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Abstract

We study the surface quasi-geostrophic equation driven by a generic additive noise
process W. By means of convex integration techniques, we establish existence of weak
solutions whenever the stochastic convolution z associated with W is well defined and
fulfills certain regularity constraints. Quintessentially, we show that the so constructed
solutions to the non-linear equation are controlled by z in a linear fashion. This allows
us to deduce further properties of the so constructed solutions, without relying on
structural probabilistic properties such as Gaussianity, Markovianity or a martingale
property of the underlying noise W.
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1 Introduction
In this work, we are concerned with the construction of solutions to the surface
quasi-geostrophic equation (SQG equation) on the two-dimensional torus T?
00 +u-VO=—vAN0+ AW

(1.1)
u=VEAT0 = (—0,A70,0,A710) = (—R20,R160) = R0

where A = (~A)Y/2, v > 0, v € [0,3/2), R is the pair of Riesz-transforms, and W is a
generic noise process on a probability space (2, F, P) for which the associated stochastic
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Convex integration for SQG with generic additive noise

convolution .
24 1= / efu(tfs)A'yAdflde
0

is well defined and satisfies certain integrability conditions to be made precise below.
Towards this end, we adapt a convex integration scheme originating from [7] and
subsequently extended in [21, 20] working on the level of the transformed unknown
g = A~'6 — z, which satisfies

V- (~0Rg+V* (g+2)Ag+2) =V (vA77'Vg) inQxRxT? (1.2)

Definition 1.1. We call g € Cioc(R; H'/?(T?)) a weak solution to (1.2) if

(Rg,VE)(t) — (Rg, VE)(s) — / (Mg +2), V(g +2) - VE) dr
. (1.3)

- V/v/<g,V JATIVE] dr

forallt > s, £ € C°°(T?) and P-a.s., where the non-linearity is understood in the sense
of Lemma A.2.

For the rigorous connection between (1.2) and (1.1), we refer to subsection A.2 in
the appendix. Our main result is the following. For the notational conventions employed,
we refer to Section 2.

Theorem 1.2. Let W be a stochastic process such that the expression
t
2 = / e—u(t—s)A7A§—1dWs
0
is well defined and satisfies

[Z}Lg;ncgcy + ||Z||L3;mclocci+“ < (1.4)

for somem > 1,a0 > 0 and k > 1/2, § € R and v < 3/2. Then there exists a weak solution
g to (1.2) in the sense of Definition 1.1 satisfying

||g||LimClocB¥i < C([Z]Lg)¢yLC?C;+ + ||Z||Lamcloccé+~ + 1) (15)

Let us comment on the main insights and novelties of the above result, to be discussed
also later in the paper:

* Despite the equation (1.2) being non-linear in g, we are able to construct solutions
which are controlled by the forcing in a linear fashion as expressed by (1.5).

* As a consequence, whenever quantified moment estimates on z are available, they
carry over to the solution g. For example, in the case of W being a cylindrical
Wiener process on L?(T?) with sufficient spatial coloring (which in particular is
Gaussian), this immediately implies sub-Gaussian moment estimates of the form

2
E expé\\chlocB;/ﬂ < o0

for some ¢ > 0, unavailable in previous stochastic convex integration schemes.

* We stress that in terms of the underlying stochastic process W, our theorem
merely requires (1.4). In particular, it is not necessary to assume much on the
specific probabilistic structure of W such as Markovianity, Gaussianity or the
martingale property. Indeed, (1.4) can be assured in rather general contexts, as
we demonstrate in a dedicated examples section 4. This conveys a remarkable
robustness of the convex integration scheme.
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* To the best of our knowledge, we demonstrate in particular for the first time that
convex integration methods can prevail in the face of temporally rough noises (i.e.
noises which are rougher than “white in time”). Given our ensuing non-uniqueness
results (Section 5.1), the observation “rougher noises yield more substantial regu-
larization effects” made for stochastic differential equations e.g. (see for example
[16]) does not apply in our context. This again underlines the robustness of the
convex integration scheme.

1.1 Literature on the SQG equation

Let us begin by discussing results in the literature on the case of the deterministic
SQG equations, i.e. (1.1) with W = 0. As a special case of the quasi-geostrophic
equations, they form a model of potential temperature in the context of geophysical
fluid dynamics, describing the evolution of boundary temperature in a fast rotating
stratified fluid. For more details on its physical interpretation, derivation and application
in atmospheric sciences, meteorology and oceanography we refer to e.g. [36], [31], [8],
[18], where in particular [8] illustrates an interesting analogy to the 3D Euler equations
underlining the interest in studying the SQG equation. In the deterministic case, though
not exhaustive, one may highlight the following results: some works on well-posedness
of the SQG equation show global existence of weak solutions in case v > 0,0 < v < 2
in L°L?2 for any initial data in L?(T?) [38], as well as in the case v > 0,0 < v < 2 in
LH,; /2 for initial conditions in HyY 2(]Rz), and of regularity Ly°LP for initial conditions
in LP(R?),p > 4/3 [33]. Some results and discussions on potential blow-up of solutions
can be found in [34], [11], [12], [9], [5], [41]. Furthermore, global existence of regular
solutions was derived in [13] via the existence of an invariant measure on T2 and
for all initial conditions in the support of that measure. In terms of uniqueness, [10]
showed uniqueness of SQG patches with moving boundary satisfying an arc-chord
condition in the case v = 0; however, non-unique weak solutions (—A)~'/20 € C7C#?
forv >0,0<y<2-031/2< 8 <4/5,0 < % were established in [3] via convex
integration. Also see [29] for a direct approach. For the steady-state SQG equation, in
[7] the authors derive existence of stationary weak solutions employing a similar convex
integration scheme yielding non-uniqueness of the solutions.

There have been several results in the direction of “regularization by noise” obtained
in connection with the SQG equations. Observe that the authors in [13] derive an
invariant measure for the deterministic case via invariant measures for the SQG equation
perturbed by a carefully chosen additive noise. Including random perturbations in
general has shed new light on questions of well-posedness: in the cases of additive
and linear multiplicative noises, the authors in [39] and [40] provide local existence
and uniqueness (continuous in some H® on a smooth bounded domain [39], and in
LP(T?),p € (2,00) [40]) as well as non-explosion and ergodicity results. In [51] existence
of a random attractor is analysed. We would furthermore like to mention the works [14]
and [28] on local well-posedness for space-time white noise via regularity structures and
paracontrolled distributions, respectively, as well as a large deviation principle for small
multiplicative noise and small time in [32]. Further note the regularization result in [2]
via random diffusions.

1.2 Stochastic convex integration results

After the advent of deterministic convex integration results (for instance, see [4]
and references therein), it became natural to ask if the techniques developed in this
context carry over to corresponding stochastic problems in order to establish non-
uniqueness results. With this background, Hofmanova, Zhu and Zhu were able to adapt
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convex integration methods to hydrodynamic equations with noise. Their first papers
[24, 22, 23] did so by working with stopping time techniques, which has the advantage
of avoiding moment estimates along the convex integration iteration. For a gentle
overview of these results, refer also to [19]. In this context, let us also mention the
works of Yamazaki [46, 45, 48] and Schenke and Rehmeier [37] and in particular [47],
which treats the case of SQG equations with additive noise deriving existence and non-
uniqueness in law of solutions to the corresponding momentum equations of regularity
.o n C{Cy,t € (0,1/2—~/3),n € (0,1/3]. The case of linear multiplicative noise
was subsequently studied in [49]. Additionally, prescribed energy solutions and non-
unique Markov selection for the SGQ equation with additive and linear multiplicative
noise were established in [43]. Establishing moment estimates poses a problem in all
these works, as convex integration schemes typically involve super-linear estimates that
need to be controlled through careful parameter-tuning. In particular, as the estimate of
a given moment in iteration n + 1 thus requires higher and higher moment estimates on
the previous levels, one is unable to close moment estimates.

In [6], this issue was for the first time overcome by a moment-dependent parameter-
tuning that allowed control of the blow-up of higher and higher moments along the
iteration scheme, exploiting the quantified moment behaviour of the underlying Gaussian
noise. While this opened the door for the establishment of stationary solutions through
a Krylov-Boguliobov type argument in [26], the drawback of the approach consists in
the fact that one can not simultaneously study different moments of a specific convex
integration, as the scheme itself depends on the moment one intends to inverstigate
in the beginning. Also, as the tuning depends on the exact moment behaviour of the
underlying noise, extensions to different noises are not obvious.

Inspired by [7], Hofmanova et al. study moment-based convex integration in the con-
text of the SQG equations: for the case of only space dependent noise [21] and recently
space-time white noise [20], they obtain infinitely many non-Gaussian weak solutions (of

: P .p—1/2 .p—1/2- 1 . p—3/2—
regularity Ly, (0,00); B, 17) N Cp([0,00); B, 1™ ) NCy([0,00); B1™ ) for all p € [1,00)
[21], and of regularity L, ([0, 00); Bo.'{*) N C([0,00), B'{*7) N C/2([0,00), BX'T) for
all p € [1,00) [20], respectively) as well as infinitely many stationary (ergodic) solutions.
While one main focus of [20] consists in demonstrating that convex integration schemes
can serve to establish solutions to supercritical SPDEs, which are inaccessible by tools
such as regularity structures or paracontrolled distributions, the authors were able to
also show that the convex integration scheme can be set up independently of a given
moment fixed in the beginning. This allows them to show that arbitrary moments of the
constructed convex integration solutions exist, provided this is the case for the initial
condition. Further quantified moment bounds, however, are lacking. In particular, the
existence of exponential moments is left open and the consideration of more general

noises is lacking.

1.3 Structure of the paper

After introducing some basic notation and preliminaries in Section 2, we proceed
to give the convex integration construction and thus the proof of our main theorem in
Section 3. We then provide some concrete examples of noises to which our result is
applicable, i.e. for which we explicitly verify the condition (1.4). We treat one class of
general noises in the Young integration setting by means of the Sewing Lemma and
another class of noises by means of more classical stochastic calculus arguments, in
neither assuming Gaussianity, the Markov nor martingale property. We finally conclude
by discussing some immediate consequences of our main result which can be obtained
by a slight adaption of arguments in [21, 20].
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2 Notation and preliminaries

We write f < g for two non-negative quantities f and g if f is bounded by g up to
a multiplicative universal constant. Accordingly we define 2 and ~. We denote the
maximum respectively minimum of two real numbers a and b by a V b respectively a A b.
For two Banach spaces X and Y we write X — Y if the inclusion is continuous. We
denote by (-, -) the inner product in L?(T?). The convolution of two functions in time is
denoted by ¢, i.e., f*; g(s) = [ f(s —r)g(r)dr.

