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Abstract

Turbulence in idealized geophysical flows is a very rich and important topic. The
anisotropic effects of explicit deterministic forcing, dispersive effects from rotation due
to the g-plane and F-plane, and topography together with random forcing all combine
to produce a remarkable number of realistic phenomena. These effects have been stud-
ied through careful numerical experiments in the truncated geophysical models. These
important results include transitions between coherent jets and vortices, and direct
and inverse turbulence cascades as parameters are varied, and it is a contemporary
challenge to explain these diverse statistical predictions. Here we contribute to these
issues by proving with full mathematical rigor that for any values of the deterministic
forcing, the § and F-plane effects and topography, with minimal stochastic forcing,
there is geometric ergodicity for any finite Galerkin truncation. This means that there
is a unique smooth invariant measure which attracts all statistical initial data at an ex-
ponential rate. In particular, this rigorous statistical theory guarantees that there are
no bifurcations to multiple stable and unstable statistical steady states as geophysical
parameters are varied in contrast to claims in the applied literature. The proof utilizes
a new statistical Lyapunov function to account for enstrophy exchanges between the
statistical mean and the variance fluctuations due to the deterministic forcing. It also
requires careful proofs of hypoellipticity with geophysical effects and uses geometric
control theory to establish reachability. To illustrate the necessity of these conditions,
a two dimensional example is developed which has the square of the Euclidean norm
as the Lyapunov function, and is hypoelliptic with nonzero noise forcing, yet fails to
be reachable or ergodic.

Keywords: Unique stochastic invariant measure, exponential attraction, beta plane,
topography, general dispersion.

1 Introduction

Turbulence in idealized geophysical flows is a very rich and important topic with numerous
phenomenological predictions and idealized numerical experiments. The anisotropic effects
of explicit deterministic forcing, the [-effect due to the earth’s curvature, and topography
together with random forcing all combine to produce a remarkable number of realistic phe-
nomena [1, 2, 3]. These include the formation of coherent jets and vortices, and direct and



inverse turbulent cascades as parameters are varied [1, 2, 3]. It is well known that careful
numerical experiments indicate interesting statistical bifurcations between jets and vortices
as parameters vary [4, 5, 6, 7, 8, 9], and it is a contemporary challenge to explain these
approximate statistical theories [10, 11, 12, 4]. However, careful numerical experiments and
statistical approximations are only possible or valid for large finite times so the ultimate sta-
tistical steady state of these turbulent geophysical flows remain elusive. Here we contribute
to these issues by proving with full mathematical rigor that for any values of the determin-
istic forcing, the g-plane effect, and topography and with precise minimal stochastic forcing
for any finite Galerkin truncation of the geophysical equations, there is a unique smooth
invariant measure which attracts all statistical initial data at an exponential rate, that is
geometric ergodicity. The rate constant depends on the geophysical parameters and could
involve a large preconstant.

Next we introduce the equations for geophysical flows which we consider in this paper.
Here we investigate the ergodicity of a finite Galerkin truncation of geophysical flow on a
periodic domain T? = [—7, 71]?, with general dissipation, 3-plane effect, stratification effect,
topography, deterministic forcing and a minimal stochastic forcing. Without truncation, the
model is given by [3]:

dq+ Vi - Vadt = D(A)dt + f(x)dt + dW,

q= A — F?) + h(x) + By. (1)

In the equation [3] above:

e ¢ is the potential vorticity. 1 is the stream function. It determines the vorticity by
w = A, and the flow by u = V*¢ = (=91, 9,1). Here x = (x,y) denotes the spatial
coordinate.

e The operator D(A)y = Zézo(—l)j%A% stands for a general dissipation operator.
We assume here 7, > 0 and at least one ; > 0. This term can include: 1) Newtonian
(eddy) viscosity, vA%), 2) Ekman drag dissipation, —dAq, 3) radiative damping, di,
4) hyper-viscosity dissipation, which could be a higher order power of A and any
positive combination of these.

e Here f(x) is the external deterministic forcing. The random forcing W; is a Gaussian
random field. Its spectral formulation will be given explicitly soon afterwards by (1.4).

e [y is the f-plane approximation of the Coriolis effect and h(x) is the periodic topog-
raphy.

e The constant ' = Ll_%l, where Lr = /gHy/ fo is the Rossby radius which measures
the relative strength of rotation to stratification.

Note if one considers for example the atmospheric wind stress on the ocean, the equation in
(1.1) naturally has both deterministic and stochastic components to the forcing.
The main goal of the present study is the following Theorem informally stated here



Theorem 1.1. Consider any finite Galerkin truncation of (1.1) and the associated statistical
solutions. Then for any deterministic forcing, f, topography, h, and (3, F, with any minimal
stochastic forcing involving at least two modes in a precise fashion, there is a unique smooth
imvariant measure which attracts all other statistical solution at large time at an exponential
rate.

Note that the requirement of minimal stochastic forcing is essentially the same as in
[13, 14] without considering any geophysical effects.

Here is the outline of the remainder of the paper. After a few preliminary subsections
on the Galerkin truncation and spectral formulation of (1.1), we build on earlier works on
geometric ergodicity for finite dimensional systems [15, 16, 17, 18] to yield a general strategy
to prove the precise version of the above theorem, which involves the following three key
steps:

1) The existence of a stochastic Lyapunov function for (1.1).
2) Hypoellipticity of the generator.
3) Reachability through a suitable cadlag control process [18].

