GRADIENT FLOW FORMULATION AND LONGTIME
BEHAVIOUR OF A CONSTRAINED FOKKER-PLANCK
EQUATION

SIMON EBERLE', BARBARA NIETHAMMER?, AND ANDRE SCHLICHTING?

ABsTrACT. We consider a Fokker-Planck equation which is coupled to an
externally given time-dependent constraint on its first moment. This constraint
introduces a Lagrange-multiplier which renders the equation nonlocal and
nonlinear.

In this paper we exploit an interpretation of this equation as a Wasserstein
gradient flow of a free energy F on a time-constrained manifold. First, we
prove existence of solutions by passing to the limit in an explicit Euler scheme
obtained by minimizing hF () + W22 (0%, 0) among all g satisfying the constraint
for some o° and time-step h > 0.

Second, we provide quantitative estimates for the rate of convergence to
equilibrium when the constraint converges to a constant. The proof is based
on the investigation of a suitable relative entropy with respect to minimizers of
the free energy chosen according to the constraint. The rate of convergence can
be explicitly expressed in terms of constants in suitable logarithmic Sobolev
inequalities.

1. INTRODUCTION

We consider a nonlocal Fokker-Planck equation
Tatg(ta (E) =0, (Vgamg(tv‘r) + (H,({E) - U(t)) Q(t,l’)) with Q(Oa (E) = Qo(m)v (11)

which describes the evolution of an ensemble of identical particles in a potential
well subject to stochastic fluctuations. Here, a single particle is characterized by
its thermodynamic state x, H is its free energy and o(t, z) denotes the probability
density of the whole system at time ¢. Equation (1.1) contains the small parameters 7
and v, where v accounts for entropic effects and 7 is the typical relaxation time of a
single particle. Furthermore, o(t) is a Lagrange multiplier which is such that the
dynamical constraint

/x o(t,x) dx = £(t) (1.2)

is satisfied, where £ is an externally given constraint. A direct calculation shows
that the Lagrange multiplier is obtained as a nonlocal interaction term

o(t) = / H (2)olt,z) dz + Ti(2). (1.3)

Equation (1.1) together with (1.2) was introduced in [9, 7] to model hysteretic
behaviour in many-particle storage systems, such as for example Lithium-ion bat-
teries subject to externally imposed charging and discharging. In this context H
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2 A CONSTRAINED FOKKER-PLANCK EQUATION

is typically nonconvex which gives rise to nontrivial dynamics that are studied in
various scaling regimes in [13, 14].

System (1.1) has a free energy, which is also essential in the modeling and its
thermodynamic derivation [9, 7], consisting of an entropy and a potential energy

F(o) = v? / o(x)log o(z) dz + /H(a:) o(x) dx + log Zy. (1.4)
Here we added a constant Zg := [ exp(— Hy(f)) dz to make F(o) nonnegative. By
differentiating the free energy along the solution to (1.1), (1.2), one obtains a second

law of thermodynamics for open systems, that is
d .
37 (e(t)) = =D(e(t), o (1)) + 7o (t) £(2), (1.5)

where the nonnegative dissipation D is defined by

D(o(t),o(t)) := /‘8,; (v’ logo(t,z) + H'(z) — o(t)) ’2Q(t7 x) dx. (1.6)

If ¢/ = 0 the identity (1.5) is characteristic for systems possessing a gradient flow
structure and very useful in the investigation of the long-time behaviour of solutions,
since it shows that F is a Lyapunov function. Motivated by this feature, the goal of
this paper is two-fold. First we will develop an existence theory for (1.1),(1.2) based
on an underlying gradient flow formulation. Second, we will provide quantitative
estimates of the rate of convergence of solutions to equilibrium in case that £(t) — £*
as t — o0.

We now give a brief overview of the corresponding results.

The first part of this paper on the gradient flow formulation is inspired by the
seminal paper [15], presenting an interpretation of a linear Fokker-Planck equation
as a gradient flow of the free energy F in the space of probability densities with finite
second moment endowed with the Wasserstein metric and subject to the physically
accurate free energy functional (1.4) (cf. also [2]). This was the starting point
of interpretations of more general nonlinear, nonlocal Fokker-Planck equations as
Wasserstein gradient flows with respect to time-dependent energies, on constrained
manifolds and even of none dissipative equations. A selection of works introducing
certain constraints into gradient flows are [11, 6, 21].

In our case, the equation has a time independent energy functional F, however
subject to a possibly time-dependent constraint (1.2). Let us point out here, that
such a setting raises the problem, that the constrained gradient cannot be simply
defined as the projection onto the constrained manifold, since this could lead to
a violation of the dynamical constraint. In Section 2, it is shown that a gradient
flow with respect to a dynamical constraint needs a further restriction of the space
of admissible tangential directions in order to match the dynamical constraint at
all times. Then, among these admissible tangential directions, the one of steepest
descent of the free energy is chosen.

This formal definition is complemented by proving rigorously in Section 3 that (1.1)
can be obtained as Wasserstein gradient flow with dynamical constraint. To that
alm we introduce time-discrete solutions obtained from an implicit time-discrete
Euler scheme. In the setting of geometric flows, the scheme was first introduced
in [17, 18] and in the setting of Fokker-Planck equations it goes back to [15]. Then,
equation (1.1) is obtained by passing to the limit in the time step of the discrete
scheme. In addition, this provides an alternative well-posedness result to [14, Lemma
1] that is based on a fixed point argument. Let us also note, that well-posedness in
the case of compact state space is also obtained in [8].

In the second part of this paper, Section 4, we prove a quantitative long-time
result under the assumption that £(t) — £* € R for ¢ — co. In order to identify the
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internal time-scale of the system we set from now on 7 = 1. The main difficulty in the
investigation of the long-time behaviour is that due to the external constraint (1.2)
the system is not thermodynamically closed, that is the free energy (1.4) is not
strictly decreasing but satisfied the energy-dissipation identity (1.5). The key idea
in the analysis is to introduce a suitable comparison state vy, parametrized by
the constraint ¢ with the help of some convenient reparametrization A : R — R.
This state is characterized by the constrained minimization of the free energy (1.4)
among all states satisfying (1.2) (cf. Proposition 4.2). Then, we are able to establish
for the relative entropy with respect to this state, defined by

o(x)
H(ohan) = [ ew)los -2 s (17)
a differential inequality which implies a quantitative convergence to the equilibrium
state. The constant in this differential estimate is characterized by the constant in
a suitable logarithmic Sobolev inequality.

Since the relative entropy dominates the L'-norm, we are able to show, provided
¢ — 0* sufficiently fast, that there exists C' < co depending on the initial value and
the convergence assumption on ¢ as well as a ¢ > 0 depending on the constant in
the logarithmic Sobolev inequalities such that (cf. Theorem 4.8 and Corollaries 4.10
and 4.13)

de < Ce ¢!, (1.8)

|dw—Mwn+/mw—www

Here, we can identify three possible internal time scales: In the strictly convex case,
that is H”(z) > k > 0 for all z € R, then ¢ in (1.8) can be chosen as k/2. In the
unimodal case where H has only one global minimum, then ¢ = ¢/v/? for some & > 0
that is independent of v. In the so-called Kramers case, where H has a multi-well
structure, we obtain that ¢ = é/? exp(—AH / V2) is exponentially small in v. Here,
AH is a characteristic energy barrier of the system (cf. Section 4.3). Moreover we
show that for £* outside of a certain regime and for sufficiently well-prepared initial
data, the multi-well structure does not play a role in the dynamics and ¢ = ¢/v? for
some ¢ > 0.

2. CONSTRAINED GRADIENT FLOWS

2.1. Setting. Let M be the state manifold and F : M — R a smooth free energy
function. Furthermore, M shall possess in each point u € M a tangent space T, M
and on T, M a positive definite symmetric bilinear form g, (-, ") : TuyM x T,M — R.
Then v : Ry — M is the gradient flow with respect to F if it solves

g(Owu, s) = —DF(u) - s for all s € T}, M, (2.1)

where DF(u) - s denotes the first variation of F at u in direction s.

