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CONTROL STRATEGIES FOR THE FOKKER-PLANCK EQUATION

TOBIAS BREITEN*, KARL KUNISCH*f, AND LAURENT PFEIFFER*

Abstract. Using a projection-based decoupling of the Fokker-Planck equation, control strategies
that allow to speed up the convergence to the stationary distribution are investigated. By means of
an operator theoretic framework for a bilinear control system, two different feedback control laws are
proposed. Projected Riccati and Lyapunov equations are derived and properties of the associated
solutions are given. The well-posedness of the closed loop systems is shown and local and global
stabilization results, respectively, are obtained. An essential tool in the construction of the controls
is the choice of appropriate control shape functions. Results for a two dimensional double well
potential illustrate the theoretical findings in a numerical setup.
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1. Introduction. To partially set the stage, let us consider a very large set of
dragged Brownian particles, whose motion is described by a stochastic differential
equation (SDE) in R?" called the Langevin equation:

dz(s) =y(s)ds; dy(s) = —Py(s)ds + F(z,s)ds + \/2BkT/mdB(s).

Here s is the time variable, 5 > 0 is a friction parameter, m the mass of the particle, k
the Boltzmann constant, T' is the temperature, and B is an n-dimensional Brownian
motion. The force F' is assumed to be related to a potential V, so that F(z,s) =
—VV (z,s). For large values of 3, the Langevin equation can be approximated by the
Smoluchowski equation:

dz(t) = —=VV(z,t)dt + V2v dB;,

where t = s/8 and v = kT/m. The probability density function p of the solution to
the above equation is the solution to the Fokker-Planck equation:

dp

5% = V- J(z,t), where: J(z,t) =vVp+ pVV.
The variable J is the probability current. The simplification of the Langevin equation
is discussed in [25, Section 10.4], see also [10, Section 4.3.4] for details on the connec-
tion between SDEs and the Fokker-Planck equation. In this article, we consider the
Fokker-Planck equation with reflective boundary conditions:

% =vAp+ V- (pVV) in Q x (0,00),
0=@Vp+pVV)-ii onT x (0,00), (L.1)
p(z,0) = po(z) in Q,

where €2 C R™ denotes a bounded domain with smooth boundary I' = 90, and
po denotes an initial probability distribution with [, po(z)dz = 1. The boundary
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condition states that the probability current has to vanish in the normal direction
on the boundary. This models the fact that any particle reaching the boundary I' is
reflected [10, Section 5.2.3]. We refer to [20] for a description of reflected SDEs.

The force F' can be an electric force, created by focusing a laser beam. The
obtained structure is called optical tweezer and enables to manipulate microscopic
particles, see [15]. We refer to [11] for an overview of feedback control problems in
optical trapping. Following the discussion in [13], let us assume that we can interact
with the particle by means of an optical tweezer such that the potential V is of the
form

V(z,t) = W(x) + alx)u(t), (1.2)
where a € W2max(2n+e)(Q)) ¢ > 0 is a control shape function satisfying
Va-ii=0 onT. (1.3)

A more precise characterization of a will be given in Subsection 4.2. Thus the control
enters in bilinear and separable form into the state equation. While the case that W
is piecewise smooth is certainly of interest, see e.g. [25], we focus here on the regular
case and assume that W € W2max(Znte)(Q) ¢ > (.

Besides the large number of publications which consider the Fokker-Planck equa-
tions primarily from the stochastic point we mention [18] which gives an analytical
framework for Fokker-Planck equations with irregular coefficients, a semigroup ap-
proach for Kolmogorov operators with applications to the Fokker-Planck equations
[6], and a detailed functions space analysis of steady state solutions in [14].

The construction of suboptimal feedback laws on the basis of applying linear
quadratic regulator theory to conveniently defined linearizations has many predeces-
sors. In the context of distributed parameter systems we refer to e.g. [4, 23, 24]. In
all these papers the control enters linearly into the control system, while it appears
in a bilinear fashion in our problem (1.1) with the control entering in the potential
V specified in (1.2). We also stress that the control acts on the differential operator,
more precisely on the convection term if (1.1) is considered as a diffusion-convection
equation. Hence our problem does not belong to the class of bilinear control problems
which was investigated in [3] where the control operator multiplies a bounded term
in the state equation.

A brief description of the contents of the paper is given next. Section 2 is devoted
to establishing well-posedness of the state equation. We provide the functions space
setting in a form which is required for our results on stabilization and as basis for
the numerical treatment. Section 3 summarizes some properties of the Fokker-Planck
operator with reflecting boundary conditions and provides a succinct splitting of the
state equation with respect to the ground state and its complement. A Riccati-based
stabilizing feedback mechanism together with an appropriate choice for the control
potential is investigated in Section 4. Section 5 provides an alternative which is based
on a Lyapunov technique. Loosely speaking, the Riccati-based approach is local and
allows an arbitrary decay rate, while the Lyapunov technique is global but it only
effects the first eigenspace different from the ground state. Section 6 describes a
numerical approach and provides examples which illustrate the theoretical results.

2. Well-posedness. In this short section we establish basic well-posedness prop-
erties of the state equation (1.1). For arbitrary T' > 0 we shall refer to p as (varia-
tional) solution of (1.1) on (0,7T) if

p € W(0,T) = L*(0,T; H'()) N H'(0, T; (H'(2))*)
2



and for a.e. t € (0,7)

(pe(t),v) + (vVp(t) + p(t) VW, V) + u(t)(p(t)Va, V) = 0 for all v € H'(Q) 21)
p(0) = po. '

Let us recall that W (0,T) c C([0,T], L*(2)), so that p(0) is well defined.

PROPOSITION 2.1. For every u € L?(0,T) and py € L*(Y) there emists a
unique solution to (1.1). If moreover py € HY(Q) and Aa € L>®(Q), then p; €
L2(0,T5L*(2)), p € C([0, T]; H'(Q)), V- (vAp+pVW) € L?(0,T; L*(Q)) and (vVp+
pVW) -t =0 in L?(0,T; H/2(T)).