In Section 2, following [19], we construct a new stochastic Lyapunov function for the Galerkin
truncation of (1.1) with both deterministic and stochastic forcing involving the square of the
mean enstrophy plus the trace of the covariance matrix for the fluctuating enstrophy. In
Section 3 we verify hypoellipticity of the generator of the Galerkin truncation of (1.1).
Our proof reveals the subordinate role of the linear geophysical effects compared to the
nonlinear triad interaction. In Section 4, we use geometric control theory [18, 20] to prove
reachability by a suitable cadlag control. Our inductive proof follws similar reasoning as our
verification of hypoellipticity in Section 4 and reveals a parallel structure. In Section 5, we
construct a specific example of a two dimensional stochastic system which has the quadratic
Euclidean energy as a Lyapunov function, is hypoelliptic with non-zero forcing everywhere,
yet violates the reachability criterion and fails to be ergodic. A concluding discussion and
further research directions are discussed in Section 6. The appendix fills an important gap
for rigorous hypoellipticity in [16, 18] by deriving higher order bounds for the system.

1.1 Galerkin truncation

In order to implement (1.1) in numerics, we need to do a Galerkin truncation. One way to
achieve this is letting ¢ = g5 + By, where g, has Fourier modes only within a symmetry finite
indices set Z C Z?/{(0,0)} :

ik-x

or

qn = Z qrer(x),  en(x) =

kel

We say 7 is symmetric if £ € Z, then —k € Z. One practical choice of Z can be of form

I={keZ/{(0,0)}] |k| <N} or I={keZ*/{(0,0)}| k] <N,lkls <N}, (1.2)



with N being a large number. Let P, be the projection of L*(T?) onto the finite subspace
spanned by {ex(x),k € Z}. We can then project (1.1) to the modes in Z using a truncation
operator . The truncated model is then
dgy = —Pa(V a - Vaa)dt — B(p)odt + D(A)qadt + fa(x)dt + dW, (1),
gr = Ahy — F2Pp + hy(x).
YA = D per Urer(x) is the truncation of 1, and likewise we can have spectral formulations

of the truncated relatively vorticity wy, external forcing fy, topography h,. In particular,
we model the Gaussian random field as

Wa(t) = o Wil(t). (1.4)

kel

(1.3)

The Wy (t) above are independent complex Wiener processes except for conjugating pairs,
where oy = 0%, W, = W*,. One simple way to achieve this is letting Bj(t), BL.(t) to be
independent real Wiener processes, and

Wi(t) = %(B;;u) LiBi(t)), Woa(t) = %(Bm —iBi(1))

forkeZ, ={k€Z:ky>0}U{k€Z:ky=0,k >0}. The corresponding incompressible
flow field is up = V*+4,, while its underlying basis will be &, = %ek.

1.2 Spectral formulation

Another way to obtain and study (1.3) is projecting (1.1) onto each Fourier mode. In fact,
it suffices to derive equations for any one of qx, ¥y, ur or wg, since the others can then be
determined quite easily by the following linear relation:

o — |k[*(qx — Pa) bi = —q + Iy, " :_|k’(Qk_hk)w
TRk TP Pt F2 k2 "
We chose to project (1.3) onto the Fourier modes of gy. The resulting formula for g is
—dj, + 18k,
dai(t) = W(Qk@) —h)dt+ > (GmnGmn — binham)dE + frdt + opdWi(t),

m+n=k,m,nel
(1.5)
with the three wave interaction coefficients a,, ,, b, and the general damping dj, given by

nt,m nt,m 1 1 ,
bm,n : < > Amn = < > ( - ) ) dp = Zﬁ)/jlk‘zj'
J

" 2n[nf2 + 20 FY ir \ImP+F2  [nP+ F?

It is easy to see that
(n*,m) = ((n+m)*,m) = —(m",n)

SO Umm = 0, @mp = Qum = Gpmin = —0_mpn, Mmoreover the triad conservation property
U+ Qn—m—n + Q—p—pnm = 0 since the sum is

(nt, m) 1 . 1 . 1 1
47 m|24+F2  |n)2+F? [n?+F? |n+m|2P+F? |m+n?4+F? |m|?4+F?/)’
Also note that the damping dy > do := }_;7; > 0.
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1.3 Ergodicity with minimal stochastic forcing

When =0 and F' =0, (1.3) is essentially the stochastic Navier Stokes equation with finite
projection. [13, 14] have considered the minimum number of stochastically forced modes in
order for the system to be ergodic, and the least amount of forced modes is given by the
following assumption

Assumption 1.2. Let 7y = {k € Z|oy # 0} be the symmetric subset of stochastically forced
modes, suppose that the following increasing sequence of index sets

T, = ToU{m+nlm,n € Z;_y with (m*,n) # 0, |m| # |n|},
has Iy =T for certain N < oo.

The intuition behind Assumption 1.2 is straightforward: the stochastic forcing over modes
in Z, can influences other modes by the the three waves interaction in (1.5), and the way that
Z; expands follows exactly the same rules. In particular, if Z is connected by the neighboring
relation on Z? and includes {k : max{|ki|,|ks|} = 1}} as a subset, like the ones in (1.2),
then Assumption 1.2 holds as long as Z, contains modes (0, 1) and (1,1). The verification is
given by Lemma A.1. According to [13, 18, 14], Assumption 1.2 is the minimal requirement
for (1.5) to be ergodic without geophysical effects. Our paper shows this minimal stochastic
forcing assumption is still sufficient when general geophysical effects are considered.

