control functions w = (u, v). We have

Lemma 4.1. Let k € N and T > 0 fized. Let w = (u,v) and w = (1, V) be two admis-
sible pairs of essentially bounded control functions; let Uo and Uc be the corresponding
control potentials. Denote with 6G = G(w) — G(W) the difference of the states resulting
with w and W, respectively. We assume that (A.1), (A.3) are satisfied and fo € H?, and
we define

K = K(u+v: fo,9.U0) =C (Ilfoll gz + C lgll 1 o.r1,m2) ) (4.1)
exp (C (Hu + VHLI([O,T];Z':I[L) + HUUHLI([O’T];CSIC-M) -+ T)) .
Then the following estimate holds true for any t € [0, T
¢ 1
166G ()l <K [ (la=P+ v =97)" ar. (42)
0
Proof: From the linearity of the Wigner equation, we find that G satisfies

00G +p - VxdG — Oy 0:[0G] = 0,5 [G(W)], € (0,T] w3
3G =0, t=0.

12



From (2.6), we have Ug — Ug = (X (u—u)+ Y, %f (v; — 51-)), and from (2.8) we get

OV G] = (u—1) - VG + ;2 (vi — v;) g—g. Now, we apply Theorem 3.1 to the
problem (4.3), and obtain

wcunme1<war@ﬁ%mu (4.4)

Ll([ole;H,il)) :

exp (C (Hu + ¥l oy + 100l Ly ozysczery +

2o N

)

<ju— P [VeG@)Z  +C v - P [VpG@)|

We estimate the H{ norm of the non-homogeneous term.

racl

1
chfl

<C(ju—af + v =) [G)|3: -

We have used the estimate

2
5 (mston =) 50 ) < v = ¥ (VoGP (14 )

i

2 2
and (1 + |x|* + |p|k) 1+ x)*<cC (1 + |x|F 4 ]p|k+1) , which follows easily from

the Young’s inequality aF < kilak“ + k41, where a <0 and k € N.
Applying Theorem 3.2 to G(w), we obtain

1G) (oDl < (IFollz2 + C gl o,y2) ) >

exp <C <’ﬁ +"7”L1([0,T];€?) + |’UO‘|L1([O,T];C§k+2) + T>) .

Equation (4.4) gives
t 1
16G (Dl < c/ (ju a2 + v - )% a
k—1 0
(Mfoll i + Cllgll o o sy ) ¥

exXp (C <||u + VHLl([O,T];[;L) + HUOHLl([O,T};CngrQ) + T)> .

O
In the following lemma, we state that G, for fixed fy € H}*, m € {1,2,3} and k € N, is

weak-weak continuous from U into L>([0, T]; H;*). The proof of this lemma is standard
and is omitted (see, e.g., [1]).

Lemma 4.2. Under assumptions (A.1)-(A.2)-(A.3)-(A.4), let w € U and (W') C U

be a weakly convergent sequence of controls such that w' = w in L>®([0,T];R*™) N U.
Then G(w') = G(w) in the weak-+ topology of L>=([0,T]; HI").

13



Next, we investigate the differentiability of the Wigner control-to-state map. We
start considering the Gateaux derivative of this map. For this purpose, let w be an
admissible control pair and define

G(w+eow) — G(w)

G (w;ow) = - ,

where éw € L! ([0, T]; R*™) N L*> ([0, T]; R?").
Then the Gateaux derivative of G at w in the direction dw is defined as the following
limit

§OG(w; dw) = lim 0°G(w;ow) . (4.5)

e—0t

Whenever possible, in the following we shall omit to write the arguments (w;dw). Ac-
cording to the previous discussion, G is a solution to

010°G + p - Vx0G® — ®U0+Uc(w) [58G] = 9U0(5w) [G(W + 86W)] . (46)

Lemma 4.1 gives (¢ < 1)

t 1
165G (-, )]l gK/ (16wl + [6v[?)* dt (4.7)
k—1 0

where K = K (dw; fo, g,Up) is defined in (4.1).

