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Abstract
The stochastically forced vorticity equation associated with the two-dimensional
incompressible Navier—Stokes equation on Ds := [0, 27 8] x [0, 2] is considered

for § & 1, periodic boundary conditions, and viscosity 0 < v < 1. An explicit family
of quasi-stationary states of the deterministic vorticity equation is known to play an
important role in the long-time evolution of solutions both in the presence of and with-
out noise. Recent results show the parameter § plays a central role in selecting which of
the quasi-stationary states is most important. In this paper, we aim to develop a finite-
dimensional model that captures this selection mechanism for the stochastic vorticity
equation. This is done by projecting the vorticity equation in Fourier space onto a cen-
ter manifold corresponding to the lowest eight Fourier modes. Through Monte Carlo
simulation, the vorticity equation and the model are shown to be in agreement regard-
ing key aspects of the long-time dynamics. Following this comparison, perturbation
analysis is performed on the model via averaging and homogenization techniques to
determine the leading order dynamics for statistics of interest for § ~ 1.
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1 Introduction

Consider the 2D incompressible Navier—Stokes equation,

ou
— =vAu—(u-V)u—Vp
ot (1.1)

V-u=0,

on the possibly asymmetric torus (x,y) € Ds := [0, 276] x [0, 27] with § =~ 1,
periodic boundary conditions, and viscosity 0 < v < 1. To obtain the equivalent
vorticity formulation of the equation, take the curl of the vector field u and set w =
0,0,1)-(V xu) to find

-1
dw=vAw—u-Vo, u= (_ag)f(__AA_%» w. (1.2)

The relation between u and w is known as the Biot—Savart law. The periodic bound-
ary conditions insure f Dy @ = 0, and therefore, A~ !w is well defined.

Adding random forcing to the system allows to account for stochasticity/genericity
in the system; see, for example, Novikov (1965), Bensoussan and Temam (1973) and
Glatt-Holtz et al. (2015). In particular, we add a stochastic forcing term to (1.2) to
obtain the stochastic 2D vorticity equation,

ow 3, (—=A~hH
dhw =vAw —u-V -, = ) - . 1.3
o =VAw—u-Vw + o u (—Bx(—A 1) w (1.3)
The noise is white in time, colored in space, and takes the form, for k= (k1, ko) #
(0, 0),

Wit x.y)=v2v Y ope® iR g, (1.4)

keKcZ2\{(0,0)}

with spatial correlation o} and K to be commented on below. Here B(7) = {B;(1)} is
a collection of i.i.d. Wiener processes.

Notice that with the noise (1.4), Eq. (1.3) is now stochastic. To insure the random
vorticity remains real valued for all times ¢+ > 0, the following complex conjugacy
conditions are imposed, o;; = o_; and ,3,; = B_j. Additional assumptions are often
placed on the noise coefficients, og, to insure certain smoothness properties of solu-
tions. In particular, we assume that there exist fixed positive constants C and ¢ such
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that [o| < Coe™ IkI* 50 that solutions will then be analytic in space (Mattingly 2002).
Since the boundary conditions force solutions of the deterministic equation to satisfy
/ Dy @ = 0, we choose 00,0y = 0; so, this property is preserved. Note that if o = 0
forall k € 72, then (1.3) reduces to the deterministic vorticity equation.

Although an L? energy estimate shows solutions of (1.2) have a time-asymptotic
rest state of zero, certain quasi-stationary states, known as bars and dipoles, rapidly
attract nearby solutions and correspond to transient structures that play a key role in
the long-time evolution of solutions (Beck et al. 2019; Beck and Wayne 2013; Bouchet
and Simonnet 2009; Grenier et al. 2020; Ibrahim et al. 2019; Lin and Xu 2019; Wei
et al. 2020; Yin et al. 2003). These quasi-stationary states are members of an explicit
family of functions given by,

wx,y, t)= e_é%t[cn cos(x/8) + ap sin(x/8)] + e ""[az cos(y) + as sin(y)].
(1.5)

If § = 1, then any member of this family is an exact solution to the deterministic
vorticity equation. If § # 1, then (1.5) remains a solution if and only if a; = a; =0
or if a3 = a4 = 0. These members, which only depend on one spatial variable, are
called bar states, and they are also known as unidirectional or Kolmogorov flow. The
x- and y-bar states are members of this family given by

A
Wybar(x,1) =€ 2! sin(x/§), wybar(ya 1) = eV siny,

or similarly with sine replaced by cosine. The associated velocity fields are given by

— 0 _ Ccosy
uxbar(x» t) = —86 82 <COS()C/8)> ) uybar()’a t) =¢e vt ( 0 ) 5

respectively. The dipoles are also members of the family (1.5) and are given by
Waipole (X, ¥, 1) = & 32" sin(x/8) + ¢ siny,

or similarly with sine replaced by cosine, with velocity field

e Vcosy
Udipole (x,y,1) = .

—8e7 3" cos(x /)

For illustration, contour plots for the bar and dipole states for fixed ¢+ = 0 on the
symmetric torus (§ = 1) are shown in Fig. 1.

When v = 0, Eq. (1.1) becomes the Euler equation. It is reasonable to expect that
stationary solutions of the Euler equation could play an critical role in the evolution
of the Navier—Stokes equation for 0 < v <« 1. However, there are infinitely many sta-
tionary solutions, including the bars and dipoles, and so it is not immediately clear how
to determine which would be most important. In Yin et al. (2003), entropy arguments
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(a) x-bar: wyper = sin(x) (b) y-bar: wypa, = sin(y) (C) Dipole: waipote = sin(z) + sin(y)

Fig. 1 Contour plots of the three quasi-stationary states on the symmetric torus

and extensive numerical studies were conducted in the case § = 1 and suggested that
the bars and dipoles should be the two most important stationary solutions of the Euler
equations. Although both states were observed after initial transient periods in the evo-
lution of the Navier—Stokes equation, interestingly the dipole seemed to emerge for a
large class of initial data, whereas the bar states only emerged for a special class of
initial data. Subsequent work, again for the deterministic system, showed that indeed
the bar states attract nearby solutions at a rate much faster than the background global
decay rate, confirming their importance as quasi-stationary states. Results in the case
8 = 1 can be found in Beck and Wayne (2013), Ibrahim et al. (2019) and results for
more general values of § are in Lin and Xu (2019) and Wei et al. (2020). The stochastic
system (1.3) was numerically analyzed in Bouchet and Simonnet (2009) where, after
an initial transient period, metastable switching between the bars and dipoles was seen,
with the dipole being dominant for § = 1 and the bar states being dominant for § # 1.