We denote by C?**, n € Ny = NU{0} and & € [0,1), the space of n-times continuously
differentiable functions with k-Holder continuous n-th derivative equipped with the norm

O g(z) — OF
lgllcnie = > sup [0Fg(@)[+ > sup 0%g(z) — 9*"g(y)|

K
2 2 T —
\k\gnxeT %] nac;éyE’]F ‘ y|

b

where 9% = 9%19%2 for a multi index k € IN3.

Let E be a Banach space and « € [0,1). We define the Banach space of (a-Hoélder)
continuous F-valued functions on [t, ¢ 4+ 1] by C:F and C{* E, respectively. We equip them
with the norms

lgllc, = sup ]Hg(S)HE’

sE[t,t+1
and
lg(s) — 9(s") |l &
9loap = sup T
crE s#s' €t t+1] |S - S/|a
I9lco e = l9llc,e + 9)cp e

respectively. Moreover, for any 7' > 0, we define similarly Cy 1) and C[%_T} via

lgll = sup |lg(s)l g
Clon B s€[0,T] B

and
lg(s) — g(s") g
9] = sup —F———F,
[ ]C[O’T]E s#s'€[0,T] |S - 5/|a
”g”C[%,T]E = ”g”C[O,T]E + [Q]C;’Ea

Let (2, F,P) be a probability space. The space of strongly measurable L™-integrable,
m € [1,00], E-valued random variables is denoted by L™ E equipped with the usual
L™-norm. Let L[} C\o. E, respectively L'C: E, denote the space of L™-integrable locally
(a-Holder) continuous E-valued functions equipped with the uniform time-localized
(semi)-norms, m € [1,00), a € (0, 1), defined by

1917 c10e2 3= SUPE [l ]
[g]ZTCIuE = ?u]RpE [[g]ngf"‘E} ’
oc /E v
m R m m
||9||LgC;gCE = HQHL;"CME . [Q}qu‘ch'

The Fourier transform on T? is defined by

725k f(k):= / e f(z) da.

T2
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For s € R, we define H° = {f : Jp2 f(z)dz =0, [A*fl| 2 (p2y < oo} equipped with the
norm

I = S k1)

0£kcZ?

Let (A;);>—1 denote Littlewood-Paley blocks corresponding to a dyadic partition of
unity. We define Besov spaces By ,, s € R, p,q € [1,00], as the completion of smooth
functions with respect to the norm

gl = {2 1A sull 1} -

Here ||-||,, denotes the usual /?-sequence norm.
Let ¢ € C°(R?) satisfy ¢ (k) = 0 for |k| > 1 and ¢ (k) = 1 for |k| < 1/2. Define the
frequency truncation P<) for A > 0 by

Poyg(k) = (’;) (k).

Notice that ||[P<xgl/;~ < |lg]l,~ for all g € L and A > 1. For more details on Besov
spaces and the stability of frequency truncation we refer to [44, Section 1.3]. We write
g € By, ifg€ By forany ¢ > 0and g € By}, if there exists ¢ > 0 such that g € Byt°.

For any vector fields v, w we write v~ w if there exists a smooth scalar function p
such that v = w + Vp.

We define, similarly to [7, (2.7)], the Riesz-type transforms R?, j = 1,2, by

—~ 25(k2 — k2 —~
Ro(k) = (m') Ra(k) =

T(k3 — ki) | Akiko
12|k? k[

and

2
lallx = llall = + Z ||R§)‘I||Loo~

Jj=1

3 Convex integration

We aim to construct a solution as the limit of an iterative algorithm, i.e.,

g= lim g<n, g<n = g<n-1 +§na
n—oo
where g,, are constructed in an explicit manner.
At first, the iterates g<,, do not need to satisfy (1.2) exactly, but are allowed to carry
a residual ¢,, i.e.,

—0Rg<n + V' (gen + 2)A(g<n + 2) — VA7V g<,, 2V §,.

The main difficulty (that enables convex integration) is to find an explicit update rule g,
that corrects g<, in a way such that the magnitude of the correction is proportional to
the residual. Ultimately, we hope for concentration of g<» on g and a vanishing residual.
Crucially, Cheng, Kwon and Li found suitable building blocks to correct the iterates
adapted to the SQG equation; see [7, Section 2.1]. They were modified to the stochastic
setting by Hofmanova, Zhu and Zhu in [21] (see also [20]).
We split our convex integration strategy into the following steps:

1. construction and properties of explicit building blocks,

EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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2. propagation of residual magnitudes,
3. an example that allows us to close the argumentation.

Let us highlight that it is a particular feature of this adapted convex integration
scheme that it allows for a sublinear error estimate (3.32) uniformly over all moments.
This is in stark contrast to for example [26, Proposition 3.3], where quantified moment
explosions are derived in order to assure finiteness of one fixed moment (i.e. the convex
integration scheme also depends on the moment fixed in the beginning). The latter is a
manifestation of superlinear error estimates that need to be controlled already in the
deterministic setting. Indeed, in the stochastic setting, superlinear error estimates mean
that by taking expectation, one would need to control higher and higher moments along
the iteration, necessitating the mentioned quantified moment explosion. In order to
study for example sub-Gaussian moments of equations perturbed by other kinds of noises
(e.g. transport [35, 25, 30] and linear multiplicative [1]) in other problems, it would
thus be essential to assure that the corresponding deterministic convex integration
scheme allows for sublinear error estimates, since otherwise moment explosions would
occur that need to be controlled in a quantified sense as in [26, Proposition 3.3]. In this
sense, an adaption of our investigations to other problems is already impeached by the
superlinear error estimates typically encountered in the corresponding deterministic
convex integration scheme. A possible adaption of our investigations to the SQG equation
perturbed by linear multiplicative or transport noise using adaptions of the convex
integration scheme in [7] is left for future work.

3.1 Building blocks

Let (An, 7, £, fin) € (0,00)* be control parameters. One can think of A, (' co) mea-
suring blow up and frequency truncation, r,,(\, 0) concentration, ¢,(\, 0) convolution
and pu, (" oo) frequency truncation on an intermediate scale, respectively. We will keep
track on the requirements of the control parameters in order to close the argumentation.
A possible choice can be found in section 3.4.

3.1.1 Ansatz

Let z, = P<), 2. We start with the Ansatz

g<o =10, (3.1a)
Vo ~V+zoAz, (3.1b)
and update recursively, forn > 1,
g<n = Gge, + 9n, (3.2a)
Van & — 0;Rg<n + V(g9<n + 20)A(g<n + 2n) — VAT Vg<,. (3.2b)

Here the building blocks are defined by
2

gn(t,x) = Z a;n(t, x) cos(bAnl; - x), (3.3a)
j=1
[ Xtn / o4ty

Ajn = 2 BA, PSH” Co +Rj in, (3.3b)

with
ge, = g<n—1 *t Yu,, (3.4a)
qe,, = Qn—1 *¢ Z/Jen, (3.4b)
X, = H%-l”x ¥t Pg, + 1, (3.4¢)
EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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where 1. (t) denotes a one-sided time mollifier, e.g., ¥ (t) = e 1o(e (¢t + 2)) for some
Yo € C®(R;[0,1]), to(t) = 1 for [t| < 1/4, ¥o(t) = 0 for [t| > 2 and [p ¢o(t)dt = 1.
The free parameter Cy > 2 can be used to derive non-uniqueness results as done e.g.
in[7, 21, 20].

Next, we derive bounds of the building blocks in terms of the control parameters
and the residual. Let m > 1 be the probabilistic integrability, « > 0 be the time Holder
regularity and « > 1/2 be the space Holder-regularity. Set

Cz = |lzllamey, ot + 2l Lames it (3.5)

It turns out that C, < o is sufficient for finding suitable control parameters.

3.1.2 Properties

Similarly to [20, Remark 6.1] we find that g,, is frequency localized in the annulus {% :
5An — i < |k| < 5\, + un}. In particular, g, is mean-free. Since the mollifier in (3.4)
is one-sided, g,, is adapted to the filtration F; = o(z|s < t). We derive some further
preparatory estimates for g,,.

3.1.3 Continuous scale

Since g,, is frequency localized
g2 = > 272890 (1) e = > U INTROTI
' j>-1 F:5An —pn <20 <BXp+pim,

In order to simplify the estimate we restrict to

b < Ap. (R1)

Then {k : 5\ — fin < k| < 5An + st} C {k : 4\, < |k| < 6),} and

> 2280 ()ll oo < 632 D 185900l

55N —1in <29 <BAntpin 5440, <21 <6A,
SA 2190 (O] -

Here we used that

> oo1g,

§:4An <29 <6Ap

since #{j : 4\, < 29 < 6A\,} = #{j : 2+ logy(\n) < j < logy(6) + logy(A\n)} and
CY — Bgm (see for example [42, p.89]). Moreover, due to stability of the frequency
truncation and ||¢e, || v < Xxe,..