Following our derivations from the previous two subsections, we can view ¢,(t) as a
process q € CZ. Geometric ergodicity of diffusion processes in finite-dimensional spaces is
relatively well understood. The following theorem is a version of [15, Theorem 2.3].

Theorem 1.3. Let X,, be a Markov chain in a space E such that

1. There is a Lyapunov function £ : E — RT for the Markov process X,, with compact
sub-level sets, while EE(X,) < e "EE(Xy) + K for certain v, K > 0.

2. Minorization: for any compact set B, there is a compact set C D B such that the
minorization condition holds for C'. That s, there is a probability measure v with
v(C) =1, and an > 0 such that for any given set A

P(X, € A|X,—1 =) > nuv(A)
for all x € C.

Then there is a unique invariant measure w and a constant r € (0,1),xk > 0 such that

[P*(Xn € ) = 7llew < m«“(l + /5(x)u(dm)>.

Here PH(X,, € -) is the law of X,, given Xo ~ pu; and || - ||s denotes the total variation
distance, which is | — vy = [ |p(x) — q(x)|dz, assuming p and v has density p and q.

As for diffusion processes in R?, the minorization condition can be achieved by the fol-
lowing proposition, which is a combination of [15, Lemma 2.7], [21], Theorem 4.20 [22] and
Lemma 3.4 of [16].



Proposition 1.4. Let X; be a diffusion process in R? that follows

dX, =Y (Xy)dt + Y Sp(X,) 0 dBy. (1.6)

k=1
In above, By, are independent 1D Wiener processes, and o stands for Stratonovich integral. 'Y
and Xy are smooth vector fields with at most polynomial growth for all derivatives. Assume

moreover that for any T > 0,k > 0,p > 0 and initial condition, the following growth
condition holds

Esup | X < oo, Esup ||Jéf?||p < oo, EsupllJg /|| < oc. (1.7)
t<T t<T t<T
Here Jy, is the Frechet derivative flow: Jov = lime g %(Xf“e” — X)), and Jéf? are the
higher order derivatives. Then X; satisfies the minorization assumption if the following two
hold:

o Hypoellipticity: let L be the Lie algebra generated by {Y,3q,...,%,}. Let Ly be the
ideal of {31, ...,5,} inside L, which is essentially the linear space spanned by

{2i7 [227 23]7 [217 Y]7 [[Ezv 2]]7 Ek]a [[217 Y]a Zk]a B }
The diffusion process is hypoelliptic if Lo = R at each point.

e Reachability: there is a point x* € R, such that with any € > 0 there is a T > 0, such
that from any point vy € R? we can find an cadlag control process by, such that the
solution to the following ODE initialized at xq

dry =Y (xy)dt + Zn: Si(zy)brdt (1.8)

k=1

satisfies |xp — x*| < €. Here by cadlag control, we mean bg(t) is continuous from right,
has left limit and locally bounded.

Moreover, with arbitrary initial condition, X; has a smooth density with respect to the
Lebesgue measure. So if w is an invariant measure, it has smooth density.

In Section 2-4 we will verify these conditions one by one, while the growth condition is
verified in the Appendix. So in conclusion we have

Theorem 1.5. The truncated general model in (1.3) with all geophysical effects is geomet-
rically ergodic, and the invariant measure has smooth density with respect to the Lebesque
measure, as long as the minimal stochastic forcing condition Assumption 1.2 holds.

Remark 1.6. First, in Proposition 1.4 the Stratonovich integral makes no difference with
Ito integral in our following discussion, because Yy are constant vector fields. Second, in the
original proofs of [13, 16, 18], the growth bound (1.7) is not verified. This is not very rigorous
because the application of Hormander theorem, like [23, Theorem 38.16], [24] and [25], all
require the underlying vector fields to have bounded derivatives. The moment controls (1.7)
are needed for unbounded vector fields, like stochastic Navier Stokes, see [21]. On the other
hand, this technical gap can be easily closed by some arguments in [26], which is demonstrated
in our Appendix.



Remark 1.7. If we don’t require smoothness of the density, but just ergodicity, the authors
doubt that it suffices to verify the Hormander condition near point x* instead of all points.
This can be told from Theorem 2.5.3 of [24], and the fact that the proof of [21] does not use
information away from the initial point.

2 Lyapunov functions

2.1 Statistical energy conservation form
Following the procedures documented in [19], we can rewrite (1.3) into following form:

dq=[L+ D]q+ B(q,q) + F + 2dW (t). (2.1)

Here q, F and W are |Z|-dim complex valued vectors with components being g, Fj, Wy. The
operators above are given by

e [ is a skew symmetric matrix. Its diagonal entries are Ly, = |k|ff =7
entries are Ly, = —bp—mmNi—m. Note that L, = —bp—pmhm—r = —

and off diagonal

km'

e D is a diagonal negative definite matrix. Its diagonal entries are ‘k@%.

e B is a quadratic form. Its k-th component is [B(p, Q)| = D @mnPm@n- 1t satisfies the
relation

(Ba,@),a) =Y _gi Y Gmalmta

kel m+n==k

- Z mndmnqd—m—n
m,n

1
= g Z menq—m—n(am,n + Ap,—m—n + a—m—n,m) =0

m,n

due to the triad conservation property listed below (1.5).

e F is a constant vector, it has components of form Fj = —*}?ﬂf]jgl hi + fx.

e ) is a diagonal matrix with entries X, = 0.