Another formulation (cf. Mielke [20]) uses the inverse of the metric g, denoted
by the Onsager operator K,, : TG M — T,,M, which is assumed to be a positive
semidefinite linear operator. Then, the gradient flow of u with respect to F is
defined by

Opu = —K DF(u). (2.2)

By the definition of the Onsager operator, the cotangent space is given as the
preimage of the Onsager operator

TaM :={v : there exists s € T,,/M such that K, v = s}.

Then, any covector field v : Ry — T, M gives rise to a curve (u(t))
solving in a suitable sense

(>0 O M by

Opu(t) = Ku(t)v(t). (2.3)



4 A CONSTRAINED FOKKER-PLANCK EQUATION

We call this the continuity equation on M, since it respects possible conservation
laws. For instance for M = P3(RR) the space of absolutely continuous probability
measures with bounded second moment, we formally have 7, M = {s cfs= O} and
K,v = —0;(u0yv). Hence, (2.3) becomes the classical continuity equation on R:
Opu + 0z (ud,v) = 0 with driving potential field 0, v.

In the following, we often write the identities (2.1) or (2.2) as dyu = —V.F(u) and
do not make the underlying metric respectively Onsager operator apparent in the
notation. Moreover, we let |VF(u )| = gu(VF(u), VF(u)) = DF(u) - K, DF(u).

A crucial consequence of the gradlent flow formulation is the so called energy-
dissipation estimate

dF(u)
dt

= DF(u) - Oyu = —DF(u) - K, DF(u) = —|[VF(u)> <0,

which corresponds to the second law of thermodynamics for closed systems. In this
context the term |V.F (u)|i is called dissipation.
2.2. Formalism. In this section we want to introduce our notion of a gradient flow
subject to a time dependent constraint. The solution does no longer live on the
manifold M, but for each time ¢t > 0 the gradient flow has to be an element of a
constrained manifold MC.

Therefore, let C be an a-priori given differentiable functional C : M x Ry — R
such that

DC(u,t) - K, DC(u,t) = |VC(u,t)|> > 0. (2.4)

We call a constraint with such a property a nondegenerate constraint and we set
M§ = {u € M : C(u,t) = 0} the time-dependent constrained state space. The
constraint is called stationary if C(u,t) = C(u,0) for all t € Ry.

To define a constrained gradient flow for a stationary constraint, note first of all
that due to the nondegeneracy of C from (2.4), the gradient VC(u) is orthogonal
to TyMC and T,MC is a linear subspace of T, M with co-dimension 1. Let m¢
be the orthogonal projection from T, M onto T, M€. Since 7¢ is an orthogonal
projection, it is also self-adjoined. The constrained gradient V y4c F(u) is then the
unique element in 7, M€ such that for all v € T, MC:

Gu(VMmF (), 0) = gu(V pe F(u), v)
Employing that m¢v = v and that 7¢ is self-adjoined, we find
Gu(VMmF (1), v) = gu(VMmF(u), mev) = gu(meVmF(u),v)
and hence, since v € T, M was arbitrary,
Ve F(u) = meV mF(u).

Therefore, a curve u : Ry — M is called constrained gradient flow with respect to
the stationary, nondegenerate constraint C : M — R, if for all ¢ > 0:

8tu = —VMC.F(’LL(t))

The additional difficulty in the case of a dynamical constraint is that the orthogonal
projection of V ~}" (u,t) onto T(y 4 MC does not necessarily keep the flow congruent
to the dynamlcal constraint. To keep them synchronized, we introduce an extended
state space incorporating the time as an additional coordinate. This approach resem-
bles the basic transformation of a nonautonomous ordinary differential equation to
an autonomous one by adding the time as additional coordinate. Hence, let us define
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the extended state manifold M := M x R and for two elements (s1,¢1),(s1,¢1) € M
the formal metric

9(‘&)((51701)7 (s2,02)) 1= 95" (51, 82) + (c1, 2.

TheAnJ/,\/va is given by M NC~1({0}) = ((C(,£))"*({0}), t)1er and the tangent space
of MC is given by

Ty iy ME = T,M O (VpuClu, t) x 8,C(u,t)) ™

In order to lift F onto M we define

F:MxR—R, with (ut)— F(u)+t
and hence

V g F(u,t) = (VpuF(u), ).

Therefore, a constrained gradient should satisfy:
1) mVgeF =1
2) Ve F(u,t) € Ty MC & Ve F(,t) L (VClu,t), 3:C(u, t))
3) For all v € T,MCC1) that is v € T, M such that v L VC(-,t) holds

g0t (Ve F (1), (0,0)) = g4 (VaaF (), )

Under these premises and the nondegenerate assumption (2.4) on the constraint, the
only possible definition of the constrained gradient flow is the projection of V 7 F
along (VC(u,t),0) onto (VC(u,t),d:C(u,t))*. Doing so we get

Ve F(u,t) = Vo F(u, t) — o(u, t)(V.mC(u,t),0)
= (VaiF () = 0. 0)V aC(un1).1)

where

M t t
O'(U,t) — Gu (VM‘F(U)’VMC(U7 )+ atc(”? ) (25)
[V MmC(u, 1)
Hence, we arrive at the following definition for the gradient flow in the case of a
dynamical constraint:

Definition 2.1 (Dynamically constrained gradient flow). A curve v : Ry — M
is called constrained gradient flow with respect to the nondegenerate dynamical
constraint C : M x Ry — R, if for all ¢t > 0:

u = =V F(u(t)) + o(u(t), t) VaC(u(t), 1)),
where the Lagrange multiplier o is given by (2.5).

2.3. Formal derivation as constrained gradient flow in (Py(R), W5). In this
section, we formally show, that (1.1) can be seen as gradient flow with respect to
the free energy functional F as defined in (1.4) satisfying the constraint (1.2). In
the following discussion the parameter v is set to one. The constraint given in terms
of a functional C : P2(R) x R4 — R such that C(p,t) = 0 reads

C(o,t) — My (o) — £(¢) with M (o) = /xQ(m) dz.

The metric is induced by the Wasserstein distance defined on the space of absolutely
continuous probability measure with finite second moment Po(R) defined by

W2(oos01) = in {/ |xy|2w<dx,dy>},

w€Il(00,01)
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where TI(g, 01) is the set of couplings between gy and g1, i.e. probability measures
on R x R with marginals gg and o1, respectively. Furthermore it holds the dynamical
representation [4]:

W2(00,01) = mf{/ /|3 o(t, z)[* o(t, dz) dt :8,0(t) = Kymyv(t),
0(0) = g0, 0(1) = 91},

where the Onsager operator K, is defined by K,v = —0,(0d,v) in the weak sense.
The differential of the free energy is given by DF - s = [(logo(t) + 1+ H)sdx.
Moreover, we evaluate

2
IVC(o,t)[, = /amx Oz o(x)dx = /Q(x) dox =1, (2.6)
which satisfies the nondegeneracy assumption (2.4). Hence, o(t) in (2.5) becomes
o(t) = /x@w(g(t)am(log( (t2) +1+ Hz /H v)da — i(t)

which is o(t) as defined in (1.3). Hence, we obtain from Definition 2.1
ro(t) = 0 (e(t)0x(log o(t) + 1 + H) — 0,(A(t)))
= 0:(0x0(t) + (H' — o(t))o(t)),

which is nothing else than (1.1).

3. THE TIME DISCRETE SCHEME AND EXISTENCE OF WEAK SOLUTIONS

In this section, we make the discussion of Section 2.3 rigorous by showing existence
of weak solutions of (1.1) with constraint (1.2) by using a variational implicit Euler
scheme based on the constrained gradient flow. For the existence, the parameter v
is set to one.

First, let us fix the assumptions throughout this section and define weak solutions
for the constrained Fokker-Planck equations.

Assumption 3.1. The function H € C3(R;R.y) has at most quadratic growth at
infinity such that for some C < oo and all x € R

H(z) < C(L+[af*),  |H'(x)] <C(1+a]),
‘H//(g;)| <C and |H”'(a:)| < L (3.1)
a 14z

The dynamical constraint is Lipschitz, i.e. £ € WY (Ry;R), and the initial data
satisfies 0° € P2(R) and F(o°) < co.

