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Abstract

Lars Onsager conjectured in 1949 that the Euler equations conserve kinetic energy
if the velocity field u € L3((0,7); C%*(T?)) with a > . In the case that o < %
energy dissipation can occur. In this work, we pursue an analogue of Onsager’s conjec-
ture for the conservation of energy of weak solutions to the hydrostatic Euler equations.
Classical spatial analytic solutions of the hydrostatic Euler equations are known to con-
serve the horizontal kinetic energy [lu(-,t)||25 + [[v(-,)|35, where (u, v) is the horizontal
component of the velocity vector field.

Unlike the Euler equations, in the case of the hydrostatic Euler equations the vertical
velocity w is one degree spatially less regular with respect to the horizontal variables,
compared to the horizontal velocity (u,v). Consequently, we introduce the new notions
of type II and type III weak solutions (where a type I weak solution refers to the
canonical notion of weak solution). As a byproduct, this has its implications for the
various formulations of the analogue of the Onsager conjecture for the hydrostatic Euler
equations.

We first consider the standard notion of weak solution (type I) with the verti-
cal velocity w € L?((0,T); L?(T?)), and show that if the horizontal velocity (u,v) €
LY((0,T); Bf o(T?)) with o > % then the horizontal kinetic energy is conserved. Note
that L*((0,7); C%*(T3)) C L4((O,T);Bioo(']1'3)). A plausible explanation for the in-
crease from % to % in the regularity exponent is due to the aforementioned anisotropic
regularity in the velocity field. Finally, we also prove sufficient conditions for energy
conservation for type II and type III weak solutions of the hydrostatic Euler equations.
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1 Introduction

In this paper, we study the three-dimensional hydrostatic Euler equations with rotation (also
known as the reduced inviscid primitive equations of planetary scale oceanic and atmospheric
dynamics, i.e. without coupling to temperature), which are given [16]

Ou+V - (uu) — Qu + d,p =0, (1.1)
0w+ V- (vu) + Qu+ dyp = 0, (1.2)
0.p=0, (1.3)
V-u=0. (1.4)

Here u = (u,v,w) is the velocity field, p is the pressure and 2 € R is the Coriolis param-
eter. We will also denote by uy = (u,v) the horizontal velocity vector field for notational
convenience.

It is already apparent from equation that the vertical velocity w will have one
degree less spatial regularity in x and y than the horizontal velocities u and v. The fact that
the regularity of the velocity vector field is anisotropic will keep appearing when we study
regularity criteria which are sufficient for energy conservation.

In terms of the domain, the physical boundary-value problem for the system —
is usually studied in a three-dimensional channel

M ={(z,y,2) €ER*: 0< 2 < L, (x,y) € R?}
subject to the no-normal flow boundary condition in the vertical direction
w(z,y,0,t) =w(x,y, L,t) =0. (1.5)

Furthermore, u,v,w and p are periodic of period 2L in =z and y. We consider the above
system with the initial conditions

u(z,y,2,0) =uo(z,y,2), v(z,y,2,0) =1vo(z,y,2). (1.6)

System — is ill-posed in any Sobolev space [34], while it is locally well-posed in the
space of analytic functions [29, [43].

For classical (analytic) solutions of the equations in the channel, we can extend the
solution in the z-direction by extending the vertical velocity w to be odd in z and the
horizontal velocities u and v to be even in z with periodic domain [—L, L]. The odd extension
of w is made possible by the no-normal flow boundary condition (|1.5]).

For classical solutions, these symmetry conditions are invariant under the equations [29]
34]. Without loss of generality we take L = % which makes the fundamental periodic domain
to be the flat unit torus T®. Therefore for classical solutions, studying the physical boundary-
value problem in the channel with the no-normal flow boundary conditions is equivalent to
posing the problem on the torus subject to the symmetry conditions given above for u and
p.

For this reason, throughout the paper, we will study weak solutions of the primitive
equations on the torus with periodic boundary conditions and subject to the symmetry
conditions. Notably, if such a weak solution satisfies suitable regularity assumptions such



that one can make sense of the trace when z = 0, L, then the odd extension of w actually
satisfies the original physical boundary condition . Consequently, such a weak solution
solves the original boundary value problem in M. In all the cases we consider in this paper,
the weak solutions have sufficient regularity to interpret boundary condition in a trace
sense.

One can observe that the horizontal kinetic energy

Blt) = /Tr <|u(x,t)|2 + |v(x,t)|2) da

is a formally conserved quantity (i.e. it is conserved by classical solutions). From now on,
we will refer to this conserved quantity as the kinetic energy or simply the energy.

In this paper, we will show, loosely speaking, that the kinetic energy of weak solutions is
conserved if u and v are Holder continuous with exponent bigger than % (we do not assume
this for w). This is in contrast to the corresponding result for the Euler equations, where the
critical exponent is % (for u,v and w). One might plausibly explain that the Hélder exponent
being higher in this case is due to the lower spatial regularity of the vertical velocity w.

The primitive equations model the planetary scale dynamics of the ocean and the atmo-
sphere. These equations can be derived as an asymptotic limit of the small aspect ratio (the
ratio of height to depth in a fluid) from the Rayleigh-Bénard (Boussinesq) system. These
equations have been the subject of a lot of attention over the years. So the overview that
will be given below will necessary be incomplete in summarising all the relevant work.

The primitive equations were first introduced in [61]. The viscous primitive equations were
studied in a mathematical context for the first time in [49-51] (in which the global existence of
weak solutions was established). The short time existence and uniqueness of strong solutions
was established in [31] (see also [67]). The global existence of strong solutions was then
proven in [16] (see also [40]), with results for different boundary conditions in [45, [46]. In
[33] the case with less regular initial data was investigated using a semigroup method. The
uniqueness of weak solutions was discussed in [10] 111, [38] [39] 42}, 48] [55].

The inviscid primitive equations have also been the subject of many works. The linear ill-
posedness in Sobolev spaces for the inviscid case without rotation (i.e. € = 0) was established
n [60]. Subsequently, the nonlinear ill-posedness was proven in [32]. Then it was shown in
[15,169] that smooth solutions to the inviscid primitive equations without rotation can develop
a finite-time singularity. These results were extended to the case with rotation in [34]. Then
in [29] it was proved that the lifespan of solutions can be prolonged by fast rotation for
“well-prepared” initial data. The papers [8, 9, 29| 30, 41, 43|, [44) [54] investigated the local
well-posedness for analytic initial data.

The nonuniqueness (and global existence) of weak solutions with initial data in L* for
the inviscid primitive equations was established in [I8]. The paper [18] also showed the
non-conservation of energy. To the knowledge of the authors, it is the only paper that uses
convex integration for these equations. It is then natural to consider an analogue of Onsager’s
conjecture for energy conservation in the hydrostatic Euler equations, which is the subject
matter of this contribution.

Onsager’s conjecture was first posed in [58] for the Euler equations. It states that if a
weak solution u of the Euler equations belongs to L*((0,7); C**(T?)) with « > § then the
spatial L? norm of u is conserved. In this context, the L? norm of the velocity field u has the



physical interpretation of kinetic energy. The second half of the conjecture states that there
exist weak solutions of the Euler equations for a < % which do not conserve energy. Yet, it
was also shown in [4] that there exist weak solutions that only have L? spatial regularity and
which do conserve energy.

The importance of Onsager’s conjecture was emphasised in [27], which gave a proof of the
first half of the conjecture under a slightly more strict assumption than C%¢, for o > % A
complete proof of the first half was then given in [I9]. A different approach was introduced
in [26] to prove the result, by deriving an equation of local energy balance with a defect term
(which describes the energy flux at the vanishing limit of small scales) to capture a possible
lack of regularity. The first half of the conjecture in the presence of wall boundaries was
proven in [5] (and references therein).

The second half of Onsager’s conjecture has also been proven by now. The first result in
this direction was by [63], which proved that there exist nontrivial weak solutions of the Euler
equation with compact support in time (which as a result do not conserve energy). The first
construction of a dissipative solution of the Euler equations was given by [64]. Subsequently
techniques from convex integration were applied to the Euler equations to prove the existence
of non-energy conserving solutions in C%'/3~ in [37], after gradual improvement in a sequence
of papers [12H14], 2024, [35, B6] (and see references therein).

It is natural to ask whether one can consider analogues of Onsager’s conjecture for related
PDEs. In [2] the authors consider the analogue of the first half of Onsager’s conjecture and
establish the universality of the Onsager exponent % for conservation of entropy as well
as other companion laws in a general class of conservation laws (see also [3]). The paper
[6] looked at the Euler-a model, while [7] investigated several subgrid-scale a-models of
turbulence.

The goal of this paper is to establish a formulation of the Onsager conjecture for energy
conservation of weak solutions to the hydrostatic Euler equations, in particular we prove
results of the following type (where B;jq(T?)) is a Besov space, see Definition . The
concept of a weak solution for the hydrostatic Euler equations will be made precise later.

Theorem. Let u be a weak solution of the hydrostatic Euler equations (which assumes that
w e L*((0,T); L*(T?))) and (u,v) € L*((0,T); Bf o (T?)) with a > 5. Then the horizontal

kinetic energy is conserved, in particular

s, e + ot e = llulte, lIZe + otz )lIZe,
for almost every ty,ts € (0,T).

This theorem suggests that the analogue of the Onsager exponent (i.e. the threshold for
energy conservation) for these equations is % Throughout the paper the term ‘Onsager expo-
nent” will denote the regularity threshold for a weak solution to conserve energy. Depending
on the context, this can either refer to a Besov, Holder or Sobolev exponent.

This result is in contrast to the Onsager exponent for the incompressible Euler equations

which is % See section 7| for a discussion of this increase of the Onsager exponent from % to
1

The proof of this result will use techniques from [26]. In particular we will establish
an equation that describes the time evolution of the conserved quantity (referred to as the
equation of local energy balance) which contains a ‘defect term’ (which can be interpreted
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as an energy flux at the vanishing limit of small scales or dissipation term). This defect
term captures the roughness in the weak solution which causes the anomalous dissipation of
energy and will be zero if the underlying weak solution is sufficiently regular.

We observe that there are two ways to approach the issue of the decrease in regularity of
w, as well as the nonlocality and anisotropic regularity imposed by equation (|1.4]).

1. Either one starts by imposing a regularity assumption on w and then proceeds to derive
a sufficient condition for energy conservation of weak solutions in terms of the horizontal
velocities.

2. Or one imposes sufficient regularity assumptions on the horizontal velocities such that
both the vertical velocity has sufficient regularity for a weak solution to be well-defined,
and the horizontal velocities are sufficiently regular for the energy to be conserved.

We will consider both these approaches in this paper. The first approach will be considered
in sections 24, while the second approach will be investigated in sections [5] and [6]
Throughout this paper, we will consider three types of weak solutions to the hydrostatic
Euler equations. We will refer to these notions as type I, II or 11T weak solutions. For later
reference, we already mention roughly what the differences between these notions are:

e A type I weak solution (see Definition [2.1)) is the ‘canonical’ weak solution to the
hydrostatic Euler equations. For such a weak solution it is assumed that w € L?(T? x

(0,7)) and u,v € L=((0,T); L*(T?)).

e For a type II weak solution (see Definition it is assumed that w € L*((0,T); L*(T;
B3 5,(T%))) and u,v € L>((0,T); L*(T%)) N L*((0, T); L*(T; Bf4(T?))) for ¢’ > s (here
L*(T; Bf,(T?)) means L*(T) regularity in the vertical direction and B{,(T?) regularity
in the horizontal directions), where 0 < s < 3.

e For a type III weak solution (see Definition{4.1)) we assume that w € L*((0,T); By 5, (T?))
and u,v € L>((0,T); L*(T*)) N L*((0,T); Bf,(T?)) for 0 < s < 3 and s < 0.