In this paper, we develop a low-dimensional model that captures how the dominant
quasi-stationary state in the stochastically forced Navier—Stokes equation is selected
by the aspect ratio of the spatial domain, §. Among the existing results, those that
most greatly motivate this paper can be found in Beck et al. (2019) and Bouchet and
Simonnet (2009). The results of the latter paper (Bouchet and Simonnet 2009), briefly
described above, to our knowledge were the first to suggest that § could provide such
a selection mechanism. The former paper (Beck et al. 2019) was our previous work
focusing on the deterministic vorticity equation, (1.2), in which we derived a finite-
dimensional model that captured the selection mechanism via the parameter 6. We
now seek to use that same finite-dimensional model, but with the addition of noise,
to numerically investigate the selection mechanism for the stochastic equation (1.3).
Indeed, one can see from the sample paths of Fig. 6a that individual sample paths
exhibit transitions between x-bar and y-bar states, as it has also been observed in
Bouchet and Simonnet (2009).

The rest of the paper is organized as follows. In Sect. 2 we review the finite-
dimensional model originally derived in Beck et al. (2019) and the theoretical results
of that work regarding the selection mechanism in the deterministic setting. In addi-
tion, we also add noise to that model to obtain the stochastic differential equation
(SDE) model that is the focus of this current work. In Sect. 3, to determine the validity
of the SDE model, we compare statistics related to a direct simulation of the stochas-
tic vorticity equation (1.3) with those of the SDE. We demonstrate numerically that
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the statistics of the two equations agree in all cases, 6 > 1,6 < 1l and § = 1. In
particular, solutions to both systems evolve toward an x-bar, y-bar, and dipole in the
three respective cases. In Sect. 4, we further examine the SDE model by viewing it
as a perturbation in the limit as |6 — 1| and v converge to zero. We show that, after
appropriate time-space rescalings, the system can be viewed as a slow—fast system
and classical averaging and homogenization techniques apply. Via the backward Kol-
mogorov equation, a system of PDEs that governs the leading order dynamics of a key
order parameter, [E[ Z.q(?)], defined in (2.7), is derived. This gives us an additional
formal approximation to the expected value of the order parameter, which we can
use to show the selection of the quasi-stationary state. Numerically solving the PDEs
allows us to approximate the evolution of E[Z.q(#)] for values of § close to 1, at least
on some initial finite interval of time. Conclusions and future directions are then given
in Sect. 5.

2 Fourier Space Representation and Model Reduction

Due to the form of the family of solutions (1.5), it is most convenient to express the
stochastic vorticity equation in Fourier space. Hence, letting

N , . 1 i,
w(x,y) = Z a)];el(kIX/sz))’ wp = m/l) (x, y)e 1<k1x/5+k2y)dxdy,
k#(0,0) 5

we obtain, for f, k and [ # (0, 0), the following system of infinitely many coupled
SDEs,

; v oo (k1) o
w£=—8—2|k|8w];—82 Y —— 0 *a)l—l— 2vok,Bk

U
5 1 ! 2.1
- 2|k|8wk 2 Z <Jl’l> =5 T Ea c?)]*c?) VZUO’kﬂk,
ik |l|3 |J|3
where R )
KI5 =kt +8%5, Kt = (ka, —k). 2.2)

Viewing the system in Fourier space allows us to use the relative energy in certain
modes to measure the proximity of solutions to an x-bar, y-bar, or dipole state. The

x-bar states,qefé%l cos(x/§) and efé%t sin(x/§), correspond to solutions with energy
only in the k = (%1, 0) modes, and the y-bar states, e™"' cos(y) and e~ sin(y),
correspond to solutions with energy only in the k = (0, £ 1) modes. Solutions with
energy in both the k= (£1,0) and k = (0, £ 1) modes correspond to the dipole
state. These four modes are the lowest in the system and will be referred to as the “low
modes.” They correspond to modes with the lowest value of |k |s defined by (2.2). Any
mode @p with |k| > max{1, 82} will from here on be referred to as a “high mode.”
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To measure the relative energy in the low modes, we define the stochastic order
parameter,

. |a1.0) ()|
o) = 1 S OP + oo OF @3
where @(1,0y and ®(,1) solve (2.1). Due to the condition, @, ky) = @(—k;,—ky). the
relative energy in all of the low modes can be captured by Zyo(?). The value of
Zyort (1), bounded between 0 and 1, corresponds to the proximity of the solution to
an x-bar, y-bar or dipole state. If the dynamics drive Zyo(#) to increase to 1, there
is more energy in & o) relative to @, 1), indicating the system is in an x-bar state.
Conversely, if Zo(?) falls toward 0, the system would be observed to be in a y-bar
state. If Zyort(#) instead stays near 1/2, the system is in a dipole state with relative
energy in the low modes comparable in magnitude.
The finite-dimensional system that we will use to model (2.1) will be defined in
terms of the lowest eight Fourier modes, which for notational convenience we denote
as

®1 = d1.0), W2 = B1.0), O3 =@D01), ©4:=O0—1)

ws = d(1,1), W= D—1,1), @7:=001,—-1), @8 =001—1. (2.4)

The variables wj 2 3 4 correspond to the low modes, while ws ¢ 7,8 represent the role
of all the high modes. Since the solution w(x, y) of (2.1) is real valued, the following
complex conjugacy relationship must still hold,

W] =W, W3=04, ©5=ng, ©F=Qg. (2.5)

Thus, the reduced model will be an eight-dimensional approximation to the dynam-
ics of (2.1). To derive the model, we apply a center manifold reduction to (2.1) with
op=0 for all k to obtain an eight-dimensional deterministic ODE, which is the model
studied in Beck et al. (2019), and then add noise back to that system to obtain the final
eight-dimensional SDE model we study here.