In many applications, statistical quantities are considered for their ensemble mean and fluctu-
ations [27, 28, 29]. We denote the ensemble mean field as @ = Eq, then the potential vorticity
field has the Reynold’s decomposition q = q + >, .7 Zi(t)er. The e, is the canonical unit
vector with 1 at its k-th component, which corresponds to e, in the Fourier decomposition.
The exact mean field equation is the following:

dq _ _
— =(L+D)a+B(@.a)+ Y RunBlen e,) +F.

m,n



R, in the above equation is the covariance covariance matrix R,, , = EZ,,Z;. This matrix
follows an ODE, as derived in [19]:

dR
o L,R+ RL, + Qr + Q,.

The matrix L, is given by
[Lolmn = ([L + Dlen + B(qQ,en) + Blen, q), en).

Matrix @), expresses energy transfers due to external stochastic forcing, so it is a diagonal
matrix with entries [Qo]xx = |ox|?>. The energy flux is represented by Qr as

QF|mn = Z:Z;Z,(B(ei, €e;),en) + Z;Z; Z,,(B(e;, €j), e,).

One key property of Qr is that tr(Qg) = 0 [19, 27, 28, 29].

2.2 Stochastic Lyapunov functions

The statistical energy conservation form (2.1) combined with [19] gives us a straight forward
Lyapunov function, which is the total potential enstrophy. Define

1 1 1
E= [ =lgAlPdx = =|q]*> = = 2
/2|C]A| X 2|01| 22|Qk|»

kel

then EE = 1 [ |q|?dx + $tr(R). Applying the Theorem in [19], the time derivative of EE is

given by
d
%]ES =(Dq,q) + (q,F) + tr(DR) + trQ,.

Using the spectral decomposition of w

(DQ, @) + tr(DR) = = > dy(|@l* + Rix) < —2doEE,
k

here we recall dy = > 7, < di for all k. As a consequence, £ is a Lyapunov function because

LRe < _2dEE + Relq, F) + ~tr(Qy) < —doEE + ——|FP2 + 2tr(Q,).  (2.2)
dt 2 2d, 2
In the derivation above, we used that 2EE > |g|?, and then applied Young’s inequality. Then
from (2.2), it suffices to apply Gronwall’s inequality to see £ is a Lyapunov function.
As a matter of fact, we can use (2.2) and show that £*" and exp(AE) for A below a
threshold are all Lyapunov functions. This is verified in the Appendix.
When there is no topography, h = 0, the total energy will also be a Lyapunov function.
The total energy is given by E = L [(|[Via|? 4+ F2[¢a|?)dx = 1 3, 7 |vk]?, where v, = C; gy
with Cy = /|k|?> + F2. The dynamics of v; can be derived from (1.5) by a linear transform.

—dy, + 1Bk,

dvk(t) = F2 4 |k’|2

n®dt+ Y A CnCnCy v vadt + C frdt + C opdWi(t).

m+n=k,mnel



We can as well rewrite this dynamic into a statistical energy conservation form like (2.1),
because for all m +n =k,

U Con Cn Oy + ks CrCrCt + ki CuCrn O = 0.

The remaining derivation for the dissipation of E is identical to the one of £. If we need to
include topography we need another equation for a large scale flow in the original dynamics
as discussed extensively in [3].

3 Hypoellipticity

In order to demonstrate hypoellipticity, we verify the Hormander brackets condition. The
complication here is that the variables are complex valued, and complex conjugacy requires
that ¢ = ¢* ;. Therefore, we decompose the Fourier modes into their real and complex part,

Notice that Ry = R_y and I, = —I ;. We also partition Z into Z, and Z_, where
I, ={ke€Ilky>0tU{k€Zlka=0,ky >0}, Z_={ke€Z|—-keI,}.

It is clear that the vector w is determined once its components with k € Z, are, so we will
focus on the indices set Z, instead of Z. In this formulation, we regard (1.5) as a real valued
process (Ry, It)kez, , where the dynamics is given by

dy | k|2 k
de:( bl o KaD Ik>dt+F,§dt+ﬁdB;(t)

P2 KRR PR V2
+ > BBy = LnL)dt+ Y (R R + L1,
m+n==k m—n==k
= > (W Ryy — Lphl)dt — Y by (hy Ry + B Ly, ),
m+n==+k m—n==xk
Ok
=Y/ (q)dt + —=dB(t); 3.1
G /5 k(t) (3.1)
dk’kP ki ; Ok 3
dI, = — I Ry ) dt + Fidt + —=dBi(t
¢ ( P P g e e ) A+ Fidt A adBi1)
+ Y Gmn(Body + InRo)dt+ > (Rl — IRy, )dt
m-+n==+k m—n==xk
= > bma(Rhl, = Lphi)dt — > by (Rl — I, b7 )t
m-+n==+k m—n==xk
= Yi(q)dt + ZLdBi(t). (3.2)

V2

Proposition 3.1. With the minimal forcing condition, Assumption 1.2, the Fourier coeffi-
cients (wr)kez, , which follow (3.1)-(3.2), are jointly hypoelliptic.



Proof. Define the linear span of vector fields

Ly —span{a 0

o o " EIO}

and define an expansion inductively by
Ln = Span {X17 [X27 [Xla Y]”Xl S Ln—l} :

Here the vector field Y is given

N,
V= Y Vi@ + Vi

Following Proposition 1.4, in order to show hypoellipticity, we essentially need to show
L,, = R*+ for some n, since L,, C L.