Note that a difficulty in defining weak solutions where w is just a functional (i.e. type II
and III weak solutions) is to make sense of the products uw and vw as distributions. This is
done by using Bony’s paradifferential calculus. Furthermore, let us point out that boundary
condition ([1.5]) is imposed by using trace theorems. In the case of type II and type III weak
solutions the boundary condition will hold as a functional in a negative Besov space.

We now give an outline of the paper. In section[2] we establish the equation of local energy
balance for weak solutions of type I. We then introduce a criterion that ensures that the defect
term, in the local energy balance, is zero. In section [3| we investigate the adequate regularity
assumption necessary for the defect term to be zero, which then implies that the underlying
weak solution conserves energy. In other words, the goal is to interpret the criterion derived
in section [2l Such a sufficient condition for type I weak solutions (in terms of Besov spaces)
is stated in the theorem above, which will be proven in section [3]

Inspired by the quasilinear Lipschitz condition used in proving global existence and
uniqueness for the 2D Euler equations (see [52, 53], [70] for further details), we will sub-
sequently consider a logarithmic Holder space. We will show that functions of this kind also
yield a zero defect term and solutions with such regularity conserve energy. The idea of this



example is to show that the additional decay requirement of the mollified defect term (on
top of the Lipschitz decay) to ensure conservation of energy is only very weak. Such a result
was already proven for the case of the Euler equations by [17].

We will also show that in order to ensure energy conservation u and v can have a lower
Holder exponent if w is Holder continuous. Roughly speaking, if we assume that w(-,t) €
C%%(T?) then if u(-, ), v(-,t) € C®*(T?) with @ > 8 > 0 and @ > 1 — 13 there is conservation
of energy. In particular, if u,v and w are all Holder continuous with exponent bigger than %
the energy is conserved (i.e. the ‘original’ Onsager conjecture is also true, which is consistent
with the general result for conservation laws in [2]).

We continue section |3| by proving that it is possible to have different ‘horizontal’ and
‘vertical’ Onsager exponents. This is caused by the fact that the hydrostatic Euler equations
are anisotropic in terms of regularity of the velocity field. We will show that if v and v are
Hoélder continuous with exponent « in the vertical and /5 in the horizontal directions (where
200+ > 2, a > % and g > %) then the energy is conserved.

In section 4] we will consider type IT and type IIT weak solutions, namely when w is allowed
to be functional that belongs to a negative Besov space. We follow the same procedure as
we did for type I weak solutions and prove an analogue of Onsager’s conjecture for types 11
and IIT weak solutions. We again establish an equation of local energy balance with a defect
term and find sufficient criteria for the vanishing of the defect term.

For type III weak solutions we show that if w(-,t) € By 5 (T?) for 0 < s < ; then the the

condition (u,v) € L*((0,T); B V 5% (T3)) is sufficient for the conservation of energy. We also

4,00
show that the Onsager exponent cannot be higher than %, for any notion of weak solution.

Indeed, if (u,v) € L*((0,T); Bi’/fj (T?)) then a type III weak solution of the hydrostatic Euler
equations conserves energy, regardless of any regularity assumption on the vertical velocity
w. This is because the regularity assumption on u and v ensures via equation that w
has enough regularity to make sense of the equation and also for energy to be conserved.

The arguments for type II weak solutions are the same as for type III so therefore we only
state the results without proof.

Finally, in sections [ and [6] we formulate sufficient criteria for energy conservation solely
in terms of regularity assumptions on the horizontal velocities v and v. In section [5| we
formulate criteria in terms of Sobolev spaces, while in section [] we formulate a criterion in
terms of Besov spaces.

In section [7] we conclude and give a plausible explanation for the increase in the Onsager
exponent from % for the Euler equations to % for the hydrostatic Euler equations with more
details. In the conclusion we also provide an overview of the different regularity criteria that
ensure conservation of energy. In particular, there seems to be a ‘family’ of Onsager con-
jectures for the hydrostatic Euler equations, which is due to the aforementioned anisotropic
regularity of the velocity field.

Appendix[A] gives an overview of the techniques from Bony’s paradifferential calculus that
are used in section 4l Finally, we note that many results in this paper could also have been
proven by using the commutator estimates approach as presented in [5], 19]. In appendix

[B] we give an example of a proof done by using commutator estimates, namely the proof of
Proposition [3.7]



2 The equation of local energy balance

In this section, we establish the equation of local energy balance. We first define a notion of
weak solutions (type I) to the hydrostatic Euler equations as in [I8].

Definition 2.1. A type I weak solution of the hydrostatic Euler equations on the domain
T3 x (0,7T) is given by a velocity field u = (u,v,w) : T? x (0,7) — R* and a pressure
p: T3 x (0,T) — R such that:

o ue LX(T? x (0,7)), u,v € L=((0,7); L*(T%)) and p € L=((0,T); L'(T?)).
e For all ¢, ¢, € D(T? x (0,T);R) the following equations hold

T T T
/ / uOyprdx dt—l—/ / uu - Vordo dt+/ / Qurdx dt (2.1)
0o Jrs 0o Jr3 0o Jrs
T
+ / / pOy1dx dt = 0,
0o Jrs
T T T
/ / VO podx dt+/ / vua - Voodr dt —/ / Quaoodx dt (2.2)
0o Jr3 0o Jrs 0o Jr3
T
+ / / pOypadz dt = 0.
0o Jr3

e For all ¢3 € D(T? x (0,T);R), the following equation holds for the pressure

T
/ / PO, psdxdt = 0. (2.3)
o Jrs

e For all ¢, € D(T? x (0,T); R) the incompressibility condition holds, i.e.

/OT /T u- Vuda dt = 0. (2.4)

e It holds that w(x,y,0,t) = w(x,y,1,t) = 0 (we are considering the unit torus) for
almost all (z,y) € T? and ¢ € (0,7). This ensures that the symmetry conditions are
obeyed, namely that uy and p are even in z and that w is odd in z. We will explain in
Remark why this requirement makes sense.

Remark 2.2. If one wants to define the notion of a type I weak solution to the boundary-value
problem for the hydrostatic Euler equations in the three-dimensional channel M, one has to
ensure that the no-normal flow boundary conditions in the vertical direction are obeyed
(i.e. w(z,y,0,t) = w(x,y, L,t) = 0). Equivalently, if the physical problem is posed on the
unit torus T? one has to ensure that the symmetry conditions are obeyed, which again means
that the boundary conditions have to be imposed.

For type I weak solutions we know that u(-,¢) € L*(M) as well as that V - u(-,t) =
0 € L?(M). Then by the generalised trace theorem (see [65]) we know that (u - n(-,t))[on€
H='2(9M). In particular, on the top and bottom of the channel u-n = w, so the condition
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w|gpr= 0 (recall that the channel has no boundary in the horizontal directions) makes sense
as an equation in H~Y2(0M).

By the same reasoning, we can impose the condition w(x,y,0,t) = 0 on the torus. Once
again, this condition makes sense as a trace. Then a weak solution of hydrostatic Euler on
the torus obeying this condition can be viewed as a solution of the physical boundary-value
problem on the channel because one can do an even extension in the horizontal directions
and an even/odd extension in the vertical direction. For this reason, we will only consider
the problem on the torus here. But the results can be proven by the same methods in the
case of the channel.

We will make one remark about the pressure for later reference. One can write down the
following equation for the pressure

App=—(Vi & Vi) : /

T

(uH ® uH) dz, (2.5)

where we recall that uy = (u,v) is a two-dimensional vector and Ay is the Laplacian in x
and y. The solution is uniquely determined by the requirement that fTQ pdxdy = 0.

We will now show that we can weaken the regularity requirements on the test functions
¢1 and ¢9 in the definition of a type I weak solution (Definition . We will need this result
later to prove an equation of local energy balance.

Lemma 2.3. Equations [2.1) and [2.2) still hold for test functions ¢y, ¢y € Wy ((0,T); L*(T?))
A L2(0, Ty, H(T%)

Proof. Let ¢ € W' ((0,T); L*(T?)) N L?((0, T); H*(T?)) be arbitrary. Then there exists a se-
quence {,}°°, € D(T3x(0,T)) such that ¢, — @ in W' ((0,T); L*(T*))NL>((0, T); H3(T?)).

Now note that equations and hold for any ¢, since they lie in D(T? x (0,T)).
We observe that ud,p, — udyp in L*((0,T); L'(T?)) as n — oo and therefore

T T
/ / uOyppdr dt e, / / uOypdz dt.
0o JT3 o JT3

Similarly, one can see that uu- Ve, — vu-Ve in L'((0,T); L'(T?)) as n — oo, which means

that . .
/ / ua - Vpdo dt === / / uu - Vdz dt dt.
0 T3 0 T3

Recall that we have made a separate regularity assumption on the pressure (p € L>((0,7);
LY(T3))). We observe that pd,p, — pd,p in L*((0,T); L*(T?)) as n — oo. Thus it holds

that . .
/ / POyipndr dt "= / / pOydx dt dt.
0o JT3 0 T3

The convergence of the other terms works exactly the same way and hence we conclude the
proof. ]

We will also fix some notation. Let ¢ € C(R?* R) be a radial standard C° mollifier
with the property that [, odz = 1. We define

pe(x) = éw(%)
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Moreover, we introduce the notation
€ .
u = Uk Q.

Throughout the paper we will be using the Einstein summation convention.
We also recall the definition of Besov spaces. Note that there are several equivalent
definitions of Besov spaces, see, e.g., [1l [47] for more details.

Definition 2.4. For 1 < p,q < oo and s > 0, we say that a measurable function u : T" — R
belongs to the Besov space By (T") if

lul

Bs, = ||U||Lp + |U/ Bs ., < Q.

Here we have defined the Besov seminorm to be (for 1 < ¢ < c0)

dh \"
. s|+1
5, .:< [l u||qu|h|n+8q> .

For the case ¢ = oo, we define the alternative seminorm

1
Bs = sup s
v hern\ {0} |7

lu

[N (2.6)

lu

Note that |-] has been used here to denote the integer part. We have also introduced the
difference quotients through the following two equations

Aju(z) = u(z + h) — u(z),
APu(z) = Ay (AT u(x)), m > 2,
for x € T" and h € R,
The equation of local energy balance will be stated in the following theorem.
Theorem 2.5. Let u be a type I weak solution of the hydrostatic Fuler equations such that
u,v € L*((0,T); L*(T?)). (2.7)
Then the following equation of local energy balance (which holds in the sense of distributions
with the space of test functions D(T? x (0,T))) is satisfied
Or(u* +v*) + V- [(u2 + UQ)u] +2V - (pu) + %D(u) =0. (2.8)

In the above we have introduced the defect term

D(u)(z,t) = lim {V%(S)'511(€;$7t)(|5U(§;:v,t)|2 +lov(& @, t)7) | g, (2.9)

e—0 R3

where
(& x,t) = u(x + & t) — u(z, t).