To carry out the center manifold reduction onto the lowest eight modes, assume for
c?)]; with k ¢ {(£1,0),(0,x1),(£1,+£1)} =: Ko, that there exists a smooth function

H(w, ..., ws; 12) such that the eight-dimensional manifold defined by
M :{c?):c?),g:H(a)l,...,a)g;lz), %¢’C0}

is invariant for the deterministic dynamics of (2.1) with o = 0 for all k. We refer
to this as a center manifold because it is defined in terms of the lowest eight modes,
which have the weakest linear decay rates. Based on this assumption, one can then in
principle compute the coefficients of the Taylor expansion of H (-, k) to any order for
each k by taking the derivative of each of the low modes in two ways (via the function
H and (2.1) with o3_)) and equating coefficients. See Beck et al. (2019) for the details
of the derivation.

The reduction is local and will only be valid in a size O(v) neighborhood of zero
due to the small spectral gaps for the operator vA. Additionally, while the existence
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of a finite-dimensional (inertial) model of the system (2.1) that describes the global
dynamics cannot be expected (Zelik 2014), the model still provides meaningful insight
into the role § plays in selecting the dominant quasi-stationary state for small initial
conditions. For additional examples in which similar reductions of the Navier—Stokes
equation to a finite-dimensional model have been used to understand global dynamics,
see Weinan and Mattingly (2001) and Mattingly and Pardoux (2014).

Adding independent (real) Brownian motions W 3 5 7 to each equation of the result-
ing ODE model leads to our final SDE model

W) = _512601 + m&%ah — &3ws]
+ 204+ 82)(1 + 82)2w1(|0)5| + |w7]7) + V2vo Wi
. §3 . i
w3 = —vws + m[wlag — w17]
352 ) . ‘
HEETOT 32)2w3(|")5| + |w71?) + V2vo3 W3
144 ’ 6(3 4 52 2.6)
1+56 5 —1 55(3 + 82) i
ws = —V 52 ws — S w1a)3—2v(4+52)(1+62)w5|a)1|
1+ 3682 _
~2082(1 +:32)(1 n 52)w5|w3|2 + V2v05 Ws
1+82 82_1 _ 86(3+52) s
w7 = —V- 52 —w7 + S -wle_2v(4+82)(1+82)w7|w1|
14382

a)7|a)3|2 + v 2\}07W7.

T 2u82(1 + 482)(1 + 82)

Note that (2.6) with 01,357 = 0 corresponds to the ODE model derived in Beck
et al. (2019). To compare the dynamics of this model to that of Z,(#), defined in
(2.3), we define the analogous order parameter for the SDE model,

|y (1) ]2

Zred(t) == lw1 (1) 12 + w3 (@)[?

2.7)

which again is used to determine toward which quasi-stationary state the system trends.
Here, w;(¢) and w3(¢) are solutions to the reduced system (2.6). The Monte Carlo
simulation of the reduced model finds that the dominant quasi-stationary state depends
on the aspect ratio of Dy in the same way as the deterministic model, studied in detail
in Beck et al. (2019). The main result there, which describes the selection of quasi-
stationary states in (2.6) with o1 3 5.7 = 0, can be described by the following theorem.

Theorem 2.1 (Becketal.2019, Theorem 3.4) For$ € <\/Z, \/5> under the dynamics

of 26)witho1357 =0,if§ > 1, then Zeq(t) — 1, indicating evolution to an x-
bar state. Conversely if § < 1, then Zwq(t) — 0, indicating evolution to a y-bar
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state. For § = 1, there exists a one-dimensional center manifold of fixed points in the
phase space that determines the asymptotic limit of Zieq(t). This center manifold is
foliated with co-dimension one stable manifolds in which solutions converge to the
corresponding fixed point. Exactly one of these manifolds corresponds to each of the
limits Ziweq(t) — 1 and Zieq(t) — 0. Thus, generic initial conditions are seen to
evolve to the dipole state.

Remark 2.2 The order parameter considered in Beck et al. (2019) was instead the
ratio R(t) = |w (t)|2 /w3 (t)|2. Theorem 2.1 frames the result in terms of the order
parameter Z.q(t). The choice to now consider Z.q(#) is for convenience with regard
to numerical simulation due to its being bounded between 0 and 1.

Remark 2.3 A straightforward computation shows that, for any §, the set {Im(w;) =
Im(w3) = Im(ws) = Im(w7) = 0} is invariant under the dynamics of (2.6) with
013,57 = 0. Since the real subsystem is invariant in the deterministic setting, we
simulate the reduced model where the modes, w; 3 5.7, as well as the Wiener processes,
W1.3,5.7, are all real valued.

3 Numerical Simulation of the Vorticity Equation and Reduced Model

This section provides simulations of the vorticity equation (2.1) and of the reduced
model (2.6). Via Monte Carlo simulation, the average evolution of the order parameters
Zyort (1) and Zeq(¢) will be plotted for several values of § near 1. It will be seen that the
reduced model captures the selection of the quasi-stationary states via the parameter
3. In particular, in both models, for a particular value of § &~ 1, the system’s selection
of its dominant quasi-stationary state is consistent with the motivating results, given
by Theorem 2.1. In particular, the system selects, as the dominant quasi-stationary
state, a dipole for § = 1, an x-bar for § > 1, and a y-bar for § < 1.

The simulation of (2.1) is done via a spectral method which includes Fourier modes
[on withk € K := {k = (k1. k2) € Z2 : 0 < |ky|, |ka| < 64 and (ki k2) # (0,0)};
see Lord et al. (2014). A condition of exponential decay is imposed on the noise
coefficients o seen in (1.4),

o] < e @0lkl, 3.1

Similar to Bouchet and Simonnet (2009), simulations are conducted with
Z{k Ky e=lKF = 1. For our set IC, this means g ~ 0.349. Time was finely dis-
cretlzed and a tamed semi-implicit Euler—Maruyama method was implemented to
simulate the stochastically forced reduced system.