For that purpose, we define the set Z in the following sense, where Zj = {k € Z, |k €
Ty or —k €y},

=7 JU{keZ,:k=(m+n)" or (m—n)*mne€L, 1, amn,#0}.

Here (m+n)tis {m+n,—m —n}NZ.. Itis easy to see that ZH =7, NZ,.
Our proof is closed once we can show that aR aI E L for all k € I+ inductively. This

claim holds explicitly for j = 0. If m,n € I+ 1, while 8R aI € L;_; for i =m,n, then

5, _ —du|m[* 0 mpB 0
OR,’ | |m|2+ F20R,, |m]*>+ F20l,
0 0 0 0
+ am nR - T am,an— + am,nIn— + am,nIn—
nEZLL 3R m+n)+ aR(m_n)Jr 3[(m+n)+ 3[(m_n)+
0 0 0
— e —bmnhr——bmnhl——bmnhl—
2. "aR )t "OR () LT~ "L i)
nely
and symmetrically
0 _ —dy|m|* 0 my 3 5,
oL,” | |m|2+F20I, |m]>+ F20R,,
0 0 0
+ am n + am,nIn— + am,an— - am nR ar
77;14_ aR(m+n 8R(m_n)+ aj(m+n)+ a[(m n
0 0 0
bnhl, =————— — bpnhl ————— — by phl ——— + by h —.
+T;I+ "8R(m+n "OR o Ao DTt
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As a consequence,

{ ? {i Y} | =a +a
OR,, | OR,,’ | e 6R(m+n)+ e 8R(m_n)+ ’
2 2] g bt
oI, |0R, | " ”af(m+n)+ " nﬁf(m_n)+ ’ (3.3)
EA N B — '
OR,’ |01, e 8[(m+n)+ e 8[(m_n)+ ’
2 2] = et
o1, |01, i 8R(m+n)+ o 8R(m_n)+ '
It is clear that these four vector fields span 8R(,f+n)+ , 3R(f_n>+ , 3I(m{in)+ , al(in)+ , which com-
pletes our induction. O

4 Reachability

In [14], the reachability issue is easy to demonstrate. If fact, this method still works if there
are no deterministic forcing or topography. Because when f, = 0, hy = 0, we can simply let
the stochastic forcing in (1.8), and consider the total enstrophy function £, its time derivative
is given by (2.2)

— < —v€

dt —
As a consequence, > |qx(t)[* < e > |qx(0)]?, so for large enough ¢, q is close to the origin.
Yet with general geophysical effects, this argument no longer holds, and we need to introduce
a more complicate framework.

4.1 Geometric control

In geometry control theory [20], the question of reachability has been discussed in a more
general setting. Let the underlying state space M be a simply connected n-dimensional
smooth manifold, and T'M denotes its tangent space. Let F': M x U — T'M be a mapping,
such that for each u in the control space U, F(-,u) : M — TM is an analytic vector field.
Let F = {F(-,u)} be the family of vector fields generated by F. In the context of our

system (3.1) and (3.2), M = R2%+ and U = R2%|| while
e
F(q,u) =Y(a)+ ) Uk g T kg

kel

A continuous curve z(t) € M, t € [0,T], is an integral curve of F, if there exists a
partition 0 =ty <t; < ---<t, =T, and X4,...,X,, € F, such that
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The reachable set from a point zo € M, denoted by Ax(xo,T'), is the set of terminal points
x(T) of integral curves of F that originates at zo. In particular, we will write the integral
curve generated by a vector field { X} at z as exp(tX)xo. We will also denote set of points
reachable from xy before T as Ax(z, < T') = U< Az (20, t).

In order to verify the reachability condition of Proposition 1.4, the interested question
here is when will Ax(x,T) be M for all z, in which case we say F is time-T strongly
controllable. We will say F is strongly controllable, if Ax(x,<T) = M for any T" > 0.
Roughly speaking, one sufficient condition to guarantee controllability is letting {F'(z, - )} =
T.M, because then the integral curves can go to any desired direction. In [20], a set of
techniques is developed to gradually expand F eligibly, so that {ﬁ (x, )} = R™ where Fis
an expansion of F. We call an expansion F’ of F eligible, if

It is relatively intuitive to see that F’ will be confined in the time zero ideal I of Lie algebra
generated by F. Here I = Lie(X —Y,[X,Y] : X,Y € F), which is essentially £, if we
consider the control problem (1.8). The largest eligible extension of F within / will be called
the strong Lie saturate. Its equivalence to controllability is given by the following Theorem

Theorem 4.1 (Theorem 12 of Section 3.3 [20]). F is strongly controllable if and only if the
strong Lie saturate is equal to Lie(F) and I, (F) =T, M.

Moreover, we have the equivalence of strong controllability and time-T" strong controlla-
bility as follow:

Theorem 4.2 (Theorem 13 of Section 3.4 [20]). If F is strongly controllable and I,(F) =
T.M, then Ax(x,T)= M for all z and T > 0.

Note in [20], there is an additional concept called “Lie-determined systems”. We do not
introduce this notion since all analytic vector fields are Lie-determined systems.