The limit in equation (2.9) is independent of the choice of mollifier p. and the convergence
is in the space W11((0,T); W—LH1(T?)).



Proof. We first mollify equations (1.1)) and (1.2)) in space (with ¢.) and obtain that

0= 0w+ V- (uu)® — Qe+ 0,p°, (2.10)
0= 0w+ V- (vu) + Qu + Jyp°. (2.11)

These equations hold pointwise. We observe that u¢, v¢ € L=((0,T); C*°(T?)). We note that
the terms in the system (2.10)-(2.11)) have the following regularities: V - (uu),V - (vu) €
L2((0,7);C>(T?)), Quv,Qut € L>*((0,7);C=(T?)) and 9,p%,d,p° € L>=((0,T); C>=(T?))
(and similarly for the terms in equation (2.11])). From this we conclude that

s, Ot € L*((0,T); C>(T?)).
As a result, we obtain that
vt € HY(0,T); C(T4)NL®((0, T); C=(T%)) € WI((0,T); LA(T%) NLA((0, T); HY(T*)).

Therefore, we multiply u¢ and v¢ by a function ¢ € D(T? x (0,7);R) and consider 1uc and
1Yv© as the test functions in our weak formulation for type I weak solutions, which is allowed
by Lemma Adding the equations together gives

T

/ / {u@t(u%/}) + 00 (vY) + uu - V(uyY) + vu - V(0Y) + Quu — Quoy (2.12)
o Jr3

+ p, (u) + pay(zﬁﬁ)] dxdt = 0.

Now we multiply equations (2.10) and (2.11) by tu and v respectively (they therefore
hold almost everywhere), integrate them in space and time and subtract them from equation

. This yields
T
/ / [u@t(uew) — upOpus + vy (V1Y) — VYV 4+ un - V(uY) — YuV - (uu)*
o Jrs
+ou - V() — oV - (vu)® + po, (uy) — wp0,p° + pdy(ve)) — mﬂ@ype} dxdt = 0.

Now we deal with the different terms in turn, we observe by the Leibniz rule that (since u¢, v°
and 1) are weakly differentiable in time)

T T

/ / [u@t(ugw) — upOpu + vo(vY) — vwﬁtvf} dxdt = / / [(uu6 + UUG)&#}} dxdt
0 T3 0 T3

= (=0 (uu® + vv°), ),

where the brackets (-,-) denote the distributional action. Note that we have used the fact
that ¢ is C'° to be able to justify the time derivative of the products u) and v satisfies
the Leibniz rule.

Now we look at the pressure terms, we recall that 0,p¢ = 0, as well as equation ({2.3)).
Then we rewrite the pressure terms as follows

T
/0 [T {pax(“w) — O, p° + p0,(v°Y) — vipd,p° | dudt

10



T
= /0 /W {pax(uw) + pdy (V) + pd. (W) — whByp® — v, P° — Wbazpe] Jndt

T
=/ / {pug-WﬂLpgu-W drdt = (—=V - (pu‘ + p‘u),v),
0 T3

where we have used the incompressibility V - u® = 0 condition in the above. Finally, we look
at the advective terms. We first introduce a defect term and calculate it to be

Duw = [ de[Vu(©) - Sulei(5uls 0 + ool 0F) | = =7+ [+
R3
+u - V(u? +0?) + 2uV - (uu) + 20V - (vu) — 2uu - Vu© — 2vu - Vo© — (u? +0?)V - u

=-V. [(u2 + UZ)ul +u-V(u? +0?) +2uV - (uu) + 20V - (vu) — 2uu - Vu© — 2vu - Vo©.

Subsequently, we can write the advective terms as follows
T
/ / {uu -V (uY) —YuV - (uvu)® + vu - V(0Y) — oV - (vu)e} dxdt
o Jrs
T i
= / / Yuu - Vu —yYuV - (va)® + ou - Vo© — oV - (vu)® + (uu + vv)u - V@D} dxdt
o Jrs |

T r €
= [ [ ] 5o = 5uw @ ] + o Vi) o) 90 da
0 T L

= [ L[ goir s j o+ om] v - e ue vo o v v s
0 T L

— < - %De(u) — V- (wuf + vv)u) + %V : ((u2 +0*)u— ((u*+ v2)u)€),¢>-

Once again we have used the incompressibility condition here. Then we end up with the
following distributional equation (again for all ) € D(T? x (0,7)))

<3t(uue +vv°) + V - (pu + pu) + %De(u) + V- ((uuf + vv)u) (2.13)

+ %v- ((@f T+ ou) - (2 +U2)€u),w> = 0.

Now we consider the convergence of the different terms as ¢ — 0. We first observe that since
u,v € L=((0,T); L*(T?)) it holds that

wu + oot =% + 02 in L((0,T); LN(T?)).

Now we recall the assumption that u,v € L*((0,T); L*(T?)). By equations (1.3)) and (2.5,
one has p € L*((0,T); L?*(T?)). Therefore,

put + pru =% 2pu in LY((0, T); LY(T?)).
Now again by assumption (2.7)) it holds that
wu + oot =5 + 02 in L2((0,T); LA(T?)).
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In particular one has (vu+vv)u Rl (u*+v?)uin L' ((0,T); L' (T?)). From this we conclude
that

((u +0*)u) = (v +0*)u =250 in LY((0,T); L'(T?)).
Finally, we need to consider the convergence of the defect term D, as e — 0. We first observe
that D.(u) is well-defined as a function in L'((0,T); L*(T?)) for any € > 0 due to the following
bound

IDe(u)(- )]|r < Cellou:, )| 2 ([[ou(-, )[17s + lov(-, )l|7)-

In the above C. is a constant which depends on ¢ > 0. We already saw that du(|du|*+|dv|?) €
LY((0,T); L*(T3)), therefore D (u) € L'((0,T); L'(T?3)) for any € > 0.
Regarding the limit e — 0, by virtue of equation (2.13)) one has

D.(u) = —20;(vu+vv°)—2V-(pu+pu)—2V-((vu+vv)u)—V- (((u2+v2)u)€— (u2+"02)611) .

In the above we have proven that the right-hand side converges in W=51((0,7); W=11(T3))
and is independent of the choice of mollifier. We call its limit D(u). As a result,

D(u) = —2(8t(u2 + %)+ V- (2pu) + V- ((u? + '02)u)),

which holds in the sense of distributions, that is
1
<8t(u2 + %) + V- (2pu) + §D(u) + V- ((u* +vH)u), ¢> =0,

for every test function ¢ € D(T? x (0,7)). O

It should be mentioned that it is possible to include the viscous terms when deriving
the equation of local energy balance, but this is not needed for our purposes here. Now we
introduce a criterion which ensures that the defect term, D(u), is zero. Note that the term
D(u) can be physically interpreted as an energy flux at the limit of vanishing small spatial
scales, i.e. as € — 0, and hence is the source of dissipation of energy in the case of not smooth
enough type I weak solutions.

Proposition 2.6. Let u be a type I weak solution of the hydrostatic Euler equations and
assume that u,v € L*((0,T); L*(T?)). Let C € L'(0,T) and assume that o € L2 (R) is a
nonnegative real-valued function with the property that o(|¢]) — 0 as [{] — 0. Suppose u
satisfies the inequality

[ poutes 0 (0uts 0 + ool 0 Jao < CCOlloe). (210

Then D(u) = 0.
Proof. Observe that

Diw)] = 3

[ V0(6)- duleia0) [l o 0 + vl

< [ wedelibutein. ol ulein. 0 + o(eia O] de.
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Integrating this inequality over T3 x (0,T) gives us that
T T
/ | De()|dxdi < / dt | Vo) | lou(z, t)[(|0u(& . ¢)* + |0v(& a, t)[*)dwdg
o Js 0 RS T3

< [ cwa [ Sivepte/aliciotsac

Note that we are allowed to use Fubini’s theorem because the integrand is absolutely inte-
grable (as u(-,t) € L*(T?) and u(-,t),v(-,t) € L*(T?)). Now by using that fOT C(t)dt < oo
and the change of variable £ = €z, we find that

| [P widedt 5 [ 1Vesligtoehas = [ Vel etz

Thanks to the assumption that o(|¢]) — 0 as |[£] — 0, we find that D (u) — 0, in L'(T3 x
(0,7)) as € — 0 by the Lebesgue dominated convergence theorem. Therefore D(u) =0. O

The goal of the next section is to interpret criterion (2.14)), i.e. by finding the biggest
function space for which bound (2.14)) holds.

3 Proof of conservation of energy

We will prove several different sufficient conditions for to hold. We will then prove
that if condition is satisfied, conservation of energy holds. In particular, one can make
different regularity assumptions for w due to the aforementioned anisotropy of the velocity
field. In this section, we consider type I weak solutions (cf. Definition , i.e. we assume
that w € L*((0,T); L*(T?)).

First we will find a suitable Besov space such that condition is satisfied. Later
in this section we will introduce the logarithmic Holder space in order to show that even if
the solution is in a slightly weaker function space the function ¢ in equation is still
o(1) as €] — 0. We will also show that the Onsager exponent (the regularity threshold for
energy conservation) can be lowered if w is Hélder continuous. Finally, we will show that
there can be a different Onsager exponent in the vertical direction compared to the horizontal
directions.

Criterion seems to dictate the condition u(-,t),v(-,t) € B (T?) with o > £,
because it is possible to bound |ju| by

|ou| < |oul| + [6v| + [dw].

The first two terms in this equation multiplied by the term (|du|? + |dv|?) in equation
give us products of the form |dul?,|6v|?,|du||dv]|? and |dv||du|?>. Because we want to treat
the horizontal velocities on an equal footing, we want to impose the same conditions on
the horizontal velocities. The terms in D.(u) with only horizontal velocities should have
sufficient regularity such that the function o in equation is o(1) as |£] — 0. This seems
to necessitate the assumption u(-,t),v(-,t) € B§(T?) with a > 3.

13



These conditions alone do not ensure energy conservation, because in that case one needs
to assume that w(-,t) € ngoo(T?’) with o > % as well. That would be a very strong re-
quirement, because implicitly this imposes conditions on u and v via equation . These
conditions cannot be inferred directly however. Instead we need a stronger condition on u
and v, in order to not need any assumption on w (except for it being in L*((0,T"); L*(T?)),

which is required in the definition of a type I weak solution).

3.1 Sufficient condition for energy conservation

We now prove a proposition which gives a sufficient condition for (2.14)) to be true, which then
implies conservation of energy. This result coincides with the theorem from the introduction.