2
1gn (D] s < ZH%n Ol L~

) 4, (1) 12
S [Co + R—-4||
; I xe, ()7
1/2
S;mw(%+mmmu>/
)\n X, (t)
X, () 1)1/2
IL C
EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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Thus,
g0l grr2 < V(Co +1)xe,, (2)-

Take the supremum over ¢ € [s, s + 1], L2™-norm and supremum in s € R,

1/2m
sup X, (t)m]> .

seR

||gTL||L2mCl BY/2 ,S (CO + 1) sup (E
@ et te[s,s+1]

We restrict our setting to
L, < 1. (R2)

Then [s — {,, s+ 1+ 6,] C[s—1,s+2] = U?_y[s — 1 + k,s + k] and thus,

sup xe,(t) < sup |lgn-1(t)]lx + 701 (3.6)
te[s,s+1] te€[s—1,5+2]
Therefore,
921l p2m e 12 S \/(Co + Dllgn-1llpmey,x +7n-1)- (3.7)
Similarly,
90l z2mcece S A0Y2/(Co+ Dlllga-1ll e x +Tnmr)- (3.8)

Remark 3.1. The estimate (3.7) shows that the building blocks decay as a function of
the residual. Moreover, (3.8) allows for stronger spatial scales provided the residual
decays sufficiently fast.
3.1.4 Holder scale
Let s # ¢’ € [t,t + 1]. Analogously to previous section, one finds for increments
2
g (5) = gn ()l 12 < A D llajn(s) = aju(s) -
: =

Using |/a — vb| < y/]a — b| and the stability of frequency truncation

_ 0 4. \5
Ja1(5) = 30l 2V Ik 6T = v, G o+ Ry L
" 1o Lee (3.9)
!/
4 AT—Ll/Q s/ RQ qe,, (3) _ Rq qen(s ) .
\/Xln( )H %0 (5) Ixe. (s HLDO

Before we continue the estimation, we observe the following: Due to Jensen’s inequality,
RSae, | < IRGae, Il < llae.llx < lan—1llx *e e, < xe,.-

Thus, Riqr,x; ' € [-1,1] and

—1/2
q q 1
Co+Ro— <vCh+1, <C’0+R‘?”) < —. (3.10)
| vy ”Lm V | e ”Lw =1
EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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Additionally;,

_ IIxe, (8)RG4e, () — xe. (s)RF4e, ()l o

S

Ixe.(s) T xe, () e Xe, (8)xe, (8")
< xe () = xe. (5)| RS qe, (), N IRS4e, (s) — R$qe, (s)l,
xe, (8") Xe, (8) X, (8")
< Ixe.(s") = xe. (s)] . llge., (s) — qe, (sl x
- xe, (8") xe, (8") ’
which implies
0 a(s) o (s) 1P
|R7 —Rj <
X, (8) Xe, (8") " poo
1 / 1 1/2
< ——(Ixe, (") = xe. ()| + llae, () — qe, ()| x) "~ -

Xe, (8")
Using the above in (3.9) leads to

llajn(s) = ajn (sl L

S A2 (X, (8) = X ()1(Co + 1) + e, (5) — ae, ()1 )2

Next, we estimate each term separately.
Recalling (R2) and |s — s’| < 1, and applying Young’s inequality and properties of
convolution

Ixe. (8) = xe, ()] = I/ lgn—1 ()]l x (e, (s = v) = g, (s" = v)) dv]|

< s w1l [ T, s =) = o, ( = )| v
VE[s—Ln,5+0,U[s" =€y ,8"+0y]
200
S sw e 0)lcls -5
veE[t—1,t+3]

Similarly to the estimate for increments of x,

n’

e, (s) = qe,(s)llx < H/qn—l(V)(wn(S —v) = ¢, (s —v))dv||
X

20,
S osup g1 ()|l ls =7
vet—1,t43]

Collecting all estimates shows

1/2
—1/—2« 2a
lajn(s) = ajn(s)ll oo S ((Co + DA s =17 sup ||Qn—1(V)||X>

veE[t—1,t43]
and
(90] s pi/2 S 6%y (Co+ Dllga—1ll o x- (3.11)
Similarly,
9n]romee cr S Agﬂ/zga\/(co + Dllgn-1ll Loy, x- (3.12)
EJP 29 (2024), paper 173. https://www.imstat.org/ejp

Page 10/38


https://doi.org/10.1214/24-EJP1221
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Convex integration for SQG with generic additive noise

3.1.5 C} scale

Take the time derivative in (3.3b)

1 Orxe qe
Oy = —F—— - Co+Re—
o NG (\/Xén St 70 T xe,
(o 0
n Ly

Using (3.10), we find that

“1 (19exe, | ( 1 ) L [0 HX)
Orajnllne SAn? = Co+1+ + - ‘
10k nlL <\/XT% 0 V0O —1 VCo—1 /Xt

Additionally, for ¢ € [s, s + 1]

10exe, OV 110ge, )]l x < llgn-1llx *: 10:¢e,

< suplgn-1 () x[10te, |l 1
te[s—1,5+2]

S osup [lgn-1(®)]x 00t
t€[s—1,5+2]

All together, using xe¢, > -1,
_ 1
10egnll Ly S An 1/2,-1/2 1||qn_1\|Lg,ClocX ( Co+1+ 01) . (3.13)
> —

3.2 The residual in terms of control parameters

The following proposition provides a quantified bound on the magnitude of the new
residual in terms of the control parameters provided that the old residuals are controlled
by the concentration parameter r,,.

Proposition 3.2. Let us assume that for n < N the following conditions are satisfied:
1. (condition on control parameters) (R1), (R2) and
)\n € ]N, 12)‘71 S 4N7L+1a 10 S M 48)\71 S >\n+1; (RB)

2. (control on past residuals)

lanllpmey.x < - (3.14)
Then there exists a constant C}; > 1 (independent of N) such that
lan+1llpmey,. x < Ci(EREY + ERTL + ERET + €Ny + ERTY + EX%). (3.15)
where
2
N = {10g#N+1 (M?V]il - ’;Zi) + A?Vil}m, (3.16a)
11 =10g(AN11) AN 16 N,aG o (3.16b)

+ log()‘N+1))\}V/2 ( %4»16]\/',04 + A]}HGN;O) CZ
+ 10g(/\]v+1)( X N41 T )\_N)Cf,

e = log(ANH)AN"‘ﬁ N ey (3.160)

el = logOw )N 2y (3.16d)

(’ft}ffff: 0g(An+1)AN A N1+/12 V60, (3.16e)

& = log(An41) Ay irN Ch. (3.16f)

EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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Here C, is given by (3.5) and
N
Gna = 4N (3.17)
n=1

Proposition 3.2 can be used recursively provided that 4, dominates the right hand
side of (3.15) and the control parameter obey (R1), (R2) and (R3) also at later times.
The former is trivially the case if the right hand side defines ry,;. However, only if
ry vanishes asymptotically one can hope for a limit g = limy g<n that satisfies (1.3).
Finding a suitable family of controls that achieves this is a difficult task. One needs to
carefully balance the blow up of (\,, 1) and the convergence of (¢,,,7,). We present a
possible choice in Section 3.4.

3.3 Proof of Proposition 3.2

The proof proceeds as the one of [20, Proposition 5.1]. See also [21, Proposition 3.1]
for more details. However, contrary to [20, Proposition 5.1] we have not yet fixed an
explicit choice for the control parameters.

3.3.1 Control of g<x; in terms of building blocks

By definition (3.2a) we have full control on the next step g<y4:1 in terms of the previ-
ous step and the explicit building block gy4i. This allows for the recursive estimate
(recall (R2))

[g§N+1]Lamcl%CBl/2 < [gZN+1]L5mCI%CBl/2 + [gN+1]L3’"CfﬁcBl/2

oo, 1 oo, 1 oo, 1

S 4[9§N}L3mca Bl/i + [gN—l—l]LimCl(; 31/2

loc™~ oo coo,l
N+1
< E gN+1-n 1/2 .
- 1 [gn]Lime;ch{J
n=

Using (3.11), respectively (3.7), and (3.14)

[QSN‘H]L?"LCI“ Bl/21 S \/ (Co + 1)61\/4_17(1, (3.18a)
Hng-i-lHLszlocBl/Ql S V (CO + 1)6N+1707 (318b)

where Gy, is defined by (3.17).

3.3.2 Decomposition of new residual

A mollification of (3.2b) on the scale /11 at level N yields

V(MN-Hé - ath€N+1 + VL(gZN-H + ZN+1)A(95N+1 + ZNJrl) - VAV_lVglN-H — Reom,

(3.19)
where the commutator is given by
Reom = V' (gen 0 + 28 11)A(Gon s + 2841)
= (V(g<n + 2n8)A(g<n + 28)) *¢ Yoy, -
EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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Using the explicit update rule (3.2a) in (3.2b)

Van 117 — O R(Gen sy + 9N+1) + V' (Gonys + 9841 + 2811 MGen sy + 9841 + 2N 11)
- VA’Y?lV(ng-H + gN+1)
= _athfN+1 + VL(QZNJA + ZN+1)A(94N+1 + ZN+1) - VAV_lVglNJrl +VL9N+1A9N+1

AV ey 4 HReom by (3.19)
— O RgN 11+ V' Gy + 9841 + 2801)M(Gey, + 9n11 + 2n41) — VAT Vg
=V (gonir + 2N+1)MGonyy + 2v11) — VEignr1Agn
AV, + VEigniiAgns1 +Reom — O Rgn+1 — VAT ' Vgn i
NhigAhs

AV qy (mismatch error) (time error) (dissipation error)

+ VLQN+1AQZN+1 + VlgeNH Agni1+VignAzn i + Viey i Agng .

~Vqr (transport error) =~V qs (stochastic error)

Notice that Vqy; is only defined up to a smooth scalar function V+p. Therefore, we
subtract the mean-value of each summand on the right hand side without changing the
notation. On mean-free functions we can invert the gradient A~'V- = V1.

3.3.3 Mismatch error

Due to (R3) and (R1), we can follow the line of argumentation used in [7, Proposition 3.1]
to derive

AN uvi\o . Aw
ol x < {loguN+1 ( + \ - + h (Co+ V)Xenys-
HN41 N+1 N+1

This together with (3.6) gives

A 2
LmCpo X < S log vt (N + MNH) + 2 (Co+ D)ry.
EN+1  AN+1 AN+1

llgn]

3.3.4 Commutator error

We decompose the commutator error

Reom = — (V' (2n — 2n41)A(g<n + 2n41) + V5 (gen + 2n)A(2n — 2n41)) #t Yoy,
+ VI (Gensn — 9<n)Mg<n + 2n41) + V(gonyy + 2n41)A(Gey ., — 9<n)
+ V*(g9<n + 2n41)A(g<n + 2n41)
— (VH(g<n + 2n41)Ag<n + 2n41)) %t Yoy,
= Rlm + R +RE L

Notice that R%_ , i € {1,2,3}, is frequency localized to {k : |k| < 2An41}. Thus, by
Lemma A.1, Poincaré’s and Hélder’s inequalities

|[A7'V - R}

com |

LrCex S18ON) IV (2n = 2 ) Ag<n + 2v+) | e e
+logAn+) IV (9v + 2n) AN = 280l e, 1
1/2 —
S log(An+1) (AI\? lg<nllzme, /2 + ||Z||L5mclocc;+> ANl Lamey,  cre-

Let us stress at this point that it is here, where we require the condition x > 1/2 to

hold in order to compensate for the diverging factor )\}\{2 above. This explains the

EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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additional regularity requirement expressed in x compared with [20], where a more
detailed analysis of the noise term is performed (however, this more detailed analysis
exploits the Gaussianity of the underlying noise W and thus does not extend to the
setting of more general noises we are concerned with here). Similarly,

- 1
||A 1V-R30m\ LmCioc X Slog()\NJrl))‘ /? N+1[9<N]L2mcﬁc iﬁ
1/2
x (AN 19<n e pv2 + 12 amycre
and
ATV Reomll e, x

S log(AN+1)0% 1 [V (9<n + 2v41)Alg<n + ZN+1)]LZLCI%CLOO
< lOg(AN+1)E%+1”vJ— (9<n + ZN+1)||L3JmClOCLoo [Alg<n + ZN+1)]L5WCF;CLOO

+1og(An+1)0 41 1Ag<y + 241 | pamey,. 1 [V (928 + 2840 pamep po
1/2
< 1080w 41) 41 (W92 ey 172 + Mol cr )

X ()\1/2[9<N]L2’”CD‘ 1/21 + [Z]LZWLC%CC;+) .
All together, using (3.18),

IATY Reomll ey x S 108(AN+1) AN 11(Co +1)En.aG 0

+log( AN DAV (Co+ 1) (616N + Ay"G o) Ca
+log(An11) (ER 41 + AR")C2.