Due to these two theorems, in order to show strong controllability, it suffices for us find
an eligible expansion F’ of F such that it spans the tangent space. [20] have introduced
three ways to do eligible expansions. The first eligible way of expansion is by taking closure
of the control space

Theorem 4.3 (Theorem 5 of Section 3.2.1 [20]). Let F; be the topological closure of a smooth
family of vector files F, then it is an eligible expansion.

The second eligible way of expansion is doing a convex cone.

Theorem 4.4 (Theorem 8 of Section 3.2.2 [20]). Let Fy be the convex cone Y . \;X; with
Ai>0,> N <1, and X; € F, then it is an eligible expansion.

The third way of expansion is by considering a strong normalizer. A smooth diffeomor-
phism ® on M is a strong normalizer for F, or simply called a normalizer, if

D(AF(®H(2),<T)) C Ap(x,<T), ze€MT>0.

We denote the set of all strong normalizer as Ng(F). If X is vector field and @ is a diffeo-
morphism, we will use ®4(X) to denote the vector field (¥, o X) o ®~!. One easy way to
tell a diffeomorphism is a normalizer is the following
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Lemma 4.5 (The Lemma after Definition 5 in Section 3.2.2 [20]). A diffeomorphism ® is a
strong normalizer for F if both ®(z) and ®~(z) belong to Ar(x,<T) for all z and T > 0.

One particular choice of ®(x) for the application of this lemma, is letting ®(x) =
exp(tX)x, if AX € F for all A € R.
The following theorem shows that normalizers can expand the eligible controls.

Theorem 4.6 (Theorem 9 of Section 3.2.3 [20]). Let Fy = {P4(X) : ® € Ng(F), X € F},
then it is an eligible expansion.

In a simplified setting, we can consider polynomial vector fields on R?. A vector field
A(x) is called a polynomial vector field if the each coordinate is a polynomial in the variable
Z1,...,T,. In general A(x) can be written as

p

Alz) => AW (z) (4.1)

k=0

where A®) () is a homogenous polynomial vector field of order k, so A® (\x) = A\ AR (z).
One useful fact of polynomial vector fields is the following:

Lemma 4.7. Let A(x) be a polynomial vector field of highest order p with decomposition
(4.1). Suppose {A,A\X, A € R} C F, and X is a constant vector field. We consider the Lie
bracket as a linear mapping from vector fields on R? to themselves, and write adV : Y

(VY. Let F' = FU{A(adV)PAP;\ > 0}, then it is an eligible expansion of F.

Proof. Since both X and —X are in F, for any fixed A > 0, exp(£AX)zx € Ax(x), so
by Lemma 4.5, exp(AX) is a normalizer. By Theorem 4.6, we can expand F by including
exp(AX)xA. By taking the k-th order derivative of A over the expression exp(AX). A exp(—AX),
one will find the following Taylor expansion, which holds for general vector fields X and A,
as long as the sum converges,

Xk
exp(AX)pAd =) %(adX)kA.
k=0

In our particular case, the convergence is trivial, since the series are nonzero only for the
first p terms. This is because X is a constant vector field, so [X, V] is of order k — 1 if V is
of order k, and [X,V] = 0 if V is a constant vector field as well. Due to Theorem 4.4, we
can also include AP exp(AX)xA for the expansion. Then by Theorem 4.3, we can eligibly
include the limit of NA\™Pexp(AX)4A with any fixed A > 0 and A — oo, which is clearly
%:(adX)pA(p) in this case. O

Using the argument of Lemma 4.7, one important result of [20] is that if A is of an
odd order, then hypoellipticity implies controllability, when the controls are over constant
vector fields. The fact that A is odd, makes (adX)?A and (ad(—X))?A constant vector
fields of opposite sign, so one can gradually expand F like in the proof of hypoellipticity.
Unfortunately for us, the system (3.1-3.2) is of order two. But still we can show controllability
if we carefully do the expansions.

13



Proposition 4.8. Under Assumption 1.2, the joint system (3.1-3.2) is strongly controllable,
and also time-T strongly controllable for all T > 0.

Proof. Recall that Z is defined as follow, Zj = {k € Z, |k € Zy or —k € Zy} and
Ir=7r U{keZ, :k=(m+n)" or (m—n)t,mne€L, 1, an,#0}
Based on Theorems 4.1 and 4.2, if suffices to show that starting from

0

0
f(] = Span {Y, a—lk, @Rk

keIgr},

we can find a sequence of eligible expansions such that

keIf}.

This can be easily obtained by induction. Suppose the relation above holds for F;, then for

0 0
Yy —
"OI DRy,

F;D span{

any k € T}, |, there are m,n € Z; so that k is (m +n)* or (m —n)~, while a,, # 0. Let
0 0
X = 2
“OR,, "R,

which is a constant vector field in F;. Apply Lemma 4.7, we can expand F; eligibly by
adding A(adX)?*Y, A > 0. According to 3.3,

0 0 0 0
2 _ |9 .
(adX Y = ¢ {aRn, {aRm’YH re {GRm, {aRn’YH

= 2C0p, 1 + 2¢m

8R(m+n)+ aR(m_n)+ ’

because @, ,, = @y and Gy = @y, = 0. Following the same line, if we let

0 0
X =c—rn+—
‘o1, oI,
we can eligibly add
0 0
dX")Y = —2Cap .= + 20U .
<a ) am, 8R(m+n)+ + 2cam, 8R(m_n)+

Since ¢ here can be any real number, by Theorem 4.4, we can expand F; eligibly into Fj;4

so that it includes span{ ;3 9 ~. 3R 9 " }, and likewise also span{ 57 9 nE 9 " }, using
(m+n) (m—n) (m+n) (m—mn)

the another half of (3.3). This concludes the induction and also the proof. O
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5 Reachability is necessary for ergodicity

Although in our turbulent system (1.3), the proof for hypoellipticity was easily extended
to one for reachability, thanks to [20], in general reachability is not replaceable by hypoel-
lipticity. In particular, reachability guarantees that the the state space is irreducible while
hypoellipticity only shows the regularity of the transition density.