Definition 3.2 (weak solutions). We say that p is a weak solution of (1.1) and
(1.2) on [0,T) x R for T > 0, if p(0) = ° and for a.e. t € (0,T) holds o(t) € M)
with

MO = {g € Po(R) \ ot) = /x o(x) dm} (3.2)
as well as ¢ is a distributional solution of (1.1), that is for all ( € C2°([0,T) x R)

holds
— x O(z)dz — ' 2)0,((t, x) dz
/RC( ,0)0"(z)d /O /Rg(t, 0 C(t, ) da dt
T
+ / /}R o(t,2) (H'(z) — (1)) 0aC(t ) — O (t, x)) da dt.
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For the proof of existence of a weak solution of (1.1) with constraint (1.2) we
follow mainly the ideas in [15] which are to use a Wasserstein gradient flow with
respect to the free energy functional F (1.4). This gradient flow is carried out in a
time discrete manner for arbitrary but fixed time-step length h and leading thereby
to a sequence of piecewise constant approximations gy, (¢, x) of the solution. Finally
the limit A — 0 is taken and it is proven that the limit o(¢,z) actually is a weak
solution of (1.1) with constraint (1.2). The main additional difficulty in comparison
to [15], is the need for additional estimates on the Lagrange multiplier and the
second moment.

3.1. The Euler scheme. Since the metric and Onsager operator K, are induced
by the Wasserstein distance (cf. also [15, 1]), we use the following time-discrete
variational approximation. Let A > 0 be a fixed time step and consider the following
constrained implicit Euler scheme

oF := argmin (%Wf(gk_l, 0) + hf(g)). (3.3)

0E ME(KR)

In the following, we often investigate the entropy and potential energy inside of the
free energy (1.4) separately and write F(g) = S(9) + E(p) + log Zy with

S(o) == /Q(a:)log o(z) dx and E(p) := /H(x)g(x) dz.

First of all we show the well-posedness of the scheme.

Proposition 3.3 (Well-posedness of the scheme). Given ¢° € M) there is a
unique sequence (Qk)keN satisfying the scheme (3.3).

The proof mainly follows the respective proof in [15, Proposition 4.1] which is
using the direct method to show existence and exploiting the strict convexity of the
functional F and the convexity of M!*") for the uniqueness. The only additional
step is to show, that the first moment is preserved along the minimizing sequence in
the direct method is preserved (cf. [10, Proposition 4.2]).

3.2. Passing to the Limit. In this section we show that a constant in time
interpolation of the solution of the discrete scheme (3.3) leads to a weak solution
of (1.1) with constraint (1.2). Again we follow the structure of the respective proof
outlined in [15, Theorem 5.1]. However, the additional constraint (1.2) on the first
moment leads to the rise of a Lagrange multiplier (1.3) which needs to be extracted
from the discrete scheme (3.3).

Theorem 3.4 (Existence of a weak solution). Suppose Assumption 3.1 holds. For
fized b > 0, let (0f)ken be the solution of the scheme (3.3). Define the constant
interpolation op, : (0,00) x R — [0,00) by

on(t,x) = of(x)  fort € [kh,(k+1)h) and k € N. (3.4)
Then for any T >0 and h — 0
on — o weakly in L*((0,T) x R) (3.5)

and o(t,-) € M*D s a weak solution of (1.1) with constraint (1.2). Moreover it
holds

Ma(o), E(e) € L((0,T)). (3.6)

Remark 3.5 (Regularity, energy dissipation and uniqueness). The regularity of the
solutions constructed in Theorem 3.4 can be improved. The only difference to the
unconstrained case is the Lagrange multiplier 0. However, the uniform bounds
for M3(p) and o already contained in [14, Appendix A Proposition 2] (cf. also
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Lemma 4.4) ensure that we are able to apply standard regularity results for the
Fokker-Planck equation (cf. [15] and [10, Chapter 5]) to obtain

'S LIQOC(R+; H120C(]R)) N Hloc(IR-‘ra LIOC(]R)) (37)

The regularity can be further improved under stronger assumptions on the potential
H and external constraint ¢ (cf. [10, Theorem 5.2] for a detailed statement).

Using the improved regularity properties (3.7) a chain rule is established, which
rigorously shows the energy-dissipation identity (1.5). Similarly, the improved
regularity is sufficient to establish uniqueness by a comparison argument. Due to the
nonlocal nature of the equation, the strategy for the uniqueness proof in [15] has to
be modified. Instead of proving uniqueness for the solutions itself, by following the
idea of [14] one considers the distribution function, which allows for a comparison
principle (cf. [10, Chapter 6]).

The proof of Theorem 3.4 is based on the following three Lemmas, which are
proved separately in the next section. The first one provides an approximate weak
formulation of the Fokker-Planck equation (1.1) with constraint (1.2).

Lemma 3.6 (Time-discrete approximation of the weak formulation). The solution
(0F)kew to the discrete scheme (3.3) satisfies for all ¢ € C(R) and all k € N

e 1
‘/ o Qh /((H'(x)—af)axC—awa)Qk = | x2x<| fll
!

where the discrete Lagrange multiplier o} is given by

ah—/H dx+h/R(QZ( 2) - o8 (2)) z da. (3.9)

In the next Lemma, we establish a priori bounds, which allow to pass to the
limit.

W2 ( ) Qﬁ)a
(3.8)

Lemma 3.7 (A priori estimates for the discrete scheme). Let (of)ren be the solution
of the scheme (3.3). Then for any T > 0 there exists C > 0 such that for all h € (0, 1)
and all N € N with Nh < T the following a priori estimates hold true

sup Ma(of) < C (3.10)
0<k<N
sup / max{ o} log oy ,0}dz < C (3.11)
0<k<N JR
sup E(of) <C (3.12)
0<k<N
ZW2 of L of) < Ch. (3.13)

Based on the a priori estimates of Lemma 3.7, the only additional difficulty in the
passage to the limit in the approximate weak formulation (3.8) is the convergence
of the Lagrange multiplier UZ. Hence, we prove its uniform convergence separately
in the next Lemma.

Lemma 3.8 (Convergence of the Lagrange multiplier). Let (of)rew be the solution
of the scheme (3.3) and define

oo
= 0f U, sy (1) (3.14)
k=0

with of given by (3.9). Then, there exists o € C([0,T];R) such that
op — 0 uniformly on (0,T). (3.15)
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With the help of the above three Lemmas, we can prove Theorem 3.4.

Proof of Theorem 3.4. The a priori estimates of Lemma 3.7 allow us to pass in the
piecewise constant interpolation gp, from (3.4) to the limit & — 0. Indeed, from (3.10)
we derive tightness of (5,)n>0 and from (3.11), since [0, 00) > z — max{zlog(z), 0}
has superlinear growth, we deduce that for any 7" > 0 holds up to a subsequence

on — o in L'Y((0,T) x R).

In addition the tightness implies that o(t, -) is a probability density for a.e. t € (0,7,
which shows (3.5). To prove g(t,-) € ./\/le Y for a.e. t € (0,T), we note that the
a priori estimate (3.10) passes to the limit and we have Ms(o(t,-)) < C for all
€ (0,T). Similarly, for showing that o(t,-) € M*®), we use from the construction

the identity
G

t+5
2% Z L(kR) Lign, (ks 1yn) (7) AT = 25 /xgh 7, ) dz dT.

t=6 gh<T

The second moment bound (3.10) implies enough tightness to pass to the limit in the
identity. By the growth assumption (3.1) on H, the statement E(p(t,-)) € L*°((0,T))
follows along the same argument as the proof for Ms(o(t,-)) € L*((0,T')), which
completes the proof of (3.6).

