MULTISCALE ANALYSIS FOR DYNAMIC CONTACT ANGLE
HYSTERESIS ON ROUGH SURFACES*

SI XIAO t, XIANMIN XU ¥, AND ZHEN ZHANG §

Abstract. Dynamic contact angle hysteresis is of critical importance for many two-phase flow
problems with moving contact lines. It is induced by inhomogeneity or roughness of the substrates.
In this paper, we present theoretical studies on the time averaging of a reduced model for wetting on
rough surfaces and also the analysis on the effect of stochastic thermal forces. We derive equations for
the averaged dynamics and show that the apparent contact angle depends on the harmonic averaging
of the geometric and chemical properties of the substrates as well as the contact line velocity. The
contact angle hysteresis can be determined quantitatively by the equations. The averaging results
are proved rigorously by multi-scale analysis and verified by some numerical examples.

1. Introduction. Wetting on rough surfaces has many applications in industry
and our daily life. It has attracted much interest in many different fields [8, 22, 4, 10].
If without considering the dynamics of fluids, wetting is a problem to minimize the
total surface energy in the system. Mathematically, wetting on rough surface gives
a free interface problem with multi-scale boundary conditions and has been studied
a lot recently, see for example in [1, 5, 2, 19, 35, 6, 33, 11, 32]. Various numerical
methods have also been developed for wetting problems based on different models
models [30, 18, 12, 13].

Dynamic wetting is a typical two-phase flow with moving contact lines. The
standard no slip boundary conditions for viscous fluids will lead to infinite energy
dissipation when the contact line moves. There are extensive studies on the moving
contact line problem [7, 21, 3, 24, 26, 29], while there still exist some controversies
[27]. If one further consider the effect of the rough surfaces, the problem will be much
more complicated [17, 23, 14, 31, 25]. In general the advancing and receding contact
angles will be different and may depend on the contact line velocity. Such phenomena
are called contact angle hysteresis(CAH). It is of critical importance to quantitatively
study the wetting phenomena in many applications.

In [39], a macroscopic boundary condition is derived for the dynamic contact angle
hysteresis on chemically inhomogeneous surfaces, which has been used to explain the
dynamic contact angle hysteresis recently observed in experiments [15, 16]. The key
idea there is to use the Onsager variational principle [9] and asymptotic analysis
to derive a coarse graining boundary condition for the apparent contact angle. The
boundary condition gives results fit with experiments very well [36, 39]. The boundary
conditions can also be coupled with the standard two-phase Navier-Stokes equation
to simulate two-phase flows with moving contact lines[38].

The main contributions of the paper are three folds. Firstly, we generalize the
analysis in [39] to wetting on surfaces with both geometrical roughness and chemical
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Fia. 1. The fiber with smooth oscillating boundaries

inhomogeneity. We derive an equation for the time averaged system when the rough-
ness coefficient goes to zero. It leads to an explicit formula for the dynamic contact
angle hysteresis on such surfaces. This will be much more useful in many applications
than that only considering chemical inhomogeneity of the substrates. Secondly, we
characterize quantitatively the effect of stochastic thermal forces by a detailed analy-
sis for a stochastic model. We study the time averaging for the stochastic model and
derive an averaged system by asymptotic analysis for the backward Kolmogrov equa-
tion. We derive a new formula for the contact angle hysteresis, which takes account
of the stochastic effects. We also show that the averaged system converges to that
of the deterministic model when the stochastic coefficient goes to zero. Thirdly, we
present rigorous analysis for the asymptotic results, which has not been studied even
for the simple problem with chemically inhomogeneous surfaces before.

The rest of the paper is organized as follows. In section 2, we derive some reduced
models for dynamic wetting problems. In section 3, we present the analysis for the
deterministic model. We derive an averaged system and prove that the original system
converges to the averaged one when the period of the oscillations goes to zero. In
section 4, we study the averaging of a stochastic system which describes the effect of
the stochastic thermal forces. Several numerical examples are illustrated in Section
5 to verify our theoretical results. Some concluding remarks are given in the last
section.

2. Reduced models for dynamic wetting. We develop a reduced model for
some dynamic wetting problems in this section. We first introduce two illustrative
examples and then show a general model in the last subsection.

2.1. Forced wetting of a fiber. We consider the motion of a fiber in a liquid
reservoir, as shown in Figure 1. This is motivated by the recent experiments in [15].
Suppose that the surface of the fiber is rough and inhomogeneous. For simplicity, we
assume that the surface is axis-symmetric and the radius of the section is described
by a function

r=R(z) = Ry + sRl(g)
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where Ry is a positive constant and R;(-) is a smooth function with periodic 1, and
€ < 1 1is a small parameter. The wetting property of the solid surface is characterized
by the Young’s angle 6y (), which is a function of z with a period e. When the fiber
moves with a velocity v,,, the solid surface at time ¢ is given by

Z — Uyl

(1) 7= R(z,t) :== Ry + Ry ( ).

For a liquid-vapor interface on the rough surface, the local contact angle 6, is
the angle between the tangential plane of the interface and that of the solid surface
on the contact line. It is usually different from the apparent contact angle 6,, which
is the angle between the two-phase interface and the the homogenized surface of the
substrate(the vertical surface in this example). As shown in Figure 1, we have

(2) 0qg =04 + 04,

where 6, characterizes the local slope of the oscillating substrate on the contact line
and is given by 6, = arctan (R} (2=%«)). Here we denote by z the vertical coordi-
nate of the contact line.

In equilibrium states, the local contact angle 6, is equal to the local Young’s angle.
However, when the interface is moving, the contact angle 6; can be different from 6y-.
By using the Onsager principle as an approximation tool, we derive an equation for
the dynamic contact angle in [39],

(3) ;(1)96;) = v(cos by — cosby),

where p is the viscosity of the liquid, « is the surface tension of the interface, and

Ca -1
F(0q) = (a + gfl_hsliﬂ%) , a is a friction parameter of the contact line, and ¢

is a dimensionless cut-off parameter. The equation shows that the unbalanced Young
force is equal to the viscous friction force near the contact line. It is the first order
approximation of the well-known Cox’s formula (c.f. [7]) when the capillary number
Ca = pv/7 is small.