Proposition 3.1 (Conservation of energy). Let u be a type I weak solution of the hydrostatic
Euler equations and assume that u,v € L*((0,T); B (T?)) with a« > 5. Then D(u) = 0
(where D(u) was defined in equation (2.9))), which implies that the weak solution conserves

energy. That s,
lulte, M7z + lo(te, e = llulte, iz + o(tz, )72, for ae tita €(0,T).  (3.1)

Proof. By the definition of a type I weak solution for the hydrostatic Euler equations (Def-
inition it is assumed that u € L*((0,T); L*(T?)). Because u and v are in addition
assumed to be in L*((0,T); L*(T?)) then by Theorem [2.5| the defect term D(u) exists and is
well-defined. Moreover, the equation of local energy balance holds. By using the additional
regularity assumptions that u(-,¢), v(-,t) € B (T?) with a > 5 we get that

[ toutesn.ol(Ipu(ei 07+ sv(ein. 0 ) s
T3
< 9m(€: Dl (o DI + vt )

2
€ &),
< 2l (Tt g+ ot Ol )

2
L4 ‘

Because 2« > 1, we can take (in the notation of Proposition
o(lg]) = ¢,
which indeed goes to zero as |£| tends to zero. Finally, we observe that
€(0) =t las (Ol + ot )1 ) € 220.7)
since |[u(-,t)||2 € L*(0,T) and |lu(-,t)||sa_,||v(-.t)||sa__ € L*(0,T). Therefore the condi-

tions of Proposition are satisfied and as a consequence it follows that D(u) = 0.
Now according to equation (2.8) we have

Or(u* + %) + V- {(UP + 0% + 2p)u] =0,
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which holds in the sense of distributions. Hence for any ¢ € D(T? x (0,T);R) we have that

/OT /TS(UQ + v Oppdrdt = — /OT /Ts Vi - ((u2 +o? 4 2p> u) dadt.

Let 0 < t; <ty < T and choose the following test function

Y(t) = /Ot (d)e(t/ —t1) — o (' — t2)>dt’.

Here ¢ is a C°(R;R) mollifier such that [, ¢(t)dt = 1, supp¢p C (—1,1) and ¢.(t) =
e '¢(t/e). Note that v is zero for t € (0,t; — €) U (to + ¢, T) (i.e. suppyp C (0,7)), for
e sufficiently small. The derivative of this test function is given by

8##@) = (bE(t - tl) - (bE(t - t2)'

Because ¢ has no spatial dependence, it follows that the spatial gradient vanishes. As a
result we get that

t1+e tate
/ / (u? + v*)pe(t — t1)dxdt = / / (u? + v*) e (t — to)dxdt.
t1—e T3 to—e T3

Then by using the Lebesgue differentiation theorem in the limit € — 0 [28],68] we can conclude

that

for almost every t1,ty € (0,7, which is equation ({3.1)). O

It now becomes plausible why the Onsager exponent is % and not %, the required regularity
in order to ensure that the function o in criterion is o(1) has to be distributed over
two terms in the product instead of three (the latter being the case for the Euler equations,
see [26] for more details). This will be discussed further in section

3.2 Energy conservation for log-Holder regularity

Note that it is also possible to satisfy criterion (2.14) by imposing a different regularity
condition on the solution. To this end, we introduce another function space.

Definition 3.2. Let U be a bounded and closed set. The logarithmic Holder space C&g(U )
with 0 < v < 1 consists of all continuous functions (i.e. in C°(U)) for which the following
seminorm is finite

u(z) — u(y)]

1+ log™ (|lx —yl)). 3.2
G W o ( (lz = yl) (3.2)

It is straightforward to see that C&g(T3) C C%(T3). One can also show that C&;(T% is
a Banach space (see [25]). We now prove that type I weak solutions with logarithmic Holder
continuity with exponent % have a defect term which is zero and hence conserve energy.
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Proposition 3.3. Suppose u is a type I weak solution of the hydrostatic Fuler equations
and suppose that u,v € L4((O,T);Cloo’g1/2(’ﬂ‘3)). Then D(u) = 0, which then implies the
conservation of energy (3.1)).

Proof. The proof is almost the same as the proof of Proposition [3.1. The only difference
being that we now have the inequality (for |£| < 1)

l0w(&; -, )llz2 ([10u(S: - ) Za + 100(€; -, E)I7s)

1
<200 Dl (I Dl + I Dl )

This means that in the notation of Proposition [2.6] we have that (again for || < 1)

1
(1 —log(l¢)))*’

which clearly goes to zero as || — 0. Therefore the conditions of Proposition [2.6|are satisfied
and the defect term is zero. The proof that the solution conserves energy is analogous to the
proof of Proposition [3.1] O

a(l¢]) =

Remark 3.4. Note that Cloo’gl/ (T3 ¢ Bg (T?) with a > 1. Therefore the above proposition
is not contained within Proposition |3.1

Remark 3.5. We observe that the log-Hélder spaces can also be used for the original Onsager
conjecture for the Euler equations. We recall that in [26] it was proven that

[ Jsuléanpas < colelo(), 3:3)

ensures that the defect term is zero (in the equation of local energy balance for a weak
solution of the Euler equations) Here we used the same notation as in Proposition , where
u is a weak solution of the three-dimensional Euler equations. Now we observe that under
the assumption that wu(-,t) € oy *(T?) condition (3.3) is satisfied with the following choice

log
for o
1

3
(1 —log(l¢]))
It is clear that o(|¢]) — 0 as |{] — 0 and therefore there is conservation of energy. Note

that also in this case u(-,t) € C’loo’gl/?’(']l‘?’) is a different condition from u(-,t) € B§ (T?) with
a > % Therefore log-Holder spaces can be applied to prove the original Onsager conjecture.
It is also possible to consider even slower decay, e.g. a power of a logarithm. In addition,
one can also consider logarithmic Besov spaces. A result of this type for the Euler equations
was proven in [I7].

The consideration of logarithmic Holder spaces was inspired by the proof of global ex-
istence for the 2D Euler equations with the vorticity being bounded in L*>. In that case a

quasilinear Lipschitz condition is used of the form [52] 53] [70]

o(l¢]) = €l <1

u(z) = u(y)| < Ke(lz —yl),
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where we have defined

_Jr(—=logr), r<1,
#lr) = {1 r> 1.

Y

In order to generalise this condition we have introduced the concept of logarithmic Holder
continuity.

3.3 Holder regularity for the vertical velocity

Next we consider w to be Holder continuous with some exponent 5. In that case the Onsager
exponent (for u and v) can be lower, as we will see in the next proposition.

Proposition 3.6. Let u be a type I weak solution of the hydrostatic FEuler equations and as-
sume that w € LP*((0,T); B2 _(T?*)) with 8 > 0 and 1 < py,ps < 00. Moreover, assume that

p2,00

u,v € L9((0,T); BE (T3)) with 2p} < q1,2ph < qo (where ply,ply are the Holder conjugates

q2,30

of p1 and p2) and 2ac > 1 — B (with o > ). Then D(u) = 0, which implies conservation of

energy (3.1)).

Proof. One can obtain the following estimates

[ (e (|5u<5;x,t>|2 T |6v<f;x,t>|2)da:
T3
< 8006 )12 (150 (E: D2y, + 15006 )2

sers 160(E - D)o (N00Es DI, 1I00(S - D2,
= [ GE AR

S|€‘2a+5”u('at)||35200(”u('7t)||%‘23‘p, +Hv(-,t)|lngp, ).
2> 2:°

||6ll(f|;',‘?||Lp2
£
now take o(|€]) = |[***P~1 which goes to zero as |£| — 0 since 2a + 3 > 1 by assumption.

It is also the case that [u(-,#)]| 5 (luG )% + v 0)]%. ) € L0, T). We can then
2,0 2p/2,oo 2pl2,<>o

We have used the assumed Besov regularity of w in estimating the term . We can

apply Proposition to conclude that D(u) = 0. By analogous reasoning to the proof of
Proposition [3.1] we conclude that the solution conserves energy. ]

3.4 Anisotropic sufficient conditions for energy conservation

As was mentioned before, the hydrostatic Euler equations are anisotropic in terms of regu-
larity. The vertical velocity w has a lower regularity than the horizontal velocities u and v.
However, one can observe from equation that w is one degree less regular in the hori-
zontal variables but one degree more regular in the z-variable. We will use this observation
in the next proposition to show that there are ‘vertical’ and ‘horizontal’ Onsager exponents.
To this end, we introduce the following norm (for 0 < a < § < 1)

10/ (-5 L3(rs) 10 (- 5 (€n, 0)) |l L3 (T2
1 fll ge (1.8 = || fllr3crsy + sup + :
55,00 (185,00 (1)) ) £€R3\{0} €| €neR2\{0} €1P

(3.4)
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A function being in the space B;OO('IF;BQ »(T?)) means that it is Besov regular in the 2-
direction with exponent «, while it has regularity /5 in the horizontal directions.

Proposition 3.7 (Horizontal and vertical Onsager exponents). Let u be a type I weak so-
lution of the hydrostatic Euler equations such that u,v € L*((0,T); B§ (T; BQOO(TQ))) with
8> %, a > % and 2ac+ 8 > 2. Under these assumptions it holds that D(u) = 0. In particular,
the weak solution conserves enerqgy .

1

Proof. First we will restrict to the case 8 > 1, as otherwise a > 5 and then the result
was proven already in Proposition . By recalling equation (1.4)), we find that d,w €
L*((0,T); B oo (T; BS .} (T?))). This then implies that w € L3((0,T); B (T; By oo (T2))) (by
using the Lebesgue differentation theorem). So w has ngol regularity in the z-direction

and Bg ! regularity in the horizontal directions. We take any & = (&,&,) € R® with the
horizontal increment &, € R? and the vertical increment &, € R. From this we obtain that

u(& z,t) = du(&;x + &, t) + dul&y; z,t).

We introduce the notation duy, = du(&,; z,t) and ou, = du(&,;x + &, t). We only look at
the ‘vertical’ part of the defect term

[ sutg e (\5u<s;x,t>|2 n rav<s;w,t>|2)dx,
T3

since the other part
[ (utesz. o]+ 5v(6s 0,0 (Ioutesz. 0 + ou(esr, 0 )

automatically satisfies the conditions of Proposition if a, 8 > % For the ‘vertical’” part of
the defect term, we can derive the estimates

[ Jsutez.0) (\m(g;x,m? ' rcsv@;x,wﬁ)das
T3

< 2/ (|0wp] + |0w,|) (\5uh|2 + |6, | 4 |Svp]? + |5vz|2> dx
’]I‘3

< O™ + 16l + 18P + P Dllwl gt ppp-2 ey

2 2
(12 o + 191 )

By assumption, we have that 5 +1 > 1, 2a+ 8 —1 > 1 and 2a + 1 > 1. Moreover,

we know that C(t) = "w"BQQ(T;Bg,Q(TQ))(HUHQgw(T;Bgm(TQ)) + ||v“2§“,oo(T;B§,oo(T2))) e L'(0,7).

Therefore by Proposition it follows that D(u) = 0. By a similar argument as in the proof
of Proposition [3.1| we conclude that the solution conserves energy. ]

Notice that this proposition is not implied by Proposition in the range % <a< %
As was mentioned before, if a > % then this proposition is merely a weaker result than
Proposition [3.1 We can conclude from Proposition that the Onsager exponents seem to
be ‘direction-dependent’, as can be expected from the fact that the regularity of the different
components of the velocity field in the hydrostatic Euler equations is anisotropic. In other
words, we can weaken the regularity requirement in the vertical direction at the expense of

a stronger regularity requirement in the horizontal directions.
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4 Negative Besov regularity for the vertical velocity

In the previous sections, in particular in Definition of type I weak solutions, we assumed
that w € L*((0,7T); L*(T?)). Tt is difficult to find an equivalent regularity condition to
this assumption solely in terms of u and v. Implicity, w € L*((0,7T); L*(T?)) implies some
regularity of the horizontal divergence of (u,v).