It remains to show that g solves (1.1). Therefore, we sum (3.8) from k =1,..., N,
use the a priori estimate (3.13) and obtain for any ¢ € C°([0,7T") x R) by using the
definition of o, from (3.14) the estimate

’ / /Ctxghtxdxdt—f//Ct—i—hxghtx)dxdt
T—h

_/ /“*h’x —C2) ) dodt
hT—h) JR h

o[ (@ = a)0.00) -kt o) et

p) t N-1
S R ‘a?a:< x ZW2 h ,Qh

To arrive at the weak formulation of (1.1), it is left to pass to the limit on both
sides. The right-hand side goes to zero for h — 0, which follows directly from (3.13).
For passing to the limit on the left hand side, we use (3.15) from Lemma 3.8 and
finally obtain

_ T 0 T T — 2)0, ,x .
/]RC( ,0)0"(z)d /(O,T)/]RQ(t’ VOC(t, ) da dt
+/O T)/RQ(L:E)((H/(:U)—J(t))ﬁm((t,x)—8MC(t,m))dwdt,

which by Definition 3.2 is a weak solution to the constrained Fokker-Planck equation.
d

3.3. Proof of auxiliary Lemmas 3.6-3.8.

Proof of Lemma 3.6. We can choose h arbitrary but fixed, hence we neglect it in
the notation of the proof. Since o* minimizes (3.3) among all admissible probability
densities 0 € M!*) the Euler-Lagrange equation has to ensure that perturbations
of ¢* are still in M!*") The perturbations are realized as a push-forward with
respect to the flow of a smooth vector field.
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In contrast to [15], we have to use a second push-forward as correction to ensure
the constraint on the first moment is met. This second push-forward causes the
Lagrange multiplier. Note, that the idea is the same as in Section 2.2 and we
would like to choose the constant vector field  +— 1 corresponding to VC (cf. (2.6)).
However, this vector field is not in C¢°(RR) and we work with an admissible one and
use an approximation argument at the end of the proof.

Let £ € C°(R) and let @, be the flow with respect to £, that is the solution of

0q®Py=€0®, forallae R and &g =1d.

Then the push-forward of ¢* with respect to ®, denoted by o* := o o is given
by

/ gp(m)gi(m) dr = / po @a(x)gk(a:) dx for all p € CS(IE{).
R R

For the correction take another vector field n € C°(R), that satisfies the nondegen-
eracy property [, 7n(x) 0" (x)dz # 0 ensuring that the respective push-forward is
able to change the first moment of o¥. We define the flow W5 with respect to 7:

0gV¥g=noW¥s forallfeR and ¥o=1Id.
Let the joint push-forward be given as
06 5 = Vap(Pape®).

To make sure that Q];,B € P2(R), it needs to be shown that Mg(g’;)ﬁ) < oo. First of all
observe, that Ugo®,(z) = x on R\ (supp { Usuppn) and supp {Usuppn C [—K, K|
for some K > 0. Hence, we can always approximate by using a spatial cut-off
function to arrive at the estimate

Ma(dh ;) = / (U5 0 Bo(2))" (1) dz < sup (Up 0 By())® + Ma(d")
R z€[—K,K]

Another approximation argument with a spatial cut-off function, ensures the identity

Mi(dh ) = /R (W5 0 By (x) 0" () da (3.16)

The smoothness of the flows allows to differentiate the above functional

OM; (oF

OMI(ghs)| 1 1 1 g 1)) do — /5
dox (0,0) a=0a Jy

8M1(Q’Z; B) (3.16) 1 . )

o resps 26) i = Us —1Id do = () d 0
86 (0,0) ﬂl—%ﬁ /]R( B )Q (l') x /]Rn(x)g (a’;) x 75

Now, the constraint o* 5 € MHER) veads My (o® 8= E(kh) Hence, by the implicit-
function-theorem, due to the nondegenerate property of 7, there is some € > 0 and a
function i € C*((—¢,¢); R) such that My (o” ) = ¢(kh). To identify the Lagrange
multiplier, we note that i'(0) is given by

k
0o My (Qa,ﬁ) ‘(0,0) _ fR &(z) ok da
aﬁMl(Qz,ﬁH(o,o) Jrn(x)ok dz

For the Euler-Lagrange-equation, we proceed to calculate

d k d k
—_ ) — S .
a) da ’OE(Qa,z(a)) b) da 0 (ga,z(a))

a(a

i'(0) = —

(3.17)

¢) limsup — - (1W2( ,Qi’i(a)) — %Wg(gk_l, Qk)) )

a—0
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Ad a) By using monotone convergence, we can use H as a test function in the push-
forward and have [, H(x)g’;,i(a) (z)daz = [ H(V;(q) 0 Pu(z))0" (x) dz. Therefore,
it holds

d

dac|,

(0 say) = lim ~ | (H (W0 0 ®a(x)) — H(x)) " () dz

a—0 R

/R H'(2) (6(2) + (0)n(x) ¢ () .

Here, we used again that ¢ and n have compact support and thus é(H (Ui(a) ©
®,,(z)) — H(x)) converges uniformly to %%H(\Ili(a) o ®d,).

Ad b) The use of log(gii(a)) as a test function in the push forward is justified by
a both sided truncation and an application of Lusin’s Theorem to the truncated
function. Moreover, for o small enough, the function o — W) o @, is strictly
monotone and we can apply the transformation rule to find the following identity

0" (x)

0aite) (Yite) © Pa(®)) = 5 (Via) © Pa(2))

Thus, we obtain

/}R 108 (0% 0y (1)) 0 sy () d = /R 108(2" 5100 (Pia) © Bar(2)))* () d

= [ e (agc(%g(f ) ¢

Therefore it holds:
d

. 1
| 500k o) = = lim [~ og (0.(Viga) 0 Ba(2))) o (x) da
0

a—0 ]Ra

. /R (0 + (0)0,m) ¢* () .

k—1

Ad ¢) Let p be an optimal coupling of o and oF, then p, satisfying for all

peCP(R xR)

/ (2, y) palde, dy) = / (@, Uiy 0 Da(y)) plda, dy)
RxR RxR

is a coupling of ¢*~! and QZ i) Therefore it holds by the usual truncation and

approximation arguments
W3 (0", 08 i) S/ [Wi(a) © Pu(y) — z|* p(dz, dy)
RxR
which implies
: 1 _ _
limsup — (%WS(Q’“ Yok i) — W5 (0F 179’“))

< (y — ) (£(y) + 7' (0)n(y)) p(dz, dy).
RxR

k

Since of , (a

) is a perturbation of the minimizer ¢* it holds

d

do

1 _
<2W22(Qk 5 QZ,i(a)) + hf(gl(;,i(a))) =0.
0
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Together with a), b), ¢) applied also to the reversed vector fields { — —¢ and
n — —n as well as noting that this does not change the sign of i'(0)), we obtain

RxR (3.18)
+ h/R (H'(2)(&(x) + ' (0)n(2)) — 0x(&(2) + 4 (0)n(x))) 0" (x) da.

To arrive at a discrete approximation of the weak formulation of (1.1) with con-
straint (1.2), it is necessary to find an explicit representation of p and generate the
time difference. Therefore, the following estimate for any ¢ € C°(RR) is used

]/g - ewar- [ -0 <dxdy>\

(e(y) — o) = (y — 2)¢'(y)) p(dz, dy)’

RxR

1 _
| (y—z)?p(dz, dy) = 3 5P lo"| W3(o" !, o")

1
< Ssuplp
2 R RxR

Let x,¢ € C2°(R) be such that x’ =7 and ¢’ = ¢. Now, we use ¢ = ( +¢(0)x in
the above estimate together with (3.18) to obtain

\/" — ¢ o + (H(2)0,((C + 1 (0)x) = 8y (€ + 7 (0)x)) 0* () da

<§sup|a”(<+z<>>| L (0 o).

h

In combination with (3.17), which now reads 7/(0) = — [ 8.¢ o da/ [; O x o" du,
we get

‘/ (6" = ") ¢+ (H'(2)0:¢ — 022C) 0" da — /3C9dx

1 (3.19)
< 5 SUP‘aM(C"'Z (0)x)] h WQQ(Qk_ »Qk)'
with
ok — l f]R(Qk - Qkil)de f]R H'0,x Qk dz f]R Oz X Qk dz (3.20)

h [gOux oFdzx Jg Oux oF dx Jg Oux @Fdx

To simplify the above expression, we use the correction vector field x(z) =
which obviously satisfies the nondegenerate assumption, since fR Dox(2) 0" (x) dw =
[ 0" (z) dz = 1. To approximate x, let ¢ be such that