As shown in [15], when the fiber is thin, the liquid surface approaches very rapidly
to its equilibrium shape, which is given by [8, 34]

- r4+a/r2 — RQ(zct, t) cos? 0,
(4) z=H(r) = h(t) — R(zc,t) cos g, In = .
R(zct,t) cos b,

This indicates a geometrical relation between the contact line position z.; and the
apparent contact angle 6,.

By the equations (3) and (4) and by setting 2. = 2zt — vyt , we can derive an
ordinary differential system as follows (see details in Appendix A),

- zt = f(0a, 2et)(cos Oy (2er) 7.cos(9a +0,(20))),
9a =—01 (aa; ZAct) (92(9a7 éct)éct + Uw);
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where

-1

W W 04 — sinfycosby
1

) (5 6a9 (6 2e) + 1)

9200, 5et) =1 — R’l(%)g(ea, 20) cos 0,

o=

90,7 Ac =
91(0a; 2et) (Ro + R (

Zet
€

with 9 (04, 2ct) =~ lnm — 1. Equ. (5) is a reduced model for the forced
wetting problem of a moving fiber. When the surface is flat, (5) is reduced to a model

for chemically inhomogeneous surfaces in [34, 39].

2.2. Dynamict wetting in a capillary tube. In the second example, we con-
sider the imbibition of a liquid in a two-dimensional channel with oscillating and
inhomogeneous boundaries. As shown in Figure 2, suppose that the boundaries of the
channel are given by z = £(ho + chi(2)), where hg is a positive number, h;(-) is a
smooth function with periodic 1 and € < 1 is a small parameter. The chemical inho-
mogeneity of the boundaries is characterized by the Young’s angle 6y (Z) which is a
periodic function with period €. Similarly as in the above example, 84 = 0, + 6, gives
a relation between the local contact angle 64, the apparent contact angle 6,, and an
angle 6, = arctan b’ (¥<t) characterizing the local slope of the oscillating substrates.

Suppose the two-phase interface moves to the right with a velocity v. The relation
between the local dynamic contact angle 85 and the contact line velocity is still given
by (3). When the height of the channel is very small, we can assume that the shape
of the interface is circular. This leads to an additional constraint on the contact point
position and the apparent contact angle 6,. Similar to the derivation in previous
example (c.f. [37]), we can derive a system of ordinary differential equations as follows,

©) { Tet = f(Oa, Tet)(cOs Oy (F2£) — cos bOg),

0o = —§1(9a7xct)(ﬁz(Ga,xct)f(%,wct)(cos Oy (¥2+) — cosfq) — %v)
1




where
-1 _
~ ~ 2|In ¢| sin® 04 ;o Tet )2
=1 Bl B 2 e 1 Let
f(0a; zer) I (a—i— 04 — sin 04 cos 64 + ( it e )) ’
cos 603
h(2et)(cos b + (0o — 5)sinby,)’
0, — 5 +sind, cos b,

Nl

§1 (9a7 xct) =

Lt

G2(0a,zet) = 1+ hll(?)

cos2 6,

with h(xe) = ho + h1(¥2). Equ. (6) is a reduced model for imbibition in a micro-
channel. It is easy to see that Equ. (6) has the same structure with (5). Furthermore,

the viscous dissipation coefficient f(-,-) has the same form as f(-,-).

2.3. A general reduced model for dynamic wetting. The previous exam-
ples motivate us to consider a general mathematical model for dynamic wetting on
rough and inhomogeneous solid surfaces. It is a system of ordinary differential equa-

tions for the contact point z.; and the apparent contact angle 6,:
T T T
(7a) Zet = f(Oa, ?t)(cos Gy(?t) — cos(f, + 0g(?))) + er1(0q, ?t,v)

(7b) éa = _g(aa)((l +p(0aa %))ict - U) + 57’2(9117 %a 'U).

Lt

Here v denotes the fluid velocity and € > 0 is a small roughness parameter. The
Young’s angle 8y (-) and the geometric angle 6,4(-) respectively characterize the chem-
ical and geometrical roughness of the substrate. f(-) characterizes the viscous dissi-
pation coefficient near the contact line, which depends only on the physical property
of the fluid and the local oscillations of the substrate. g and p are functions depends
on the specific setups of the problem. er; and ery represent two possible higher order
terms. We make the following assumptions on the functions in the system:
(Al) All the functions f(av y)v 9(0),17(0, y)v 1 (07 U, y)a T2 (97 U, y)a 0Y (y)7 99 (y) are
smooth functions and periodic in y with period 1. Furthermore, we have
Jy p(0,y)dy = 0.

(A2). There exists a positive constant ¢g such that f,g,p > ¢o > 0.

(A3). There exists two constants 61,602 € (0,7) such that

0< 61 <Oy(y)—04(y) <6 <, Yy € (0,1].

The general model (7) covers the equations (5) and (6) in previous subsections.
For example, g(6) can be seen as the leading order term of the Taylor expansion of ¢y
in (5) with respect to € and the higher order terms are included in erp. In addition,
it also covers a model in [37] which is derived from the sharp-interface limit of the
phase-field equation.

In some cases, there may exist stochastic forces (e.g. thermal force) that affect
the motion of contact lines [15, 16]. We add a stochastic force term in (7) and obtain
a stochastic differential equation,

(89) iter = F(Bar 20) (08 By (1) = cos(Bl, + 0y (1)) + ov/EW) + er (B, =2, 0),
(86)  da = —g(6a) (1 +P(0a; =) —v) +ers (00 =, 0)),

where W () is a Brownian motion and o is a constant coefficient. Here we assume that
the stochastic force is relatively small so that there is a factor /¢ in the coefficient.
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3. Time averaging of the deterministic model. We are interested in the
averaged dynamics of the systems (7) and (8) when e goes to zero. For simplicity in
presentation, we introduce a fast variable y.; = *=* and some notations. The system
(7) can be transformed to:

(99) o = A0, e) + Fi (P e, ),
(9b) 00 = B(0a, Yer) + €F2(0a, yer, v),
where
A(0,y) = f(0,y)(cosby (y )—COS(9+9 ¥))):
B(6,y) = —9(6) (1 +p(0, 1) A6, ) - v)
Fi(0,y) = 1(9’97 v)

F2(0 yvt) = _9(9)(1 +p(0vy))rl(97 y,’U) + T2(97yvv)'

In this section, we first derive the averaged equation of (9) by asymptotic analysis
and then prove the results rigorously.