3.3.5 Time error

Since gy 41 is frequency localized to an annulus of size Ay
”AilV “O RN +1 HL;”'Cch S 1Og(>‘N+1)/\J_\/‘1+1 [0t -+1 HLZ"ClocLOC'

Using (3.13) and (3.14)

- 3/2 1/2 1
||A lv . athNJrlHLZ}CIOCX 5 log(AN+1)>\N4{1 T]\/{ éNi’l (m"_ m) .

3.3.6 Dissipation error

As gy 41 is frequency localized to an annulus of size Ay 41
|ATIY - vA TV gnt ey x S 08O+ I lgnill e
Using Holder’s inequality, (3.7) and (3.14)

C
AT v A Vg g1l e, x S log (v )l A R PV ERT

EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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3.3.7 Transport error

Notice that V*gn41Agey,, and V4g,, ., Agn1 are frequency localized to an annulus of
size A\y41. Holder’s inequality, (3.7) and (3.18b) imply

”A_lv ’ [ngN-‘rlAngﬂ + VLQ@NJAAQN-HH LmCoe X

log )‘N+1))‘]7Vl+1 ||vlgN+1Ag‘€N+1 + VLgfzwrlAgNJrl ||LL"CJUCL°°

\L/2y~1/2
N+1 ||gN+1 ||L27ncl B2 ||ng+1 ”Lz"”ClocBic/Ql

AN
g(An+1)V/Co + LAY ALY T ”2ug<NHL2mC B2
)

log )\N+1 (C() + 1) 1/2/\1\[1/12 ]1\]/26]\{()

IN A

A
<)

(
log(An+1

(

(

A

3.3.8 Stochastic error

Since VLgNHAzNH and VlzNHAgNH are frequency localized to an annulus of size
An+1, Holder’s inequality and (3.7)
ATV - [VEgnpiAen 1 + Vizn i Agnalll pme,. x
Slog(An+D)ANG IV gn+1Azn 41 + VEoen 1A | ey o

S 10%(>\N+1))\N+1 ||9N+1||Lzmc1 BY? ||Z||L5mclocc;+
< log(An11)V/Co + Iy Try L.

Collecting all estimates and choosing Cj; as the maximum of all implicit constants
and the terms depending on Cj verify the claim. From now on, we will no longer indicate
the dependence of Cj; on Cj.

3.4 An explicit choice of controls
Leta,be NN, g € (0,1), and define

Vn>0: A =a®), = Chan(C? + 1DAIN S, (3.20a)
Vn>1: by =\, tn =/ An—1\n, (3.20b)

where C, is given by (3.5) and Ci.¢ > 1 will be appropriately chosen later (see (3.35)),
depending on the parameter a. Cga¢ can be used to ensure that the initial residual is
dominated by rg.

The next lemma allows us to iterate Proposition 3.2 for specific choices of (a, b, §).

Lemma 3.3. Letm > 1, a > 0, & > 1/2, v < 3/2 and z € L2™(CiocCLT* N C2 CLH).

Then for all C > 1 there exista,b € IN and 8 € (0, 1) such that the control choice (3.20)
satisfies for alln > 1 the conditions (R1), (R2), (R3) and

C(egiss + Gzom + @Pﬂime + éiis + gfnrans + 6::0) S T, (321)
where €? is defined by (3.16).

Proof. We aim to trace the restrictions on a, b and  such that (R1), (R2), (R3) and (3.21)
are realized individually.

By assumption C, is finite. Notice that A\, and u,, are increasing and, thus, r, and ¢,
are decreasing. Moreover (R1) and (R2) are satisfied for all a,b > 1. We find that (R3)

EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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imposes the restrictions

12\, <4dpp1 < 9 <a, (3.22a)
10 < gy, & 100 < ot (3.22b)
48 p < A1 & 48 <ab L (3.22¢)

Observe that r,,, = r, A’ A2 for each m,n € IN. Next, we will find sufficient conditions
such that each term on the left hand side of (3.21) is bounded by r,,.
ad (3.16a). As (1 —b)(1 — ) < 0 the factor in front of r,,,

CEmss = ¢ (b 1(1+ b)log(a) + 1) a*" O~D=0) |

can be made arbitrarily small.
Before we proceed let us estimate the sums (3.17). Neglecting the decaying factor
and estimating the geometric series show

n—1
Spta= r}/Qabnﬁ/Q Z 4n—1—kab’“’1(ab—ﬁ/2) < r}l/2a1>”’1(b[3/2+a)4n. (3.23)
k=1

ad (3.16b). Using (3.23),
C@glom < COb™ log(a)42nab"71(1—a(b—1)+6b)rn
+ Cb" log(a)d™ (ab"’1(1/2—o¢b+,@b) + ab"’1(1/2—m+,6’b)) .
+ Cb" log(a) (abnw*a) + abn_l(bﬁ*“» Th-

We need to restrict to

(b-1)—1

1—ab-1)+pb<0 = p<2 S (3.24)
b—1)—1 1
ab=D=1_ 4§ o ps14l) (3.25)
b «
1 1
1/2—k+Bb<0 < 6<b<m—2>. (3.26)
ad (3.16¢). Notice that /% < a?"8/2r, . Therefore,
CElime — Oy log(a)a®” (-b/2406/2-6/2).1/2
< Ob"log(a)a?" (b/2Hb6=5/2);
We need to impose
b
—-b/24+0-5/2<0 < ”B<2b—1' (3.27)
ad (3.16d). Notice that ./ < a®" ' (#6=8/2)r, This implies
. n—1
cedis < Oly|b™ log(a)a®” CO=3/2HH)=B/2)p
The condition reads
2b 3
EJP 29 (2024), paper 173. https://www.imstat.org/ejp
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ad (3.16e). Using (3.23)

Cetgans < Ch" log(a)4nab"71(1/2—b/2+b,@—5/2)7,,n.

We impose
b—1
1/2-0b/2+b8-5/2<0 < 6<2b—1' (3.29)
ad (3.16f). Notice that r}/_zl(]z < " '(08=B8/2)y  Therefore,
ceste < op™ 1og(a)abn_l(*b/2+bﬂfﬁ/2)rn.
This calls for the condition
b
-b/2+b8—-8/2<0 & ﬂ<2b—1' (3.30)

Lastly, we need to verify that all conditions can be satisfied simultaneously. First the
value of b is determined by (3.25). This allows us to find 8 > 0 such that (3.24), (3.26)
- (3.30) hold. Now, b and 3 are fixed. Let ¢ > 0 quantify the slowest convergence, i.e.,

—¢=max{(1-b)(1-p),1—a(b—1)+Bb, 1/2 — r+ b,
—b/2+b8—B/2,b(y—3/24 B) — B8/2,1/2—-b/2+ b3 — B/2}.

As IN 3 n s (4b)27q="" "' is decreasing for a > ay(b, ), we estimate
C(Ggiss + ézom + G:Lime + QE?LiS + G:Lrans + @ilto)

< Clog(a) (10 + |1/|)(4b)2"a_bn71§rn
< Clog(a)(10 + [v]) (4b)*a™°ry,.

The value of a is chosen such that (3.22), a > ag(b,s) and
Clog(a)(10 + |v|)(4b)?a™* <1 (3.31)
hold. O

Remark 3.4. We want to stress that Lemma 3.3 does not depend on the value Cg;,.¢ NOT
the explicit value C,. In particular, it is independent of m > 1 as long as C, < oc.

Notice that the exponent b is purely determined by the a-Hoélder regularity in time
of z, cf. (3.25), as was the case already in [24, p.193]. In other words, a time irregular
stochastic term (a small) forces us to introduce higher frequencies at a faster rate, i.e.,
n— A, ~a®  increases rapidly.

We are ready to proof convergence of the iteration introduced in (3.2).
Theorem 3.5. Letm > 1, & >0, K > 1/2, v < 3/2 and z € L2"(ClocCaT* N CE.CLT).

loc~z

Then there exist a,b € N, 5 € (0,1) and Cstart > 1 such that foralln’ >n >0

lanllLmer.x < s (3.32)
lg<n’ — ggn||Limcch;/:z1 SV (3.33)

In particular, g = lim,,_,oc g<n € Lf,mClocBio/i exists, solves (1.2) and satisfies

HgHLamclocB;{i S Cstart (HZHLZmCIOCC;#—n + [Z]Lamcl(z’cc;-%— + 1) . (334)
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Proof. We apply Lemma 3.3 for C' = Cj; from Proposition 3.2 and obtain a parameter
configuration (a, b, 8) such that (R1), (R2), (R3) and (3.21) hold for all n > 1. We can
choose (a, b, §) such that (3.24) holds.

Now, we proceed via induction. First, we argue that it is possible to start the
iteration. By (3.1b), the frequency locality of zy and Lemma A.1, Poincaré’s and Hélder’s
inequalities

lgoll ey x = ATV - [V 20 Az

LmCloeX
S 10%()‘0)”A—1v ) [VLZOAZVO]HLL"CIOCLgo
< log(Mo) IV 20A20) [l om0
S 10g(>\0)||Zo||ig;nclocc}g+
< log(Ao)(CZ +1).

Therefore, choosing

Citart ~ log(Ng) = log(a) (3.35)

ensures then HQOHLL"CmX < rg.