Proof. The claim can be verified by a standard Galerkin approximation technique
and we therefore only give the necessary a-priori estimates. Taking the inner products
with p(t) in (2.1) we obtain

ld

57 POF + V@) < (VW] + [u(®)|[Val =) (1) Ve(t)]

and hence
d 2
S0P + Ve < Z(VW e + P Valia) o0 (22)

By Gronwall’s lemma we have for every ¢t > 0
t
lp(t)|* < 2|Po|2/0 (IVW[Lee + [u(s)*[Vali~) ds.
Together with (2.2) this implies that p € W(0,T) N C([0, T}, L*(Q2)).
To obtain extra regularity we set v = e"/¥p; in (2.1) and obtain

™72 el v (e (e p), V(e pe)) + ut) (p(8) Ve, V(e pi(1))) = 0

and thus
vd

W/2v |2
le pel” + 5 dt

e "2N (e p) [P < [u(O)|(V (p(t) Vo), €™ )
< u(®)[[e"*V (p(t)Va) ™/ py|.
This implies the estimate
d
/2 p(e) 2+ ke W2 (M p(t))2 < fult) eV (oft) A + - V)
< 20u(t)P(|e* pAal? + [tV p - Val?)
1
< 20u(t)*(|e""* Aol [p(t)* + 2|Valw [/ (Vp(t) + —pt)VW)?
2 1%
+ ;|€W/2 Lo | Vel Lo [ VW 1 [0 (1))
With K = 2[e"/27|2 . (|Aal} + 2|Valix + |[VIW|? %) and Ky = 4|Va|3 . we have

v d — v v - v v
™72 ()P v le TR (1 p(0))? < K lu(t)Pp(t) P+ Ko fu(t) Ple" 2V (™7 p(1)) 2.
3



Integration on (0,t), with ¢ € (0, 7] implies that

t
e O + [ 1 () s
< V|€7W/2VV(€W/VPO)|2 + Kl|P|20([0,T],L2(Q))|u\i2(o,T) (2.3)

t
HEa [Pl () ds.
0

Neglecting for a moment the second term on the left hand side of the inequality and
applying Gronwall’s inequality implies that e="/*V(e"/*p) € C([0,T], L*(Q)) and
hence p € C([0,T], H(Q)). Using this fact in (2.3) implies that p, € L?(0,T; L?(2))
and hence V - (vVp + pVW) € L?(0,T;L?*(Q)) from (2.1). Thus vVp + pVW €
L2(0,T;L2,,(9)), and again by (2.1) we have (vVp+pVW)-ii = 0in L2(0,T; H~/*(T")),
see e.g. [27, p.101] as desired. If moreover Aw € L?(2), then Ap € L?(0,T; L*(Q)).
0

The solution of the Fokker-Planck equation satisfies structural properties includ-
ing preservation of probability and nonnegativity which we establish next.

PROPOSITION 2.2. Let u € L*(0,T) and po € L*(Q2).

(i) For every t € [0,T] we have [, p(t)dz = [, podw.

(i) If po > 0 a.e. on Q, then p(x,t) >0 for allt > 0 and almost all z € Q.

Proof. Setting v = 11in (2.1) we obtain the preservation of probability [, p(t) dz =
Jo po da for all ¢ € [0, T7].

Turning to the verification of (ii) let us denote by p = p™ — p~ the decomposition
of the state p into its nonnegative and its negative part, respectively. It then also
holds that

w w \T w o\~ w _
e"p=(eVp) —(e"p) =ev(pt —p7).

Note that we can write vVp+ pVIW = e’%V(Ve¥p). Hence by setting v = —e ™ p
in (2.1) we obtain that

d, . wo_ w_ W wo_ wo
<dt(p —p7),—evp >——u<e vV(evp),V(ievp )>+u<pVa,V(evp )>
With [8, Lemma 11.2] it now follows that

1d d
e oI = { (e,

2dt dt
_w wo_ wo_ _w wo_
< —vlem = V(e pT)I* + fulller p~Valllle™> V(e r p)|
_w wo_ vV, _w wo_
< —vlem@ V(e pT)* + Sl V(e pT)|?
Lo 2 -2
+ o [l IIValze o) le o7l
L, o 2 o2
< o, [ul IValze @ lle= o7

An application of Gronwall’s inequality now yields that from p~(0) = 0, it follows
that e p~ () = 0, and hence that p~(t) = 0 for all ¢ > 0.
0



3. The operator form of the Fokker-Planck equation. The goal of this
section is to formulate (1.1) as an abstract Cauchy problem such that the linearized
system can be studied by means of semigroup methods. Hence, let us consider the
abstract bilinear control system

p(t) = Ap(t) + Np(t)u(t),

(3.1)
p(O) = Po;
where the operators A and N are defined as follows
A: D(A) C L*(Q) — L*(Q),
D(A) = {p € H*(Q) |(vVp+pVW)-i=00nT}, (32)
3.2

Ap=vAp+V - (pVW),
N:HY Q) = L3(Q), Np=V-(pVa).

Let us recall [1] that we have the following embeddings

Q) ifn=1,23,
W22(Q) — { LY(Q), g€ [1,00) ifn =4,
Lit5(Q) if n > 5.

Since by assumption o, W € W2’max(2’"+5)(Q), a short computation involving Holder
inequality shows that A and A are well-defined. Its L?(Q)-adjoints are now given by

A*: D(AY) C LA(Q) — L*(Q),
D(A*) = {p e H*(Q)|(vVyp) -i=0onT},
A* o =vAp — VW - Vo,

N*: HY Q) = L*(Q), N* o= -V Vo

(3.3)

We emphasize that, due to (1.3), a solution p € D(A) of (3.1) automatically
satisfies the zero flux boundary conditions of (1.1).

3.1. Properties of the Fokker-Planck operator. For what follows, it will
be convenient to summarize some known qualitative properties of the uncontrolled
Fokker-Planck equation

pt) = Ap(t),  p(0) = po, (3.4)

compare [25, Chapter 5/6]. For the sake of a self-contained presentation, we also
provide the proofs for the statements.