Equation (4.7) provides a uniform bound of the L™ ([O,T I, H ,%_1) norm of the se-
quence 6°G. For small €, possibly after the extraction of a subsequence, §*G converges
to some 6°G in the weak—x* topology (same arguments as in Prop. 3.3 of [1]). In order
to obtain the equation satisfied by 6°G, we write Eq. (4.6) in weak form

T
- /o /R2n <5EG Orp + P 0°GVxp — 0°GOy, Ly (w) [90]) dx dp dt

T
= —/ . G(W + e0wW) Oy, (sw)lp] dx dp dt, VoeD,
0 JR2n

where D denotes the space of test functions. Taking the limit ¢ — 0 (using G(w+edw) >
G(w)) we have that 6°G satisfies the following equation in weak form

8,5(50G +p- VX(SOG - @UO+UC(W) [(50G] = GUC(éw) [G(W)] . (4.8)

We shall now verify that the convergence 6°G — §°G is strong. We define p°* = §°G—06°G
and take the difference between (4.6) and (4.8)

p° + P Vxp® — Ovyruaw)lpr] = €Ouy (5w)[0°G, (49)

p€|t:0 = 0'

14



Application of Theorem 3.1 gives
t
1o Cos )l §5C/ |©vc(ow) [5G (.7, drx (4.10)
0 k

exp <C/ot ()] + v + Do) aesn ) d¢+o;> ,

and, using (4.7), we obtain
1
|evewwloal|,, < C(16ul +[5v*)* [5G
k—1

< K(|5u|2+|5v|2)5/0t (](5u|2+|5v\2)% dt |

where K = K (du; fo, g, Up, d) defined in (4.1) and

t 1 2
I (o)l < CK (/0 (16uf” + ovP)? dT) «
exp (C/Ot (@] + V) + Do)l gz d¢+o;). (4.11)

We obtain p* — 0 in L ([0, T]; H ,%), for € — 0. These preliminary estimates lead to the
main result of this section:

Theorem 4.1. The map G is Fréchet differentiable from L™ ([0, T]; R?") to L* ([0, T); H})
for any k € N, and the Fréchet derivative DG(U) agrees with the Gateauz derivative §°G.

Proof: We consider
G (w,0w) = G(w + dw) — G(w) — 6°G(w, 6w) .

Using the same procedure as for Eq. (4.9), we obtain that G satisfies the problem

8tg + | ng - ®U0+Uc(w) [g] = eUc(5W) [G(W + 5W) - G(W)]7

(4.12)
Gli=o = 0
and we get an estimate analogous to Eq. (4.11)
t 1 2
1G] Lo (fo,77,11) < € (/0 (I6uf* + [ov]*)* dr) _ (4.13)
This leads to
i | Gilw + 6w) = G(w) = G, 0%) | o orymy) 0. (410
6wl Loo (10,77,m2n) =0 ||5WHL°°([0,T];R2")

(]
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5 Ensemble optimal control problems

In this section, we formulate ensemble optimal control problems governed by the Wigner
equation. As indicated in the Introduction, the purpose of the control is the minimisation
of a cost functional. Since in many applications is of particular importance to minimize
(or maximixize) the value of the observables at the final time ¢t = T and to steer the
distribution function along a given path (x, p¢), we consider the following functionals

(ﬁ(f) = - R2n A(X7 p) f(Xa p7T) dx dp

T
v = [ [, Vit fxp.t) dxdpdr.

The function V represents a phase space valley where f should concentrate, for example,
V(x,p) = -C e~ (=) +(P=P)*] | The functionals ® and ¥ achieve the control on the
final value of the obsvervable A and the concentration of the distribution on the phase
space, respectively.

In general, we assume that the functions A and V above are bounded. Therefore the
functionals ® and ¥ are linear and continuous in f and so weakly lower semi-continuous.