We verify the selection of the dominant quasi-stationary state using Monte Carlo
simulation where the average path over N trials is plotted. Individual runs will be
denoted by Zi (1) and Zﬁed (t),fori =1, ... N, with corresponding averages given
by

vort

B} 1 L ;
Zvor () = - 3 Zvon @, Zrea(t) = Z Zig(®).
i=1
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Similarly, we define the empirical variances to be
A _
Vior (1) = 27— D (Zion (1) = Zuon(®)?,
i=1
1 & _
Viea() = 57 D (Zreg ) = Zrea ().
i=1

It will also be useful to plot the time averages of these Monte Carlo averages. To
produce a meaningful average, we introduce a “burn-in time,” fpym, and ignore the
initial period during which Zvort (1) and Zred (t) have not yet stabilized. Define this
time average for any function f(¢) defined on tyyy <t < T to be

T

1
A(f, toum) i= o——— f(@) de.

T — tourn Tourn

3.1 Vorticity Equation

Plotted in Figs. 2, 3 and 4 are Zyort (1), the time average A(Zyort, Tourn) and the 95%
confidence intervals defined via

S Vv ot (7
CIF (1) = Zyort (1) £ 1.96 % ,/%().

Also included are average contour plots for the vorticity. We use N = 200 and for
each trial use zero initial conditions and v = 0.001. For § = 1, Fig. 2a shows Zvon(t)
remains near 1/2 for the duration of the simulation. We use a burn-in time of tpym = 0
when computing the time average since on the symmetric domain it is clear there is
no transient initial period. In Fig. 2b, the average contour plot for each individual trial
is themselves averaged over the N = 200 trials, reflecting a dipole.

The simulations exhibited in Fig. 3a and b show that, for § = 1.1, the order param-
eter increases initially and the average contour plot looks like that of an x-bar state.
In Fig. 3a, thyrm = 100 is used when computing the time average.

Lastly for § < 1 the simulations exhibited in Fig. 4a and b show that, for § = 0.9,
the order parameter decreases over an initial period of time and the average contour
plot looks like that of a y-bar state. Here we again set tyym = 100.

Provided in Fig. 5 are plots of Zvort (t)fors = 1.10,8 = 1.0 and § = 0.90 averaged
over N = 1000 trials. This is to show that as the number of trials increase, the variance
is decreasing without changing the mean behavior. The variances all remain generally
between 0.06-0.08. While the variance does decrease, the limiting value of Zvort (1)
remains relatively unchanged compared to what is seen when averaging over N = 200
trials.

For completeness, see also the discussion in Sect. 5, we also include in Fig. 6 a
simulation with v = 0.001 that represents a single sample path for § = 1.04, the value
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Fig.2 Vorticity aligns on average as a dipole for § = 1
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Fig.3 Vorticity aligns on average as an x-bar for § = 1.1
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(A) Zyor4(t) with 95% confidence interval. (b) Average contour plot of vorticity.

Fig.4 Vorticity aligns on average as a y-bar for 6 = 0.9
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Fig.5 Plot of Zyor () and of 95% confidence level error bars with N = 1000 trials and v = 0.001
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(a) An individual trajectory transitions (b) On average, the system is close
among quasi-stationary states. to an x-bar state.

Fig.6 A single trajectory and the Monte Carlo average Zvort () for 8 = 1.04

of § for which transitions among the quasi-stationary states were observed in Bouchet
and Simonnet (2009).

Figure 6a shows that individual trajectories exhibit transitions between quasi-
stationary states, visiting the dipole and both bar states, as also observed in Bouchet
and Simonnet (2009) for the same value of §. However, Fig. 6b shows that E[ Z o (¢)]
picks the dominant state. We now compute the time average of a randomly selected
individual trial, given by A(Zyort, fourn), to confirm that it tracks the Monte Carlo
average, Zvort(t). Figure 7 shows two things. First, for the given values of §, a sample
path may experience many transitions among the quasi-stationary states. Second, the
time average of the sample path does eventually track the Monte Carlo average.

3.2 Reduced Model

We now turn our attention to the reduced model (2.6). We confirm numerically that
the reduced model captures the qualitative dynamics of the full vorticity equation with
regard to the dominant quasi-stationary state.

As we mentioned in Remark 2.3, we will be working with the real system in which
1,3,5,7, as well as the Wiener processes, Wi 357, are all real valued. This leads
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0
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
t

t

(@) 6=1.10 (b) s '= 1.0 (c) 6=0.90

Fig.7 Comparing individual time average of a sample path with Monte Carlo average

to the following system which serves as the acting reduced model in the upcoming
simulations.

W = —5120)1 + m[wﬂw — w3ws]
380 5, .
G T TR @ e + V2va W
. 8
w3 = —vw3 + m[wlws — wjw7]
352

2 2 .
23 W
+ 2v(1 +482)(1 + 52)2“)3(“’5 + w7) + V2vo3 W3

14 82 82 —1
52 w5 — R wiw3
803 + 8%) 5 1 + 382
N wew? —
W@+ (1 +62) 2T T 2082(1 + 460)(1 + 62

ws = —V

a)5w§ + +2vos W5

146? +52—
w7 = —V (60 w1
7 52 7 5 103
893 4 68%) ) 1 + 382

w7a)§ + v 2vo7 W7.

(3.2)
To be consistent with the spatial decay of the noise in the simulations of the stochas-
tically forced vorticity equation (2.1), given by (3.1), we choose

7 (D

T 2@+ (1 +0) 7N T 20821 + 455 (1 1 82)

) 209

o13=¢e" and 057 =¢"

First, we aim to establish that the reduced model (3.2) can serve as a good approx-
imation to the vorticity equation with noise, (2.1), for § &~ 1. Second, it will be
established that the selection of the bar or dipole state that dominates is consistent
with the results of Beck et al. (2019) for the deterministic equation: x-bar for § > 1,
y-bar for § < 1, and dipole for § = 1.
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Fig.8 Simulation of Zq(r) with noise for v = 0.001

Figure 8 shows numerical evidence supporting that the dynamics of the order param-
eter, governed by the reduced system (3.2), follows the same trend as when the full
vorticity equation is simulated.