Since Lemma 3.3 guarantees that the assumptions of Proposition 3.2 are satisfied,
the induction step follows and we have shown (3.32).

Next, we verify (3.33). Notice that, due to (3.2a) for arbitrary £ > 0,

lg<nsr = 9<bll oy, 5172 S Giirloskl pamoe iz + 1961l e, 5172
Therefore, using (3.7) and (3.18a),
lg<k+r = 9<kllpome,, 5172 S tiv1Gha + ik
Recall (3.23) and (3.24). This allows us to bound
5§+16k,a < mabk(bﬁ/2fa(b71))4k+1 < \/ﬁ < \/E

Notice that 7, = r,\,,#\? for all m,n € IN. Therefore,

/
n'—

lg<n' = 9<all o, 512 < > llg<re - 9<ill . 5122

k=n
n' —1 .
SNV D
k=n
where we used the estimate
n' —1 o n'—n—1
—BUn (BT -1) —B(b-1)k
Z a Z a =1 _a ﬂ(b 1)

k=n

Lastly, we need to check that g solves (1.2) and satisfies (3.34). First notice that,
since z, = Py, z and C'** «— H3/2,

2 112 - 2 2
lzn = 2l32 < D KIER)® < ANzl G002 S A2 N2l e
[k[ZAn

1/2

This implies z,, — 2 e L2 Co H'/?. Moreover, as B/* — H'/? the strong convergence

of g<,, € L2™Coc B 1 implies g<,, + 2, — g+ 2 € L? ’"01 HY/2,
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Let £ € C>°(T?). Due to (3.2b),
<_an - athgn + VL(an + Zn)A<g§n + Zn) - VA’Y—1V9§n7 v§> =0.

Multiply by ¢ € L°CS°(R), integrate in time, take expectation and split up the sum,
E U (Van, V{}Cdr] +E U (ORg<n, vg><dr} +E U (A 'V g<n, vg><dr]
R R R

=E [/ (VE(g<n + 20)A(g<n + 2n), V£>Cdr} . (3.36)
R

Next, we will establish the convergence of each term.
The residual vanishes. Indeed, using integration by parts, Holder’s inequality
and (3.32),

E [ | 9. veic dr} " { [ -6 dr}

< llgnl S "0,

LZ;LC]OCLOO||€||L1||C||L}UL} ~Tn =

Similarly, one establishes

B [ / <atnggn,v5><dr} " g [ / ,<Rg,vg>atcdr] ,

and
E U <1/A71Vg§n,V§><dr] "I R U (vg,V - [A“vg])gdr} )
R R

Using Lemma A.2, we find for the non-linear term

B | [ (700 + 202+ 20) ~ T4+ DA+ 2), TOC
<E[l(g<n + 20) = (9 + Dy pr1r2
x (lg<n + 2all gy s + 119+ 2Ny rrrse ) el alICl ]
< [(g<n + 20) = (9 + 2l /2
% (l9<n + 2all amyoiins + 19+ 2l amcpesrisa ) €N I oo -

It remains to localise the time-global integrals and to rewrite the time-derivative of ¢
in terms of point-values. Let t > s. Since ¢ € L*C°(R) is to our disposal, we choose a
specific structure: For |t — s|/2 > ¢ > 0, we construct (. (w,t) = (., (w)7:(t) by prescribing
arbitrary ¢, € LZ° and specific 7. € C°(R). We choose 7. such that

* it takes values in [0, 1];

» itequalslon [s+e,t—¢|;

* it vanishes on R\[s — ¢, s+ ¢];

* it is monotone increasing on [s — ¢, s + ¢];

* it is monotone decreasing on [t — ¢,t + ¢];

* its derivative is normalized in both transition regions, i.e.,

s+e t+e
[ == [
s—¢g t—e
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e it is smooth.

In other words, 7. is a smooth approximation of the indicator function on [s,¢]. Using
this specific test function and dominated convergence, we find

E { | Ra.verar @}

ste t+e
=E [/ (Rg, V)Tl dr cw] +E U (Rg, V&), dr ¢,
s t

—& —&

S E[(Rg, VE)(s) Gl — E[(Rg, VENT) ]

The other terms in (3.36) are handled similarly. Overall, since ¢, € L and £ € C*°(T)
are arbitrary, we have verified that g satisfies (1.3).
The estimate (3.34) follows from (3.33) by noticing that g<o = 0. O

In Theorem 3.5 we traced the concentration speed of g<, in LmeClocBio/i as it is

sufficient for the identification of the non-linearity. However, the explicit structure of the
solution allows us to read of improved regularity based on the parameter choice.

Corollary 3.6 (Regularity). Let the framework of Theorem 3.5 be satisfied. Moreover,
let (a,b, 8, Cstart) be given by Theorem 3.5 and g denote the corresponding solution. Let
%, ¥, € [0,1) satisfy 9, + 9, < 1/2 + 3/(2b) and either

1. (high spatial regularity)

1 B 1 1 8
> - = - Y = .
Yy > 5 a+ % and Y; < « b <19m (2 a+ 2b)>’ (3.37)

2. (high temporal regularity) or

1
19w<§—a+% and Y; < a. (3.38)
Then g € L2"Ct O+ with
9] 2m e 0w SV Cstart (Ilzllwn%cﬁn + [l pomep o1+ + 1) : (3.39)

Proof. Let (a,b, 8, Cstary) be a parameter configuration given by Theorem 3.5 and g its
corresponding convex integration solution. In particular, ||g, || L7 Croc X <r, forall n € INy.
Let 94,9, € [0,1) satisfy ¥ + 9, < 1/2 + 5/(2b) and N € IN.

Then, using (3.2a) and (3.12),

a—10¢
[Q§N+1 - ggN]Lamclthccﬂz S, EN_Ht [gSN}LinzClréccﬂz + [9N+1]Lamcliitccz9w

N
5 E(]X\fz_ﬁf Z 4N—n[gn]L3mclosccﬁz + [gN—Q—l}Ldem Clitucgw

n=1

n—1

N
5 E?Vji-ﬁlt Z 4N—n)\:’;$—1/2€;047,.1/2 + )\7]’;[1_;11/26131?17‘]1\//2‘ (3.40)
n=1

Notice the following identity of the second term,

/\%Jr—ll/yﬁjrtlﬁv/? _ abN(b(ﬁtﬂ?z71/2)fﬁ/2)aﬁ/2r(1)/2 _ 7,(1)/2a3/2a*<0 b=t

)

where —¢y = b2 (J; + 9, — 1/2) — b3/2 < 0 by assumption.
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We proceed by investigating the first term. Our analysis is split into two cases: high
spatial regularity and high temporal regularity.

Case 1: High spatial regularity. Let us assume that ; and ¢, additionally satisfy
(3.37), which is equivalent to

b(0, +a—1/2)—B/2>0 and b* (9 —a)+bW, +a—1/2) —3/2<0.

Estimating the super exponential by the last summand and bounding the geometric
series imply

N
g%j:it Z 4N—n)\zm—1/2‘€7—74a7,11/2

n—1
n=1
N
_ ré/Qaﬂ/2abN+l(19t7a) Z 4anab"*1(b(191+a71/2)76/2)
n=1
< r 2B/ g seace NI YN

where —Gpace = b*(9; — @) +b(J, +a —1/2) — 3/2 < 0.
Case 2: High temporal regularity. In this case, we assume that J; and 1J,, additionally
satisfy (3.38). Neglecting the super exponential in the sum shows

N
a—1 N—-ny¥,—1/2yp—a,1/2
£N+1t 24 /\n / En Th-1

n=1
N
_ r(l)/Qaﬁ/QabN+1(19t—a) Z 4N—nab"’1(b(ﬂm+a—1/2)—B/2)
n=1
< r(l)/zaﬁ/?a—mme 1)1\77141\77

where —¢iime = b?(¥; — a) < 0.
In both cases, there exists ¢; > 0 such that

N
_ _ — —a 1/2 1/2 — N-1
g?v_‘rﬂlt E 4N n/\fLT 1/2€na¢,,,n/_1 5 7,0/ a~Stb 4N

n=1

We now fix ¢; > 0 with this property. Notice that, for each fixed choice of parameters a >
1, b > 1and ¢ > 0, there exists a constant C' > 0 such that for all NV € IN,

a4 +1) < 0. (3.41)

Next, we revisit (3.40). Using the estimates for the first and second terms, and
applying (3.41) yield

1/2 _Ng
[9<v+1 = 9<N]pameo oo STo' AT,
w oc

where ¢ = ¢; A g.
Finally, Assertion (3.39) follows from g<o = 0, (3.12) and the summability of a~"°2,

oo
[g]l’imcitccﬂz S [ggl]Lgmcl“ztccﬂx + Z [ggn-‘rl - gSn}Lamclitcc@I
n=1
oo
1/2 1/2 —ng 1/2
gro/ —|—7"0/ Za ez §r0/ .
n=1
O
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Remark 3.7. If we choose ¥; = 0, we can pick J, ~ 1/2 + §/(2b) > 1/2. On the other
hand, if we choose ¥, = 1/2, we can take ¥; ~ min{«, 3/(2b)} > 0. Therefore, g enjoys
improved regularity in the sense that

g€ L2 (CuocCl/ 2@~ n it/ B2 ) (3:42)

4 Examples of noises W

As seen in Theorem 3.5 and more precisely in (3.34), all our convex integration
scheme requires is the finiteness of the term

12l Lam e + [Flramog oxt (4.1)

for some x > 1/2 and 7 < 3/2 and « > 0. Recalling that
¢
2= / O Cac1 78
0

we provide some examples of noises W and according constraints on the parameter §
which assure that (4.1) is finite. For the sake of conciseness, we set the viscosity v =1
in this section.

4.1 Cylindrical Wiener noise

The canonical example is to take W as a cylindrical Wiener process. Let us stress
that in our setting, the parameter ¢ will always be negative. The process z should be
accordingly thought of as the stochastic convolution of the colored noise W := A~ 11/,
We cite the following result from [20] on the regularity of the stochastic convolution in
this setting.