Following [25], let us introduce ®(z) = logv + Wlfx), such that ¢™5” = Ve oy
Further, define the operator

As: D(A,) C L2 (Q) — L*(Q),

D(A,) =< 0€ H*(Q)

1
(vVo+ §QVW) -1 =0 on F} , (3.5)



A straightforward calculation using vV&® = VW shows that

&

@ 1 1
Ale"2p) =ve 2 (AP + §PA‘I) - ZPV(I) ‘ V‘I)) :

Using the previously mentioned embeddings and Hdélder inequality, it can be shown
that Asp = €% Ae 2 p is indeed in L2(Q) for p € H2(Q). Moreover, it turns out that
the spectrum of A coincides with that of A, and, in particular, is discrete.

LEMMA 3.1. The operator A is self-adjoint. The spectrum o(As) of As consists
of pure point spectrum contained in R_ with 0 € o(As) and only accumulation point
—o00. The eigenfunctions {¢;}32, form a complete orthogonal set. Further o(As) =
o(A) and v; is an eigenfunction of A if and only if e%wi is an eigenfunction of As.
Similarly, v; is an eigenfunction of A if and only if e®; is an eigenfunction of A*.
Finally, pes = =% is an eigenfunction of A associated to the eigenvalue 0.

Proof. Let g1, 02 € D(A;). Since vV&® = VW, we conclude that Asp; is given as

P

Aso1 = €3 Ae” %) = ve? (A(e’

@
2

01)+ V- (67%91V@))

Similarly we obtain that
1 . _2 @ -
0= (VV91+§Q1VW) il = (re"2V(e2py))-7 onT.

Thus, it holds that

[ oo do = [ 0 (ve¥V (e *V (e o)) o
Q Q

= /(ggye_%V(e%gl)) - ds — V/ e_q)V(G%QQ)V(eng) dz
r Q

:/(92V67%V(6%Q1))-ﬁd3—1//
r

Q1€7%V(€% 02)) -7 ds
r

—}—V/lee%V- (efq)V(e%gg)) dz

:/ 01A502 de.
Q

As a consequence we have that A% = A, thus it is a self-adjoint and closed operator
in L2(Q). By (3.6), we also have that for each ¢ € D(A;):

/ oAso dz = *l// V(e 0)|e~® da < 0,
Q Q

and hence Ay is a negative operator. It follows that there exists § € Ry which is in
the resolvent set of —A,. Consequently, for each f € L?(f)

(—As+Bl)o=f
6



has a unique solution ¢ € D(Ay) depending continuously on f. We observe that g is
the solution to

1 2 S 1
—I/AQ—§6§V‘(€7§QVW)+59+ §VQ-VW:f in €,

1
(vVo+ §QVW) -1=0 on I

Testing this equation with o we obtain

1 @ @ 1
V/ |Vol|? dx—l—*/e_?QV(e?Q)-VWdfC-l-*/QVQ'VWd$:/(f—ﬂQ)de
Q 2 Ja 2 Ja Q

and hence

_2 kil
VIVoliz) < VW e @le™ 2 [Loe@)le? [ lol 2@ Vel 2 @) + lolr2 @)
+ ([ flr2) + Blolzz@)lolL2(o)-

Together with the continuous dependence of ¢ € L?(2) on f, we deduce the existence
of a constant K such that

lolm1) < Klf|L2)-

Thus —A, + I has a compact resolvent as operator in L2?(Q2). Consequently, the
spectrum of A consists entirely of isolated eigenvalues with finite multiplicity in R_,
with only accumulation point —oo, see, e.g., [16, Chapter 3].

The relation between the eigenfunctions of A and A, follow immediately from
the definition of the operator A;. Moreover, note that by (3.6) it holds that e~ % is
an eigenfunction of Ay associated to the eigenvalue 0. The associated eigenfunctions
of A and A* are p,, = e~?® and the constant function 1 with value 1, respectively.
|

Since Aj; is self-adjoint, it follows from

/ 0As0dx <0 for all p € D(As)
Q

that A; is dissipative, see [22, Chapter 1, Definition 4.1]. Together with the fact that
the range of ST — A is surjective, the Lumer-Phillips theorem [22, Chapter 1, Theorem
4.3] implies that A, generates a semigroup of contractions on L?(£2). Consequently A
generates a semigroup S(t) of class G(M,0) in L?(Q2). Moreover, S(t) is an analytic
semigroup, see, e.g., [26, Section 5.4] and the mild solution to (3.4) is given by

p(t) = S(t)po. (3.7)

3.2. Decoupling the Fokker-Planck equation. According to Lemma 3.1, it
is clear that po, = e~ ® is a stationary solution of (1.1). From now on, let us assume
that po, is normalized such that fQ Poo dr = 1. While p,, is asymptotically stable,
the convergence rate (given by the second eigenvalue) can be undesirably slow. An
approximation of the convergence rate for small values of v is given by: Ce"/¥,
where C' > 0 is a constant and where the constant W — called energy activation —
is the highest potential barrier that the particle has to overcome to reach the most
stable equilibrium. This estimate is proved in [21, p.251] for 2-dimensional infinite
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potential fields. The case of a bistable double-well potential with reflecting conditions
(in dimension 1) is also treated in [25, Section 5.10.2].

Following similar works [24, 28], we subsequently study the applicability of a
Riccati-based feedback law obtained from a suitable stabilization problem. Starting
from (3.1), let us introduce the shifted state y := p — poo. Using that Ap., = 0, we
obtain the transformed system

§(t) = Ay(t) + Ny(t)u(t) + Bu(t),

y(0) = po — poo, (3:8)

with B = N pso. Here, the control operator B and its adjoint are defined as

B: R — L*(Q), Bc=cNps,
B*: L*(Q) = R, B*v= (Nps,v).

For our feedback design, it will be convenient to work with a decoupled version of
(3.8). We therefore introduce the projection P onto 1+ along pso

P:L*(Q) = L*(Q), Py=y-— /Qy dz poo,
im(P) = {v € L*(Q): /Qv dz = 0}, ker(P) = span {peo } -
Hence, the complementary projection @ is given as
Q: L*(Q) = L*(Q), Qu=(-Ply= /Qy Az poo,
im(Q) = ker(P), ker(Q) = im(P).