€ CZ(R,[0,1]), ¢=1on[-11], ¢=00onR\[-22], [¢][¢"|<C

and set ¢ () := ¢ (&) and hence X/ (2) := zpr(x). Then, it holds xar € C°(R),
xm () =z on [-M,M], xp(z) =0 on [-2M,2M], |x),| < C and |x};] < C for all
M > 0. Since ¢* and ¢*~! have finite second moments, we can use |o* — o*~!||z| as
an integrable majorant for (¥ —0*~1)x,s. Finiteness of the second moment of o* and
the at most linear growth of H’ at infinity give that C|H’|o" is a integrable majorant
for H'0,xar0". Due to o* being probability densities and therefore in L!(R), Co* is
a simple integrable majorant for 0,,x 0" and 0, xar0". Therefore taking x = x s
in (3.20) and applying Lebesgue’s dominated convergence theorem (for M — o0)
we arrive at (3.9). Finally, comparing with (3.19), we have also proven (3.8). O
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Proof of Lemma 3.7. The of are constructed by the scheme (3.3) and we want to
derive the a priori estimates from this relation. Especially, we would like to use Qk !
at time step k as a test function. However, since it may hold ¢(kh) # £((k—1)h) and
hence Ql,“fl ¢ M 1) e have to make a perturbation. Let us define the translation

of QZ_I as follows:

a0 = 0p T ( —akoa)

where aj,_; is chosen such that M;(a, ,0F ') = Mi(of ™) + ar—1 = M;(0F). Now,

akflg’fl is admissible in (3.3), which leads to the basic bound for all k s.t. kh < T

%Wg(gﬁvgl}iil)—’_hf(gﬁ) é %WQ (ak 192 170271)+h‘7:(ak 1QZ 1)'

Summing this estimate from k = 1,..., N, we arrive at

N
7ZW2 h’gh S ng(ak 1‘Q§ 179§ 1)+h (f(ak 195 1) J_‘.(Qﬁ))

N =
ol
Il
L
=
] =
L

W3 (ar_v0y o) (3.21)
! =(Ly)

N
(Z (ar a0 ) = Fleh™) +f(9°)—f(92[)>-

=:(1Ig)

I
DN | =
[]=

>
Il

The term (Iy) is easily estimated by using the shift  — x + ax_1 as transport map
W3 (ay, 192 Loth < / |z — (z+ ak—1)|2£)2_1(37) de =aj_,.
R
Now, we use the growth assumption (3.1) on H to estimate (1)

Flop Y — F(ghh) = /R (H(x +ax_1) — H(x)) ¢~ () da

é/ <|H/(x)ak1+§ai_1 sup IH”(y)> oy Ha) dw
R ]

yElz,x+ar—1

< Clag-1] (/ 2 oF Na)de + 1+ ak1|)
R
< Clag—1| (Ma(gy™") + 1+ Jag—1]) -

Since ¢ is assumed to be Lipschitz, there exists L > 0 such that |ax_1| = [¢(kh) —
¢((k — 1)h)| < Lh. Moreover, we use the standard lower bound on the entropy [15,
Equation (14)] in terms of the second moment, that is S(0) > —C(Ma2(g) + 1) for
any o € (%, 1). Since H > 0 by Assumption 3.1, we can conclude that

—F (o) < C(Ma(ep)) + 1) < C(Ma(oy) +1).

Applying these bounds to (3.21) yields

N
5 sz on. 0t < Ch <T+ ZMQ oF ) (3.22)

k=0

for some uniform constant C' only depending on L and Assumption 3.1. Hence, once
we have established (3.10), also (3.13) follows. To estimate the difference-quotient
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of the second moment, we use (3.8) with ¢ = 22, which is justified by the finiteness
of the second moment of each of the o* and the growth assumption (3.1) on H’

%(Mz(gﬁ) 2(or ) = h/ oh —op ) da
(3.8)
/R((H’—a,lf)Zm—Z)g (z)dz

<
1
< 2 [ W lelef(o)do +2lof] [ [oloh(e)dosz+ 3 WF (ol ).
R R

=:(I) =:(II)

By the growth assumption (3.1) follows (I) < C(1 + Ma(of)). By using the definition
of oF from (3.9) follows

(I < 2 (C/R“””' L 1)ol da + L) /R|x|gﬁ<x> de < O(1+ Ma(ah)).

Altogether, we arrive at

+ hwz (Qh7 ¥ 1)

= (Ma(}) — Moo ™)) < C(1+ Ma(eh) + 1

Summing from k£ =1,..., N and multiplying by h yields

W2 (gh, k= 1).

N N
My(of) — Ma(o®) < ChN +ChY_ Ma(af) + > W3(af, o) ")
k=1 k=1
(3.22) N
< CT+Chy_ My(ef).
k=1

Hence, a discrete Gronwall argument gives the estimate
Ms(o)f) < (Ma(e°) + C) exp(CT),

which establishes (3.10) and by (3.22) also (3.13). By theses bounds, we can
rewrite (3.21) as

W3 (o, 0,7") < CTh+h (F (&) = Flen)) (3.23)

N =
] =

=
Il

1

Now, the estimates (3.11) and (3 12) follow by using once more the lower bound
S(0) > —(Ma(o) + 1) for a € (3,1) along the lines as in [15]

/max{gﬁf log(op),0}dz < S(QhN)+/ | min{of log(op), 0} da
R R
< S(op) + C(Ma(of) + 1)*
< Flof)) + C(Ms(of) + 1)~
2
<

(3.23)
F(0”) + CT + C(Ms(op)) + 1)%,

which by (3.10) yields (3.11). Similarly, we can estimate

(3.23)
E(0)) = Floy) = S(en) —log Zy < F(°) + CT + C(Ma(ey') +1)* + C,

which again with (3.10) gives (3.12). O
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Proof of Lemma 3.8. The proof is based on an Arzela-Ascoli argument. Since oy, is
not continuous, we approximate it by a continuous function as follows

t—kh

h
To apply the Arzela-Ascoli argument, it is necessary to proof uniform boundedness
and a uniform modulus of continuity of (64 (¢))n>0-

Uniform boundedness. By using the Lipschitz bound on ¢ as well as the growth
estimates on H from Assumption 3.1, it holds

Gn(t) == of + (of ™t — o) for ¢ € [kh, (k +1)h)

sup  |Ga(t)] < max  |oF
h>o,te(o,T)| ) {khkh<T}‘ i
(3 9) 1 & ,
- — d H'( z)d
{kh\kh<T} h/]R( Qh m x—l—/ Z| (3.24)
I C M 310)
< 1
< omax  (D+ O+ Ma(en) <

Uniform modulus of continuity. We prove an Lipschitz bound, by first noting that
for any t,t' € (0,7), it holds
on) =) k= ok
[t —t'] ~ ke{1,..,N} h
Hence, it suffices to estimate the increment for any k with kh < T. Therefore, based
on the definition of of from (3.9) we apply (3.8) with H’ instead of ¢, which is

justified by an approximation using dominated convergence and the second moment
estimate, and arrive at

ol — gkt (39 1|1 _
‘hhh :h’h/]R(k_Qh J?d]}—‘r/H/ k Qﬁl)dx

(3.8) 1
< <h?/( —Qﬁ ) xdz| + ‘/ a;’j)H”(m)—H’”(aﬁ)) of dx
H/// 1
+ SlelPR|2()| hwz( th))

IN

( h12 (0(kh) — 0((k — ’ ‘ / H(2)H" (2)0} () da

1 _
. Yw(e} 1,9@)

oy /]RH”(JU)Q’; dz
=: (I) + (1) + (I1I) + (IV)

- %s%p |H" ()]

Now, each term is bounded by using Assumption 3.1 and the a priori estimate of
Lemma 3.7. Indeed, it holds (I) < suptE[O,THZ'(t)\ < C since £ € C*(R4;R). Then,
the growth condition on H as stated in (3.1) imply (II) < C [ (1+|a|)of (z) dz < C
by (3.10). Likewise the already proven uniform bound on o} in (3.24) and uniform
assumption on H” imply (III) < C. Finally, the term (IV) is bounded by the
uniform assumption on H” and the a priori estimate (3.13). Hence, we have proven
the discrete Lipschitz estimate for any ¢,¢ € [0, T