3.1. The case with an invariant manifold. It turns out that the averaging
of Equ. (9) depends on the range of the apparent contact angle 6,. In this subsection,
we show that there may exist an invariant manifold for the dynamic system when 6,
is in an interval (61 + O(e), 62 + O(¢)).

Since A(0,y) = f(0,y)(cosOy(y) — cos(0 + 04(y))) and f > 0, we know that
A(0,y) = 0 only when 6y (y) = 6 + 0,(y). By Assumption (A3), this happens when
0 € [01,02]. Notice both A(6,-) and Fy(0,-,v) are smooth and periodic functions for
any fixed 6 and v. There exists an interval (61 +0(g), 62+0(e)), such that any 6 in the
interval corresponds to a value y = U(0) satisfying A(6, ¥(0)) + eF1(0,¥(0),v) =0
and 0y A(0,¥(0)) + €0, F1(0,¥(0),v) < 0. The graph (6, ¥(0)) is called an invariant
manifold of (9) (see definition in [20]), since (04, yet) Will move along the graph except
a possible intial layer when 0, € (61 + O(g),02 + O(g)). (This can be easily seen from
Equ. (9a).)

Hereinafter, we denote by

I'={(0,y)ly = ¥(©0)},

the invariant manifold of (9). Then we easily derive

dy de
b S () =
alr =% Oy

Equ. (9) is reduced to

(10a) 000, )dd@t %A(ea,\y(ea)) - F (00, U (0), 0)
(10b) O B0, ¥(0) + 2Fa(00, (0), ).

This leads to

(11) 09T (6,)(B(0a, ¥ (04)) + eF2(04,T(0,),v)) = éA(Ga, U(0,)) + F1(0a, V(0,),v)
6



Suppose that the function ¥(6#) has the following formal expansion:
U(0) = Wo(0) + ¥y (0) + O(?).

We substitute the expansion into (11). In leading order of &, we have
Oe™): A(ba, ¥o(0a)) = 0.

By the formula of A, the equation has a solution only when 6, € [0, 05]. Notice that
A(0,) is a periodic function with period 1. We can assume that ¥o(0) = k + n(0)
with k € Z and 1(0) € (0, 1] satisfying A(#,n(#)) = 0 and 9y A(0,n(d)) < 0. Then the
leading order of Equ. (10b) is reduced to

df,

o) : e B(04,Y0(0,)) = g(0a)v.

where we use the formula of B.
In summary, for a small €, the leading order approximation of (9) when 6, €
[01,02] is given by

de
(12) =0g(©), ¥ =k+n(O),

dt
where 7(0) satisfies
A(0,n(0)) =0, 8,A(0,n(0)) <0, n(0) €[0,1),

and the integer k£ depends on the initial condition of y;.

3.2. The general case. By Equ. (12), we see that 6 will increase monotonously
when v > 0 (or decrease monotonously when v < 0) noticing that g(-) > ¢y > 0 in
Assumption (A2). Therefore, even when 6 € [61,02] initially, it will go out of the
interval soon. In this subsection, we derive the leading order approximation for (9) in
the general case when 6 ¢ [07, 0], by considering the formal approximation expansion
of the backward Kolmorov equation of (9) (c.f. [20]).

The backward Kolmorov equation of Equ. (9) is a partial differential equation

0
(13) % — o

with the generator £ = %ﬁo + L1 +¢eLy and

'CO = A(aa y)ayv
(14) Ll == 3(07 y)aﬂ + Fl(ov Y, v)aya
LQ - F2(97y7v)69-

Here we impose the periodic condition for ¢(6,y,t) along y with period 1. Notice
that A(6,y) # 0 when 0 ¢ [01,02]. We easily know that the kernel space of Ly is
one dimensional and given by N(Ly) = span{1(y)}, where 1(y) represents a constant
function with respect to y. Let L be the dual operator of Ly, i.e.

Lop = —0y (A0, y)p).
7



Then by the Fredholm alternative, £y also has a one-dimensional kernel space which
is given N (L{) = span{p>}. p*° is obtained by solving the equation

L5p™(y;0) =0,

with periodic condition for y with period 1 and the condition fT p*>°(y;0)dy = 1 where
T = [0, 1]. Direct calculations give

(15) P00 = o
where
(16) co) = ([ T y)dy)_l.

It is easy to see that p>(6,-) is a probability density function with respect to y.
Now we seek a solution to the backward Kolmogorov equation (13) in form of a
multi-scale expansion

¢ = ¢o +ep1 + O(e).

By substituting the expansion into (13) and equating coefficients of successive powers
of € to zero yields the hierarchy

(17) 0(8_1) ,C(]QS() = 0,
I

(18) O(1) Lot = o L1¢o.

From Equ. (17) and the property of AN'(Lg), we know that ¢q is a function inde-
pendent of y. By the Fredholm alternative, the second equation (18) is solvable only
when

% - £1¢QLNUH{£8}
ot
This implies that

[ =0 (G5206.6) = B(O.5)0000(0.0))dy .

The equation can also be derived simply by multiplying (18) with p°° and integration
in an period [0, 1). The equation can be further reduced to

% — (/T poo(y;H)B(H,y)dy> oo (,1).

It is the backward Kolmogrov equation for the following ordinary differential equation

de o
(19) e - CRRTT

T
where p* is given by (15). The equation (19) is the leading order approximation of
the equation (9b). By the formula of B and p*°, Equ. (19) can be rewritten as
de
FI —9(0)(Co(©) —v).

8
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Here we used the fact that [.p(f,y)dy = 0 in Assumption (A1).
We then derive the time evolution of the contact point z.; = ey.. Notice that
Eq. (9a) can be rewritten as

dx ct

(21) 7

= A(Qavyct) + 5F1('9aa yct7U)7

which has the same structure as (9b). Similar derivations give the leading order
approximation

(22) o= [ @ we) = ).

where we have used the formula of p>. The equation should be coupled with the
equation (20) which gives the dynamics of ©.