Lemma 4.1 (Regularity of stochastic convolution). Let W be a cylindrical Wiener noise
on L*(T?). Letvy € (0,3/2), k >1/2 and § < (—1 — k +v/2) A —1. Then for allm > 1 and
a < 1/2 there exists C > 1 such that

[z]LamCtacy + HzHLimthw < C < oo. (4.2)

Proof. Refer to [20, Proposition 4.1]. O

Note that in this case, z is a Gaussian random variable. As a direct consequence,
from (3.34) we conclude that the moments of our convex integration solution g are
sub-Gaussian. Indeed, by (3.34) we obtain

HgHLam'ClocBio/?l 5 [Z]La7rtcgci+ + ‘|ZHLE;WCtCaIJ+N /S C(Qm)1/2

where in the last step, we exploited that also the Holder modulus of continuity of a
Gaussian process admits sub-Gaussian moments (see for example [27]). In particular,
this quantified moment bound in m implies that g admits square exponential moments,
i.e. there exists an ¢ > 0 such that

2
E o elgl, s | < oo

which is a result not available in the setting of [20].
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4.2 Noises constructed via Young integrals

In this section, we show how to construct the stochastic convolution z for a given noise
W via sewing techniques. The latter constrains us to work on a compact time interval
[0,T], fixed throughout this subsection. We are able to cover the class of processes
which admit some temporal Holder regularity, provided the spatial coloring is strong
enough, i.e. ¢ is sufficiently negative. Let (3*), be a sequence of independent copies of
a stochastic process /3 such that

2m
E ( sup M) < 00. (4.3)

stefo,r] |t — s

For (e), an orthonormal basis of L?(T?), let us consider a noise of the form

o0

Wt = Z €kﬂf.

|k|=0

We then have the following.

Lemma 4.2. Let W be as above. Suppose v < 3/2, k > 1/2 and H € (0,1). Suppose
moreover 6 < —2 — (yV k+~(1 — H)). Then

1
2m 1 3m
[Z}LZC[POI,T]C;+ + ||Z||I&C[0,T]C;+'i SE [[B]CTZ} ’
Example 4.3. A canonical example for 8 in the above would be a H + e-fractional
Brownian motion for H € (0,1) and € > 0 arbitrarily small. Indeed, in this case (4.3) is
finite and moreover also enjoys sub-Gaussian moments. Similar to the above case of
cylindrical Wiener noise, this implies that our constructed convex integration solution g

enjoys square exponential moments in the sense that for some ¢ > 0, we have
E [expe’||g||2 1/2} < 0.
Clo, 1B

We stress that the construction is feasible for all H € (0,1), as the integrand of the
stochastic convolution is smooth in time.

Remark 4.4. Note that in the case H = 1/2, which recovers the case of cylindrical
Wiener noise, the condition in the above lemma is worse than that given in Lemma 4.1.
Besides the fact that we loose optimality due to Sobolev embeddings, this would still
be natural to expect, as the sewing arguments are entirely pathwise and thus do not
capture any stochastic cancellations.

Proof of Lemma 4.2. Let (ex); be the sequence of eigenvectors of A and (\)x be the
corresponding sequence of eigenvalues. Note that A\; ~ |k|. We begin by showing that
the expression

t
/ e M=1)4g, (4.4)
0

is well defined as the sewing of the germ A;,. = e A(t=s) (B, — Bs). For the reader
unfamiliar with sewing techniques and the corresponding terminologies, we refer to
section A.3 in the appendix. Let us point out that A* : A5([0,¢)) — R is indeed a well
defined object for any ¢ € [0, T, since - contrary to Volterra settings - no singularities in
t € [0,T) are present. Using the Schauder estimate Lemma A.5, we note that 0 < e < H

‘(6At)s,um‘ =[(Br - Bu)e_/\zt(ekzs - e)\Zu)| S [Blenlr - U|H(AZ)1_H+€W - 3|1_H+E-

EJP 29 (2024), paper 173. https://www.imstat.org/ejp
Page 23/38


https://doi.org/10.1214/24-EJP1221
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Convex integration for SQG with generic additive noise

By the Sewing Lemma A.4, we therefore obtain the existence of an associated integral
(ZA?), which we use to define (4.4)

t
(TAY), = / M1 gg,.
0
Using the a priori bound (A.4) that comes with the Sewing Lemma A.4, we have
(TA%)e — (ZA)s| S |t = s [Blon + |t — s|"H[Blon (A~

With the definition of the one dimensional stochastic convolution at hand, we define

oo

t
wim 3 [l aste
0

|k|=1

We note that

0o t s 2
o= 2l = 2 AV IR ( / e MTdp) — / e-kl(s-”dﬁff)
0 0

k|=1
o'} t 2
50 N ([ eieagt )
|k[=1 3
[e’e) s 2
+ Z /\i(é—l)‘k|2a(67>\z(t75) _ 1)2 </ 6)\z(sr)dﬂ7l;c>
|k|=1 0

We can now use the above estimate to deduce that

t
/ efAZ(tfr)dﬁf

S

=|(ZA")e — (ZA")s| St = |7 [B¥]on + [t — s["T<[B*) o (A7

and

= |(IA5)3 — (IAS)O| < TH[Bk]CH + T1+e[l8k]cH(/\Z)1fH+e.

[ eitemast

0

We therefore conclude that

e’} t
E Z /\i(é—l)|k_|20 (/ e—AZ(t—T)dﬂf)

lk|=1

2

o0 6_ ; - )
SE H/B]%H] [t — s|2H Z /\i( 1)\k|2 ()\Z)2(1 H+ )’
k=1

where the above sum converges provided
20—-1)+20+2y(1 — H+¢) < —2. (4.5)

Concerning the second sum, we obtain again thanks to Schauder estimates \e*AZ(t*S) —
11 < X,IH|t — s|# (Lemma A.5) and thus

2

E Z )\i(é—l)|k|20(ef/\2(tfs) _ 1)2 (/0 ekz(sr)dﬂf)

|k|=1
oo
<E [[6]%11] Z /\i(zﬁl)|k|2n(Az)2H+2(1—H+e)It _ 8|2H
|k|=1
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where the above sum converges provided
20—1)+20 +2y(1+¢€) < —2. (4.6)

Noting that (4.6) implies (4.5), we can conclude that z € L2C/ HJ provided (4.6)
holds. Using the Sobolev embedding H® — C'*¢ for o > 2 and ¢ > 0 sufficiently small,
we have z € LZCHCL*¢. Concerning the other regularity claim on z, note that it suffices
to ask for arbitrarily small Holder regularity, meaning that in this case we may use the
Schauder estimate |e*’\z(t*5) — 1] £ XJ|t — s|°, which lets (4.6) collapse to (4.5). We
therefore obtain that z € L2CfHZ for some € > 0, provided (4.5) holds. Using again the
Sobolev embedding H? — C'***¢ for ¢ > 2 + x, we obtain the claim. O

4.3 Another class of general stochastic processes

We give another example of a class of stochastic processes W that assures the
existence of a stochastic convolution z and that can assure the finiteness of (4.1).
Contrary to the previous subsection, we will provide a construction in spirit of that
of the It6 integral (i.e. in particular not a pathwise one), yet going beyond the martingale
and Gaussian setting.

Let 8 : Q x [0,00) — R be a stochastic process which starts in zero, is continuous and
centered and has independent increments. We moreover assume that

Var(8; — Bs) = (t —s),  E[B — Bs|*] < C|t — 5| 4.7)

for some v € (0,1]. Note that the above are obviously satisfied for 5 being a Brownian
motion with v = 1, however 3 need not be a Brownian motion or even a Gaussian process
(if it was a Gaussian process, the above conditions would imply that S is a Brownian
motion). We consider again
Wi = Z €kﬁtk
k

where (ey) is an orthonormal basis of L?(T?) and (38*), are independent copies of 3,
which we describe below. In the case of deterministic integrands which we are concerned
with, the above conditions on  suffice to establish an analogue of the Paley-Wiener
integral by means of an isometry. Time regularity of the so obtained integral can then be
recovered by means of the Kolmogorov continuity theorem (which is why we require a
fourth moment assumption).
Lemma 4.5. Let f : [0,t] — R be a deterministic elementary function meaning for some
NeNand0<t; <...ty <tandc, € R, we have

N—1

ft) = Z Ck]‘[tk7tk+1]'
k=0

Suppose 3 as above, i.e. a continuous centered process starting in zero satisfying (4.7).

Then we have )
t t
E( / fsdﬂs> - / f2ds
0 0

Proof. The proof follows from a direct computation as in the case of the It6 isometry,
exploiting that the coefficients (c;)r<n are deterministic. O

As the elementary functions are dense in L?([0,t]), we can use the above isometry
to define the Paley-Wiener integral for f € L*([0,t]). Indeed, if f € L?([0,¢]), we find a
sequence of elementary function (f™), such that || f” — f||,. — 0. Thus

E</Otfs“f§”dﬂs>
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i.e. the (fot ffdﬁs) is Cauchy in L?(f2), meaning we obtain a limit object for which the
above isometry carries over. In particular, we have

t 2 t 1
E (A e—k(t—s)dﬂs) :A 6—2)\(t—s)ds _ ﬁ(1 _ 6_2)\t).

Moreover, we can use the estimate on the fourth moment in (4.7) to deduce the existence
of a Holder continuous modification of the integral process via Kolmogorov’s continuity
theorem.

Lemma 4.6. Let f : [0,7] — R be bounded. We have

4 2 14+v
B (/t ﬂd&) <6 (/t f?dr> + O f) 220 (/t f?dr) .

Consequently, the process X; = fg fsdBs admits a §-Hélder continuous modification.

Proof. By density, we may argue again through approximation via elementary functions:
let

N
= ekl (1)
k=1
We have
. 4
B ( | d@)
) N
= Z crCicnemB (B — B ) (Biyir — Be;) Btss — Btn) Btoss — Bt )-
k,j,n,m=1

Observe that due to the independent increments and centeredness, the above expectation
vanishes whenever all four running indices k, j, n, m are distinct and whenever three of
them coincide but one is distinct. We are therefore left with

+ 4 N
E (/ fﬁvdﬂr> = GZC%@C?E(B%-H - Btk)2(5t]’+l + ZC E Btk-u Btk)4
s ki
N N N
§ 6 tk+1 - tk ZC J+1 - tj) + Ozci(tk_i_l — tk)lJrv
k=1 j=1 k=1

2

o/ (ff-v)zdr> Tl 2“*”’2 (ot — )

t 2 1+v
o ([ urar) o ([urar)

We then conclude by density and Kolmogorov’s continuity theorem. O

IN

IN

From the above proof, it is clear that the statement extends to deterministic bounded
functions depending also on the upper integration variable, that is for f : A — R
bounded deterministic, we have

4 2 1+v
E( /tf(t,r)db’r> ges( /th(t,r)dr> + ||l 20+ ( / tf2(t,r)dr> .