The plots of these Monte Carlo simulations (averaged over N = 200 trials) show
that the trend toward the appropriate quasi-stationary state is captured by the reduced
model. Starting with zero initial conditions, when the noise is added, the simulations
show that for § > 1, the order parameter increases toward 1, indicating evolution
to an x-bar state. Conversely, for § < 1, the order parameter decreases toward a
value corresponding to a y-bar state. Finally, when § = 1, Zq(¢) remains near 1/2
indicating the system is in a dipole state. Figure 9a—e compares the evolution of Zyor (t)
and Zred (t) taken over N = 200 trials, for values of § close to 1. The bars denote the
error for the 95% confidence intervals for Zyor (bold) and Zred (thin).

One can see that Zyo () and Zyeq (7) both trend in the same direction, with similar
variances (typically between 0.06 and 0.08 for 0 < ¢ < 2000). Furthermore, their
respective confidence intervals begin to converge until they overlap. Indeed, the model
can be used to determine toward which quasi-stationary state the system evolves for a
given value of §.

4 Perturbation Analysis

Motivated by the numerics from Sect. 3, this section investigates the expected behavior
of Zq(t) as 6 — 1 while viewing the problem as a perturbation from the § = 1 and
v = 0 case. Using the backward Kolmogorov equation associated with (3.2), the goal
is to derive a system of PDE that will provide insight on how the expected value of
Zed (1), to leading order, depends on values of § close to 1. To do this, we pose the
problem as a perturbation of the spatial domain, setting 8> = 1+¢pe. Here, 0 < € < 1
acts as the small perturbation parameter and €¢y) = =£1 determines which dimension
of the torus is longer. Following known homogenization techniques, see, for example,
Pavliotis and Stuart (2008), we scale (3.2) in a way that reveals a slow—fast system of
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Fig.9 Comparing Zyort (¢) and Zred (1) averaged over N = 200 trials with v = 0.001. Corresponding 95%
confidence error bars are also included

SDE. Then, we write the backward Kolmogorov equation to reach the ultimate goal of
determining equations that govern the limiting evolution of E[Z,¢q(¢)] as € — 0 once
the fast variables are averaged out. First, for ease of notation, rename the dependent
variables as follows,

p :=Re(wy), ¢q:=Re(ws), 7:=Re(ws), §:=Re(wy).

Now (3.2) can be expressed as

. - : 336 2 2 .
D = —— D - (e _ 75 o~ - 2 W
p 32p+5(1+52)‘1(s r)+2v(4+82)(1+82)2p(|r| +151%) + V2va Wy
3 2
z - o 3 o ., ‘
STV P T V2vos W
q vg + a +52)p(r 5+ TSN +82)2q(|r| +151%) + V2vo3 W3
c_ a8, Bolo 806+
r = —v r — _ 7
0 5 M waroya+e)
1+ 382 s )
- V2vos W.
2v32(1+452)(1+52)V|Y| +v/2v05Ws
: R s FG+8) oo
S = —Vv K _ 5
o2 s M waraa+
1 + 382 o )
511 + ~V2vo7 Wy @.1)

T 2082(1 + 482)(1 + 82)
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Before inserting the Taylor expansions in € for the coefficients with 8% = 1 + €ge,
we first scale (4.1) appropriately to obtain a clear slow—fast system. As in Beck et al.
(2019), the low modes represented by p and g correspond to the slow variables while
the high modes, 7 and s, represent the fast variables. Below, we give a more general
version of the scaled equations for just the p (analogous to ¢) and 7 (analogous to
§5) equations. We use the following space-time and parameter scalings: v = e vy,
p=¢p,g=e€fq,7F =€"r,§ =¢€"s,and T = €”t. To simplify the scaled equations,
we will relate u, &, n and y to put the resulting system in a more desirable form. We
neglect the € dependence of p, ¢, r and s for readability. Below, the “prime” notation
denotes differentiation with respect to the scaled time variable, 7.

v
p = etV (_8_‘2)[,) 1Ny (s — r) + X1y

380
X
2vp(4 + 82)(1

1+ 82 82 -1
P (—VO —;2 r) — v g (pq) — 26—y

1 893 4+ 8%) 5 1+ 382 )
— r r

o 2@+ +60' P T2 tana 42 1
e 2ugos W (t)

Nowset2n = pu+y,26 =pu—y =y =p—2§with0O <y <& <5 <n<p.
Then the fully scaled system (still neglecting Taylor expansions of § in € for now)
becomes

1
8(1+82)

By
" 62)2p(r2 +5%) + e 7 520901 Wi(2)

6

16 =Dt G+ D1+ )

Vo
p=e* (—8—2p) +é

++/2v0071 Wl/ (1)

_r p(sl? +Is1%)
S(1+ 82) 2

8 382
I — 25— 3 _ 2 2
4" = ng) + € =) 5 g U+ 5P
++/2v903 W3/ (1)
1+ 82 82 —1
— (—vo —(; r) —635_2”—8 Pq
26 5°G + 6 ol 1+ 382 ol
2 2 2 2 2
2v0(4 +82)(1 + 82) 20082(1 + 482)(1 + 62)

+€571/ 2v905 Wi(T)

1+ 82 82 —1
e ()

2 593 + 8%) 5 1 4382 )
€ 2 > slpl” — 3 3 oA
2v9(4 +6%)(1 + 6%) 20082(1 4+ 482)(1 + §2)

+€5 71 2v907 W (7). 4.2)
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For the scaled SDE (4.2), let b¢ = (b;, bf], b¢, b)) denote the drift vector and

>¢(p,q,r,s; o1, 03, 05, 07) denote the diffusion matrix so that (4.2) can be expressed,

€ __ aw __ (dW; dWz dWs dWy
for & _(p’q’r’s)and dr _(dr > dr ’ dr 0 dr ),as

dxe dw

=bF 4+ 2 —. 4.3
dr + dr (43)