In order to weaken the assumptions on w, in this section we introduce two different notions
of ‘very weak’ solutions of the hydrostatic Euler equations. In this context, ‘very weak’ means
that either w(-,t) € By 3 (T?) (type III weak solution) or w(-, z,t) € B, 5 (T?) (type II weak
solution) for s > 0. Now because we need to make sense of the equation and in particular
the products uw and vw, we are obliged to make stronger regularity assumptions on u and v
compared to Definition 2.1} To this end, we will use techniques from paradifferential calculus.
A brief overview of these techniques that will be used in this paper are presented in Appendix
[A] for the convenience of the reader.

In this section, we will mainly focus on type III weak solutions. We will prove sufficient
criteria for energy conservation for such solutions. The results will then be stated without
proof for type II weak solutions, as they are identical in nature.

4.1 Weak solutions with lower regularity on the vertical velocity

In order to define the notion of a type III weak solution, we let w be a functional on Besov
functions. We need to prove that the products uw and vw also have negative Besov regularity,
for this we use the paraproduct estimates.

We will find that for type III weak solutions, the Onsager exponent seems to increase.
We begin by introducing the notion of a type III weak solution.

Definition 4.1. We call a pair of a velocity field u = (u,v,w) : T x (0,7) — R? and a
pressure p : T2 x (0,T) — R a type III weak solution of the hydrostatic Euler equations with
regularity parameter s (where s > 0) if it satisfies the following conditions:

o we L*(0,7); By, (T?)), u,v € L=((0,T); L*(T*)) N L*((0,T); Bf4(T?)) for some o’ >
s and p € L>((0,T); L' (T?)).

e For all ¢, ¢, € D(T? x (0,T);R) the following equations hold

T T T
/ / udyrdw dt—i—/ (uu, V(bl)dt—i-/ / Quodr dt (4.1)
o Jrs 0 o Jrs
T
o Jrs
T T T
/ / VOypadx dt —i—/ (vu, Vo )dt —/ / Quaeodx dt (4.2)
o Jrs 0 o Jrs

T
+ / / POy dada dt = 0.
0 T3

Note that here (-,-) denotes the spatial duality bracket between D’'(T?) and D(T?).
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e For all ¢35 € D(T? x (0,T);R) it holds that

T
/ / PO, psdrdt = 0. (4.3)
0 T3

e The velocity field u is divergence-free, i.e. for all ¢, € D(T? x (0,T); R) we have that
T
/ (1, Va)dt = 0. (4.4)
0

e It must hold that for almost every ¢ € (0,7") that

w(-,0,t) =w(-,1,t) =0 in By _(T?). (4.5)

Remark 4.2. We first have to show that this definition makes sense, in particular we must
be able to show that the products uww(-,t) and vw(-,t) (which appear in equations and
(4.2)) are distributions, i.e. are elements of the space D'(T?). To this end, we use Bony’s
paradifferential calculus. We observe that w(-,t) € B, 3 (T%) and also that u(-,t),v(-,t) €

Bg;o(']l‘?)) for some ¢’ > s. By applying Lemmas and we get that

Tow(-,t), Tow(-,t) € Bri(T®), Tyu(-t), T,(,t) € B] o (T?),
R(u,w)(-,t), R(v,w)(-,t) € B Z*(T®).

1,00

From this we are able to conclude that ww(-,t),vw(-,t) € B3 (T?). Therefore we know
that ww,vw € L'((0,T); By 5,(T?)) and hence they are distributions. In addition, we obtain
that the duality brackets between D'(T?) and D(T?) are equivalent to the duality brackets
between By 3 (T%) and Bj (T?), i.e.

<uu, v¢1> = (uu, V¢1>B£;X3im7 <Uu7 V¢1> = <U11, V¢I>BE§OXBS

1,00

In particular, we conclude that equations ([I.1)) and (1.2)) not only hold in the sense of distri-
butions, but in fact they hold in the space W="1((0,T); B;5 ' (T?)).

The no-normal flow boundary condition in equation (4.5)) will be made sense of by using a
trace theorem. In order to do so, we recall the following lemma from [66, Chapter 3, Lemma
1.1] or [62, Lemma 1.31].

Lemma 4.3. Let X be a Banach space. Assume that f,g € L'((a,b); X). Then the following
two statements are equivalent:

1. The function f is equal almost everywhere to the primitive function of g, i.e.

f(z)=¢ +/ g(z"dz', €€ X, for almost all z € [a,b].
0
2. For all test functions ¢5 € D(a,b) it holds that
b b
[ e == [ gosiz.
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In particular, both statements imply that f is almost everywhere equal to a continuous function
from |a,b] to X.

By using this lemma we show that the boundary condition in (4.5]) is well-defined.
Remark 4.4. Firstly, by using Lemma with f = w, g = =V -uy, X = B‘;;(TQ),
la,b] = [0,1] and keeping t fixed, we get that w(:, z,t) is continuous as a function of the
z-variable (since B3 _!(T?) is a Banach space). This subsequently means that the no-normal
boundary condition (1.5 for the vertical velocity is obeyed as an equation in the space

B;; (T?). In particular, we are able to conclude from this that we can extend a solution on
the torus to a solution in the channel.

Remark 4.5. To establish an equation of local energy balance, we will need to make sense of
the products u*w, v?w and pw as distributions, utilising the fact that u(-,t),v(-,t) € Bf . (T?)
for some ¢’ > s. Again by Bony’s paradifferential calculus (see Appendix [A]), we find that

Tuu('a t)? T’U/U(‘? t) S Bg,/oo(T3)7 R(u7 u)(7 t)? R(Ua U)(’? t) < BQ2,C<T>IO<T3)
From this we can conclude that u?(-,t),v*(-,t) € Bg. (T?). Then we find that

Tow(-,t), Tew(-t) € Bi(T?), Tyu(-t), T,o?(-,t) € Bf (T?),
R(w,u?)(-, 1), R(w,v*)(-,t) € Bf ,(T%), for some ¢ > 0.

Therefore we deduce that w?w,v*w € L'((0,T); By 5, (T?)), thus they belong to D'(T? x
(0,7);R). As a result, the action on D(T? x (0,T)) makes sense and the equation of local
energy balance will hold in the sense of distributions.

Regarding the pressure, we observe from equations and by using elliptic reg-
ularity results that p € L*((0,7); H7(T%)) C L*((0,T); BS(T?)) (because u? v uv €
L2((0,T); H°'(T?))). Therefore the pressure is more regular than L>((0,T); L'(T?)), as was
assumed in the definition of a type III weak solution. Then by proceeding as before we can
show that pu € L'((0,T); B 3,(T%)), which will be needed to establish the equation of local
energy balance.

Remark 4.6. Note that in the case s > 3 the regularity requirement w(-,t) € By 3 (T?) already
follows from the regularity requirement on v and v. Indeed from u(-,t),v(-,t) € BZQ(’]I‘?’) (for
some o’ > s) and equation (4.4 we deduce that d.,w(-,t) € L*(T; B{<'(T?)). Then we find

2,00
that w(-,t) € L*(T; B‘Q’:;l(T2)). This can be seen by applying Lemma and using the
no-normal flow boundary condition imposed in Definition [4.1|
Then we observe that w(-,t) € Bgy;l(T?’) C B;3,(T?). The inclusion holds because
o/ —1>s5—-1> -1 > —s Equivalently, if u is a type III weak solution with regularity

2
parameter s € (%, 1), then u is in fact a type III weak solution with smaller regularity
parameter 1 — s.

Naturally, if s > 1 then d,w(-,t) will lie in L?*(T?). Then by applying Lemma 4.3 we find
that w(-,t) € L*(T?), which means that we are considering a type I weak solution.

Now we show that we can expand the space of test functions, as it was done in Lemma

2.3

Lemma 4.7. The weak formulation in equations (4.1) and (4.2) for fized s > 0 still holds
for test functions in g1, g2 € Wy ((0,T); L2(T®)) N L*((0, T); By L1 (T?) N H3(T?)).
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Proof. The proof works the same way as the proof for Lemma [2.3] We take an arbitrary
@ € Wy((0,7); L3(T?)) N L*((0,T); Bi1L(T3) N H3(T?%)). Then we know that there ex-
ists a sequence {@,}>>, C D(T? x (0,T)) such that ¢, — ¢ in W' ((0,T); L*(T?)) N
LA((0,T); ByEL(T®) N H3(T?)) as n — oc.

The only convergence that we need to show that differs from the proof of Lemma [2.3]
is for the integral [ (uu, Vn)pos «p; _dt (and the same integral for v). We observe that

Vi, 222 Vo in L4(0,T); B; (T?%)). This means that we can prove the convergence

, OO

T T
/0<uu7v90n>BLioxBioodt_/o <UuaV90>B;goxBf dt

T
= ‘/0 (ua, Vi — V‘PH>B;;xBfmdt'

T
< / (.
: ,

n—o0

Bf,oo)dt < HuuHLfﬁ((B;go)z)ng - (pTLHL?((Bit(l))z)
0.

We recall that we assumed that u is L* in time, while u is L? in time, which implies that
wu € LY3((0,T); By5,(T%)). Therefore the final inequality follows, which concludes the
proof. O

4.2 The equation of local energy balance

Now that we have introduced the notion of a type III weak solution and extended the space
of test functions, we can establish an equation of local energy balance.

Theorem 4.8. Let u be a type Il weak solution of the hydrostatic Fuler equations with
reqularity parameter s, then for all 1 € D(T? x (0,T)) it satisfies the following equation of
local energy balance

T
/ [/ (zﬂat@z) - v28t¢) dr + <(u2 +v? 4 2p)u, V@Z)>
0 T3 By 2o XBi o

1
N §<D(U)7 w>BL;xBS

1,00

]dt ~0. (4.6)
Here D(u) denotes the element in W1((0,T); B{32 ' (T%)) given by

D(u) :=lim [ dg {W?e(i) Sou(&; ) (Jou(& @, 1) + |5U(€;$,t)!2)]-

e—0 R3
The limit D(u) is independent of the choice of mollifier.

Remark 4.9. Notice that in particular, since L>((0,7T); B*T1(T?)) € D(T? x (0,T); R), equa-
tion holds in the sense of distributions (the duality brackets in this equation are equiv-
alent to the distributional action between D’'(T? x (0,7')) and D(T? x (0,T))). However, we
show in fact that the equation holds in the space W=11((0,T); By 51 (T%)).
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Proof. Throughout the proof we will write duality brackets with explicit subscripts to make

clear in which spaces the elements lie as to make the proof more understandable. Any duality

bracket in this proof is equivalent to a distributional duality bracket, as ¢ is a test function.
We first mollify equations and in space with ¢, and obtain

0= 0w + V- (uu)® — Qu° + 0,p°, (4.7)
0= 0w+ V- (vu) + Qu + Jyp°. (4.8)
It holds that u¢, v¢ € L>((0,T); C*(T?)). We observe that (uvu)¢, (vu)® € L'((0,T); C>(T?))
and p¢ € L>((0,T); C>(T?)), from this we can conclude that d,u¢, dyv¢ € L*((0,T); C>=(T?)),
which implies that u¢, v € WH1((0,T); C(T?)) N L>=((0,T); C°°(T?)).
As a result, we are able to apply Lemma [4.7| and use yu® and ¥v° as test functions in the
weak formulation in Definition (for ¢p € D(T? x (0,T);R)). Adding the equations for u
and v together gives that

T
/ [/ (u@t(uew) + 00, (vY) + Quuty — Quo Y + pd, (uY) + pay(vw)) dr
0o LJms

+ (uu, V(UE@D»B;(;XBf,OO + (v, V(""E@D»BL;xBf’w] dt = 0.