In this section, we will show a simple concrete diffusion process in R? that 1) has the
quadratic Euclidean norm squared as a Lyapunov function; 2) is hypoelliptic and the stochas-
tic forcing is never zero; 3) is reducible so it is not ergodic. The basic intuition for the re-
ducibility part is showing there are two regions that are separated by the drift vector fields,
so the diffusion process cannot enter one from another.

Consider the following diffusion process z; = (x4, y;)

d m = [@(yt)(ﬁ - Ig)} dt+ m dB} + {222&3] odB} =Y (z)dt+51d By +55(z) 0d B; .
(5.1)

Here ® is one plus the cumulative distribution function of the standard normal distribution:

O(y) =1+ /y o(u)du =1+ /y \/12_7Te_u22du.

We only need to use that ® is smooth, takes value in (1,2) and is strictly increasing. The
function ¢ (x) in (5.1) is a combination of three mollifiers:

Sexp(=1/(1—2%)),  |z[ <1,
via) =40 1< el <2
sexp(=1/(lx[ = 2)),  [2] =2

We only need to use that ¢ is smooth, 1 is bounded by 7/2 and positive, and @D is bounded
by .

5.1 Lyapunov function and attractors

The It6 integral form of (5.1) is
T D(y) (92, — 23) + Lap(z,) sin 21/1(xt)} [0] 1 |:SiIl 1/J<It):| 2
d = ot dt + dB; + dB;.
LJJ { —yr — 30 (@) sin(¥(z)) 170 feost(ay) |
Using the It6 formula, we find the time derivative of V; := %(xtz + ?) is bounded by:
LV, = O(y;)(927 — xf) + 7(|ze| + [e]) + sin® ¥ (z,) — y7 + cos® > ()
< 1877 —wf =y + (] + |ul) + 1
19

1 1 19 2 1
= _5%2 - 5%2 - (7 - x?) - §(|yt’ —m)? - §(|$t| —m)+1+ (7)2 +

< -Vi+k,.
So by Dynkin’s formula and Gronwall’s inequality, we have that V; is a Lyapunov function.

EV, < e Vi + k.
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5.2 Hypoellipticity Verification
By Proposition 1.4, it suffices to check the following three vector fields span R? at each (x,y):

I A e

When |z| ¢ [1,2], siny(z) > 0, the first two vector fields in (5.2) already span R?. For
|z| € [1,2], notice that

{ F(y)(% - w?’)} ’ H ] _ [aﬁ(y)(% - x?’)}

—y 1 —1

as ¢(y) > 0 and z(z — 3)(z + 3) has no root in [1,2], the vector field above spans R? with
2.

5.3 Reducibility from “walls”

The intuition behind system (5.1) is setting up two attracting fixed points, (£3,0) so one
cannot be reached from another following the flow. This is achieved by building two walls:
A, ={1<2<2}A ={-2 <z < —1} and show that no points can go from the right of
A, to the left of it. This can be explicitly illustrated as the following lemma, which can be
used as a proof for reducibility.

Lemma 5.1. Let By = {1 < a} then starting from any zy = (xo,%0) € By, ©¢ > 1 a.s.

Proof. Since z; is continuous, if z; ever reach B¢, it has to cross A,. So by the strong
Markov property it suffices to show that for any 2y € A, ; > 1 a.s. This is equivalent of
showing that if we denote the exiting time of A, as 7, i.e.:

To=1inf{t:z, ¢ A},

then =, # 1 a.s. Note for any 7' > 0, before time 7, x; € Ay, so:
TAT 1 .
Tonr = To + / W (y) (92, — x3)dt + le(xt) sin 29 () dt + sin 1 (z,)dW}
0

AT
=z + / W (y) (92 — a3)dt > 29 > 1.
0
[

Remark 5.2. In [21], Remark 2.2 has another simple example in 1D with hypoellipticity but
reducible:
dx; = sinx; + cosx; o dB;.

The bracket condition holds, because [sin xz, cos x] = —1, while intervals like [2nm — %71’, 2nm +

%71’] are not reachable from one and another. But stochastic forcing here is zero at (n + %)71’,

while our 2D model has forcing nonzero everywhere, and the Fuclidean norm squared is a
Lyapunov function.
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Figure 5.1: The plot of the vector fields Y and ¥,. Recall that ¥ is the constant vector
field of direction [0, 1], so it is omitted here. The flow can go in the blue direction, the red
direction and the inverse of red direction. In the right shaded area A, , the flow can only go

rightward. The vectors are rescaled to fit into the page.