With these definitions, the L%(Q) adjoint of P is the projection P* onto pL along 1
P L*(Q) — LA(Q), Py=vy— / Pooy dz 1,
Q
im(P*) = {v € L*(Q): / Poo¥ da = 0} ,  ker(P*)={1}.
Q

Finally, the complementary projection Q* reads

Q' @) 5 L@, Qy= [ peydel
Q
im(Q*) = ker(P*), ker(Q*)=im(P").
We now can decompose our state space as follows

Y =L*Q) =im(P) ®im(Q) =: Vp & Vo,

; (3.9)
y=yp +yo=Py+ Qy, y € L7(Q).

This results in the following decomposition of (3.8)

up + 90 = Alyp +yao) + N(yp +yo)u + Bu

yp(0) = Ppo, yo(0) = Qpo — poc-
8



Applying respectively P and Q to this equation yields

(o) = (&2 &3) () + (o av) () v+ (aw) e o
Let us note that Apy = 0, A*L = 0 and N*1 = 0. For yp € im(P) N D(A),yg €
im(Q) ND(A) and v € D(A*), observe that
(Ayg,v) =0, (QAyp,v) = (yp, A"Q"v) = 0.
For y € H'(Q) and v € L?(Q),

(QNy,v) = (y, N*Q"v) =0,
(OB, v) = (ON poo, V) = (poc, N*Q*v) = 0.

Hence, we have the identities:

PA=A (on D(A)), QA=0 (onD(A), PN =N (on H(Q))

3.11
ON =0 (on H'(Q)), PB=B(onR), QB=0 (onR). (8-11)
As a consequence, (3.10) simplifies as follows:
yp o PA 0 yp PN PN yp PB
()= (5 0) Go) = (0 70 (G2) =+ (&
hence,
yp = Ayp + Nypu + N(Qpo — poo)u + Bu, yp(0) = Ppo,
yo(t) = Qpo — poo, t > 0.
By definition of B and the fact that fQ po dz = 1, we finally obtain:
yp = Ayp + Nypu + Bu, yp(0) = Ppo, (3.12)

Yo(t) = Qpo — poc =0, t 20,
where Ip: Yp — Y denotes the injection of Vp into ) and
A = Alp with D(A) = D(A) N Vp,
N = NIp with DIN) = HY(Q) N Vp,
B=8
are operators considered in Vp.

4. A Riccati-based feedback law.

4.1. Stabilizing the linearized system. For the linearized decoupled and
shifted system

g = (A+81)yp(t) + Bu, yp(0) = Ppo, (4.1)
let us focus on the cost functional
1 [ 1 [ )
J(yp,u) = 3 (yp(t), Myp(t))2(0) At + 3 lu(t)|” dt, (4.2)
0 0

9



where M € L(Yp) is a self-adjoint nonnegative operator on YVp. We denote by © the
orthogonal projection on Vp:

1
0: L*(Q) — L*(Q), @y:y—m/gydx 1,

im(©) = im(P) = Vp, ker(©)={1}.

(4.3)

Note that ©* = © and, in particular, © = I};. Let us then define the operator
A DAY C Vp = Vp, DA =DA)NYp, Ap=0A".

LEMMA 4.1. The operator A* is the adjoint operator of A. Moreover, let (A, ¢) €
R x D(A*) be such that A'¢ = \p. Then, (X, P*¢) is an eigenpair of A*. Conversely,
if (A, @) € R x D(A*) is an eigenpair of A*, then (\,Op) is an eigenpair of A*.
Proof. For yp € D(A) and zp € D(A?) it now holds that
(Ayp, zp) = (Alpyp, 2p) = (yp, [pA*2p) = (yp, OA 2p) = (yp, A'zp).

Note also that
(PAyp, 2p) = (yp, [p A" (2p — Q"2p)) = (yp, [pA*zp) = (yp, A'zp),

such that we conclude that A* = (PAIp)* = A*. For what follows, let y € D(A) and
z € D(A*) be given. Since I = P* + Q* and I = © + (I — O), we then have

(y, A"2) = (y, P*OA"2) + (y, P*(I — ©)A"2) + (y, Q" A" z).
Using that im(7 — ©) = ker(P*) and im(Q) = {poo}, we obtain
(y, A"z) = (y, P*"OA"z) + (AQy, z) = (y, P*OA"z). (4.4)

This yields the following relation between the eigenfunctions of A* and those of A*.
Let (), ¢) be such that A*¢ = A\¢. It then follows by (4.4) that

P*(Ap) = P*(APg) = P*(OA")p = A"¢ = A"(P* + Q")p = A"P"¢.

Hence, (A, P*¢) is an eigenpair of A*. Analogously, assume that (), ¢) satisfies A*p =
Ap. We now obtain

O(Ap) =0(A"p) =0A (O + (I —0))p = 6.A"O,

implying that (), ©¢) is an eigenpair of A*. O

__ 4.2. Stabilizability and the choice of a. Let us also note that the adjoint of
B = PB as operator from R to Vp is given by B* = B*P* = B*Ip and we drop the
notation Ip below.

Up to this point, we have assumed that o € W2™x2n+e)(Q) ¢ > 0 is such
that (1.3) is fulfilled. Let us now provide further details on how to choose a. It is
well-known [9] that the cost functional (4.2) is naturally associated to the following
operator Riccati equation

(A+ 61T+ TI(A+61) — TIBB*TI + M =0,

10



which is interpreted in the weak sense, i.e.,
A+ 61) Ty, >
<( +01) Ily1, y2 L)

- <’§*ﬁy17l§*ﬁy2>R + My, 92)120) =0,

+ <ﬁ(¢1+ D)y, y2>L2(Q)

for all 41,92 € D(ﬁ) In particular, in case the pair (.K, g) is d-stabilizable, see [9,
Definition 5.2.1], there exists a unique nonnegative self-adjoint solution II € L(Yp)
such that

Ay = A+ 61 — BB*TI

generates an exponentially stable semigroup on YVp, see, e.g., [9, p.295],[17, p.125-127]
or [5, p.519], where it is also proved that i enjoys extra regularity since Ais analytic.
With regard to d-stabilizability of (/T, g), assume that ¢; are eigenfunctions of A*
associated to the eigenvalues

<A< <A <0= A

With the notation introduced before, consider then the elliptic equation

d
V- (pVa) =P e %o inQ,

=2

(pooVar)- =0 onT.