~ t _ t/ .
lon®) = o)l ol | (3.25)
[t —t'] ke{l,...,N} h

Therefore, by an Arzela-Ascoli argument exists o € C([0, T]; R) such that 6, — ¢
uniformly on (0,7) along a subsequence. It remains to estimate the error done by
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the linear interpolation of oy, (t)

(3.25)
sup |on(t) —an(t)| < sup  |ortt—of| < Ch forall h > 0.
te(0,7) (k+1)h<T

4. LONG TIME BEHAVIOUR

In this section we investigate the evolution of the constrained Fokker-Planck
equation (1.1) under the assumption that the external forcing becomes constant
and under quadratic growth assumption at infinity of the potential H. The general
idea is based on exploiting the entropy-dissipation identity (1.5). This strategy was
partly also applied in [8, Chapter 5] and [10, Chapter 7] to derive the qualitative
trend to equilibrium. We complemented this result with a quantitative rate of
convergence to equilibrium based on the investigation of suitable relative entropies
with respect to local equilibrium sates. Therefore, let us first characterize these
states and prove some auxiliary results

We set the parameter v to one within the next two sections and discuss the
v-dependence of the constants later in Section 4.3.

4.1. Local equilibrium states and first properties. For the qualitative long-
time behaviour, we make the following slightly stronger assumptions in comparison
to Assumption 3.1 on the potential H and forcing term /.

Assumption 4.1. The function H € C3(R;Ry) has quadratic growth at infinity
such that for two constants cp 4+ > 0

liminf H" (z) = cp + and lim H"(z)=0. (4.1)

r—+oo z—+o0

The forcing £ € WH°(R.y; R) becomes stationary
lim £(t) =¢* and le L'(Ry).

The initial data o° € Po(R) has finite free energy (1.4), that is F(o°) < oc.

A simple example for a potential, that satisfies these assumptions is a double-
well-potential with quadratic growth at infinity like H(z) = (V22 + 1 — 2)2.

Let us introduce a family {7, },.p of probability measures on R parametrized
by the Lagrange multiplier o with density defined by

Yo () := Ziexp(—H(x) +ox) with Z,:= /exp(—H(x) +ox)de. (4.2)

o
Note, that under the growth assumption (4.1) the partition sum Z, is finite. More-
over, for a probability density v € P2(RR), we define its variance by

Var(y) = / 22y (z) dz — ( / ay(z) d:r>2.

First of all we characterize the energy minimizer for a constant constraint.

Proposition 4.2 (Constrained free energy minimization). The constrained min-
imization of the free energy functional F as given in (1.4) over the constrained
manifold M* defined in (3.2) has a unique minimum given by Yxp as in (4.2).
Here, the function A : R — R is implicitly defined as the solution to

VEER:  Mi(yap) = ¢ (4.3)
In addition, by defining the constants

Cvar := inf Var(y,) and Car = sup Var(yy) (4.4)
neR neER
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it holds the bi-Lipschitz estimate

dM
0< CVar < % = Val‘(’}/)\) < CVar < oQ. (45)

Proof. The uniqueness of the minimizer follows from strict convexity and weak-
L*(R)-lower semicontinuity of F over the weakly L'(R)-closed and convex set M*
by the direct method of the calculus of variations (cf. Proposition 3.3 and [15,
Proposition 4.1]).

To characterize the minimizer of, we use the convexity of = — zlog(z) on R
and obtain

zlog(x) = ylog(y) + (log(y) + 1)(z —y) forz =0,y > 0.
Then, for all p € M*, we find

f(@):/(910g9+H@)dx2/(gzlog@u(log(@eHl)(@fgeHHg) dz

— F(o) + / (log(e") + H(z) — A(D)z — 2(0)) (0 — ') da

Here, by using the fact that f(/\(ﬁ)x + z(ﬁ))(g —o")dx = 0 for g, 0" € M’ we
introduced two additional Lagrange multipliers z(£), A(¢) € R corresponding to the
conversation of total mass and the constraint M; (o) = ¢, respectively. Since the lower
bound has to hold for all o € M*, we obtain that log(o*) + H(x) — A({)x — 2(£) =0
and by uniqueness in M*, o is exactly of the form o* = () as defined in (4.2)
and ¢ — A({) yet to be determined. Therefore, it remains to show that for any
¢ € R there is a unique A(£), such that M;(vyx)) = ¢. We calculate the derivative
of A — M, (VA)

dMl(w\)_i/ _i/ exp(—H(z) + Ax)
— @ xv,\(x)dx—d)\ x 7 dzx

dA
= /x2 ya(z) dz — (/x'y)\(x) d:v)2 = Var(7yy).

Assumption 4.1 ensures that the constants cya, and Cya, defined in (4.4) are
positive and finite, respectively. Indeed, for A — +o0, the quadratic growth (4.1)
ensures that v, converges to a Gaussian distribution with standard deviation cil,
respectively, implying a finite and positive variance. Therefore, the function A —
M () is uniformly bi-Lipschitz and especially strictly monotone with Mj(vy) —
+o00 as A = +o0. 0

It is convenient to consider the relative entropy as given in (1.7) with respect to
the measures 7, as defined in (4.2).

By comparing the above definition with the free energy (1.4), we observe the
identity H(o|v) = F(g). We need to compare the relative entropies with the
dissipation. The according energy—dissipation inequality is called a logarithmic
Sobolev inequality and is well studied in the literature (cf. [12, 16, 3, 19]).

Lemma 4.3 (Logarithmic Sobolev inequality). Under Assumption 4.1, the measure
Yo from (4.2) satisfies for any o € R a logarithmic Sobolev inequality with constant
Crsi(o) > 0, that is for all o € P2(R) with D(p,0) < oo it holds

H(olvs) < Crsi(o) D(g,0) (4.6)
Moreover, for any M > 0 exists Crsi,m < 0o such that
sup Crsi(0) < Crs,um- (4.7)

lo|l<M
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Moreover, if H is uniformly convex, that is if for some k > 0 it holds infeg H" (x) >
k, then Cpsr = % independent of .

Proof. Using the function H,(x) := H(z) — oz, we can write v, = e fv/Z,
with Z, as defined in (4.2). Then by Assumption (4.1) on the growth of H it
follows, that there exists a decomposition of H, = H. , + Hp , into two functions
H.,,Hy,, : R = R such that H., is uniformly convex and Hj, is compactly
supported and bounded such that

inf H (z)> w and sup Hy, — inf Hy,, < Cpy,.
zeR 7 2 zeR zeR ’
The measure v, is of the form such that [16, Corollary 1.7] can be applied and we

conclude
2¢2CH .o

Cisifo) < —mm——.
L

Statement (4.7) is an immediate consequence, since Cy , and in particular Crsi(o)

depends by the smoothness of H continuously on ¢ and hence is bounded on each

compact interval. Finally, in the convex case, we can directly apply [16, Corollary

1.6]. O

To apply the logarithmic Sobolev inequality, we have to ensure that o is bounded,
which is the content of the following lemma.