6 Concluding discussion

The main result of the paper for truncated geophysical turbulence models is geometric er-
godicity with a unique invariant measure and minimal stochastic forcing for all geophysical
parameters involving deterministic forcing, topography, and the S-plane and F-plane effects.
This theorem provides a mathematically rigorous framework to discuss and explain the ul-
timate statistical steady state in the competition between jets and coherent vortices in the
wide variety of numerical experiments with random stochastic and deterministic forcings
and dissipation operators. In particular, this rigorous theory guarantees that there are no
bifurcations to multiple statistical steady states as geophysical parameters are varied. Future
problems which should be addressed by the same approach include the extension to geophys-
ical models on the sphere where forcing two stochastic modes is not enough [3|, two-layer
models with baroclinic instability [19, 13] and various equations for rotating and stratified
turbulence in three space dimensions [19, 13, 14]. The extension of the results here to the
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infinite dimensional setting [14] is a major challenge for future work.
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A Miscellaneous claims

Lemma A.1. If T is connected through neighbors on Z* and contains {k : max{|ky|, |ks|} =
1}} as a subset, then Assumption 1.2 holds as long as Iy contains modes (0,1) and (1,1).

Proof. By symmetry, (0,—1),(—1,1) € Zy. Therefore (1,0) = (0, —1) + (1,1) is in Z; and so
is (—1,0). Likewise (—1,1) = (—1,0)+ (0,1) and (1, —1) are in Z,. Because Z is connected,
so for any k € Z, there is a path (1,0) = ky, ks, ..., k, = k where k; and k;; are neighbors
in Z2. One can then easily see k; € Z; + 1, so our proof is complete. O

Lemma A.2. The growth condition (1.7) holds for the truncated stochastic Navier Stokes.
In particular, we show that £ with all n € N, and exp(A\E) with X € (0,2dy/||2|*) are
Lyapunov functions.

Proof. As a matter of fact, because the Markov property, (2.2) implies that the It6 formula
for £ can be bounded by the following with Ko = 53-|F|* + 5tr(Q,)

1 1 1 L
d€ = 5{q,dq) + 5(dq,q) < —dofdt + Ko + (g, ZdWy) + S (EdW, q).

We apply the Ito formula to £2, by plugging the inequality above into
d&* = 2EdE + (dE, dE),
we find that
dE? < —2dyE2dt + 2K, + 2||Z)12E + E[(q, ZdW,) + (2dW,, q)].

Apply Young’s inequality, there is a K7 such that

dE? < —doE2dt + Ky + E[(q, SdW,) + (ZdW;, q)].
By repeating this argument, there is a sequence of constant K,, such that

dE?" < —do&2"dt + K, + 2" E¥" " [(q, dW,) + (SdW,, q)].

Then applying the Gronwall’s inequality, we find that £2" is a Lyapunov function. As
a consequence, e®(£2" — d;'K,) is a submartingale. So Doob’s inequality and Jensen’s
inequality implies that Esup,., |q[? is bounded for any power p.
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Likewise, applying It0’s formula to exp(AE), we find that
1
dexp(AE) = Aexp(A\E)dE + 5)\2 exp(AE)(dE, dE)
1 1 1
< (§>\2||EH25 — doAE + Kp) exp(AE)dt + 5 exp(AE)(q, XdW,) + 5 exp(AE)(LdWy, q).

As a consequence, for any A € (0,2dy/[|2||*), there is a Ey > 0 and dj, > 0 such that if
E > Ey, then

1
EAQHZHQ(S‘ — do)\g + Ky < —d6

So if we let )
K, = max (§>\2HZH2Q3 — doAzr + Kj) exp(Ax)

0<z<LEy

we find the dissipative relation
1 1
dexp(AE) < —dyexp(NE)dt + Kjj + 3 exp(A\E)(q, ZdW,) + 3 exp(AE)(ZdW4, q).

This with a localization argument can easily show that exp(A€) is a Lyapunov function for
A < 2dy/||2|]?. By turning it into a submartingale, it is easy to argue that

E sup exp(A€) < oo.
t<T

Note that A& + 5 N? > N|q, it is clear that

E sup exp(N|q|) < oo, (A1)

t<T

for any N > 0.

We can now verify the moment bounds for derivative flows. Because in our case
are constant vector fields, we find that Jg, follows a linear dynamics conditioned on the
realization of q

dJor = DY (q)Jodt.

Likewise, the inverse derivative flow also follows a linear dynamics
dJo} = —Jo; DY (q)dt.

Therefore, E[sup,< || Jo.||"] and E[sup,< ||.Jg }||P] are both bounded by exp(Tpsup,<; | DY (q)])).
Finally, we notice that Y'(q) depends quadratically in q, so |[DY((q)|| is bounded by M|q|
for some M, so using (A.1) we can conclude our claim.

As for the higher order derivative, we denote the Jg, as the higher order Frechet derivative
in the iterative direction o = (av,..., ), and B + --- 5, = « if {f;} is a partition of
(v, ..., a,). Then using induction, and the fact that Y is quadratic so the third derivative
is zero, we find there is a constant C} such that

dJg, < DY(q)Jg,dt + Cj sup {IIDzY(Q)H II IIJOB,J;H} :

Jj=1
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while the supreme is taken over all ) ; = o with 3; being nonempty and not « itself. By
Gronwall’s inequality, there is a constant Dy such that

sup || IS < Dy exp (Tsup ||DY<q>||) sup {||D2Y<q>|| 11 ||Jo’iz||} .
t<T t<T t<T i>1

Notice that D*Y'(q) is simply a constant tensor, by Young’s inequality, Esup, HJ(E? |P can
be bounded by combinations of

Bexp (Tsupp/IDY (@) and EIIP

of finite p’ and p;. Yet the quantities above are bounded by (A.1) or induction. O
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