(4.5)

From classical elliptic regularity results, see, e.g., [31, Theorem 3.28/3.29], we conclude
that there exists a unique solution o € W2"(Q)/R to (4.5). As a consequence of
this choice of «, we obtain the desired stabilizability result.

LEMMA 4.2. Let a € W?2(Q)/R denote the unique solution to (4.5). Then the
pair (A, B) is 0-stabilizable.

Proof. We are going to verify the assertion by means of the infinite dimensional
Hautus test for stabilizability see [5, Part V, Proposition 3.3] or [9, Theorem 5.2.11].
Hence, we need to show that

ker(AI — Af) Nker(B*) = {0} for A € C_s No(A),
where C_s = {\ € C|Re(\) > —&}. Let us therefore assume that ()\;,¢;), j €
{2,...,d} is an eigenpair of A% By Lemma 3.1, Lemma 4.1 and (4.5), it follows that

d

d
B*¢; = (B,¢;) = <PZB_¢SO7J7¢]'> = (e %0i 05) = e F 52
=2

i=2
which shows the statement. 0

4.3. The Riccati equation. With the notation introduced in (3.9), consider
the following two Riccati equations:

(A* 4+ 6P+ TI(A + 6P) —IBB* T+ P*MP =0, MeL(Y), T* =TT  (R1)
(A* + 0D+ (A +61) —TIBB* T+ M =0, TleL(Yp), I*=1I. (R2)
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LEMMA 4.3. If the operator IL € L(Y) is a solution to (R1), then I := OIlIp €
L(Yp) is a solution to (R2). Moreover, if the Hautus criterion is satisfied, then there
exists v € R such that 11 = PHIP + ~11*. Conversely, ifﬁ is a solution to (R2),
then for all v € R, Il = PP + ~11* is a solution to (R1).

Proof. Let us define:

R:yeY— (Py.(L,y) € Yp xR.

The operator R is a homeomorphism. Note that for all (z,a) € Yp x R and for all
yey,

R z0) =24+ apoo, R*(z,0) =P*z+al, R *y=(0y, (poo,V))-

Let IT € L(Y) be a solution to (R1) and define II=R*OR ! e L(Yp x R). The
operator II is a solution to the following equation:
(A+ 6P)*II + [I(A 4 6P) — IBB*I1 + M = 0, (4.6)
where:
M=RTP*MPR™!, A=RAR™'!, P=RPR™', and B=RB.

We represent any operator X € L(Vp x R) as follows: X = A A , where
o1 Ao

X1 € L(Yp), Xi2 € Vp, Xo1 € V55, and Aoy € R are uniquely defined by the relation:

X(y,B) = (X11y + X128, Xory + Xa23), V(y,B) € Yp x R.

One can easily check with (3.11) that:

< (A0 ~ (I 0 ~ (M 0 s (BB 0
A(E 0 a0 a0 m (). s

Combining (4.6) and (4.7), we obtain that II;; is a solution to (R2). Moreover,
(le\* + 5[)1:]:12 — ﬁlllglg*ﬁlg =0 and ﬁTQBB*ﬁ12 =0.

Thus, B* ng 0 and (A* + 61 )le 0. As a consequence of Hautus criterion,
ng = 0. Setting = Hu and v = H22, one can easily check that: II = R*IIR =
PP + v11*. The converse implication can be proved in a similar manner. 0
REMARK 4.4. (To be better formulated).
1. B*(v11*) = 0. Due to the decomposition ¥ = im(P) & im(Q) and since
B* Qp =0, the y11* component of the Riccati operator 11 does not influence
the feedback law uw = —B*Ilyp.
2. If llpo, =0, then v = 0.

4.4. Local exponential stabilization of the nonlinear system. In this sec-
tion, we study the effect of the static state feedback law u = —B*Hyp when applied
to the nonlinear system

yp = Ayp + uNyp + Bu, yp(0) = Ppo.
12



Since we are interested in local exponential stabilization results, let us introduce the
transformed state zp = e’'yp where § is as in Subsection 4.1. We then obtain the
transformed system

ip = (./Zl\—f' (5[)2’73 "‘FU./\?Z';: +B\(66tu)’ ZP(O) :PPO-
As a consequence, our goal is a local stability result for the system
ip = (A\JF 0l)zp — (g*ﬁZp)./\?(sZp — B\(B\*ﬁzp), Z’P,&(O) =Ppo.

where J\A/(; = e“St/\A/'. Using once more the notation Vzl\n = /T—&— ol — gg*ﬁ, let us first
consider the following nonhomogeneous system

ip = Anzp + £, 2p(0) = Ppo. (4.8)
Since BB*II € L(Yp) we conclude that
D(An) = D(A) = D(A) N Yp, D(Af) = D(A*) = D(A*) N Vp. (4.9)

For the following calculus of interpolation spaces, assume that A € R in the resolvent
set of A is chosen such that the fractional powers of Ay := (Al — A) are well-defined.
From [29, Section 1.17.1], it follows that

[D(AXN) N VP, YN Vpla = [D(AN), V]a N Vp,
[’D(A;) N vay N yP]a = [’D(Ai),y]a NnYp.

According to [17, Appendix 3A], for o = %, we can identify the above interpolation
spaces as follows

[D(AN), V)1 NYp = H'(Q) N Vp = [D(A), V] N Vp.
Moreover, with [19, Volume I, Section 12] it holds that

DA, Yl [D(AR). Vel )y = V.