In summary, when 0, ¢ [6p, 6], the leading order approximation of (9) is given
by

(23a) 0 = ~9(©)(Col®) - v)
(23b) 4 =),

where (©,X) approximates (04, %), Co(f) is defined in (16) representing the har-
monic average of A(f,y) in a period T.
The equation (23) has a steady solution for the apparent contact angle © when

(24) Co(O) = (/11‘ md@il = .

In this case, the contact line moves with a constant velocity v by the second equation
of (23). One can easily see that the steady state solution © is a function of v. It
can be verified that the function is not continuous around v = 0. Actually, notice
that A(6,y) = f(6,y)(cosby (y) — cos(f + 04(y))). We can expect that 6 > 6, so that
A > 0 when v is positive; and similarly 6 < 6, so that A < 0 when v is negative.
The different limits of the function when v — +0 corresponds to the contact angle
hysteresis. Equ. (24) shows that the averaged apparent contact angle is determined
by a harmonic average of A(:,-) but independent of B(-,:). Notice that the two
examples in Section 2 have the same formula for A but not B. This implies that
the averaged contact angle depends on the local geometric and chemical properties
of the substrate, as well as the physical property of the fluid, but not on the specific
setup of the wetting problem. In this sense, Equ. (24) can be applied to more general
two-phase flow systems.

3.3. Rigorous results. We prove the asymptotic results in this subsection.

PROPOSITION 3.1. Suppose that 05 € [0y, 03] and n(0) € (0,1] is the unique func-
tion satisfying A(0,1m(8)) = 0 and 0,A(0,n(0)) < —X for some positive A > 0. Let
(Y5, 05,) be the solution of (9) and (yég),@) satisfies (12) with a proper k. We also
assume that 65,(0) = ©(0). Then there exist constants K,c > 0 such that

e (1) — () < ele 2 [y5,(0) — 4 (0)? + £2)
165(t) — O(1)[% < ceXM(elys, (0) — y(0)[? + €2).
9



Proof. The proof is similar to that of Theorem 15.2 in [20]. Let e(t) = y5,(t) —
g () = y5,(t) — k — n(65(t)). Then we have

de(t) _ dys 00405
a a0y
1 13 154 13 £ 13 I3 £ 13 1>
= gA(ewyct) =+ Fl(oavyctav) - n,(ea)(B(ea’yct) + €F2(0a7yct7t))
1

= = (A2 v =A@k +0(62) ) + FL(05. 50, v)
=0 (05)(B(05, yer) + eF2(05, Yy, v)).-

In the last equation, we have used the fact that A(05,k + n(05)) = A(0,n(65)) = 0.
We multiply the above inequality with e(¢) and obtain that

62
%d dt(t) =§ (A2, 52) — Az, = +0(6)) ) e(t)

+ P10z, yer, v)et) — 1/ (02)(B(03, ve,) + e F2 (05, y5,, v))e(t).
Notice that the assumption (Al) and the condition on 5 imply
(A0, 2) — AO%, k +n(82) )e(t)
= (A2 k- n(0) + (1)) = A8z, k +0(05)) )elt) < ~Ae*(2),

and
[P (05 Yers v) — ' (05)(B(0F, yey) + eF(05, 55, v)) | < ¢
for some positive number c.
By using the Cauchy-Schwartz inequality and choosing 6 = 5, we have
2

1.de(t) A, e2(t)  doc? A, ec

- <-Z S L) 4 —.

> dt - e 5 T2 2t Wy
By Gronwall’s lemma, we have

(1) + cle(t)] < ~2¢*(1) +

(25) () < e =te?(0) + (1 —e =)=

This gives the first estimate of the proposition.
Now we consider the approximation error to 65. Set eg(t) = 65(t) — O(t). By the
equations (9) and (12), we have

de
dTQ = B(65,y5,) + eFa(05,y5,,t) — vg(O)

= —9(02) (1 +p(05, ye,)) A07, yer) + vg(02) + eFa(65, y5, v) — vg(©)
= —g(02) (1 + p(03, y2)) (A(02, u2) — A2,k +n(0)) )
+(g(65) — 9(0)) +eF2(05, yere, v),
We multiply the above inequality by eg(t). By the smoothness of the related functions,

we have

1 deg deg 2 2 2 2
3 at = ar @) < cle(®lles(t)] + cleo ()" + celeo| < Cllea ()] + (le(t)]” +€7)).

By using the Gronwall’s inequality and noticing eg(0) = 0, we obtain the second
estimate of the proposition with K = 2C. O

10



When 6 & [61, 6], the function A(f,y) do not equal to zero, then we have the
following result.

PROPOSITION 3.2. When 6 & [01,02], under the assumptions (A1)-(A3), the so-
lution of (9) converges uniformly to the solution of (23) as e goes to zero if they start
from the same initial values.

Proof. The result is a direct conclusion of Theorem 14, P. 173 in [28]. 0

THEOREM 3.1. Assume the conditions (A1)-(A3) hold and v is small. Then the
averaged dynamics of the (9) approaches to a steady state when t is large enough,
where the averaged contact line position X and the averaged apparent contact angle
© are given by

(26) %:U, (/Emd@_l—vzo.

In addition, ©(v) is discontinuous at v =0, s.t.

lim O(v) > 6y > 6; > lim O(v).

v—0t v—0—

Proof. We first consider the case when v > 0. If initially 6, < 6, the averaged
dynamics will be described by (23). Notice that

1 -1 1 -1
o= </T e - % T m i)~ TR ™)

Since © < 61 and f(O,y) > ¢y > 0, we easily know that Cy < 0. Then the equation
% = —g(©)(Co—v) > cov > 0, where we use the fact that g(©) > ¢y > 0. Therefore,
the contact angle will increase monotonously and will enter into the interval [6;, 65].

If 6, is in [07, O2], the averaged dynamics is described by (12). Since g(8) > ¢o > 0,
we have % > cov > 0, then the apparent contact angle © will increase monotonously
until it goes beyond 65.

When 6, > 65, the averaged dynamics will again be determined by (23). Notice
that Cp > 0 in this case and lim, ot Co(0) | 0. Therefore when v is small enough,
there exists a © > 3 such that Cy(©) = v. This gives a steady state of the system.