In addition to defining the purpose of the control, we need to measure the cost of its
action that should be kept as small as possible. For this reason, we consider a cost term

of the form
2
)) & GO

where y, v > 0, and the factor 1/2 is chosen for convenience of later calculations. In (5.1),
the first two terms can be interpreted as the energy of the control, whereas the other
terms measure its variation in time. Notice that, by requiring v > 0, the control function
w must be in U (recall definition (2.7)), since (5.1) represents a weighted H'(0,T) norm.
Notice that x(w) is strictly convex in U.

With this preparation, we can formulate our Wigner ensemble optimal control prob-
lem as follows:

P v
dt

) = 3 (w0 oy o (|

min J(f,w) i= &(f) + U(f) + rl(w),

s.t. 8f + P va - @Uo—l-Uc(W) [f] = 07 (52)
fit=0 = Jo fo € H}
welU.

Specifically, in (5.2) we have the following cost functional

s = [0 Vepnieep. ) dxdp i~ [ A p)Gx,p.T) dxdp + £(w)
(5.3)
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Clearly, J(f,w) is bounded from below and weakly lower semi-continuous.

According to Theorem 3.1, for every w € U and k € N, fo € H}, there exists a
Wigner function f = G(w) € C ([0,T]; H}) satisfying the constraints in (5.2) (i.e. the
Cauchy problem for the Wigner equation). We recall that the control-to-state map G is
continuous. Thus, we can introduce the following reduced cost functional

J(w) = J(G(w),w), (5.4)

so that the optimal control problem (5.2) can be equivalently written as follows

~

mnin J(w). (5.5)
Theorem 5.1. Under assumptions (A.1)-(A.2)-(A.3)-(A.4), fo € H}, the ensemble
optimal control problem (5.2) (resp. (5.5)) admits at least one solution w* € U. The
corresponding state f* := G(w*) belongs to the space C ([0,T]; H}).

Proof. If (f,w) € C([0,T]; H}) x H'([0,T],R?"), the functional J given in (5.3) is well-
defined and coercive in w € U. Furthermore, due to estimate (3.6) in Theorem 3.1, we
have that the map G takes its values in a bounded set of L>°([0, 77, Hp). It follows that
J is bounded. Moreover, since G is weak-weak continuous, as stated in Lemma 4.2, and
J is weakly lower semi-continuous, we can state that J is weakly lower semi-continuous.
Therefore, if (w,) C U is a sequence which converges weakly to a w € U, we have

~

. . = — . . > — .

lim inf J(wy) = lim inf J(G(wn), wn) > J(G(w),w) = J(w)
With this preparation, the proof of existence of a minimizer for J is standard: take a
minimizing sequence (w;,) C U, and recall the J is coercive in w. Thus the sequence is
bounded and we can extract a weakly convergent subsequence whose limit is w* € U.
Then, by the weak lower semi-continuity of J, we conclude that w* is a minimizer for

J. O

6 Optimality System

In optimal control theory with differential models, we have the task to characterize
solutions to optimal control problems. However, in the case of nonlinear control mecha-
nisms, as in our model, we can have many local and global minima. Thus, although the
proof of existence by minimizing sequences (Theorem 5.1) refers to (possibly non unique)
global minima for our ensemble control problem (5.2), the differential characterization
by first-order optimality conditions (optimality system) applies in the same way to local
and global minima, which include w*. We remark that the knowledge of the optimality
system is crucial for the development of any gradient-based method for the numerical
solution of optimal control problems; see, e.g., [9].

In order to derive the optimality system, we discuss Fréchet differentiability of J (w),
and use a Lagrangian framework in order to derive the first-order optimality conditions.

Concerning the differentiability of the reduced cost functional, we have the following.

17



Theorem 6.1. The map J(w) defined in Eq. (5.4) is Fréchet differentiable from L ([0, T]; R*")N
U to R.