1

3

For the following result, let us introduce the space
Wp(Qoo) := L*(0,00; H(Q) N Yp) N H' (0, 00; [H'(Q) N Vp]")

endowed with the norm
1
2

oo
v lwp (@) = </0 lyplF ) + 9P e @) dt)

Based on known regularity results for analytic semigroups, we now have.
THEOREM 4.5. Let f € L?(0,00; [H' () N Yp]') and po € L*(2) be given. Then
there exists a unique mild solution zp € Wp(Qs) to (4.8) satisfying

lzpllwe @) < CUIFIIL200,0051m1 (2))) + IR0l L2(2))-

In particular, zp € Cy([0,00); Vp).

Proof. The result immediately follows from [5, Chapter 3, Theorem 2.2] and
[19, Volume I, Theorem 4.2] together with the given characterizations of the involved
interpolation spaces. O

13



The next lemma will be used in the following theorem.
LEMMA 4.6. Let yp,zp € Wp(Quo). Then

H (B*Tlyp)Nsyp — (g*ﬁzp)/\?ézp‘

L2(0,00;[HH(2)]")

< COlyrllwe@w) T I2Pllwe @) lyr — 2P lwe (@u) -

Proof. First note that we can extend the operator N: HY(Q)NYp — Vp to a
continuous linear operator N': Yp — [H(Q) N Yp]'. For yp, 2p € Wp(Qs), we have

H(E*ﬁyp)/%yp - (l?*ﬁZP)/\AC;zp’

L2(0,00;[H!()]")

<C H(é*ﬁ(w - ZP))/\A/yP‘

| +C H(B\*ﬁzp)/\?(yp - ZP)’

L2(0,00;[H! ()] L2(0,00;[H (Q)))

For the first term, it holds that

H(g*ﬁ(yp - zP))/\A/yP‘

2 R AN A —~
[N 2 2
- oo YP = , dt
L2(0,00;[H (2)]) /O |< Poos YP Z73'>| HNyP”[Hl(Q)]

< C/O lyp — 212 lyplli2(q) dt < C( sup llypllzz@)’lve — 22 o)

te[0,00

With [19, Volume I, Theorem 4.2] this yields

|(BTityp — 2)) V| < Cllypllwp@u e = 22 lwp (-

L2(0,00;[H(2))")

Similarly, we continue with

H(é*ﬁzp)ﬁ(yp - ZP)‘

- ﬁg, 2 ./i\/' - 2 ’ dt
commiap = b BRI = 20l o
< é/o lzp 1220 lyp — 2P (1720 dt < C~Y(t€S[BlP : lzpllL2 @) llyr — 22 3vm (g

As before, this leads to

H(E*ﬁzv)/\?(yp - ZP)‘

<C —~ :
e oo HAE]) = [P lwp Qo) llYP — 2Pl Wp (@)

Combining both estimates shows the assertion. O
THEOREM 4.7. Let C and C denote the constants from Theorem 4.5 and Lemma
4.6, respectively. If ||pol|L2() < ﬁ, then
ip = Anzp — (B*Ilzp)Nszp,  2p(0) = Ppo,
admits a unique solution zp € Wp(Qu) satisfying

1

Z < —.
[ P||W7>(Qoo) =400

14



Proof. We are going to show the assertion by a fixed point argument. For this
purpose, consider the mapping F: Wp(Qoo) = Wp(Qux), wp +— 2p 4 defined by

Zpw = A\HZP,w - (g*ﬁwp)/\?aw% zp w(0) = Ppo.

Let wp € Wp(Qoo) such that ||wpllw,g.) < ﬁ. Lemma 4.6 then implies that

1
< =.
L2(0,00:[H!())) — 16C2C
With Theorem 4.5 we conclude that the corresponding solution satisfies

2wl <c( L, 8 ) !
2P w < — — | = —.
PrullWr(Qe) 16C2C | 1602C)  40C

H (l?*ﬁwp)./\?gwp‘

< ﬁ,z = 1,2, the associ-

Similarly, for wp 1, wp2 € Wr(Qs) with ||w7)77;||w77(Qoo)
ated solutions solutions zp , and zp 4, fulfill

Epawy — EPws = le(ZP,wl — 2P w,) T (B\*ﬁwp,z)/\?awpg — (g*ﬁwp,l)/\?&wPJ
2P wy (0) — ZP,w» (0) =0.

Hence, Theorem 4.5 yields
2Py — 2P ws lwp (@) < CIN(B Twp 2)Nswp 2 — (B Twp 1)N5wp 1 || 2 (0,005 ()])-

Moreover, with Lemma 4.5, we obtain that

lzp . 2P ws || <2CC( ! )21 !
P’ - P, - =~ = 0—=.
' 2P (Q) 4CC 2400

In other words, the mapping F is a contraction in the set

{ZP € Wp(Qw)

1
leplwnian) < 1os |
P(Qoc) 1CC
and the statement is shown. O
As a consequence of Theorem 4.7, we have that eStyp € Wp(Qs) implying that
there exists a constant C' such that [|yp||r2) < Ce™|po|l2(0)-

5. A Lyapunov based feedback law. As an alternative to the Riccati based
approach, in this section, we propose a feedback law that allows to construct a global
Lyapunov function for the nonlinear closed loop system. The idea is inspired by the
observations found in [3] for hyperbolic systems.

With the previously introduced notation, assume that (A, ¥2) denotes the eigen-
pair of A associated to the first nonzero eigenvalue. Hence, Ao determines the expo-
nential decay rate of the uncontrolled systems. Instead of using (4.5), let us determine
the control shape function « as a solution to the elliptic equation

V- (pocsVa) =1p2  in Q,

5.1

(poVa)-7i=0 onT. (5-1)
As a consequence, this choice of « yields B=N Poo = Wa. Let further o > 0 be chosen
such that

(1 — A)yp,yp)r2() > (yp yp) (), for all yp € D(A). (5.2)
15



Since A generates an exponentially stable semigroup, it is well-known [9, Theorem
4.1.23] that there exists a unique self-adjoint nonnegative solution Y to the Lyapunov

-~

equation for yp, zp € D(A):

(Yyp, Azp) + (Ayp, Yzp) = —2u(yp, 2p). (5.3)

We then obtain the following result.
THEOREM 5.1. Let p and T be as in (5.2) and (5.3), respectively. Consider the
system

yp = ./Zl\yp + u/\A/'yp + gu, yp(0) = Ppo. (5.4)
where the control u is defined by the feedback law
u=—(B+Nyp, Typ +yp).