Similar arguments can be done for the case when v < 0 which leads to a steady
state with an apparent contact angle ® < #;. This ends the proof of the theorem. 0O

4. Time averaging of the stochastic model. Similar to the deterministic

case, we set y.; = <t and reformulate the stochastic equation (8) to
. 1 1 .

(27&) Yet = EA(H‘“ yct) + %a(em yct)W + Fl(eav Yet, U)a

(27b) éa = B(Gav yct) + \/gﬁ(aaa yct)W + 5F2(0a7 Yets 'U)a

where A, B, F; and F5 are the same as in the deterministic case, a(0,y) = o f(0,y)
and B(0,y) = —og(6,y)(1 + p(0,y))f(0,y). We study the averaged dynamics of the
stochastic system (27). We first derive the averaged equation by formal derivation
and then prove the results rigorously.

4.1. Formal derivation. We will study the leading order approximation of (27)
by using the backward Kolmogrov equation as in Section 3.2. The backward equation
of (27) can be defined as,

(28) = = Lo,



where the generator £ is

- 1
(29) L=(B+ecF)0p+ (e A+ F1)o, + 3 (562899 + 20509y + 5_1a26yy)

Notice that the operator can be expanded as L=e"Ly+ Ly +eLy with
Lo = Ad, + %a‘zayy
L1 = Bdy + afdyg, + F10,
Ly = %52309 + F20p.

We seek a solution ¢ of the backward equation (28) in the form of the multi-scale
expansion that

¢ = ¢o +ed1 + 2o + O(%).

Substitute the equation into (28) and equate coefficients of powers of € to zero. We
derive

(30) O™ Logo=0
() O)  Lovr = 20— Figy
(32) O(e) Lops = % — L1¢1 — Lago

Let /:'6 be the adjoint operator. Then for each fixed 6, one can verify that Lo
satisfies the ergodicity condition, i.e. both £y and L have a one-dimensional null
space characterized by

(33) Lol(y) =0,

(34) L5p>(y;0) =0, /Tp“dy =1,

where the operator £y and EE‘; are equipped with periodic boundary conditions in y.
Then the equation (30) implies that ¢ is in the null space of Ly, i.e. ¢g is independent
of y. By the Fredholm alternative for (31), viewed as a differential equation in y, we
see that

% — Ly¢o LNull{L}}.

This implies that

/ %pw(y; 0) — B(0,y)9epop™ (y;0)dy = 0.
T

Notice that p* is a probability density, we have

% = ([ Benr=ts0a) anon

12



It is the backward equation of the following deterministic differential equation,
doe o
(35) il B(©,y)p>(y;©)dy, ©(0) = bo.

Here p* is solved from (34). Actually, we have the explicit formula of the probability
density p*> that

(36) p°°C’exp(/OwaOZLQA)dy)[D+/OyaQQeXp(/OgWdy)dgj},

(67

where

D= o [ 2 g) 1] [ B[ 20 Dy
o [fon(- [ 2L Nar) (o4 [ Zow( [ 20 D))

Similarly, for the contact point Z.; = €y.:, we can derive its leading order approx-
imation which is given by
ax

(37) 7=

The equation should be coupled with (35).

In summary, the leading order approximation of the stochastic equation (27) is
given by the equations (35) and (37). In steady state, the averaged apparent contact
angle will be given by

/TB(G, y)p™(y;©)dy =0

By the the formula for B, it is rewritten as

(38) /T(l +p(0,))f(0,y)(cos Oy (y) — cos(© + 0,(y)))p™ (y; ©)dy = v.

It characterizes the averaged dynamic contact angles in steady states. Direct compu-
tations show that the averaged dynamics by (35) generates contact angle hysteresis
phenomena and (38) gives an explicit formula for the averaged advancing and receding
contact angles. This will also be shown by numerical examples in Section 5.

4.2. Rigorous Results. We present a rigorous result for the multi-scale analysis
in the previous subsection. The proof of the theorem follows that of Theorem 17.1 in
[20].

THEOREM 4.1. Assume the conditions (A1)-(A3) hold. Let p > 1 and ©(0) =

00, X (0) = Z(0). Then the function 6(t) which solving (27) converges to ©(t) solving
(35) in the sense that : for any T > 0, there is C; = C1(T) such that

(39) E( sup |04(t) — @(t)|p) < C1eP/?,

0<t<T
Similarly, the contact point T = €fer converges to X (t) solving (37) in the sense
that: for any T > 0, there is Co = Co(T) such that

(40) IE( sup |Fes(?) —X(t)|p) < Cye?l?,
0<t<T

13



Proof. Let H(0) = [ B(6,y)p>(y;0)dy. Since Ly is a differential operator in y
only; 6 appears as a parameter, we can construct an elliptic boundary value problem:

Lo¢(0.y) = B(0,y) — H(0)
[ 60,00 0)ay = 0
@(0, ) is periodic on T.
Due to the condition of B(f,y), we know that the function H(6) is smooth and

periodic in 6. Hence ¢ and all its derivatives are smooth and periodic.
By construction we have

[ ®6.0) - HO> 001 =0

and p*> spans N (EE;) Hence, by the Fredholm alternative, ¢ has an unique solution.
Notice that the generator for (27) is

E = 57150 + El + 522

Now we apply the Ito formula to ¢(8(¢),y(¢)) to obtain the following informal expres-
sion [20], with precise interpretation found by integrating in time:

% = L+ /20 BW + %(%(baw
= 1Lod+ L1¢ + Lo + /2OpdSW + %%qﬁaw
Since Lo¢ = B(6,y) — H(H), we obtain
= BO.y) + <F2(6,0,0) + VEBO )W
(41) = H(0)+ s(% — L1¢+ Fy) — £2Lad + Va(B — 0ydpo)W — en/edp W

The function B, F», ¢ and its derivatives are smooth and bounded. Set

t
d .
ha (1) = E(f — L1+ Padt
0

= (@001~ 90000) —y0)) - [ " BOsb 1 B0, 6 1 Fiy + Fads

and

t t
~ 1
ho(t) = 7/ Lopds = 7/ §B28989¢ + Fy0ppds.
0 0
Then there exists a constant C' > 0 such that

sup ()] <C,  sup |ha(t)] < C
0<t<T 0<t<T

14



Now consider the martingale terms

t t
M(t) = — /O (ady¢ — B)AW  and  My(t) = — /0 BOgpdW.