Consequently, f: f(t,7)dB,| < |t — s|v/* P-almost surely. This essentially gives us Holder
regularity of the stochastic integral. To conclude that the stochastic convolution is Holder
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continuous, we need to also obtain some Holder regularity from the semigroup, for which
we use again the Schauder estimate of Lemma A.5. Indeed, for z; = fot e‘“(t‘s)dﬂs we
have

t s
2 — 2o = / e~ =1dg, +/ (e —emalem)ap,
s 0

and therefore using Lemma 4.6 and the Schauder estimate A.5 (using it once with
6 = (14 v)/4 and once with § = 1/2), we obtain

Elz; — z|* S (t —5)2 + (t — 5)'T
s 2 s 14+v
+ </ (e—a(t—r) . 6_a(s_r))2d7‘> + (/ (e—a(t—r) _ e—a(s—r))2dr> (4.8)
0 0
S(t—8)2 4 (t— )TV + a1 — )1+,

Hence, we can apply the Kolmogorov continuity theorem to obtain the existence of a
continuous modification. In the infinite dimensional setting, we need to again make sure
that we stay summable along Fourier modes but the calculation is essentially similar.

Lemma 4.7. Let 5 : Q2 x[0,00) — R be a centered, continuous stochastic process starting
in zero satisfying (4.7). Consider as noise

Wi = Z ekﬁf
k

where (e},) is an orthonormal basis of L?(T?) of eigenvectors of A and (8*), are indepen-
dent copies of 3. Then the process

t e t
2 ::/ A=) ATy, = Z / e—AZ(t—S))\i—ldﬁfek (4.9)
0 0

[k|=1
is well defined and we have for any ¢ > 0
4 ~U/4—€ 170
z€ L,Cop H7
provided the parameters satisfy

46— 1)+ 4o+ (1 +v)y < —2.

Using again Sobolev embeddings, the above implies:

Corollary 4.8. Let v € (0,3/2) and > 1/2. Suppose that v as above and
0<=3/2—(1+v)y/4— k.

Then the process z in (4.9) satisfies z € Lina/;]_EC’}c*“.

Proof of Lemma 4.7. Note that

oo t s
||Zt . sti]a‘ _ Z /\2(571)|k|20 (/ e—AZ(t—r)dﬁf _/ e—Az(s—r)dﬁf)
0 0

lk|=1

2
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and thus
Bz — 2l

2 : o—
2 1 o
k#j

% /\?(5—1) |j|2‘TE (

2

t s
/ e—AZ(t—T‘)dﬁf _/ e—AZ(S—T‘)dﬁf)
0 0

t s
C_A;(t_r)d,@z _ / e—)x?(s—f’)dﬂg:)

0

2

S—

%) t S :
b S e ([l etenags - [ eienag)
|k|=1 0 0
2
00 t s 2
< Z )\i(é—l)wzaE </ G*Az(t”)dﬂf 7/ e/\l(sr)dﬂf>
|k|=1 0 0
oo t s *
+ Z )\i(ﬁfl)‘kl&TE (/ e—)\z(t—T)dﬁf _/ e—AZ(s—T)dﬂf)
0 0

|k|=1

Using (4.8), we have

00 t s !
Z )\i(éfl)lk\“E (/ e~ M=) gk _/ e‘kl(s—r)dﬂf>
0 0

|k|=1
S 3 Ak (1t = s+ N = ).
|k|=1
The above sum converges if
46 —-1)+4do+ (1 +v)y < -2 (4.10)
in which case the above sum is bounded by

4

o0 t s
>0 Ol ([ eenagt - [Teiemnagt) | < je- s
0 0

|k|=1
Concerning the second sum, note that we can bound similarly using again (4.8)

oo t s
Z )\Z(éfl)‘kFJE (/ e—Az(t—T)dﬁf _/ e—AZ(S—T)dﬁf)
0 0

|k|=1

e} t s 4\ 1/2
< Z )\i(5—1)|k|2a <IE </O eng(tfr)dBfi/o BAZ(ST)dﬂf) )

lk|=1

o\ 2(6-1) (112 2 (14v) 1) /2
S R v (e e Y () ) I
|k|=1

2

Under condition (4.10), the above sum converges in which case we obtain

2
2

o0 t s
>0 RO ([ eienagt - [Teiemast) ) gl st
0

|kl=1 0

Overall, this shows
Ellz — 2o S 1t — /'™

and thus, we may conclude by Kolmogorov’s continuity theorem. O
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5 Consequences

In this section, we collect a selection of consequences of Section 3. By nature of the
presented estimates, the following results directly carry over from the analysis in [21]
and [20], hence we will content ourselves with merely giving the statements and for
the detailed proofs refer the reader to the corresponding arguments in those papers.
We would like to stress here that we do not require Gaussianity of the noise, hence
the results of these sections hold for any noise W such that the associated stochastic
convolution z is a well defined object satisfying (4.1). However, in order to define
stationary (ergodic) solutions, Section 5.5 may only deal with noises allowing for an
extension of the corresponding solution to the full time horizon.

5.1 Non-uniqueness, infinitely many solutions and continuum of solutions

Theorem 5.1. The solution constructed in Theorem 3.5 is not unique; in fact, there exist
infinitely many such solutions and the set of solutions forms a continuum.

These statements follow analogously to the analysis in Sections 3.2.2, 3.2.3, and
3.2.4, respectively, in [21].

5.2 Initial value problem

Let 0y be an Fp-measurable initial condition independent of the noise with zero mean
and such that for all m > 1 and some n > % it holds

E [||6o]|gn] < oo. (5.1)

Similar to [20] we may incorporate this initial condition into the stochastic convolution
giving

t
z=e "MATI0) + A—l/ e (AT AT T
0

where the first summand is in C([0, 00); C"+1) N C’S/QC’QH_WQ, cf. [50, Lemma 2.8]. In
the convex integration construction of Section 3, adjust by introducing the cut-off

0, t<2 -l
x(t)={€(0,1), te (227"
1 t>27"

)

and redefining the perturbations as

L old
In+1 = XGn+1-

This way, the scheme does not manipulate the initial condition and though we merely
obtain a bounded error

<E

in that region, this is compensated by the decreasing size of the time interval. In contrast
to Section 3, the constant Cl,,+ Will now depend on the initial condition; more precisely
it depends on the moment bound 5.1. Therefore in this setting, one first needs to fix m to
proceed with the analysis; nevertheless, the result holds for all m > 1. Thus in analogy
to [20] we obtain:

sup [|gnt1 (ﬂ”&]) S Cstart(CZQ + 1)
te[0,2-7]
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Theorem 5.2. For the above choice of initial condition 6, there exist infinitely many (F)-
adapted non-Gaussian analytically weak solutions 6 to (1.1) in the sense of Lemma A.3
with initial value 6, belonging to

14,.(10,00); BX{*) N C((0,00), BX{*7) 0 €27 ((0,00), BT

loc

PP-a.s. for all p € [1,00). Furthermore there exists o > % such that for allm > 1

sup | E
t>4

2m
5 0)|%m- 0 R
op | lB;,;D T am s

S CStart(”Z”LEJ"CMCC;JFN + [Z]L?d771.clf:)cci+ +1).
In particular, for any € > 0 there exists such 6 such that
HQHLE’"GOCB;{Z* S V Cstart(||Z||Lamclcccalc+m + [Z]LEJWLCIO(C)CC;+ + 1) (||90HLZ"”B;1{27 + 6) .
’ ’ (5.2)

Proof. Leto € (3,2(a—B) AL+ 4%)
First observe that analogous to [20, (6.2)] it holds

SOy

||g£n+1 _gSnHLE]”ClocC” n+1>‘ ”gSn”Lamcch;/i

1

1
5 V Cstart(l + 022) 1)‘0 4 n+1»

since o < &(a — f3). Hence

sup E
tZQ—’rH»Z

< genss — 9<nllzzmeoy,.co + sup (E

1
Zm
sup ||g<nt1(s) = g@(S)I%“-’D

s€lt,t+1]

1

2m
sup ||gnt1[I& D
s€ftt+1]

1 _1
SrE A (Co+ 1) (lgnll g cuox + )

t22—7L+2

1

1

2 o—3

S/ Tn+1 + )\nJrl T
where we used that

8

o—31 1 / 2 g U_%_Tb /C!
)\n+1 Tn = Cstart(cz + 1))\0 )\n+1 start C + 1 )‘O n+1’

since 0 < 5 + 4%. In total this gives

sup [E
t>2-n+2

Conclude as in [20, Theorem 7.1], and [21, Theorem 3.2]. In particular, non-Gaussianity
follows analogously: for non-Gaussian 6, the parameter a can be chosen large enough so
as to ensure that P<),0y and P,,z are non-Gaussian and conclude via the construction.
For Gaussian )y, start the construction from g<o = XZ where Z is a smooth bounded
non-Gaussian JFy-measurable random variable with finitely many non-zero Fourier modes,
independent of 6y and the noise, and x a smooth cut-off in time equal to 0 if ¢ < % and 1
if t > 1. Choosing )\ large enough such that P<,,Z = Z, we hence ensure that the first
Fourier modes of the constructed solution correspond to that of a non-Gaussian and is
thus non-Gaussian itself. O

1
m
Sup HgSn-‘rl(S) - gﬁn(s)||%T]> < v C:atart C + 1 )‘ )‘n+1 + rn-i—l

sE[tt+1]
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5.3 Prescribing terminal values

As it turns out, a similar procedure as in Section 5.2 can be used to prescribe terminal
values at arbitrary times T > 4:

Theorem 5.3. Let T > 4 be arbitrary. For allm > 1, letv € LI'C*([0,T],C"), n > % be
given such that v has zero mean P-almost surely, v(t) = v(T) for allt € [T — 1,T] and
0w(0) = 0. Then there exists an analytically weak solution 6 to (1.1) in the sense of
Lemma A.3 such that 6(0) = v(0) and 6(T') = v(T') and

0. L0, BL*) n C((0, 7, BX*") n V2~ (10,71, BIT)

P-a.s. for all p € [1,00). Furthermore for any € > 0 there exists such 0 such that for all
m>1

<l

||0||L37"CTB;,17{2_ HLE,’"CTB;%F_ + e

Proof. Analogously to [21, Section 3.3] we may in this case set up a convex integration
procedure of the form: let z(0) = 0 and let

- athSn + vl(gﬁn + zn>A(g§n + Zn) - UA7_1Vg§n§an’
an(o) = P)\”/3A71U(O),
g<n(t) = Py, 3sA " 0(T), Vte [T —27",T].