By multiplying equations (4.7]) and (4.8]) by ui) respectively v and subtracting them from
the previous equation, we get that

/0 ' [ /T . (uat(uﬁw) — wpdu + vy (V) — VYOV + Oy (ue) — uRhd,p*

P, (V) — vpO,p° —YuV - (w) — YoV <vu>€) A+ {u, V() e
00, Vo ey

- /0 T [ /T ; (uat(u%b) — wpQu’ + 10, (VP) — VAV + pdy(uY) — upd,p*

+ poy, (ve) — waypG) dr + <uu -Vu —uV - (uu) 4 vu - Vo — oV - (vu)f, w>

—s s
Bl,ooXBl,oo

+ <(uuE + vv)u, V¢> ]dt = 0.

—s s
Bl,ooXBl,oo

We will mainly discuss the advective terms here, as the derivation of the equation of energy
for the other terms proceeds in the same way as Theorem [2.5] To handle them, we introduce
a defect term

D.(w) = [ e[ Tou(©)- duléim, ) (5u(€i O + 50(€i, )

=-V- {(u2 + UZ)U} +u-V(u? +v?) + 2uV - (uu) + 20V - (vu)*

— 2uu - Vu© — 2vu - Vo©.
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Notice that the equation holds in L'((0,T); By 3,(T?)), in particular in D'(T* x (0,T);R).
Now we can write the advective terms as follows

T
/ <uu -Vut —uV - (uu) + vu - Vo — oV - (vu)f, 1/1> dt
0

—s s
Bl,ooXBl,oo

:/0T<_ %De(u) -V {(uQ+v2)u}6+u-V(u2—l—v2)6,z/)> dt

By S xB3
T 1 €
= / < — =D (u), 1/)> + < [(u2 + v2)u} —u(u® +v?)", V¢> dt.
0 2 By S xB3

—s s
Bl,ooXBl,oo

€

We observe that |(u®+v*)u| —u(u®+v*)° — 0 in By 5 (T?) by the paraproduct estimates

(see Remark and Appendix |A| for more details). In particular, we have that (again for
some o’ > s, by the properties of a type III weak solution as stated in Definition

H {(u2 + UQ)u] - u(u® +v?)°

< H {(u2 + v2)u] —u(u® +0°)
Bl %

—s
Bl,oo

+ |[(u* + vH)u — u(u® + v?)" < J(u?® +0*) = (v + U2>€HBg’ HUHB;S
Bizo ,00 »O0
2 2 ¢ 2 2 e—0
—1—H[(u +U)u] —u(u +v°) — 0.

—s
Bl,oo

Finally, we need to prove that the defect term makes sense. First we claim that
(Do) = [ TGS 4 50 vy [l (09)
By, xB; R3 ’ '

This can be shown as follows. For the mollification (in space) u” of u, we have by Fubini’s
theorem

([ d Wy -owiou + ooy,

Bl_; xnyoo
= [ e[ @u il + 190, 0y
R3 ’ ’

Now we observe that

iy

= [ de| Ve otu— w5l + 50 )|

3

|
S—

e[ T 6w ol + 130 0 |

3

de [V oulSul + 160,V ;|

=

=

n—0

< Cla =gz (lullfe + 0I5 )15 dt = 0.
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Moreover, it is straightforward to verify that

<Dg<u> ~ [ e Ve sur(iour + |6v|2>,¢>

—s s
Bl,ooXBl,oo

< Cllu—u" g (Jully, + ol )]

’
52

—0
Bs . TI_> 0.
Therefore claim (4.9)) is true. Hence we have

(D0, )y = [T @ulloul + 180 ) |
< Cllyl

sl e (3, + ol3,.) < oo.
In particular, D.(u) makes sense as an element in L'((0,T); By 5,(T?)). The convergence as
e — 0 follows by looking at the equation we established (for fixed € > 0)

D (u) = —20;(uu+vv°)—2V-(pu+pu)—2V-((vu+vv)u)—V- (((u2+v2)u)€— (u2+v2)€u) .

As € — 0 the right-hand side converges in W=1((0,T); By 3. *(T?)) which means that D.(u)
converges in the same space. Since the limit of the right-hand side is independent of the
choice of mollifier, hence the limit D(u) is independent of the choice of mollifier. Therefore we

conclude that the derived equation of local energy balance holds in the sense of distributions.
]

Remark 4.10. In order to make sense of the hydrostatic Euler equations for a type III
weak solution, the assumptions u,v € L2((0,T);B§’:2(T3)) for some ¢’ > s would have
been sufficient. To derive an equation of local energy balance however, the assumption
that u, v € L*((0,T); B{,(T?)) is necessary.

4.3 Proof of conservation of energy

Now we prove an estimate on the defect term like in Proposition [2.6]

Proposition 4.11. Let u be a type 111 weak solution of the hydrostatic Euler equations with
reqularity parameter s. Assume that for all 1) € D(T? x (0,T)) it holds that

< C@)Ela(lENl|

(Ou5uP + 18 0 e . (1.10)

where C € LY(0,T) and o € LS (R) with the property that o(|€]) — 0 as |€] — 0. Then

loc
D(u) = 0, which implies that energy is conserved.

Proof. Under this assumption, we estimate the defect term as follows (by using identity (4.9)))

T 1 T
‘ / < - §De(u),"¢’> dt‘ = ‘ / V(&) (0u(|oul® + |0v]*), ) e p; _dEdt
0 st ><Bf,oo 0 RS | |
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T

< [ 19 outo + o) o) o, faca
0o Jrs ’ ’
T

< [ cw
0
T
< / C(t)
0
where in the last line we made a change of variable { = ez (like was done in Proposition

2.6). Using the dominated convergence theorem and the assumption on o we deduce that
the right-hand side converges to 0 as € — 0. Therefore we conclude that D(u) = 0. O]

.t [ IVedliloleds

Lt / 1V.0(2)] 2o (el 2]z

Next we give sufficient conditions that ensure that the defect term is zero, in particular
such that condition 410l is satisfied.

Proposition 4.12. Assume that u is a type III weak solution of the hydrostatic Fuler equa-
tions with regularity parameter s and that u,v € L*((0,T); B, (T?)) with o > 5 +s. Then
D(u) = 0 in the sense of distributions. This then implies that the weak solution conserves
energy.

Proof. By Proposition we have to prove bound (4.10f). Using the paraproduct estimates
in Lemmas and as they were applied in Remark (again for some ¢’ > s as given

in Definition

(S0l + 15012), 0 pe | < 4657 [0u(l5ul? + 50) s

p 0wl (ISl + 1150],.,)
p 0wl (ISullZg -+ 0012, )

From the second to the third line, ¢’ has decreased for some arbitrarily small but nonzero
amount 6 (such that o’ is still larger than s). Now we need to show that (for some o’ > s,
which can be arbitrarily close to s)

J6ullyy, -+ l160l2,_ < C@IEloleD.

We only derive this for the seminorms (i.e. the increments), as it is trivial for the L* norm

part of the Besov norm. We consider the case s < % and a > %, the range s > % does

not give anything new (as was discussed in Remark . By shrinking « a bit if necessary
(but keeping it larger than %) and taking o’ sufficiently small (but still larger than s), we
can ensure that ¢’ + a < 1. This is necessary because if ¢/ + a > 1, then the definition
of the Besov seminorm will contain a second-order increment which will make the following

computations invalid. For all 0 # ¢ € R? we obtain

1

|0u| gor = sup Ndeonul| s = |€]* sup [|0¢0nul| s
oo per3\{0} |h| heR3\ {0} |h| | |
1 1
<[§]*  sup oo 10e0nullpe + (€Y sup o [[0g0pu| o
nera\ (o, nl<el |17 [€] her\ {0} Jnl>[e] 71 [€]
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1

< [§]* sup Th =

ReR3\{0},|R|<[E]
< 4I¢1° e

10¢0nullLs +[€]" ~ sup

p | 5 (Shu |L4
heR3\{0},|h|>|¢] \5’“ [9¢dnu

We therefore conclude that

(u(6uf’ + 50/7), ) pe | < by 00l (ul + 01200,

By assumption it holds that [[0ul|p . (Hu\|2nf+a + HUHBG +a) € L'(0,T), moreover we can
take o(|¢]) = [£]**7!, which satisfies the assumptlons of Proposition m Therefore by
Proposition we conclude that D(u) = 0. O

Finally, we are able to prove conservation of energy under sufficient regularity analogously
to Proposition (3.1

Theorem 4.13. Let u be a type III weak solution of the hydrostatic Euler equations with
reqularity parameter s such that u,v € L*((0,T); Bf (T?)) with a > 5 +s. Then there is
conservation of energy. In other words, it holds that

lults, W72 + o, 72 = llute, )72 + ot )72, (4.11)
for almost all t1,ty € (0,7T).

Proof. By Proposition we know that D(u) = 0 under the regularity assumptions. There-
fore we have the following equation of local energy balance

T
/ [/ (uQ&ﬂ/J + 02&1/)) dx + <(u2 + 0% + 2p)u, Wz> ]dt =0.
0 T3 By, xB;

We conclude proceeding exactly as in the proof of Proposition ]

We observe that the there is an upper bound on the Onsager exponent, namely %. We
will show this in the following proposition.

Proposition 4.14. Let u be a type III weak solution of the hydrostatic Euler equations with
(arbitrary) regularity parameter s such that u,v € L*((0,T); B§ (T?)) with a > 3. Then
conservation of enerqy (as in equation (4.11])) holds.

Proof. We first observe that w € L*((0,T); B3.)(T?)) by equation (L.4) and by applying
Lemma Then we can bound the defect term in the following way (again by relying on
the paraproduct estimates, for some 6 > 0)

(u(dul® + [6v]*), ) porya < [l s I5a(]6uf? + |50l 5o

XBS/

< ||¢”Bll/4 H5u||B;1/4(||5uH23§/4+9 + ||5UH)29§/4+6)-
,00 ,00 ,00 ,00
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We take 6 small enough such that o — 6 > 3. Now we obtain the bound
991
||5UI|2§/4+9 + ||5v||2§/4+e < P2 (flullg  + ol ),

the proof of which is analogous to the proof of Proposition . Then since 2a — 26 — % > 1,
by Proposition we conclude that D(u) = 0. Conservation of energy follows analogously
to the proof of Theorem O

Remark 4.15. The main point of this result is that the notion of a type III weak solution
will only have implications on the Onsager conjecture in the range 0 < s < }L. This result
can also be seen in the following fashion: If u is a type III weak solution with regularity
parameter s such that u,v € L*((0,T); Bf (T?)), then by Remark {4.6it follows that in fact
u is a Type III weak solution with regularity parameter s’ := 71' Then by Theorem the

result follows immediately, as a > % +5 = %.