Then the function V(yp) := (yp, Typ + yp) is a global Lyapunov function for (5.4).
Proof. Since T is self-adjoint and nonnegative, it obviously holds that V(yp) >
llyr||?. Moreover, we obtain that

%V(yp) = (Ayp, Yyp + yp) + (yp, TAyp + Ayp)
— (B+Nyp, Yyp +yp)(B+ Nyp, Typ + yp)
—(B+Nyp, Yyp + yp){yp, Y(Nyp + B) + (Nyp + B))
= —2u(yp,yp) + (Ayp,yp) + (yp, Ayp)
—2(B+ Nyp, Typ + yp)?
< 2((A — ul)yp,yp) < —2(yp,yp)m (o)

which shows the assertion. O In addition to the previous result, the feedback law
locally increases the exponential decay rate. R

THEOREM 5.2. Let A\;,i = 2,3,... denote the eigenvalues of the operator A.
Assume that

Ao =Xy — [[a* + )\%H%HQ #FNj, J=3,...
Then for the spectrum of the linearized closed loop operator it holds that
o(A—BB*Y —BB*) = {\}U{)\}, j>3.
Proof. Due to (5.3), we find that
(Yo, Adba) + (Adiz, Toba) = —2ul| 4o,
Since 17 is an eigenfunction of /T, this implies that

(Teha, o) = —Aﬂznwgn?

Further, from our choice of «, we already know that B= 1. Hence, it follows that

(A~ BB*Y — BB* )2 = Aot — (Taho, 2)ta — |[ha]|* 02
16



which shows the first part. For 3; := W, j =3,... we further arrive at
2=

(A —BB“Y — BB*)(¢; + Bj4b2) = Bjdatbs + Aty — BB Y, — BB*4);
= Bidaths + Ajbj — 2 (Tabj, 2) — P (s, ) = Nj (05 + Bitha).

This shows the claim. O

REMARK 5.3. Let us emphasize that the feedback law is particularly useful in
cases where Ay is close to the imaginary awis and there is a gap between Ao and As.
Indeed, for Aoy — 0, the term )’\‘—2 — —00, such that the modified eigenvalue Ay is moved
far away from the imaginary axis.

6. Numerical study - A two dimensional double well potential. As a
numerical example, we consider

% =vAp+ V- (pVW)+uV - (pVa) in Q x (0, 00),
0= wVp+pVV) it on T x (0,00), (6.1)
p(z,0) = po(z) in €,

on = (—1.5,1.5) x (=1,1) C R?, with v = 1 and a two dimensional double well
potential of the form

W(z) = 3(z? — 1)* + 622.

For the spatial semidiscretization, a finite difference scheme with k = ng, - ny, =
96 - 64 = 6144 degrees of freedom was implemented. The discretization A € R***
of the operator A defined as in (3.2) was obtained by first discretizing the operator
A* as given by (3.3) and then taking the transpose of the resulting matrix. The
reason for this indirect approach was that the discretization of A* only required the
incorporation of “standard” Neumann boundary conditions rather than the mixed
boundary conditions arising for A. Due to the convective terms included in A and
A*, a first order upwind scheme was utilized. Let us emphasize that even for the
value v = 1, this turned out to be essential for the accuracy of the discretization.
We also mention the possibility of using more advanced discretization schemes that
have been proposed in the context of the Fokker-Planck equation, see, e.g., [2, 7].
However, the finite difference scheme lead to accurate approximations of the stationary
distribution and the preservation of probability was ensured up to machine precision
in all our numerical results. Figure 6.1 now shows the discretization of the double
well potential as well as the corresponding (spatially discrete) stationary distribution
pk_. For both the Riccati-based and the Lyapunov-based control strategy, the discrete
control operators N and B = Npk_ were derived based on the solutions a(z) to (4.5)
and (5.1). To be more precise, first, the involved elliptic equations were also discretized
by a finite difference scheme which, due to the Neumann boundary conditions, lead to
matrices C' with a zero eigenvalue. The individual spatially discrete shape functions
aF were obtained by utilizing the Moore-Penrose pseudoinverse of the C' matrices.
Finally, with the resulting o, the matrices N were generated by the discretization
of the operator A/ defined in (3.2). For the Riccati-based approach, we incorporated
the eigenfunctions to the first three nonzero eigenvalues into (4.5), i.e., we set d = 4.
Since varying the value d lead to qualitatively similar behavior, we only report on the
results for the special case d = 4. Due to the Hautus criterion, it was thus possible
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Fig. 6.1: Confining double well potential (left) and associated stationary state (right).

to solve the associated Riccati equation with § &~ 12.26. The corresponding control
shape functions for the Riccati-based (left) and the Lyapunov-based (right) approach
are given in Figure 6.2. In order to underline the benefit of using a “specific” « rather

Riccati Riccati (modified Lyapunov

)
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Fig. 6.2: Control shape functions for different approaches.

than an “arbitrary” one, we also report on some results we obtained by rotating
the control shape function « (see Figure 6.2 center) while still using a Riccati-based
feedback law obtained from the linearized system.

All simulations were generated on an Intel®Xeon(R) CPU E31270 @ 3.40 GHz
x 8, 16 GB RAM, Ubuntu Linux 14.04, MATLAB Version 8.0.0.783 (R2012b) 64-bit
(glnxa64). The solutions of the ODE systems were always obtained by the MATLAB
routine ode23. For solving the Riccati and Lyapunov equations, we used the MATLAB
routine care and lyap, respectively, and the technique presented below.