Since 0y, 0y, 3, o are bounded and smooth, the Ito isometry gives

t

B0, < [ Bll(ad,0 - s = [ BIML@P)s < Ot
Similarly, for p > 1,
E| (M), [P? < Ch.
We can get the similar result of My (t):
E|(My),| < Cit, E|(Ma), |/* < Cy

Notice that H () is a Lipschitz function, then the rigorous interpretation of (41) is
t
6(t) = 6(0) + / H(0(s))ds + ehq(t) + %ha(t) + VEMi(t) + ev/eMa(t).
0

We also have

O(t) = 0(0) +/0 H(O(s))ds

Let e(t) = 0(t) — O(t), and e(0) = 0,
le(t)] < /t Lle(s)|ds + £Cy + €20y + VE| My (8)] + ev/e| M (2)].
0

Hence, by the Burkholder-Davis-Gundy inequality [20], we obtain

E( sup |e(t)|’) < C1(e® + ™ + eP/?E| (M), [P/? + ¥/?E| (M), [P/
0<t<T

4+ Ll /O E(je(s)[?)ds)

T
< Oy (eP? + /0 E( sup |e(7)[)ds)

0<7<s

By Gronwall inequality, we deduce that

E( sup |e(t)P) < CyeP/2.
0<t<T

This is the estimate in (39). The proof on the convergence of the dynamics of the
contact point (i.e. (40)) is similar (even simpler) and we ignore it. |

4.3. Convergence of the stochastic system to the deterministic system.
In this subsection, we want to show that the averaging stochastic dynamics (35)
converges to that of the deterministic averaged dynamics (12) and (20) when the
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noise level ¢ — 0. To this end, we need to consider two different cases: i) A > 0 or
A < 0 always holds; ii) there exists at least one yo such that A(©,yy) = 0. Since
f(©,y) > 0 always holds due to the fact that 8, < 90°, it is obvious that the first
case occurs when O ¢ [0, 05], while the second case occurs when © € [0, 6].

Case i): We first assume that A(©,y) < 0 always holds for all y € T. Tt is
sufficient to prove that the invariant measure (36) of the stochastic system converges
to the invariant measure (15) of the deterministic system. For simplicity, we will omit
the dependence of all the functions on O.

Denoting V (y) = — foy 24 dy, which is positive and strictly monotonically increas-
ing in y, we can rewmte the invariant measure (36) as

- fy\—2 v 1
42 ClpX=(2) e 2 w70 +Q) ¢,
(42) (f(o)) {p—ew+ow}
where Q(y fo ”2f2(0)e o2 dy Due to the monotonicity of V (), we can apply

the change of variable Z = V(y) — V(§). Then Q(y) (for 0 < y < 1) can be further
simplified as

v (YO PV -2)
Qy) = —e /0 2 POAVIV(y) - 2) &
(43 = (- P 0

where we have used Watson’ lemma (or simply an integration by parts) to deduce the
leading order behavior in the second equality. Putting this estimate into (42), we find
that

V) -V(y)

-1 00 _ 1 fly)\~2e - 1
C 1Pg = _m + 0(02) + <f(0)> 6va(zn ] (_A(O) + 0(02))7

which converges to *ﬁ as 02 — 0 for any 0 < y < 1. In fact, we can show
that for any function ((y) € C*°(T) hm fo y)C~1p(y)dy = 01 g((y)) dy. This is

)
easily seen by noticing that fo (f(y ) ((y)efﬁdy = fQ(g)(%()O) 2+ O(0*) using

Watson’s lemma. Taking ¢ = 1, we obtain that C~! — — 01 % as 0 — 0. As

a result, the right side of (35) converges to that of (20). Moreover, we have the
pointwise (and weak) convergence in T:

(44) lim pe(y) = ﬁ(/o Ad(z))l-

When A < 0, by change of variables j = 1 —y and A = —A > 0, we can rewrite
the equation for the invariant measure as ﬁépo"(gg 0) = 0 so that p* is represented
using  and A > 0 instead of y and A. Thus the previous argument can still apply.

Case ii): We first make an assumption that for the periodic function A(y), there
are two zeros y; and yo in [0,1) such that A’(y;) > 0 and A'(yo) < 0, i.e., g1 is an
unstable equilibrium for the fast deterministic dynamics (9a) while yo is an asymp-
totically stable equilibrium. Due to the periodicity of A, we can assume y; = 0 and
yo € (0,1) without loss of generality. These assumptions hold for our choices of 0y in
the numerical examples.
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We introduce V(y) = f Y 244y, which now plays the role of potential function
in the fast dynamics (()a) or (27) Then V is strictly monotonically decreasing in
(0,90) and strictly monotonically increasing in (yo,1). In particular, it achieves its
maxima at y = 0 and y = 1 while it has a minimum at y = yo, i.e., V/(0) = V/(1) =
V"(0)=V"(1) <0, V(yo) = V'(y0) =0, V'(yo) > 0. For our convenience, we rewrite
the invariant measure (36) by using a different integrating factor as

Vv (0) v
e (SWNT? v e R
(45) ¢ Po = (f('HO)) ‘ {evﬁ(;) —e% Q(l) ev(j?l) —eva(é”Q(O)—i—Q(y)}
h y V(y)d
where Q) = J,, srpigeye -~ 47
We claim that for any function ((y) € C*°(T), lim fol C(y)p(y)dy = ¢(yo). For
)
this purpose, we need to estimate the quantities Q(0 fo ( ) e~ o dy,
and [} ¢ (£2) e Qly)a
o SWI Flvo) Y2y
By using Laplace method near § = 0, we can estimate Q(0) as
2777 Yo vg-vio 2" To
0:_7/ e o7 dj=-— ’ +o(o)).
10) a*f*(yo) Jo YT T () ( —2V7(0) ( ))
In the same way, Q(1) can be estimated as
2¢ 707" Jr
e o
1) = +o0(0) ).
W=y ( —2V7(1) ( ))

By using Laplace method near § = y, we obtain the following estimate

[ (2 e ay = (o +ola).