Now replacing the § coefficients appearing in (4.2) with their Taylor expansions for

82 = 14 €ge up to O(e3), the drift vector is given by (still suppressing € dependence
of p,gq,r,s),

e L(3 .27, . 1B oo
=—[—=+eco=—=+€"—= — e’ — r+s
P~ % \40 200 "€ 2000 ~ ¢ 50007
1 7, 3
+ef (5 - %Oe + Eez -~ §e3> q(s =) — €®vp(1 — €0 + €* — €0e”) p
1 /3 3 117 93
pe — — (2 _ 2 A, 3 2., 2
77 % (40 50 T 2000¢ ~ 20000€0¢ )40 TS

1 € 1
+ef <5 + 50 —~ 562> p(r —s) — ¥ g

1 1 1 373
pe = 26 | _1,p2 2y _coe——r(5102 — 31g%) — 2222 (2 2
€ " 5r(p +4q°) 606100r( p q7) —¢€ 1000r(p +4°)

1
3 2 2
— 379p° — 4109 )
€o¢ 10000r( P i }
2% 2 3 32 L, 3 3
—€5 92 —€pe + € — €pe’)r — € " 606—56 +§eoe Pq

1 1 1 373
bf — 26-n) — | _ = 2 2y 51 2_31 2y _ 2 2 2
€ ” 5s(p +q°) 505_1005( P q7) —¢ _lOOOS(p +4q°)

1

3 2 2
—epe’ ———s (379p% — 4109
€€ 10000s( P 1 )}

1 3
—e200(2 — €pe + €2 — €ged)s + €57 (eoe - 562 + geoe3) Pq (4.4)

and the diffusion matrix by

2v901 0 0 0
0 \/21)()0'3 0 0
€ . J—
X°(p.q.r,s;01,03,05,07) = 0 0 &1 Iugos 0
0 0 0 eE1/2vp07

(4.5)

With H(u®) denoting the Hessian matrix of u€, we now write the backward Kol-
mogorov equation for (4.3), which is defined as
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ous 1
=b¢ - Vu + -Tr[(Z)*Hu)], inR*x[0,T
o7 u +2 r[(Z°)“H(u)] in X [ ] 46)
u(p.q.r.5,0) =¢(p.q), on R* x {0}.

The backward Kolmogorov equation has the useful property that the evolution of
u¢(X€, t) gives

U (p,q,r.s,7) =E[¢(pr, q0)| p(0) = p, ¢:(0) = ¢, 1:(0) =7, 5:(0) = 5].

p2
p*tq?’
but for now we proceed with a general initial condition, ¢. We seek a solution to (4.6)
that takes the form

Thus, one ultimately is interested in initializing (4.6) with ¢ (p, ¢) = Zieq =

u¢(p,q,r,s,t) =uo(p,.q,r,s,t) +eur(p,q,r,s, )+ ezuz(p, q,r,8,7)+ ...
4.7)
and wish to find the limiting dynamics, u€ as € — 0. As the goal is to identify the
leading order expansion for u€, we determine a system of PDEs for ug, 1, and u».
We present now the calculations that lead to the characterization of ug, u1, and u», see
(4.16).
Define L€ to be the operator acting on the right-hand side of (4.6), so that %L =
LEuc. Decomposing L€ by powers of € using the expressions for b€ and X€ given in
(4.4) and (4.5), we write

Ly = GZ(S—U)LOuG + 62(5—7])-"-15]”6 + 62(§—ﬂ)+2£2u6 + 62(5—77)+3£3M6
+Lau¢ + eLsu + €*Le + € Lous
€5 Lgu + ¥ Lou + T2 L1ou + 3L us
+E2§£12u€ + €2§+1£13u6 + 625+2£14ue + 62§+3£15u6
+63§_2”+1£]6u6 + 635_2”-’_2517u6 + 635_2n+3£18u6.

A select few of the operators, £;,i = 1, ..., 19, that are most important in comput-
ing the leading order equations is provided in (4.8). A complete list of the expressions
of the 19 operators can be found in “Appendix.”

EOMZ_L(l’z‘i‘qz) (ra—u+sg—z>+2vo <0523271; +a723%t>
Liw=— 100 _31612) <r—u+sg—:>
=g+ (055 a5 )+ 20 o 1 4ot
27 ou 3 9
LSM:__(r_ )<q8_u_ 81) 4.8)
ap 3q
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Now we choose explicit values for £ and 1, to obtain a simpler, but still representative
system: n = 2, & = 1, hence u = 3 (v = e*vyg = €31p). Note that this choice of
parameters is not unique. Our goal is to make a choice that makes the computations
that follow tractable, preserves a clear slow—fast system in the scaled equations (4.2)
and results in a system that exhibits qualitatively the same behavior as the original
system in terms of the selection mechanism to x-bar, y-bar and dipole states depending
on the values of §. With this choice, the generator £¢ of the PDE becomes

Lut = 6_25()14e + €_1£1M6 + (Lo + L4+ Lig) ut
+e (L3 + Ls+ Lg+ Lg) uf
+e? (Lo + Lo+ L1z + Lig)u® + € (L7 + L1o + L13) u®
+e* (L11 + Lra) u€ + € Lys5uc. (4.9)

The ansatz given in (4.7) can now be inserted into the backward Kolmogorov
equation (4.6) using the expression of L€ given above in (4.9). Matching coefficients
on both sides of the equation yields the following leading order equations,

O@e™2) 1 —=Loug =0 (4.10a)
O™ 1 —Louy = Liug (4.10b)
0
o) : —Louz = —%-Hhm + (L2 + L4+ L16) uo (4.10c)
d
O(e) : —Louz = —% + Lius + (Lo + L4+ Lie)ui
+ (L3 + Ls + Lg + L17) up. (4.10d)

Equation (4.10a) implies uq lies in the kernel of L, which elliptic PDE theory tells
us contains only functions constant in r and s. Since £ is also a differential operator
in r and s only, (4.10b) implies that u; is constant in r and s as well. One can also
see that o and u are in the kernel of each of £ 3 16,17 (see “Appendix”). Hence, the
leading order system given by (4.10a)-(4.10d) can be reduced to