Proof: We set J = J, — Ja + r(w) where
B=w(Ge) = [ [ Geeep. V0.t dx dp
J= ~@(Gw) = [ Gw)(x.p. T)AGx,p) dx dp.
We first consider the differentiability of .Ji(w). We define
DR = [ [ PGV 6. t) dx dp
where §°G is defined in Eq. (4.5). Then, we have
[Ty (w + ow) — Ji(w) — DJi(w)|

T
<h
0o Jr2n
T
gc//
0 R2n

where C' = [[V|[ oo (10,77, oo (r2n)- The last integral can be estimated by Hélder inequality.
For any k € N such that k > 2 we have (remind the definition 7* = |x|* + [p|*):

/RQn

G(w+ow) — G(w) — 60G’ V| dx dp dt

G(w + dw) = G(w) — 6°G| dx dp dt ,

G(w+déw) — G(w) —50G‘ dx dp < (/ 5 dx dp)é

(L

In this way we have obtained

1
G(w + ow) — G(w) — 50G‘2 (1+ r")? dx dp) :

< C|Glw + dw) - G(w) - 8°G

5
Ly

‘jl(w—i- Sw) — Jy(w) — Dfl(w)‘

T
< c/ |G(w + w) — G(w + 6w) — o°G
0

Lt

k
< || Glw + ow) - G(w) - 50GHL<>O([O i)

by
and we can evaluate the Fréchet derivative

‘fl<W+ dw) — Ji(w) — DJA1(W)‘

im
16wl g1 (0, 77;m2n) =0 ”5WHH1([O,T};RQ")
| G(w +dw) — G(w) — 5OGHLOO([0,T};L§)

)

11m
16wl g1 (0, 7,820 ) =0 H(SWHLOO([O,T];RQ")
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where we have used Eq. (4.14) and the estimate
”5W||Loo([0,:r’];R2n) <C ”5W||H1([0,T};R2n) .

The term Jo can be treated in the same way. The last term x(w) of J is easily seen to
be Fréchet differentiable. g

Since J(w) is Fréchet differentiable, we can characterize an optimal control as a
solution to the first-order optimality condition given by

~

Vwd(w) =0,

where Vy, denotes the Fréchet gradient in U.
It is convenient to discuss this characterization by following Lagrange’s approach,
which formally requires to introduce the Lagrange functional

L(f,w,h). = J(f,w)+
T
/0 /R% (atf +P - Vxf —Opw) [f]) h(x,p,t) dx dp dt,

where h is the lagrangian multiplier. It follows from the results in the previous sections
that this Lagrange functional is Fréchet differentiable and we actually computed the
Gateaux derivatives. In this framework, the optimality system corresponds to requiring
that the derivatives of £ with respect to its arguments to f, w and h are zero. Notice
that we assume that the initial condition fj is given.

We start by deriving £ with respect to h. We have

(VL. 6h) :/OT/RM (00F + - Vf — O f]) b dx dp di

Hence, (V,L,0h) = 0 corresponds to the weak formulation of the Wigner equation.
Next, we derive £ with respect to f, obtaining

T
(V,L,5f) :/O /R (V= 0uh — b Vi + Oy[h]) 67 dxc dp d
+ [, b p.T) = A(x,p) 6f(x,p. ) dx dp

where 0f(x,p,0) = 0 and we used an integration by parts. Therefore, by requiring
V¢L(f,w,h) =0, we obtain the adjoint problem

Oth +p - Vxh — Oy [h] =V, in RY xR x[0,T] 61)
: 6.1
hl,_p = A, on RY x RY

where h(x,p,T) = A(x,p) is the terminal condition.

We remark that this adjoint problem has the same structure of the nonhomogeneous
Wigner problem (3.1) with g replaced by V and fj replaced by A. Therefore, assuming
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that V and A satisfy the assumptions (A.3) and (A.4), respectively, our results for the
Wigner problem are also valid for the adjoint problem.