4.4 Type 1I weak solutions

In this section, we introduce type II weak solutions and state sufficient conditions for such
solutions to conserve energy.

Definition 4.16. A type II weak solution consists of a velocity field u = (u,v,w) : T3 x
(0,T7) — R? as well as a pressure p : T3 x (0,7) — R together with a regularity parameter
0<s< %, if the following conditions hold:

o w e L*((0,7); L*(T; By %, (T?))), u,v € L=((0,T); L*(T*)) 0 L*((0, T); L*(T; BY 5(T?)))
for some o’ > s and where L*(T) refers to the regularity in the vertical direction.

e For all ¢, ¢, € D(T? x (0,T);R) it holds that

/ / uOyprdx dt+/ /uu Vy)dz dt+/ / Qurdx dt (4.12)
T3 T3
+/ / pO,prdx dt = 0,
o Jr3
T T T
/ / vOppadx dt+/ /(vu, Vo)dz dt—/ / Quepodax dt (4.13)
0 T3 0 T 0 T3
T
+ / / pOypadz dt = 0.
o Jr3

The brackets (-, -) refer to the distributional duality between D'(T?) and D(T?).
e For all ¢3 € D(T? x (0,T)) it holds that

T
/ / pO0.psdxdt = 0. (4.14)
o Jrs

e The velocity field u is divergence-free, in particular for all ¢4 € D(T? x (0,T)) it holds
that

/0 ' /T (1, Vs)dzdt = 0. (4.15)



e Finally, for almost all ¢ € (0,7) it holds that

w(-,0,t) =w(-,1,¢) =0 in By (T?). (4.16)

In a similar fashion as it was argued in Remark[4.2] one can prove that uw(-, z,t), vw(-, z, t)
€ B3, (T?). We skip the details here. One should observe that the vertical velocity is
more regular for type II weak solutions compared to type III weak solutions, whereas the
opposite holds for the horizontal velocities. Hence, neither notion is stronger than the other

if 0 < s < i Inthe case s > i, type III weak solutions are also type II weak solutions.
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Finally, we observe that boundary condition (4.16)) can be made sense of in a similar fashion
as it was argued in Remark [4.4]
Next we consider sufficient conditions for energy conservation. We only state the results

and omit the proofs, as they are very similar in nature as for the type III weak solutions, see

Lemma [£.7, Theorem Propositions and [4.12] Theorem and Proposition [4.14]

We first state the equation of local energy balance.

Theorem 4.17. Let u be a type II weak solution of the hydrostatic Fuler equations with
reqularity parameter s. Then for all ) € D(T? x (0,T)) the following equation of local energy
balance is satisfied

T
/ [/ <u28tw + 02(‘21/1) dxr + / <(u2 +v? 4 2p)u, V¢> dz
0 T3 T By S xBj
— 1/ <D(u),w> dz} dt = 0.
2 Jr By S xBs

The defect term D(u) is given by

D(u) = lim [ d¢ {Vsoe(f) Sou(&; ) (Jou(& @, 1) + |5v(€;x,t)|2)},

e—0 R3
and is independent of the choice of mollifier.

Remark 4.18. Note that the duality brackets are now on the two-dimensional torus T2, while
for the type III weak solutions they were three-dimensional.
The usual sufficient condition for the defect term to be zero is given below.

Lemma 4.19. Let u be a type II weak solution of the hydrostatic FEuler equations with
reqularity parameter s. Moreover, assume that the following inequality holds for all i €

D(T? x (0,7T))

1
/<5u(\5u\2+|5vy’2), s o2
0

< COloel) [ Wl

where C € L'(0,T) and 0 € L.(R) has the property that o(|¢]) — 0 as [£] — 0. Then
D(u) =0, which in turn implies conservation of energy.

Finally, we can state the sufficient condition for energy conservation for type II weak
solutions.
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Proposition 4.20. Let u be a type II weak solution of the hydrostatic Fuler equations with
reqularity parameter s such that u,v € L*((0,T); Bf (T; szoo(’]TQ))) with o > & and § >
% + s, then the solution conserves energy. In particular, equation (4.11]) holds.

Like in the case of type III weak solution, we have a result which is analogous to Propo-

sition [4.14]

Proposition 4.21. Let u be a type Il weak solution of the hydrostatic Euler equations with
the property that u,v € L*((0,T); B (T; B! _(T?))) with o > 2 and B > 2 (note that this
space can be defined similarly to equation (3.4)). Then the weak solution conserves energy.

5 Sufficient conditions in terms of Sobolev spaces

In the next two sections, we give sufficient conditions for type I weak solutions (or at least
with similar regularity requirements to type I) to conserve energy solely in terms of the
horizontal velocities. In the previous sections, we started with a regularity assumption on
the vertical velocity and then derived sufficient conditions for energy conservation in terms
of the horizontal velocities (with sometimes additional assumptions on the vertical velocity).
However, these assumptions are not independent of each other by the anisotropic regularity
and the nonlocality imposed by .

The fact that the assumption that w € L*(T® x (0,7')) induces implicit assumptions on
the horizontal velocities can be seen as follows. The fact that the vertical velocity w has L?
spatial regularity means that either d,u and 9,v are in L*((0,T); L*(T?)) or their potential
lack of regularity cancels in a particular way that is unclear at this point. In order to gain
a better understanding of this issue we want to look at the required regularity assumption
on the horizontal velocities v and v such that a regularity assumption on w is no longer
necessary for defining a weak solution or proving conservation of energy.

In this section we will prove such sufficient conditions in terms of Sobolev spaces and
Lebesgue spaces. These results complement our earlier results. As was shown in Propositions
and [3.1] condition is sufficient for a type I weak solution with w € L*(T? x (0,T))
to conserve energy. However, if we would like to avoid any explicit assumptions on w, two
separate conditions on u and v are necessary:

1. The horizontal velocities u© and v need to have sufficient Holder regularity with a given
exponent such that the function o in equation (2.14)) is o(1). This automatically implies
that their Holder exponent must be bigger than %

2. The vertical velocity w needs to satisfy some integrability condition in order for the
inequality (2.14)) to hold, because du needs to be bounded in some L? space. Note that
we want to proceed here as we did for type I weak solutions.

From this reasoning we can conclude that we can either assume that u, v are in a sufficiently
regular Sobolev space such that both conditions are satisfied (by use of the Sobolev embedding
theorem), or we have to make two separate assumptions.

Proposition 5.1. Let u,v € L3((0,7); C*?(T%) N W2(T?)) with 3 > 5 and p > 1 or

alternatively u,v € L*((0,T); W'P(T?)) with p > 6. Moreover, assume that [ Vi -ugdz =0
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and that together with the associated w (via equation (1.4)) the velocity field u satisfies the
weak formulation in equations (2.1)-(2.3)). Then D(u) = 0. In particular, the weak solution
conserves energy (see equation (3.1)) ).

Proof. We first observe that the second case reduces to the first case by the Sobolev embed-
ding theorem, therefore we will only consider the first case. We first show that the defect term
is bounded. Now since u(-,t),v(-,t) € WHP(T?), we know that d,u(-,t) + dyv(-,t) € LP(T?)
and by virtue of equation and Lemma it follows that w € L3((0,T); LP(T?)) with
p > 1. Using Holder’s inequality we obtain that

loa(: - £)([0u(&; - ) + [0v(& - )z < 0w - B)llzel10u(€: - O + [00(& - Ol oro-n
< [|ou(; -,t)HLp(HM(&; St nsomn + [160(E; ~,t)|!izp/<p1>>.

Observe that u(-,t),v(-,t) € L*/®~D(T?) because of the fact that u(-,t),v(-,t) € C%*(T?)
with 3 > 1.
In addition we see that

T (||5U('>t)||i2p/<p—1> ; ||5U('at)||2sz/<p—1>) e 0,7),

because we assumed that u,v and w have L? temporal regularity.
Finally we need to check condition (2.14]). We see that

[5us; -, )(!5U( &) +10v(& 1)) S EPI0uE: - 1) o

ov 2
) ’t
(H |§|ﬁ ( ) LZP/(p—l))

L2p/(p— 1) |€|/B
N 4|€!2'3Hu(~, )Hm!llHsz/w(HU(» ) IEo.s + [0(, 8)l[E0.s)-

Thus by Proposition D(u) = 0. Now energy conservation can be proven analogously to
the proof of Proposition [3.1] O

6 Sufficient conditions in terms of Besov spaces

As was already mentioned in the previous section, the regularity assumption on w contains
(by means of equation (|1.4))) implicit assumptions on the horizontal velocities u and v. In
this section we prove a criterion in terms of Besov spaces which is similar to the one in
Proposition 5.1}

Proposition 6.1. Assume that u,v € L*((0,T); B5 __(T?)) with s > 1 and [ Vy-uydz =0,
47

such that they (together with the associated w via equation (1.4))) satisfy the weak formulation
given in equations (2.1)-(2.3)). Then D(u) = 0, which implies that energy is conserved (see

equation (3.1))).

Proof. We first recall the following property of Besov spaces [, 47]

10%Fll g=ter < [I.f]

B, o] <s. (6.1)
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This implies that d,w and hence w € L3((0,T); B;‘(}O(T?’)) by equation (1.4)) and by applying
47

Lemma [4.3] in particular we obtain that w € L3((0,T); L%*(T?)). Subsequently by a Besov

embedding [47] we can conclude that

S s—1/2
9/4,00(T3) C Blg/s{oo(Tg)u s> 1.

Therefore u,v € L*((0,T); Big5 ,,(T?)) with r > 3. Now we estimate the defect term given

in equation ([2.9)) and use Proposition to prove it is zero. By using Holder’s inequality we
can derive that

[ (g0 (|6u<s; e )+ 5ol t>|2)da:
T3

< 160(E ) (150E: )P+ [50(E: 1) 2.
We then get

l50(&s -, ) pora (10u(&s -, ) Fasss + [[00(&; - ) | Zas/5)

du(& 1)) ov(&; )| )
<9 . /4 2r N> )
< 2[u(, )] osalé] ( T € | s

< 2 Oyl (O, + O, )

18/5,00 18/5,00

i

118/5

Hence condition (2.14]) is satisfied. Finally, we need to prove the regularity in time. From
the derived conclusions that u,v € L*((0,T); Big s ,(T*)) (with 7 > 3) and w € L*((0,T);

Bj40o(T?)) (and s > 1) we observe that

[u(-,1)|

By (||u(',t)||237- + o, )% ) e LY(0,7).

18/5,00 18/5,00

Thus we conclude by Proposition that D(u) = 0. Then by a similar argument to Propo-
sition [3.1) we find that the energy is conserved. O

Remark 6.2. From the Besov embedding theorem [47] we can derive that
5/4,00(T3) - Bétl,oo(Ts)

where s > 1 and ¢ > 1—72 It then obviously follows that the same embedding is true if ¢ > %
Therefore the result derived in Proposition |3.1]is stronger than the results from this section,
but for Proposition |3.1| we needed a separate regularity assumption on w.