Lemma 4.4. Under Assumption (4.1), it holds for any solution to (1.1) with
constraint (1.2)

(i) The second moment and the Lagrange multiplier o remain bounded, that is
for some C' > 0 we have

| Ma(o(-)llLem,y < C and  |lo||per,) < C. (4.8)

(ii) The free energy along solutions remains bounded, that is for some C > 0 it
holds

[Fe()lzemy < C. (4.9)

(iii) For any sequence {t,}, . with t, — oo there exists a subsequence t,, ) such
that

Oty — 0" in L'(R) with ot e MY

Proof. (i): This is content of [14, Appendix A, Proposition 2]. The basic idea is to use
a comparison principle for scalar ODEs and the quadratic growth Assumption (4.1)
on H, to establish the bound M(o(t,-)) < C(1 + H0|\LOQ(R+)). By using again

the explicit quadratic growth, the equation (1.3) yields |o(t)] < C(1 4 Ma(o(t,))).
Hence, together it follows that [|of| g, ) < C(1+ ||O'||LOO(R+))1/2
(ii): The upper bound for the free energy follows from the energy-dissipation

identity (1.5)

Flo(t)) < F(o") + /Ooo o(O6(t) dt < F(0°) + lloll o= 1l .-

The lower bound for the free energy follows by estimating the negative part of the
entropy function in terms of the second moment. For any a € (%7 1) exists C >0
such that [ plogo > —C(Ma(o) +1)* (cf. [15, Equation (14)]), which together with
(i) gives the lower bound.
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(i4i): The sequence (9(t,))nen is uniformly integrable. Indeed, we obtain
from (4.9) the bound

[ (et tostattn), dr < .

where for a € R, (a) := max{a,0} denotes the positive part. This estimate implies
uniform integrability of (o(t,))nen via

1 C
o(ty,dx §7/ o(tn)log(o(t, dx < ,
/{|g(tn>|>M} ( ) log (M) {|g(tn)|>M}<( og(o(tn))) . log(M)

where M > e is arbitrary. Therefore, we find a subsequence (o(t,, ))ren such that
o(tn,) — 0* in L*(R). Tt remains to show ¢* € M*".

The uniform bound on the second moment in (4.8) implies tightness, which implies
f]R 0* dz = 1. Similarly, the convergence of the first moment and boundedness of the
second moment follow from a standard truncations argument from the bound (4.8).
This shows o* € M and finishes the proof. O

Remark 4.5. From the results of Lemma 4.4, it is possible to identify the limit o*
as Ya(e+) and to show that o(t,) — ya+) as well as F(o(tn)) — F(vaqer)) (cf. [10,
Chapter 7]) for some sequence (t)nen-

4.2. Convergence to equilibrium in relative entropy. The previous section
indicates, that under Assumption 4.1 the free energy of solutions F(o(t)) converges
to F(v,+) whenever the constraint becomes constant £(t) — £* with ¢* such that
J xy,+ = £*. This suggests, that the relative entropy H(o(t)|ys+) — 0 as t — co as
defined in (1.7). In order to prove this, one could seek for a differential inequality
involving the relative entropy with respect to v,«. However, a direct approach in
this direction needs to show convergence of the Lagrangian multiplier o, since terms
involving ¢ — ¢* would occur along the calculation.

To avoid the occurrence of terms involving o, which cannot easily be controlled,
we introduce a quasistationary equilibrium following the constraint, which is given by
Yace(r)) With A(£) as defined in Proposition 4.2. It turns out, that the relative entropy
with respect 7y (s(4)) allows for a control without the need to show convergence of o.

The first observation is the following relative entropy comparison as well as a
comparison of certain free energy differences with relative entropy.

Lemma 4.6. For alln € R, all ¢ € R and all o € M* it holds

x5 - M0)* < Hlohn) ~ o) < (- A0F  (410)

2
as well as
F(o) = Fw) — Hlely) = n(t - Mi(vy)). (4.11)
Moreover, for any £* € R, any £ € R and all o € M* it holds
CVar | pu
H(olvaes)) < H(elvaw) + 26\2/ e — 0. (4.12)
Var

Proof. Let us first rewrite for any n, A € R and all o € M’ the relative entropy
difference

7 n
H(olvn) — H(olyn) = log Z—Z + A1) = A (8¢ log Ze — €) A€

-/ (M () — 0) .
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Choosing A = A(£) as defined in (4.3), it follows £ = M;(yx(¢)) and hence

dM; (
Holvm) — Hlolaw) /w/ ”9 do d¢ = / /Z)Var vo) A6 d€.

The result (4.10) follows from the lower and upper bound on the variance (4.4).
For the second identity, we consider in a similar manner the free energy difference
F(0) — F(vy) and the relative entropy H(o|yy)

f(@)*F(vn):/910g9+/H97/%10g%*/an
=/910g$—/elongn/xQJr/vnloan—77/96%7
n

= H(olvy) +n(l — Mi(vy))-

The estimate (4.12) is an immediate consequence of the bound (4.5) on £ — A({),
which implies

o — 1

=8 ey ae < |

4.13
Var CVar ( )

O

The next Lemma calculates the entropy with respect to some time dependent
parametrized steady states v, for any n € C* (R4, R).

Lemma 4.7. Let n € C*(Ry,R) and g be a solution to (1.1) then it holds

%H(Q(t)hn(t)) = —D(e(t), 0 (1)) + £(t)(o(t) — n(t)) — n(E)(E(t) — Mi(7y)). (4.14)

Proof. The proof consists in a straightforward calculation using the chain rule and
several integrations by parts, where we for the sake of notation neglect the time
dependence of g, 1, 0 and . We calculate

d 0 .
3 Hlelw) = /(log%7 +1>3t@—n/93n log vy
= —/(81 logg) (leog Q) g—ﬁ/(m — Oy log Zy)o
Tn Yo
Yo 0 .
= —D(o,0) —/(fh log ) (c% log ) 0=l — Mi(vy)).
Tn Yo

The conclusion follows from

/((%logz;) (éhlogi) Qz(a—n)/(ﬂ’—0)9=—(0—n) ¢,

by the equation of the Lagrange multiplier (1.3). O

The identity (4.14) shows that the choice n(t) = A(4(t)) has the advantage that
the term involving 7 vanishes. With this preliminary considerations, we can prove
the quantitative long-time behaviour.

Theorem 4.8. Let Assumption 4.1 be satisfied, then for a solution to (1.1) with
constraint (1.2) holds

t
H(o(t) [ aewy)) < e T Holvawo)) + 0470/ e " i(s)| ds, (4.15)
0

where T = C’L_SI loll, o > 0 from Lemma 4.3 and Cypq := [ACCCI oo (myy +
HU(')”L‘X’(]R+) < oo. In particular, if ¢ satisfies for some k >0 and Lo > 0 and all
t>0

i(6)] < Loe™, (4.16)
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it holds
e—‘l’t _ e—nt
H(o(t)aewy)) < e T"H(olvawo))) + Co.o Lo ————. (4.17)

K—T
Remark 4.9. The exponential term in (4.17) is bounded by

€7Tt

e—‘rt _ e—nt K—T R>T
< te " k=T

R—T et
e R < T.

Hence, whenever 7 < &, it holds for an explicit C' = C(7, &, Lo, Cy,) the bound

H (o) vaewy)) < e TH(H(elawoy) +C).

Proof. We have from (4.8) in Lemma 4.4 that ||o|| g, ) < 00, which by Lemma 4.3

implies that there is a uniform constant 7 := CL_SlL\IaHLoo such that 7 H(o|vs) <

D(p,0) for all |o| < M. Moreover, the bi-Lipschitz estimate (4.5) on A and since
¢ € L*(R+) by Assumption 4.1, we also get [[A(((-))|| (g, ) < co. Hence, the
constant C; , < 0o is well-defined.

With these preliminary considerations we apply Lemma 4.7 with the choice 7(t) =
A(€(t)) with A defined implicitly in (4.3) of Proposition 4.2 and note that the last
term in (4.14) vanishes, since £(t) = )\('y,\(t)) by definition. By neglecting for brevity
the explicit time dependence in the notation, we calculate

C Hlohne) = ~D(0,0) + (o~ A1)

(4.6) .

< —1H(0lvs) + £(o — A(F))
(4.10) .

< —7H(ola@) + Ceoll).

Integrating this equation gives (4.15), which after using (4.16) yields (4.17). O

There are several possible reformulations of the statement. First, we investigate
the convergence of the free energy difference F(g) — F(7,+), which is related to the
relative entropy H(o|vs+).

Corollary 4.10. Under the exponential convergence Assumption (4.16) on £, it

follows

-7t __ efnt CVarL% Cont
e

e
H(o(t) Vo) < e T F(0°) + Lo Cp
(ot)vo-) <e (0”) + Lo C, - 2212

(4.18)

as well as
|U*|L0 e—mﬁ

|F(a(t)) = F(vo+) — H(o(t)|7ow)| <

. (4.19)

Remark 4.11. The convergence in relative entropy also implies convergence the
L'-norm via the classical Csiszar-Kullback-Pinsker inequality: For all g,y € P(R)

holds
/ o) — (@) dz < \/2H(2l).