Next, we focus on the derivative of the Lagrangian with respect to the control func-
tions. In this case, the calculation of the Gateaux derivative reveals an additional mod-
elling issue, that is, the choice of appropriate initial and terminal conditions for u and
v. In particular, we can require that the controls are switched on at t = 0 and switched
off at t = T', which means w(0) = 0 and w(7') = 0. Subject to this assumption, we have

(VuL(f,w,h),6u) = (VuJ(f,W),du)
+ lim /T /R% @Uc(w+€5u)[]2 - 9Uc(w)[f]hdx dp di

e—0Jo

T
= (Vad(Fw).00) + [ [ oIk dx dp .

and, similarly,

T
(VoL(fow, 1), 0v) = (T (fw).ov) + [ [ Ougion [ dxdp dt
First, we evaluate
(Vu'](fa W)v 6“) =

1 /T d 4]
lim — (7 (\u + edu)? — |u|2> +v (‘ ut ebu’
0

7 L)) o
:/0T<fy(u~5u)+l/d(ltlfu)) dt—/o (’yu—l/ ZEJ) - ou dt,

and the analogous for (VyJ(f,w),dv). Moreover, we have

x; 0 1
Ove(w)lf] =0u - Vp f + Z(sz 5 8f <6u—i— 25vox> -Vpf,

and we obtain

(VuL(f,w,h),0u) + (VvL(f,w,h),0V)

4 d? (u) ’ d*(v)
7/0 (fyu—u 1 -6udt+/0 W -ov dt

T 1
—/ , h(x,p,t) (5u+26vox> -Vpf (x,p,t) dx dp dt.
0 Jr2n

Now, requiring that (Vw£L(f, w, h),0w) = 0, we obtain the optimality condition equation
d2ui 8f

v — h
dt? R2n  Op;

d2v; x; Of .
YU; — V e _/R%hZapi dxdp=0, ¢t=1,...,n.

Yu; — dx dp =0, 1=1,...,n,

(6.2)
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This problem is complemented with homogeneous initial and terminal conditions of
Dirichlet type as discussed above.

Summarizing, the resulting optimality system consists of the forward Wigner problem
(2.2), the adjoint problem (6.1), and the optimality condition (6.2).

%{+p.vxf_@U0+UC[f]:O, in [0,7] x RZ x RZ,
%er.vxh_@%wc[h}:v, in [0,7] x RZ x R,

fli=o = fo, on Ry xRy,

hl_p = A, on R} x RE, (63)
Y u; — v ddgtzi = oo hg]i dx dp =0, i=1,...,n,
’yvi—l/((ijtzi—/ﬂgznhmaf'dxdsz, 1=1,...,n.

where the control potential has the form given by Eq. (2.6).

7 Conclusion

An ensemble optimal control problem governed by the Wigner equation was formulated.
This equation plays a central role in the statistical description of quantum systems in
phase-space, which motivates the choice of ensemble cost functionals and of control
mechanisms acting on the mean and variance of the Wigner density. These choices
together with the presence of a pseudo-differential operator in the Wigner equation
make this work unique in the field of quantum optimal control problems.

A detailed analysis in weighted Sobolev spaces of the proposed controlled Wigner
model and of the corresponding optimization adjoint was presented. This analysis was
further extended to prove existence of optimal controls and differentiability of the control-
to-state map and of the ensemble cost functional, thus allowing the derivation of the
optimality system that characterizes optimal controls.

This work should motivate further research in the field of optimal control problems
governed by the Wigner equation. In fact, it would be possible to consider other control
mechanisms as, e.g., boundary control problems. Moreover, the proposed ensemble
control framework could be extended in order to accommodate other approaches for the
manipulation of the Wigner function as in [38]. On the other hand, additional analysis is
also required to further develop the present setting in order to include, e.g., constraints on
the controls and semi-smooth costs, and to investigate second-order optimality conditions
as in [23].