Remark 6.3. Proposition [6.1] is in the context of type I weak solutions. It is also possible
to consider sufficient regularity conditions to both define a weak solution and prove energy
conservation in the context of type II and III weak solutions. This was discussed to some
extent in Remark [4.6] and Proposition [4.14]
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7 Conclusion

In this paper, we have proven that the Onsager exponent of the hydrostatic Euler equations
is at most % (for type I weak solutions). This result differs from the original Onsager con-
jecture for the Euler equations, where it has been established that the threshold for energy
conservation is % As it was mentioned before, a technical explanation for this increase can
be given by looking again at the defect term

D)o t) = g tiny [ |9 butss e )(5utss )+ 5u(€s ).

e—0 R3

It is clear from Proposition that for the expression to be zero, the term ¢ in equation
has to be o(1). The convergence to zero of o as |{| — 0 can be very slight however.
This was illustrated by the consideration of the logarithmic Holder space in Definition [3.2
and the proof that the defect term is zero in Proposition [3.3]

The difference with the defect term for the Euler equations, as stated in [26], is that in the
latter case there is a cubic term |du|® and that the vertical velocity has the same regularity
as the horizontal velocities in that case. This means that for the Euler equations the Besov
regularity necessary for o to be o(1) can be equally distributed among the three terms in the
product |dul?, leading to an Onsager exponent of %

For the hydrostatic Euler equations, due to the anistropic nature of the equations, the
required Besov regularity (for o to be o(1) in equation (2.14])) must be distributed on the
term [0ug|?, which leads to an Onsager exponent of 1.

We would also like to summarise the different results presented in this paper. Unlike
the FEuler equations, the hydrostatic Euler equations seem to have a ‘family’ of Onsager
conjectures. We now give an overview of these:

1. We first consider type I weak solutions (cf. Definition , i.e. we assume that w €
L*((0,T); L*(T?)). Then there are several subcases:

e Without any further assumptions, the Onsager exponent is %, cf. Proposition .

e Another sufficient condition for energy conservation is that w,v € L*((0,T);
01/2(T3)), cf. Proposition .

log
o [f we assume that w is Besov regular with exponent (3, then the Onsager exponent
for the horizontal velocities is % — %ﬁ , cf. Proposition .

e [f we assume that the horizontal velocities u and v are Besov regular with exponent
o in the z-direction (where § < a < 1) and we make no additional assumption on
w, then the Onsager exponent in the horizontal directions is 2—2a;, cf. Proposition

B.7

2. Under the assumption that w € L*((0,T); By 3, (T%)) (for s < 3), we can make sense of
the equation (with additional regularity assumptions on u and v). This is in the context
of type III weak solutions, as introduced in Definition . In the range 0 < s < i, the
Onsager exponent is & + s (cf. Proposition . For s > i, the Onsager exponent is

3 (cf. Proposition [4.14)).
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3. In sectionwe also considered the type IT weak solutions, for which w € L?((0,T'); L*(T;
B, 5 (T?))), see Definition . For such solutions we proved that they conserve energy
if u,v € L*((0,T); B .(T; B7OO(']I‘2))) with o > £ and 8 > 1 + s, cf. Proposition m

Moreover, we prove that if o > % and g > % the solution conserves energy, regardless
of assumptions on w (cf. Proposition [4.21)).

4. Finally, there is the case where we do not make explicit regularity assumptions on w
(neither for making sense of the equation nor for proving energy conservation) but only
on the horizontal velocities u and v. Then we considered two subcases in sections [
and [6t

e In terms of Sobolev and Hélder spaces, we proved that u,v € L3((0,T); C*#(T3)N
Wt (T?)) with p > 1 and 8 > %, or alternatively u,v € L*((0,T); W'?(T?*)) with
p > 6 suffices to define a w such that (u,v,w) is a type I weak solution which
conserves energy (cf. Proposition .

e Moreover, we proved that if u,v € L*((0,T); B; , ,,(T?%)) with s > 1 then we can

define w such that (u,v,w) is a type I weak solution which conserves energy (cf.
Proposition [6.1)).

Note that the result of Proposition [4.14] is related to the results of sections [5| and
@. Namely, that for u,v € L*((0,T); B (T?)) with o > 2 it is implied that w €
L4((0,T);B;¥4(T3)) such that (u,v,w) is a type III weak solution with regularity
parameter % which conserves energy, under the condition that the associated w is
periodic and satisfies the symmetry conditions.

The reason we have considered these different cases is that the vertical velocity w no
longer has its own dynamical equation but is constrained by the incompressibility instead,
therefore the equations are anisotropic and nonlocal. In order to establish an equation of
local energy balance, a regularity assumption on w is necessary. One needs the vertical
velocity to have sufficient regularity to make sense of a weak solution but on the other hand
regularity assumptions on w impose implicit regularity assumptions on u and v. This leads
us to consider different types of weak solutions to the hydrostatic Euler equations.

Then there are two ways to proceed. One either starts with a regularity assumption on
w to properly define a weak solution and then derive sufficient conditions for v and v to
ensure conservation of energy. Alternatively, one can impose sufficient conditions on v and v
to define a weak solution and then obtain sufficient conditions for energy conservation. This
range of possibilities leads to a ‘family’” of Onsager conjectures, which was summarised above
and is the content of this contribution.

Remark 7.1. We observe that it is possible to even extend this ‘family’ of Onsager conjectures
by combining the different ideas we used in this paper. For example, it is possible to derive
the horizontal and vertical Onsager exponents for type III weak solutions, similar to what
was done in Proposition for type I weak solutions of the hydrostatic Euler equations.
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A Review of paradifferential calculus

We briefly recall some basic notions of paradifferential calculus, further details can be found
in [1, 56l 57]. We first introduce some basic notions of Littlewood-Paley theory, which can
again by found in [1]. Let p be a smooth function with support in the annulus of radii 2 and
%. We let {p;}52_; be a dyadic partition of unity, i.e.

po(z) = p(x), pi(z)= p(279z) for j=1,2,..., p_i(z)=1- Zp](x)

Then the Littlewood-Paley blocks are defined as follows for f € S'(T?)

BF©) = pi(OF (). j=-1,0,....
Bony’s decomposition of a product is formally given by
fo=Trg+Tyf +R(f,9).
Here Tyg and T, f are called the paraproducts which are given by

00 o j—2

j—2
Trg=Y_ > AifDjg, Tof =Y > Aghf.

j=—1li=-1 j=—1li=-1

The resonance term R(f, g) is given by

lk—jl<1
For the paraproducts we have the following estimates.

Lemma A.1 (Lemma 2.1 in [59]). Suppose that f € B . (T®) and g € B, . (T?) with

P2,92
1 1 1 1 ) { 1 1 }
—=—+—, —=minsl,—+ — .
p P P2 q a  Qq
and pil + pi? < 1. Then the following holds:
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e For f € LP'(T?) and o € R we have that

177 (935, < Clifllzellgllzg,,

p,q — p2(1

o fora <0 and f € R it holds that

a\—1
1T (Dl gors < (1 =2%) "N, ,, 9ll5p -

For the resonance term the following estimate holds.

Lemma A.2 (Theorem 2.85 in [1]). Let f € B!, (T?) and g € B2, (T?) such that s+ sy >

1,91 P2,92
0 and take
1 1 1 1 1 1

—=—4+ =<1, T==4+=Z1.
P pP1 P2 q9 q1 4
Then the following estimate holds
IR Dl gorree < N fllsg |

Pl q1 I’2 az’

For further details and proofs we refer to [1, [59].

B Proof of Proposition by using commutator esti-
mates

The results in this paper were proven by using an equation of local energy balance and
subsequently showing that the defect term in this equation is zero. Most of the results could
also have been proven by using commutator estimates (of the type first introduced in [19]).

In this section, we will present a proof of Proposition to illustrate how one can prove
these results by using commutator estimates. We repeat the statement of Proposition
here.

Proposition B.1 (Horizontal and vertical Onsager exponents). Let u be a type I weak solu-
tion of the hydrostatic — Fuler equations such  that w,v € L3((0,7T);
Bg (T; Bgoo(']lg))) with B > 2, > & and 20 + 8 > 2. We recall that the reqularity as-
sumption means that v and v have BS_(T) regularity in the z-direction, while they have
Bgoo(TQ) reqularity in the horizontal directions. Under these assumptions the weak solution

CONSETVES ENETFY.

Proof. We restrict to the case § > 1, as otherwise by the assumptions of the theorem we
would need o > % Then both « and 3 are bigger than % and the conclusion of the proposition
was already proven in Proposition (3.1}

We take ¢ = (u€)€ and ¢o = (v°)¢ in the weak formulation in Definition transfer one
of the mollifications and add the equations together. This gives

/ / u Owusdr dt + / / veovdr dt + / / wu)€ - Vudr dt + / / vu)® - Vodr dt
T3 T3 T3 T3
- / Quvdx dt + / Quucdx dt + / / peoucdx dt + / / p Oy vdr dt = 0.
0o Jr3 o Jr3 T3 T3
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We observe that

T T
— / / Quvedz dt + / / Quudx dt = 0.
o Jr3 o Jr3

Regarding the pressure terms, we obtain

T T
/ / p O udx dt+/ / PO vdx dt
o J13 0o JT3
T T T
= / / PO udx dt + / / P Oyvdr dt + / / p0,wdx dt = 0.
0 T3 0 T3 0 T3

Concerning the advective terms, we only present the details in handling the integral fOT fT3 (uu)*-
Vufdz dt, as the derivation for the other advective term proceeds in a similar fashion. First
we look at the first and second terms of the divergence, we get that

T T
/ / (u?) O u‘dr dt + / / (wv)°Oyu‘dx dt
T3 o Jrs

/ /TB {u ut + / () (du(—y; x,t) @ du(—y; x, t)))dy —(u—u) @ (u— ue)l dyucdr dt
+/0 /Tg [”6”6 + /Rg (¢, (W)0u(—y: 2, t) ® Sv(—y; 2, £))dy — (1 — u) & (v — ve)]ayufda; "

In the above we have used commutator estimates as introduced in [5, [19]. Then we do the
estimates

/OT /11‘3 [/R3 (¢e(y) (du(—y; z,t) ® du(—y;2,t)))dy — (u—u) ® (u— ue)} Opudr dt
+ /OT /11‘3 {/}Rd (¢y(y)0u(—y; 2, t) @ dv(—y;2,t))dy — (u— u) @ (v — ve)} Oyudr dt
< |6l iy + oy Vlloy | N
< Ml gy [y + ol

Recall that we assumed that o > %, therefore these terms go to zero as € — 0.

Subsequently, we look at the third component. By using a commutator estimate, we see
that

/ /T uw) 0 u'de dt = / /T {uw +/ (e(y)(u(—y; z,t) @ dw(—y;2,1)))dy

(u—u)®(w—w )} o.udx dt.
We now make the estimate

/OT /TS [/RS (¢e(y) (Ou(—y; z,t) @ dw(—y; z,t))dy — (u — u) ® (w — w°) | ,udx dt

2a4-8— 2||u||2

< 26 |ull g ) - € Nl o gy - €7 Nl g gy < € o) 1]l g+ 1y
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Recall that we assumed that 2a + 3 > 2, so therefore the terms go to zero as € — 0. Thus
we are left with the terms

T T
/ / (ue [ugﬁxue + v°0u + weazuﬂ )dxdt 1 / / u® - V((u)?)dzdt = 0.
o Jr 2Jo Jrs

As a result, we get that

e—0

G D)llze + oG T e = us(, 0)llz2 = Jlus(-, 0) 2| == 0.

Hence energy is conserved. O
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