6.1. Solving the Riccati equation. Based on the discretization scheme de-
scribed above, let us at this point assume that A € R¥**k B ¢ RFX1 M ¢ RFXF,
Poo € R¥ are given and satisfy:

Apoo =0, AT1=0, B'1=0, M' =M, (L, px)=1,

where 1 = hy, - hy, (1, e l)T and hg, hy denote the mesh size. We denote by P the
projection on 1+ along Rpso: P =1Ij, — poo]lT. We denote by (e;);=1,... x the vectors
18



of the canonical basis. We aim at solving the following discretized Riccati equation:
(AT + 6P +TI(A+6P) —TIBB'II+ PTMP =0, Tpy, =0, II' =TI (6.2)
Let R € RF*F be a regular matrix satisfying:
Rer = po and R'1= €.

Note that the condition RT 1 = ey, is equivalent to: Vi =1,...,k — 1, Re; € 1+. An
example of matrix R is given by:

1 Poo,1
R= :
1 Poo,k—1
-1 ... -1 Poo,k
Note that:
1 0 Poo,1 e Poo,1
R—l — . _ .
10 Poo,k—1 -+ Pook—1
1 1 1 0 e 0
We also introduce: @@ = Iko_ ! ) Consider the reduced and discretized Riccati
equation (in R(F=1x(k=1)),
(AT + 6L, + (A +61,_,) —IBB I+ M =0, I =II, (6.3)

where A= QTRYARQ, B=QTR™'B, M = Q"R"PT MPRQ.

LEMMA 6.1. Let I1 € RF*F. The matriz 11 is a solution to (6.2) if and only if
I o -1
0 0 R

Proof. The proof is similar to the proof of Lemma 4.3. Observe that II is a
solution to (6.2) if and only if Il = RTIIR is a solution to

(AT + 6P+ (A +6P) —I(BBNII+ M =0, Iey=0, IIT=I (6.4)

where: A = R AR, P = R7'PR, B = R7'B, M = RTPTMPR. One can easily
check that the last row and the last column of the following matrices are null: A,
P BBT M. Moreover, the upper left block of Pis I._1. The equivalence follows
directly from a block decomposition of equation (6.4). O

REMARK 6.2. Let us emphasize that computing the solution I to (6.3) is a chal-
lenging task already in the case when 2 C R™ with n = 2,3, respectively, in particular
because the matrices defining the reduced Riccati equation (6.3) are dense. On the
other hand, according to Lemma 3.1 the only accumulation point of the spectrum of A
is —oo. Thus, as a perspective for future developments geared at considering control
of the Fokker-Planck equation in higher dimensions, it is of interest to only 0-stabilize
the part of the spectrum that is closest to the imaginary axis. This way, the reso-
lution of a Riccati equation of large dimension can be avoided at almost no loss of
performance. The idea goes back (at least) to [30] and is also studied in [23] and
the references therein. A detailed discussion together with an implementation tailored
to the special structure of the Fokker-Planck equation is currently being investigated.
As an alternative way for reducing the complexity we also mention specific model
reduction approaches as considered in [12].
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6.2. A random initial state. The first test case is concerned with the evolution
of the uncontrolled and controlled systems for a random initial state p§ (rand(k)).
The temporal evolution of the deviation of the state p(t) from the stationary distri-
bution p* with respect to the L?(2)-norm is shown in Figure 6.3. In addition to

10_1 F I E
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10-2 b —— Riccati |
i — Riccati (mod) |1
5 Lyapunov 8
1073 8 e~ 0t E
S10tp i
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& 1075
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10771 E
108 E 3
E ! ! ! ! ! 5
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Fig. 6.3: Comparison of L?()-norm evolution

the dynamics of the systems, we also visualized the exponential decay rate § that one
would expect from solving the Riccati equation discussed in Subsection 6.1. Some
comments are in order. It can be seen that in the beginning, the uncontrolled sys-
tem approaches the stationary distribution as fast as the controlled systems. After
some time, however, the convergence rate becomes significantly slower. For the con-
trolled solutions, let us point out that there is almost no visible difference between
the Lyapunov-based approach and the Riccat-based approach. On the other hand,
with the rotated control shape function «, the performance is clearly worse. In fact,
in this case, the controlled dynamics converge slower than for the uncontrolled case.
This phenomenon is understood better when considering snapshots of the solution for
different time steps. In Figure 6.4 the results are shown for ¢ = 0.01 and ¢ = 0.15.
Except for the case of the rotated «, all solutions have approximately approached
the stationary state at time ¢t = 0.15 already. Taking into account the shape of the
stationary distribution, the shape of « for the Riccati-based and the Lyapunov-based
approach are intuitive. In both cases, the control allows to lower the potential around
the left well and to raise it around the right well. Obviously, since u is allowed to
be positive as well as negative, this effect can be reversed such that the right well is
given preference. On the other hand, when the shape function is subject to a rotation
as done in the experiments, both wells are equally important and no direct transition
between them is possible. This is exactly what happens in the simulation. The con-
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(a) t = 0.01. (b) t = 0.01. (c) t = 0.01. (d) t =0.01.

Uncontrolled Riccati Riccati (mod) Lyapunov

SN T

Fig. 6.4: Temporal evolution of the state p.

trol law pushes the particle first to the upper boundary before it is moved back to
the lower boundary, see Figure 6.4. Figure 6.5 visualizes the influence of the different
control strategies on the potential W(x). Again, the effect of the modified Riccati
approach is the lowering of the potential on the bottom and top boundary instead
of the left and right boundary, respectively. It is further worthwhile to note that the
Lyapunov-based feedback law influences the potential only moderately.

6.3. The particle located in one well. For the second test case, we assume
the particle is initially located in the center of the right potential well, i.e., the initial
state reflects a numerical point mass at 3 = 1,22 = 0. As is shown in Figure 6.6,
in this case the convergence rate of the uncontrolled system is undesirably slow. We
already mentioned that this is mainly reflected by the fact that the particle has to
overcome the “energy barrier” between the potential wells. Here, the feedback laws act
by lowering this barrier, hence allowing the particle to “jump” into the left potential
well. As in the previous case, Figure 6.7 and Figure 6.8 show the temporal evolution of
the state of the systems as well as the influence on the potential. Again, the modified
Riccati approach acts on the dynamics by first attracting the particle at the lower
boundary from where it is slowly moved to the center of the wells.
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