For the last integral, we can bound it by an O(%) term:

)/ _26’ Va(g)Q(y)dy‘ < 022/01 ‘fg(é)) ’dy,

(%0)
V (y) for any § between yo and y to bound the exponential

where we have used V (g )
term.
To sum up, we have from (45) that
V©O)+v Q)

e o 2w f(0 1
/ O ) = <) vy (7 _flf(g) =+ olD) +0(5)

with an exponential growth as

whose leading order term is O(exp(w»
0 — 0. In particular, when ¢ = 1, this implies that

V(O +v @)

IR _ e - 27 £(0) 1
=], e e (o ) OG>

Combining these two estimates together, we arrive at our claim. Moreover, p3°(y)
weakly converges to 6(y — yo). Taking ((y) = B(0©,y), we immediately obtain that
the right side of (35) converges to that of (12).
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5. Numerical examples. In this section, we present some numerical examples
for the deterministic model (9), the stochastic model (27) and their averaged systems.
We apply the forward Euler method to numerically solve the ordinary differential
equations and use the Milstein method to solve the stochastic system (27).

Ezxample 1. We consider the problem for a fiber moving in a liquid reservoir
described in Section 2.1. The surface of the fiber is given by R(z,t) = Ry +¢eR;((x —
vt)/e), with Ry = 0.1 and Ry (y) = sin(2wy)/4. For the Young’s angle, we set Oy (y) =
m/2 + 7/12sin(27y). We solve the equation (5) by setting o = 0, ¢ = 100, v/pu =1
and r. = 10.

120 0.035

/ 003
110+ 69 7 7 7
0025 -

[ -8
w0l 15 2 25 1 18 2 22 24 26 345 35 355

@
B
g zoom in : ] s L
g zoom in & ool
- ooosf-  [zoomin zoom in
s
80 =001 T
0
111
~o0.0001
1105 averaged -0.005 [
70 4
B 001
345 35 355 36
60 L L L L L -0.015
o 10 20 30 40 50 60 o 10 20 30 40 50 60
time time

Fic. 3. Advancing dynamics for e = 0.05,0.01,0.001 and 0.0001 and the averaged contact angle
and contact point with velocity vy, = —0.01. Left panel: The dynamical contact angle starting from
Oinit = 60°. Right panel: The contact line position starting form 0.
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FiG. 4. Receding and advancing dynamics for € = 0.1,0.01,0.001 and 0.0001 and their respective
averaged contact angle and contact point with the wall velocity vy, = £0.01. Left panel: The
dynamical contact angle starting from 0;nic = 90°. Right panel: The contact line position starting
form 0.

We first did experiments for several choices of ¢ with the initial contact angle
0, = 60° and the initial contact point z.; = 0. We choose v,, = —0.01 for the fiber
velocity, which corresponds an advancing contact line with velocity v = —v,, = 0.01
in (7). The numerical results are shown in Figure 3. We observe that the advancing
contact angle and corresponding contact point have a clear three-stage process. From
the left subfigure, we can see that there exist two critical values #; ~ 69.2° and
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02 ~ 110.7° for the dynamic contact angle. In the first stage that the contact angle is
smaller than 67, the solutions of Equ. (5) converge to that of the averaged equation (23)
when € goes to zero. In the second stage that the contact angle is between 6; and 65,
the solutions of Equ. (5) converge to that of the averaged system (12). The contact
angle increases monotonously in the first two stages. In the third stage, the solutions
of Equ. (5) again converge to that of the averaged system (23). In particular, the
contact angles oscillate around a value which corresponds to the steady state of (23),
which is actually characterized by Equ. (24). All the observations are consistent with
our analysis in Section 3.

To see the contact angle hysteresis, we did more tests by setting the velocity of
the fiber as v,, = £0.01. Here we choose the initial contact angle as 6, = 90°. The
numerical results are illustrated in Figure 4. Once again we observe the convergence
of the solutions of the system (5) to that of the corresponding averaged equations.
Furthermore, the averaged advancing contact angle is clearly much larger than the
receding one in steady states. Both of them can be described by Equ. (24) (noticing
the contact line velocity is opposite to the fiber velocity v = —v,,). This verifies the
analytical results in Theorem 3.1.

Example 2. We consider the fiber motion in a liquid as in Example 1 with an
extra stochastic force term as in (8). We set the initial contact angle 6, = 90°, the
noise coefficient o = 0.1,0.3,0.6,0.8, and all other conditions are the same as in the
previous example. The numerical results are shown in Figure 5. We only show the
dynamics of the contact angles since the plots on the contact points are similar to
those in deterministic case. We can see that the numerical solutions of (8) converge
to that of the averaged equation (35)(red curves) in all the four cases. The contact
angle hysteresis is clearly observed. Furthermore, the contact angles in steady state
are affected by the value of o. When o becomes smaller, the averaged dynamics of
the stochastic system is much closer to that of the deterministic system. This verifies
the analysis in Section 4.

Example 3. We consider the imbibition of liquid channel with smoothly oscillating
boundary as described in Section 2.2. The boundary is given by h(z,t) = ho +
ehi((z + vt)/e) with hg = 0.8 and hy = sin(27y)/4. The Young’s angle is 0y (y) =
/3 + w/20sin(27y). In the ODE system (6), we set & = 0,& = 100 and v/u = 1. We
did experiments for several choices of ¢ with the initial contact angle 8, = 60° and
the initial contact point ., = 0. We set the velocity v = £0.01 which respectively
correspond to the advancing and receding motion of the contact line. The numerical
results are shown in Figure 6. We observe that the dynamics by (6) converges to the
averaged system (12) and (23) in both the advancing and receding cases, similar to
that in Example 1.

Ezxample 4. We study the corresponding stochastic model for the liquid imbibition
problem in a channel. We will solve the SDE model (8). We set the noise coefficient
o =0.1,0.3,0.6,0.8, and all other conditions are the same as the previous example.
The numerical results on the dynamic contact angles are shown in Figure 7. Once
again, we observe the convergence of the solutions of the stochastic equation to those
of Equ. (35) with decreasing e. When the coeflicient o is small, the averaged dynamics
of the stochastic system is close to that of the deterministic one.