A Appendix

In this section we give the proofs of Lemma 3.1 and Theorem 3.2
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Proof of Lemma 3.1

Proof: We multiply the Wigner equation (3.1) by |x|* and we integrate with respect to
the space and momentum coordinates. We obtain

x| f
[ —/R%?,(a )fIXI'“dxdp
=5 [ %V (xPY) dxdpt [ %P0yl dx dp
]RZn ]RZTL
iAl £A2
+/ x|% fg dx dp .

RZ'n

£A3

We use ’p -V (|x|2k)‘ <k (x> + |p|2)k, so that

k 2 2\F .2
|A1] Sg/RQn (!X\ + |p| ) fodxdp.
The contribution to the term Ay given by the control potential vanishes:
2

af ) dxdp=0.
Opi

(2

1
L xreuclfaxdp =3 [ |x|2k< () Vol + it

Then, we have

[l = [ <P su,£] dp dx|
= <271r>n

2
< Ul agy [ 17 (0 dp e

~ 2
[ ix Um0 [F e )f d ax

N

where we have used

/Rn fOu,[fl(x,p,t) dp —(2710,1 /Rn Vo (x,m,1) ‘f(x,n,t)‘z dn .
We have therefore obtained
[ _2/ (3P +1pI2)" /2 dx dp
+ 2 [0llequgy [ x5 dp (A1)

+ [, I fgl dx dp
R2n
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In a similar way, we multiply the Wigner equation (3.1) by |p|* and integrate

/ [p[*p - Vi (f?) dx dp
=0
+ /R% [pI*" fOuque[f] dx dp

+/ Ip|**gf dx dp .
R2n

2dt

(A.2)

We can write

! 2k (. 2 N, I [20k—1) £2
‘2/]1@271 p| (u Vpf ) dp‘ = ‘k;ul/ﬂ@npzlp‘ 72 dp

<k ful [ pdlpREY 2 dxdp

" 1+ |p|? _
gkzw / LEIPE bt 12 gy ap
- R2n 2
k 2
<33 Shul [, (1+1pP)" 1 axap. (A3)

and
2

of
Z 2k § ey
2 R2n ‘p| ( i Liti 8}9

) dx dp
< = . ﬁ 1 2 2k 2d d
<\ hl )5 [, (LIl + xI?) s dx dp.

Using (A.3) and (A.4) in (A.2), we obtain for the control potential
/ IpI** fOu.[f] dx d <k"§n:|ul|/ (1+\ |2>kf2dxd
R2n p Uc b= 2 - i R2n p P

+ (zn:|vz|>§/RQn (1 + |p|? + \X|2>kf2 dx dp.
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Finally, we consider the confining potential Uy. By using

o) [, Ipl* 00, /] dx dp

k

o9\

= Jon f(x,p)f(x,p")0Us(x,m) (Z_ang) e~ ‘®=P)M qp’ dn dx dp
j J

k
- nooH2 .
= Join fx,p)f (x,m) (Z —8772> 6Uo(x,m) | e”"P" dn dx dp

j J

k

~ 2 (< 07

7 (x.m)| (Z—M) 5Un(x, ) drp dx
j J

we can estimate

‘/R?n [Pl fOu,[f] dx dp’

k
2 1 (R
< Z _ - |
< 2 Wollep oy <2> L.
2

n2\" ,
= 7 <2> HUOHCb% ”fHL2 :

o~

Foem)| dndx

We obtain

(i + o) [, (1 Ipf+ )" 2 dxdp @5)

n2\" 2 %
( ) 10oll e 1 £l + /R% Ip|~|fg| dx dp .
)

Summing up (A.5), (A.1) and (A.1) for k = 0, we obtain

1d

37 o (L DI (%72 ax dp

k n
< 5 (1422 ural + luzal) ) /R (L + [P + [x]*") f* dx dp

2 h2 k 2k\ p2
g (14 (5)7) [, 0+ P2 ax dp

+ [, (1 PP+ x™) /9] dx dp.
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For the last term, we use Holder inequality