(9(6_2) —Loug =0 = ug =up(p,q, v) (4.11a)
O™ 1 —Louy = Liug = uy = u1(p. q, 7) (4.11b)
9
O1) : —Louy = —% + Lauo @.11¢)
T

9
O(€) : —Lous = —% Y Lius + Loty + (Ls + L) ug,  (4.11d)

where Lo, L1, L4, L5 and Lg are presented in (4.8). Let p*°(r, s; p, q) be the stationary
density that satisfies the adjoint problem

L5p>(r,s; p,q) =0.
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Once p™> is known, we can integrate against the invariant measure to obtain the
solvability conditions for Egs. (4.11c) and (4.11d)

0

o _ / Lauop™(r. 53 p, q)drds

37,' R2

0

e / (Lra o+ Ly + (L + L) uo) p¥(r, 53 p, )drds. (412)
R

Before we consider the integrals in (4.12), p°>° must be identified. The operator,

a2

1 1 3 9 1 (4vo2 0 &
Lo=[—— 2 2 S ——s 2 2 =, = - 005 8"'“ ,
0 ( s PO s T A Gn 5t )T 07 dvge2 ot

corresponds to the backward Kolmogorov equation for the following system, param-
eterized by the fixed (slow) variables p and q.

f

1 R .
—%(P2 + g*)F + a5/ 200 Ws

e
I

1 R .
—%(pz + qz)s + 07/ 2v9W7.

These processes are independent Ornstein—Uhlenbeck processes and are therefore
Gaussian. The equilibrium (stationary) density which corresponds to p*>°(r, s; p, q)
is that of the bivariate Gaussian distribution with

50202 50202
r~N|{O, 2052 , s~N1{O, 2072 .
p-+q p-+q

Therefore, the invariant joint density is

2442 .2 2

2 2 _pTHgTrt st

p¥(r5. pg) = L9 g A
107‘[1)30’50’7

To aid in the computations of the integrals given in (4.12), the following integral
evaluations will be useful and can be simply obtained through the mean and variance
of the stationary distribution.

502
/Rz(ﬂ +5H)p>(r, 53 p, q)drds = pz—_,_oqz(052 + 0?) (4.13a)
/ (r —s)p°(r,s; p,q)drds = 0. (4.13b)
R2

@ Springer



1696 Journal of Nonlinear Science (2020) 30:1677-1702

Next consider the solvability conditions (4.12) one at a time. From the ¢ equation
and the integral (4.13a),

dug

— = / Lauop™drds
ot R2

9%ug 9%ug 3 dug dug
-9 2 2 oug ouo
" (al o2 TN g ) 20w <p op g )
X/ r* +52)p®(r, s; p, q)drds

9%ug 9%ug 39 )4 oug q dug
=2 (o} — + o} >+—a +o ( —+ — .
0( 1 ap 2 03 36] (5 7) 2+q2 ap p2+q2 dg

From this, we obtain the effective equations for p and ¢ for small € after the fast
variables r and s are averaged out. The slow motion can hence be approximated, for
0 < € < 1, by p and g governed by,

_ 3vp
= ?(0‘52 7) 2 _2 +01\/2U0W1
_, 3w
=?(052 o7) o _2+U3w/2vOW3. (4.14)

Since €y dependence does not appear in the first-order equations, we will need to
determine u to see its effects. Consider the solvability condition for u; in (4.12).
Computing this integral requires us to evaluate the following integrals.

Iy =/ Lsugp®°drds
R2

Iy :/ Lgugp>drds
R2

I :/ Lauy p>drds
R2

I :/ Liupp™drds.
R2

In evaluating these, we see

27 8u0 dug 2
) /RHO(ZOO = a)(r+s)p .51 p, q)drds =

27 P auo q auo
200 p2 +q2 dp p*+q2 dq

1/ 0 ou
10/=/ —— ﬂ—p—o (r —s)p>(r,s; p,g)drds =0
R2 2 8p q

0°u 9%u
11=2U0<0128 21+O'2 l)

dg>
3vg
+?(052 o7) (

= 5601)0(0'5 + 07) <

8u1 q 8141)
2442 0p  pr+q? dq
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ouy
L =— 51p* — 3142 — fs—
2 60100 (51p* q)/ (r +Sas)

xp>(r,s; p, q)drds. (4.15)

Since uy depends on the fast variables, this final integral cannot yet be computed.
It will eventually be handled numerically. Thus, formally, we have u€ = ug + €uj +
€?uy + - - - satisfying,

oug 3vo, 5 2 P BITH) q dug 23 ug 232140
v _ 2% _ ¢ 90, 9 970 2 e
T (US +o7) pr+q% dp +p2+q2 dg Tl ap? R 9g2
ouy 31)0 ouy q ouy 2821,41 282141
= _ -7 - 2 it
at (5 )( P+ g2 8p+p2+q2 dg AN ap? M dq?
p  duo q  duo
5 _ 1 %Mo
+Seow (o3 +a7)<200p 2+q2dp  pPAq? 34)

€0 2 2 3M2 3M2 00
- 51p% —31 2L 22y
T q)/Rz< ar T° Bs) P

—Loupy = L — Laug (4.16)

it

We shall consider the system (4.16) together with the initial conditions

uo(p,q,0) =¢(p,q), ui(p,q,0) =0, and us(p,q,r,s,0) =0.

The PDE for uo immediately stands out as the backward Kolmogorov equation
corresponding to the system given in (4.14). Despite its simple looking form, the
regularity at the origin of the coefficients on the first derivative terms turns out to be a
borderline case with regard to well-posedness; see, for example, Chapter III, Section
1 of Ladyzenskaja et al. (1968). Nevertheless, we proceed formally and solve for u,
u1, and u numerically after providing the initial condition

p2

P a.0) = s
so that u¢(p,q,r,s,7) = E[Zwa(®)lpo = p, g0 = q, ro = r, so = s]. The
simulations of the system (4.16) provide an approximation to the deterministic evolu-
tion of E[Z.q(7)] after averaging out the fast motion. The simulations of the system
(4.16) provided in this section were conducted via finite differences on the domain
(p,q,r,s,t) €[5, 5]4 x [0, T'] with Neumann boundary conditions.