Hence, we have for instance in the case of 7 < k

/\Q(w) — Yo (2) | dz < /2H(0(t) |70+ ) < Ce™ 37,

for some C' explicitly given in terms of the constants on the right hand side of (4.18).
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Proof. Let us start by using the comparison (4.12) to estimate H (Qh)\@)) from above
by H(o|7o+). Then, we can conclude (4.18) from the convergence assumption (4.16)

implying
- — o(t)] < Loent,
K
On the other hand, we can use the comparison (4.11) for free energy difference

F(o0) — F(v,+) and the relative entropy relative entropy #(o|v,+), which yields the
identity

[F(0) = F(vor) — Hlelvo-)
Hence, for all ¢t and by the convergence assumption (4.16) on ¢ follows (4.19). O

= |o"|¢— ],

To obtain a convergence statement for the Lagrange multiplier, we introduce the
weighted Csiszar-Kullback-Pinsker inequality due to [5].

Lemma 4.12 (Weighted Csiszar-Kullback-Pinsker inequality [5, Theorem 2.1]).
Let 0,7 € P2(Ry) be absolutely continuous. Let w : Ry — Ry be such that
Cp = few2 dy < co. Then, it holds

/ wlo—~| < v/2(1 +log Cu) H(gh).

The weighted Csiszar-Kullback-Pinsker inequality allows to compare (o — o)
with the relative entropy H(Qh/)\([)).

Corollary 4.13. Under Assumption 4.1 holds for all t > 0 and for a constant C
depending on the potential H and the constants in Assumption 4.1 the estimate

(o(t) = *)* < CH (o) lvaceqry) + 41001 + Cgﬂ(t) —

In particular, under the exponential convergence Assumption (4.16) on £ with k > T
it follows for some explicit constant C

(o(t) —o*)? < Ce ™t

Proof. It is sufficient to estimate the difference (o — A(¢))* and (A(¢) — 0*). Let us
note, that for all n € R it holds the identity

o:/aﬂ,,(x) d:c:/(H’—n)d%,.

Hence, n = [ H'dv, and together with the definition (1.3) of ¢ follows that

2
o =0 <2 [1llo= o] ) +20i"

Assumption 4.1 implies that there exists Cy such that |H'(z)] < Cg(1 + |z|)
for all x € R. By choosing w := min{cy y,cy—}/2 (1 + |z|) with ¢y 1 from
Assumption 4.1, we obtain since |[A(€)| < A(0) + ||[€]| ;.o /¢var =: M that there exists
C such that [ ev’ dyae) < Cn- Hence, we can apply Lemma 4.12 and obtain

2
8C?
H' — < — —"H (141 .
(/| o %\(M) < min{ciwr,c%[y,}( +log Car)H (0l7ae))

It remains to estimate (A(£) — o*), which immediately follows from the bi-Lipschitz
estimate (4.13) by noting that o* = A(¢€*). O
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4.3. Rate of convergence in dependence on v. In this section, we outline how
the results of the previous section can describe the behaviour of the system in
different regimes. Let us include again the dependence on the viscosity parameter /2
in the equation as stated in (1.1) but keep the time scale 7 = 1.

Let us incorporate the v dependence in to the local equilibrium states by defining

Vou(z) = ! exp(m) with  Z,, :—/exp(fl(x)y2”> du.

Zy v2

(4.20)
Moreover, let us describe the potential H in more detail. The quadratic growth (4.1)
of Assumption (4.1) implies that the spinodal region is finite, that is

Q:={z:H'(zx) <0} satisfies 1] < oo.

Let us for the sake of simplicity of the presentation assume that H does not have
flat pieces, i.e. {x : H"(z) = 0} is a null set.

It is possible to deduce the scaling of the constants cvar, and Cvar, defined
analogously as in (4.4) and it holds

CVar,y = inf Var, 2 V2 and Cvar,y = sup Var,, | < v+ 9.
neRr ' neRr !
Theorem 4.8 shows that the exponential rate of convergence is determined by the
logarithmic Sobolev constant as defined in (4.6) and we need a v-dependent analysis
for it. To do so, we introduce the set

Y ={o € R: H'(-) = 0 has more than one solution}.

The quadratic growth assumption (4.1) on H implies once more that |X| < oo.
Hence, in the case o € ¥ the function H,(z) = H(x) — oz is a multiwell potential.
That is, there is a finite set of points {Xi(a)}?io and we can w.l.o.g. assume that
Xo(o) is a global minimum. Then the potential posses an energy barrier defined as
the largest energy difference between any local minima and the global minimum,
that is for o € X

Ay = it s LHo(00) — Holo(0): 0(0) € (X0} (1) = Xo(o)

Now, we can formulate the dependency of the logarithmic Sobolev constant on v.

Lemma 4.14 (Logarithmic Sobolev inequality (v-dependent)). Under Assump-
tion 4.1 satisfies the measure 75, from (4.20) for any o € R a logarithmic Sobolev
inequality with constant Crsi,, (o) > 0. Here the constant Crgr,, (o) satisfies

v2 ,o &3

Crsiv(o) <
Lstw () 5 {I/_Qexp(Alg”) ,0 € XL

Moreover, if H is convex with H' () > k > 0 for all x € R, it holds

1
Crsiu (o) < T

Proof. The results are contained in the literature. However, we have to be careful
by translating the results and the scaling of v. In [19], the following logarithmic
Sobolev inequality is proven

2
H(Q"Yo’,u) S LSI,V(U)/<ax IOg ¢ ) d@

o,V
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By comparing (1.4) and (1.7) it follows that v2H(o|7o,,2) = F(o). Likewise, the
dissipation D in (1.6) comes with an additional factor v* and therefore the v-
dependent logarithmic Sobolev inequality from (4.6) takes the form

2

V*H(0lVor) < Crst(o)v? /(81 log e > do.
By comparison, we can read of Crgr (o) = V72C~’LSLV(O'). The detailed scaling of
Crsi,w(0) in v for the case o ¢ X follows from [19, Theorem 2.10]. The case 0 ¢ X
is content of [19, Corollary 2.17]. Finally, the convex case follows as in Lemma 4.3,
by taking the rescaled Hamiltonian H/v? into account. O

With Lemma 4.14 we can now conclude on the different cases. For that, we
assume that ¢ satisfies the exponential convergence Assumption 4.16 for some &,
which in the next statements is always assumed to be larger then 7. Then, there
exists 7 > 0 and a constant Cj only depending on the initial values and Ly such
that

o(t) - o*| + / lo(t) — e

where 7 = 7(v) is given as follows
Convex case: If H" (x) > k > 0, then Tconvex = k-
Unimodal case: If |X| = 0, then Tynimodal = cv? for some ¢ > 0.

< (Cy exp(f%t) (4.21)

Kramers case: If |X| > 0, then Tkyamers = cv? exp(—AV—I;I*) for some ¢ > 0 and the
AH* :=sup,cx AH,.

Let us point out that in Kramers case, the convergence rate can be improved by
also taking o* = A(¢*) into the account. The bound (4.21) allows for a self-
improvement of Tkyamers in time in the case when o* ¢ 3. By defining the
time To(o*,v) such that Cpexp(—Kmpes T (0%, v)) = dist(c*,¥) =: d., it fol-
lows from (4.21) that o(t) € ¥ for all t > Ty(o*,v) and hence, we are back in the
unimodal case. The total convergence estimate becomes

Tunimodal
G TKramers. Tunimoda
lo(8) =l + /\@@) = | < do (max{do, 1}) exp (- Tenimedl )
0

The estimate shows, that at least in the case of sufficiently well-prepared initial
values such that Cy < dist(c*, X)), the convergence rate is not exponentially small
but behaves linear in 2. The reason is, that the a priori estimates on the Lagrange
multiplier does ensure, that the effective potential H, has always a unimodal
structure.
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