Indeed, starting of with
g<o = Py, 3A v,
Vo — 9;Rg<o + V*(g<0 + 20)Alg<o + 20) — vAT" ' Vg<o
gives the estimates
lo<ollzzmes piva < Iolzmepon
laollzmex S I Ezmopen + 10l cron + C
Thus choose Csart = C||v][2mczcn- In the induction step we define g, 41 as before and

let

9<n+1 ‘= 9,41 + XGn+1 + ggfi

where
0, tefo,2 U [T —2-"1, 7],
X(t) =4 € (071)7 te (2_n_152")U(T_2_n7T_2_"_1)7
1, te27",T—2"]
and

Inst = (Pryass — Paa)A” o,
Observe that

. _ 112
Hggf;”LszTBio/i 5 )\n1||UHLz)mC%Cn S §T,é+1.

Furthermore

g§n+1(0) = PX,L+1/3A_1’U(O)7

g<nt1(t) = Py, sA " 0(T), Vte [T —27""1T]
and a similar analysis as in [21, Section 3.3] applies. O
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5.4 Coming down from infinity
Theorem 5.2 and Theorem 5.3 imply the following coming down from infinity result:

Theorem 5.4. Let T > 4,¢ > 0 and 0y as in Theorem 5.2, then there exist infinitely
measurable solutions to (1.1) in the sense of Lemma A.3 such that for allm > 1

160 2m e B2y < &

Proof. Choose v as in Theorem 5.3 such that v(0) = 6y and v(T") = 0, then from Theo-
rem 5.3 we deduce the existence of § such that
0(0) =
o(T)

0,
0.
Conclude with Theorem 5.2. O

5.5 Stationary (ergodic) solutions

Stationary solutions satisfy the equation on the full time horizon R hence in order to
study the existence of such solutions in the above setting, we must be able to extend
the convex integration results to R as well. Hence in this subsection we can only treat
the case of Section 4.1 which allows for the same extension procedure as described in
[20, Section 8]. Analogously we use Theorem 5.2 to start in 6, = 0 and apply the convex
integration mechanism of Section 3 to

t
2 = / e_(t_s)AwAé_ldWS

—00

to construct infinitely many (ergodic) stationary solutions. Indeed: due to lack of
uniqueness, we understand stationarity as invariance with respect to time shifts

Se(@,W)() =0+, W(+1t)—W(t)), teR,O0,W)eT,

I;}”) x C (R, B, ") for some p € [2,00).
In analogy to [20, Definition 8.1] we hence define stationary solutions ((2, F, (F;),P),
0,W) as analytically weak solutions of (1.1) in the sense of Lemma A.3 on (—o0, c0) such

that

on the trajectory space 7 := C (IR, B

Law(S¢(6,W)) = Law(6, W) forallte R.

Similarly we may define a stationary solution ((Q2, F, (F;),P),0, W) as ergodic (cf. [20,
Definition 8.4]) if

Law(8,W)(A) € {0,1} forall A C T Borel and shift invariant.

In analogy to [20, Theorem 8.2, Corollary 8.3, Theorem 8.5] and [21, Theorem 4.2]) we
may therefore deduce
Theorem 5.5. 1. Each convex integration solution ) obtained in ~Th~eorgm §.2 ~wjlth
6o = 0 and extended to R gives rise to a stationary solution ((Q2, F, (F;),P),0, W)
such that time averages of the law of time-shifts of ¢ converge to the law of
(6,W) and for some ¢ € (0,1),0 > 0 it holds for allm > 16 € LimOtB;%{He N
LQnLCtl/2*UB—11—e.
2. There exist infinitely many non-Gaussian stationary solutions.
3. There exist infinitely many non-Gaussian ergodic stationary solutions such that

for some € € (0,1),0 > 0 and for all m > 1 they lie in 0 € LimCtB;O%{HE N
L2me, P 7Bl
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The proofs follow a tightness argument for the ergodic averages to deduce stationarity
as well as a Krein-Milman argument to deduce ergodicity. Non-Gaussianity follows as
described in the proof of Theorem 5.2.

A Auxiliary results

A.1 A multiplier and commutator Lemma

Lemma A.1 ([7, Lemma 3.2]). Suppose a € L*(T?) such that a is mean-free with
supp(@) C {|k| < p} and p > 10. Let m € C°(R*\{0}) be a homogeneous function of
degree 0 and T,, is the Fourier multiplier defined by fm\f(k) = m(k)f(k) Then there
exists a constant C,,, > 1 such that

[Tmall Lo (w2) < Crm log()l|al] poo (p2) - A.1)

The next lemma extends the definition of the non-linearity, defined in (1.3), for
g € H'/?. Notice that, for smooth g and &,

(V- [V*'gAgl,&) = —(Ag, Vg - VE).

Moreover, (g,g') — (Ag, Vg’ - V¢) for fixed ¢ € H*(T?) extends to a bi-linear and
bounded map from H'/?(T?) x H'/?(T?) — R. This is closely related to the commutator
estimate of Cheng, Kwon and Li [7, Proposition 5.1]. However, they work on the level
0 = Ag, which is why for the sake of completeness, we provide the proof for our setting.

Lemma A.2. There exists a constant C' > 1 such that for all g, ¢’ € H'/? and ¢ € H,
(Mg, Vg - VEN < Cligllgrarallg’ | s 1€l gra- (A.2)
Proof. Notice that

(Ag, Vg - VE) = Z\ku kG(—k)g (DEk — 1)

—Z > Ikl g(=k)g (DE(k —1).

k0 120,k

Holder’s inequality shows

YD KLk G(—R)g (DER — 1)

k#£0 10,k
1/2 1/2
~ o~ 2
> IklIgR)I? YU R kg ek - 1)
k0 k#£0 10,k
Therefore it remains to verify
1/2
~ o~ 2
SIS Wk EE DI | S 19 e €] (4.3)
k#£0 1£0,k
We distinguish two cases.
1. If|l| S |k |k| < |k —1| and
M2 ke < (R0 S e — 2P0
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2. If |k — 1| < |l

, then |k| = |I| and
20 ke = (kM2 (k= 1) ke < R — 1] < R — P

Split up the interior sum of the left hand side of (A.3) into these two cases and
estimate separately. For fixed k by Holder’s inequality

S YR kg WER - 1)

10,k &|1| < k—1|
< > WS OIR - 1ER =D
1£0,k& |1 < [k—1|
1/2 1/2
~ 2 ~ 2
< > gl > k=UMEk - )
1540, k& 1| < [k—1] 1£0,k& || < [ k—1]
The second case can be treated analogously,

S kYL kg ER - 1)

10,k &|k—1|<|1]

< ST WG O IR -0 ER - 1)
10,k &|k—1|<|l|
1/2 1/2

< S P S k- ER -0

10,k &|k—1|<]i| 170,k &k —1|<|
Lastly, we need to bound
s 2 8 7y 2 2
ST k= 1Mek -0 S RFE®R)]T = (1l
k0 15£0, k& |1| < |k—1] k#0

A change of variables (k,1) — (k',1') = (k, k—1) reveals a similar bound for the second
case. Indeed, |I'| = |k — | < |I| ~ |k| = |K'| and, therefore,

S Rk —UER-

k0 1£0,k &|k—1|<|i|

- wRiEw

K/ #0 10,k & |1/ |< |k’ |

<SS WTRED S Nl

K/ #0 10,k & |1/ |< |k’ |

A.2 Transformation of SQG equations
We have the following
Lemma A.3. Let g € LZmCIOCBiﬁ be a weak solution to (1.3). Let

t
2 :/ e—u(t—s)A"’Aé—ldvvS
0

be well defined and enjoy the regularity (1.4). Then 0 := A(g + z) is a weak solution
to (1.1) in the sense that

(60,€) — (00,€) + / (R0, - V0,.&)ds — —v / (A0, €)ds + (N (W, — Wo).€)
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for some 6, € H'/? and any ¢ € C2°(T?) where the non-linearity is understood by means
of the identity

(R*0-0,6) = (0, [R*, VElo)

Proof. As already mentioned prior to Lemma A.2 it was already shown in [7, Proposition
5.1] that the commutator [R*-, V] extends to a linear map [R+-, V€] : H~Y/2 — H/?,
Hence, 6 := A(g + z) enjoys sufficient regularity for the non-linearity to be well-defined.
The claim thus follows by a direct calculation. O

A.3 The Sewing Lemma

We recall the Sewing Lemma due to [17] (see also [15, Lemma 4.2]). Let F be
a Banach space, [0,7] a given interval. Let A, denote the n-th simplex of [0,7], i.e.
Ay {(t1,...,tn)]0 < ty--- < t, < T}. For a function A : Ay — F define the mapping
0A : As — FE via

(6A)s,u,t = As,t - As,u - Au,t

Provided A, = 0 we say that for o, 8 > 0 we have 4 € C5"?(E) if Al 5 < oo where

As 0A)s .,
|All, == sup 145, aE, H(SAHB = sup 7‘“ )s, ’;HE,
(s,t)EAS |t - S| (s,u,t)EA3 |t - S|
1Al 5 = [IAll, + [|6A]l 5.

For a function f : [0,7] — E, we note f,; := fir — fs
Moreover, if for any sequence (P"([s, t])), of partitions of [s, t] whose mesh size goes
to zero, the quantity
dmo D Au

[u0]€P™([s,t])

converges to the same limit, we note

(TA),,; = lim > Aue

n—oo
[u,v]€P™([s,t])
Lemma A.4 (Sewing). Let0 < o < 1 < 3. Then for any A € C5""(E), (ZA) is well defined.
Moreover, denoting (ZA); := (ZA)o,., we have (ZA) € C*([0,T], E) and (ZA)o = 0 and for
some constant ¢ > 0 depending only on 5 we have

I(ZA): — (TA)s — Agull < cllA] gt — 5. (A.4)

We say the germ A admits a sewing (ZA) and call Z the sewing operator.

Lemma A.5 (‘Schauder estimate’). We have fora > 0 and 6 € [0,1] and0 < s <t
(e—at _ e—aS) 5 aé(t _ 8)9.

Proof. The proof follows from interpolating the bounds

at
lem™ —e7 <2, e —e | = |/ —e fdz[ < a(t—s).
as
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