/ (1 + [p|* + \XIQ’“) |fg] dx dp <

R2n
/ (1+plF+ !XI";)2 [fgl dx dp < lgll 2 I £l 22
R2n - Lk Lk ’

Then, using the inequality

1 2
(1 |+ [pI**) = 5 (1+ [x[* + [p]*)”, (A-6)
we get,
5 17132 <K 713 +3gllz 11z
where

K= 20 3 (o) + e S (1 (5))

)

In conclusion, we obtain

d
gz < KNz + 3Nl (A7)

which proves Lemma 3.1 by applying the Gronwall lemma. U

Proof of Theorem 3.2

Proof: In order to discuss the case of the H? norm, we denote by §*f a generic second-
order derivative of the Wigner function f with respect to space and momentum variables,
namely

Pf=vVevif

where (o, 3) is a given couple of multi-indices with || + |5]| = 2.
We take the derivative of the Wigner equation

) = s~ (o) St Pl .
By defining 7% = |x|¥ + |p|¥, we have
2 P 2%\ (22 £)2 2%\ (a2 £\ A2
L? _/RZn {2 . (er ) (8 f) + <1+T ) (a f>8 @UoJrUc[f]

+ (1 + r%) (82 f) (629)} dp dx (A.8)

1d

53t 1911
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where we used 9*p = 0. The first term at the right-hand side of (A.8) is such that

/R% g . (er2k> (82f>2 dp dx‘ = /R% p- xk\X|2(k71) (82f)2 dp dx‘

2
<C (1+7F)2 (82f) dp dx .
R2n

Regarding the second term, containing the potential U, we consider separately the one
containing the confining potential Uy and the one containing the control potential Ug.
We start by writing

L ) (92F) 9200, 1) dx dp

- (271r)” /RS“(l -+ 72k) (82f(x,p)) (A(x 1)0Uo(x,m)e mn) dn dx dp .

2k as follows

ot () - ()= E ()Mo

L. o (2%1) %0y, 1] dx ap

We write |p

We consider

I=(

lg

2m)"
|=k
> <q> /R Fom (1 (VAVES)) Fooon (079EV300,[1]) dx dn

We have

Fooon (PVRVES) = 0)U(=0)° ViV (n° F(x,m))
Foon (07VEVEOULf]) = (=1)7()*VEVS (00U (x,m) F(x,m)) -

We write

Vava (Us(x,mm®Flx,m)) = VA <q> (Va=0Us(x,m)) V5 (m*Fx,m))

s<q 5

=22 (f ) <q> (VE'VE6Us(x,m)) (ViV3m®Fxm))

I<Bs<q

and we obtain

-2 (1) = (00

L. (9294 foxim)) (V045U () (V4 05m° Flx,m)) .
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We estimate

jal=*
10y 3 VeVt Lo,

q I<pB;s<q
<C|Ullgpr2 1F 17 -

VaVin® f| [ViVsn® F| dx dn

The term obtained by multiplying |x|?* instead of |p|?* can be estimated similarly
and we obtain

L, (1 10) (9°5) 020yl dx dp| < C [Uallczuss 171

Finally, we consider the term of Eq. (A.8) containing the control potential. Equation
(2.8) gives

d 8f 0 of
2 v 2 .
"0y [f] =u-Vpo f+§;W +Z <8pj op; 3%‘ 5pi> 7

and
/R%a +17) (62f) 0*6u,.[f] dx dp
o of 0 of
= V; 1+ %k H? — + — dx dp .
%: /Rzn( ) << f) <8pj Op;  Ox; 8p¢>> p
We obtain

[ (417 (821) 021 1] dx dp| <CIvI Uil 171
With this Eq. (A.8) gives

21,

s o], <0 (1 + 100lgus + 1) 11 + € gl

which implies (3.9). O
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