When € = 0, which implies § = 1, the system is unperturbed and uo(p, q,t) =
E[Zied(T)|po = p, qo = q]. In this case, the results of the simulation show that the
expected value of the order parameter Z.q(t) converges to 1/2 for any initial values
po = pand go = g of (2.6), independent of r and s. This indicates that the unperturbed
system evolves to a dipole state, even if the initial state is close to an x- or y-bar state.
Figure 10 illustrates the evolution to a dipole for € = 0 for several initial conditions
(p, g) chosen within the domain.
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uo(p,q,T)

o 0.2 0.4 0.6 0.8 1

Fig. 10 Fore = 0, E[Zeq(7)] — 1/2

We conclude this section by comparing the numerical approximation to E[ Zeq(7)],
given by u€(7) to the average path of the order parameter Z.q(?), i.e., Zred (1), as
computed via Monte Carlo simulation in Sect. 3. Since the two models evolve on
different timescales, we rescale t so that our averaged PDE model is evolving on
the original timescale. As such, suppressing the spatial (p, g, r, s) dependency, let
uc(t) :=uo(t/e) +eui(t/e€) = up(r) + eui(r) denote the O(¢) approximation to u¢
in the original timescale, and let Zq(¢) denote the Monte Carlo average path of the
order parameter under the dynamics of (2.6) obtained via the Monte Carlo simulations
described in Sect. 3.

Since the Monte Carlo simulation of (2.6) used zero initial conditions, we plot
the approximation u€(p, g, t) for (p,g) = (0.1,0.1), close to the origin. With this
choice, Fig. 11a and b shows that in the perturbed system, the O(¢) approximation to
u€(t) = E[Zeq(7)] evolves toward 0 or 1 depending on the sign of € := ¢pe.

Using these simulations with v scaled, we now explore how the intervals on which
7€ serves as a good approximation to Zq(7) depend on the perturbation parameter.
Figure 12 shows the relative error (RE) given by

_ 10 = Zrea (1)

RE =
Zred (1)

On some initial inter_val of time, the PDE approximation, #€ indeed serves as a
close approximation to Z4(?). Furthermore, as expected, the smaller the perturbation
parameter €, the longer the approximation is valid.

5 Concluding Remarks and Future Directions

In this paper, we developed a finite-dimensional SDE model that can be used to elu-
cidate the dynamics of the 2D Navier-Stokes vorticity equation with noise. Monte
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Carlo simulation of the reduced model showed that the major qualitative property
of the system, i.e., the dominant quasi-stationary state, can be determined from the
model. In particular, as has been observed numerically and rigorously, the existence
and attracting nature of these quasi-stationary states play an important role in the
evolution of the stochastic Navier—Stokes vorticity equation. Specifically, the aspect
ratio of the periodic domain, Ds = [0, 2w 4] x [0, 2], determines whether generic
solutions evolve toward an x-bar state (§ > 1), a y-bar state (6 < 1), or a dipole state
@é=1.

Perturbation analysis then shows that the proposed reduced model can be viewed
as a slow—fast system, Subsequent averaging and homogenization methods show the
leading order behavior as the perturbation parameter § &~ 1 goes to § = 1, in relation
to how the viscosity parameter v vanishes.

The numerical studies in Sect. 3 show that, on average, the system prefers the trend
toward the appropriate quasi-stationary state as determined by §; see Fig. 6b. However,

@ Springer



1700 Journal of Nonlinear Science (2020) 30:1677-1702

one can see from the sample path plotted in Fig. 6a, individual sample paths do exhibit
transitions between x-bar and y-bar states, as it has also been observed in Bouchet
and Simonnet (2009).

In regard to future directions, there are a number of interesting questions that one
can ask and hope to answer. To begin with, the perturbation analysis of Sect. 4 is
formal and one would like to prove both well-posedness of (4.16) and validity of the
perturbation expansion.

In addition, the numerical studies of Sect. 3 suggest that while there are transitions
at the individual sample path level, the system tends to converge to the preferred state
depending on whether 6 < 1 or § > 1. One would like to make this mathematically
rigorous. Furthermore, one could potentially use the reduced model of § 2 to build
a related large deviations theory describing probabilities of the system being in, and
exit times for leaving, one of the quasi-stationary states.

Furthermore, the form of the noise used in (1.4) and (4.1), with scaling factor
4/, is common in the literature; see, for example, Glatt-Holtz et al. (2015) and the
references therein. One of the important questions in the literature is the investigation
of the convergence of the corresponding invariant measure as v — 0 to that of the
2D Euler equation, see Kuksin and Shirikyan (2012). The support of the limiting
invariant measure (i.e., as v — 0) is in general still an open question, see Glatt-Holtz
et al. (2015), and it has been resolved in special cases in Bedrossian and Coti Zelati
(2017) and Bedrossian et al. (2016). In our work, we study the long-time behavior
of the vorticity equation as v — 0 and in particular the selection mechanism for
the dominant quasi-stationary states. It is reasonable to expect that there is a relation
between the selection mechanism and the support of the limiting invariant measure.
This is an intriguing question that is left for future work, and it is beyond the scope of
this work.

6 Appendix

The complete list of operators in the Kolmogorov equation (4.6) is given by
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u ou
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Lau = (3792 — 4100¢2) (2% 4 524

M= 1000 P & (75 ar s

3 du du 92 92
Lan — 2, 2 ou ou ) 2 2
4U 40vo(r +S)<p3p+q8q>+ vo(01 3p2+03 ¥
€. o, o (27 Ou 3 du
Lsu = — ow _ 2 ot
=0t )<200p3p 50794
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= s )(sooopap * 20000 94

1 Ju ou
Lgu = _E(V =) (q— —P— >

ap dq
9 9
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r ( ) 7 ou u
u:—r—s _——
10 618 I’aq
3
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1nu 608‘1(” S)ap

du du ou ou
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) a ar as
au ou du
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