Example 5. In the last example, we will study the velocity dependence of the
dynamic contact angle hysteresis on the velocity. We solve the stochastic systems for
both the moving fiber problem (as in Example 2) and the liquid imbibition problem
(as in Example 4). We set ¢ = 0.001, 0 = 0.1, and choose different velocity v. The
left subplot in Figure 8 describes the dynamics of the advancing and receding contact
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Fi1c. 5. Receding and advancing dynamics for € = 0.05,0.01,0.001 and 0.0001 and the averaged
contact angle. Upper left panel: o = 0.1. Upper right panel: o = 0.3. Lower left panel: o = 0.6.
Lower right panel: o = 0.8.
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F1G. 6. Receding and advancing dynamics for € = 0.05,0.01,0.001 and 0.0001 and their respec-
tive averaged contact angle and contact point with velocity v = +0.01. Left panel: The dynamical
contact angle starting from 0;n;+ = 60°. Right panel: The contact line position starting form 0.

angles for different contact line velocity on a fiber. We see clearly the asymmetric
dependence of the advancing and receding contact angles on the velocity. This is
consistent of the experimental observations in [15]. Interestingly, similar phenomena
are observed for the channel case as shown in the right subplot in Figure 8. More
discussions on such phenomena are referred to [39].
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and Example 4.

6. Conclusions. We study the dynamic contact angle hysteresis of wetting on
geometrically and chemically rough surfaces. We derive averaged systems for both
a deterministic model and a stochastic model. For the deterministic model, we de-
rive an explicit formula (24) for the apparent contact angles in steady states. The
equation (24) indicates that the apparent contact angles depends on the contact line
velocity as well as the harmonic averaging of the geometrical and chemical inhomo-



geneity near the contact line. It can be used as a dynamic boundary condition for
contact angle hysteresis in general cases, coupled with the two-phase Navier-Stokes
equation. For the stochastic model, the stochastic thermal forces play an important
role and a similar formula (38) is derived. The relations between the stochastic mod-
els and the deterministic models are also discussed. We provide rigorous analysis
for the multi-scale analysis by proving the convergence of the original systems to the
averaged systems when the roughness coefficient goes to zero. Numerical examples
are presented to verify the theoretical results.

In this study, we focus mainly on two dimensional problems. The three dimen-
sional problems can be discussed by combining the results in 2D with some previous
homogenization results [33]. This is very complicated and will be left for future work.

Appendix A. Derivation of the ODE system for the capillary problem
on a moving fiber. We first use the equation (4) for the liquid-air interfaces. On
the contact line, we have the consistent condition

. R(zct, t) + \/]:'i(zct, )2 — Rz(zct, t) cos? 6,
zet = h(t) — R(zct,t) cos b, In =
R(zqt,t) cos b,

- 1+sinf,
= h(t) - R(th7 t) [¢0)5] 9& In W.

Substitute the equation to (4) and eliminate h(t), we have

N r+ \/7‘2 — R2(z¢,t) cos? 0,
(46) H(r) = zet — R(zct,t) cos 6, In >
R(zet,t)(1 4 sinb,)

Far from the fiber, the liquid surface becomes flat. We set H(r.) = 0 for a capillary
length r.. Then we have H(r.) = 0. This leads to an equation

. Te+4/12 — R2 (2et, t) cos? 0,
(47) zet — R(zet, t) cos b, In t =0
R(zct, )(1+sinb,)

The equation gives a relation between the contact angle and contact point. We will
use the equation and the equation (3) to derive a complete system to describe the
dynamic contact angle.

Actually, notice that the contact line velocity is given by ve, = (2¢1 — vy )/ cos 0.
The equation (3) is reduced to

(48) et — Uy = W(COS Oy — cosfy).

Then the derivative for the equation (47) gives a relation that

(49) é(l = —0g1 (9(17 Zcty t) (92 (9117 Zcts t)(z - Uw) + Uu})

where

(O, 20, 1) !
as ZC I = =
9 ' R(zct,t)(sin 009 (04, zct, V) + 1)

g2(0a, 2¢t,t) =1 — R ( V9 (04, 2ct, ) cos b,.

Zet — Ul
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and

re+ /12— R2 (2et, t) cos? B,
G (04, zct,t) =1n 2 -1
R(zet,t)(1 + sinb,)

R2%(z4,t) cos 0,
(re +14/72 — RQ(th, t) cos? 0a))\/r§ — }NB?(zm t) cos? 6,

If r. > Ry, the formula can be further simplified to

2r.
G (00, 2et, ) = In — A
R(zet,t)(1 4 sind,)

To further simplify the equations, we can introduce a new variable 2. = z. —
vwt, which is actually the vertical coordinate of the contact line in a coordinate
system moving with the fiber. Then the equations (48) and (49) are reduced to the
equation (5).

Appendix B. Asymptotic Approximations of Stochastic System’s Inte-
grals. We show how to calculate the averaged stochastic dynamics (35) numerically.
Although we present the exact formula for the invariant measure in Section 4.1, it is
difficult to use when o is very small. In this case we consider the asymptotic approx-
imation of the averaged equation. As discussed in Section 4.2, we have two different
cases: in the first case, A > 0 or A < 0 always holds; and in the second case, there
exists at least one yg such that A(©,yo) = 0.

Firstly, when A does not have zeros, by using the Watson’ lemma, we have the
following approximation:

de
’r Z/B(@,y)p‘”(@,y)dy
T

_ 1 2A0,y)f () f'(y) — f(y)A'(©,y)
cl/TB(@,y)(A(@’y) +o? TR )dy

! ’ _1
where the constant C; = (fT A((}) 5+ o2 2A(®7y)'f(y2)£3((g;{(y)‘4 ©9) qy) .

In second case, there are a stable point yo of the function A such that A(©,yp) =0
and A’(yp) < 0. By using Laplace method, we obtain the following approximation:

% = B(@’y)poo(e’y)dy
T
__, 9O +pO Y ) VAOA (W) 2 o o
Cadm Al (y0) f(0) = 2f (o) —A/(o)A/(yo)(ﬁJ“f) 9(0)
where the constant Cy = sgn(V (1) —V/(0)) exp(™ Y01 and V(y) = — [ 22 dy.

In the numerical examples in Section 5, we use the asymptotic approximations
when the noise coefficient ¢ = 0.1 and 0.3. And we calculate the averaged dynamics
using the exact formula (36) for the invariant measure when the noise coefficient
o =0.6 and 0.8.
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