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Abstract

The fully compressible semi-geostrophic system is widely used in the modelling of
large-scale atmospheric flows. In this paper, we prove rigorously the existence of weak
Lagrangian solutions of this system, formulated in the original physical coordinates. In
addition, we provide an alternative proof of the earlier result on the existence of weak
solutions of this system expressed in the so-called geostrophic, or dual, coordinates.
The proofs are based on the optimal transport formulation of the problem and on
recent general results concerning transport problems posed in the Wasserstein space
of probability measures.
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1 Introduction

The behaviour of the atmosphere is governed by the compressible Navier-Stokes equations,
together with the laws of thermodynamics, equations describing phase changes, source
terms and boundary fluxes. These equations are too complex to be solved accurately in a
large-scale atmospheric context and therefore reductions and approximations of the Navier-
Stokes equations are often used to validate and understand the solutions that have been
computed.

One such approximation, valid on scales where the effects of rotation dominate the
flow, is the system of semi-geostrophic equations, see equations (3.1)-(3.5) below. First
introduced by Eliassen [11] and then rediscovered by Hoskins [13], the semi-geostrophic
equations are an extremely useful model, particularly in describing the formation of fronts,
and are both studied theoretically and used widely for numerical modelling and simulations.

In this paper, we prove rigorously the existence of weak Lagrangian solutions of the
fully compressible semi-geostrophic system. The proof combines ideas of several previous
papers, starting with the pioneering work of Benamou and Brenier [6] on the formulation of
the semi-geostrophic equations as an optimal transport problem, and modern methods in
the analysis of Hamiltonian ODEs in probability spaces, in particular the work of Ambrosio
4], [5).

For an accurate representation of the behaviour of large-scale atmospheric flow, one
should consider the fully compressible semi-geostrophic equations with variable Coriolis
parameter and a free upper boundary condition. The complexity of this problem means
that so far results have only been obtained after relaxing one or more of these conditions.



In [6], Benamou and Brenier assumed the fluid to be incompressible, the Coriolis param-
eter constant and the boundaries rigid. They then used a change of variables, introduced by
Hoskins in [13], to derive the so-called dual formulation. In this formulation, the equations
are interpreted as a Monge-Ampere equation coupled with a transport problem, to prove
the existence of stable weak solutions.

In [9], Cullen and Gangbo relaxed the assumption of rigid boundaries with a more phys-
ically appropriate free boundary condition. However, they additionally assumed constant
potential temperature to obtain the 2-D system known as the semi-geostrophic shallow wa-
ter system. After passing to dual variables, they showed existence of stable weak solutions
for this system of equations.

In [10], Cullen and Maroofi proved that stable weak solutions of the 3-D compressible
semi-geostrophic system in its dual formulation exist, returning to the assumption of rigid
boundaries.

The main problem posed by the existence results in [6], [9] and [10] is that they are
all proved in dual space. It is difficult to relate these results directly to the Navier-Stokes
equations, or indeed other reductions of them. For this reason, and in order to give the dual
space results physical meaning, Cullen and Feldman [8] mapped the solutions back to the
original, physical coordinates and extended the results of [6] and [9], proving existence of
weak Lagrangian solutions in physical space, in the incompressible case. We mention that
very recently results on the existence of Eulerian solutions have been proved in the case of
a two-dimensional torus, and of a convex open subset in 3-dimensional space [2], [3].

In this paper, we make use of recent results in the analysis of ODEs in spaces of measures,
in particular those of [4], [5], in order to provide an alternative proof of the dual space
result in [10]. We also extend considerably the results of [10] to prove the existence of
weak Lagrangian solutions of the fully compressible semi-geostrophic system in the original
physical coordinates. As in the incompressible case studied in [8], the proof is based on
the existence of an appropriate flow map with rather low regularity; however we also show
that, if we could assume additional regularity, then the solutions derived would determine
classical solutions.

The paper is organised as follows: in Section 2 we introduce various definitions, and the
notation to be used throughout; in Section 3 we summarise the existing results regarding
existence of solutions in dual space that are necessary for the theory presented in the
following sections; in Section 4 we use the results of [4] to provide an alternative proof of the
existence of solutions in dual space; in Section 5 we define the concept of a weak Lagrangian
solution and formulate our main theorem; in Section 6 we summarise the existence proof
and important properties of a Lagrangian flow in dual space, given in [10]; finally, in Section
7 we map the dual space Lagrangian flow to physical space and use it to prove our main
result, namely the existence of a weak Lagrangian solution.

2 Useful Conventions, Notation and Definitions
We start by assembling all notation and conventions used in the sequel.
Physical quantities and constants (2.1)

(i) Q denotes an open bounded convex set in R?, representing the physical domain con-
taining the fluid; 7 > 0 is a fixed positive constant; all functions in physical coordinates
are defined for (t,x) € [0,7) x ©;

(ii) u(t,x) represents the 3-D velocity of the fluid;



(711) w9(t,x) = (uf(t,x),ud(t,x),0) represents the geostrophic velocity;
p(t,x) represents the pressure;
)

t,x) represents the density;

)
)
) P
)

0(t,x) represents the potential temperature. Given its physical meaning, we assume
0(t,x) to be strictly positive and bounded;

(
(
(
(
(vii) ¢(x) is the given geopotential representing gravitation and centrifugal forces. We

assume that ¢ € C?(Q) and that 8%3(/)()() # 0 for all x € Q;

(viti) feor denotes the Coriolis parameter, which we assume to be constant; indeed we will
normalise this parameter to be equal to 1;

Pref 18 the reference value of the pressure;
¢, 18 a constant representing the specific heat at a constant pressure;

)
)
(zi) cp is a constant representing the specific heat at a constant volume;
) R represents the gas constant and satisfies R = ¢, — ¢y;

)

Kk = ¢p/c, denotes the ratio of specific heats (this is approximately 1.4 for air).
Notations and other conventions (2.2)

e Throughout, we will only consider measures that are absolutely continuous with re-
spect to Lebesgue measure. Given an open set A in R?, we will denote by

- P,.(A) - the set of probability measures in R® with supports contained in A;

- xa - the characteristic function of A.

e Unless otherwise specified, measurable means Lebesgue measurable and a.e. means
Lebesgue-a.e.

e D; denotes the Lagrangian derivative, defined as D; = 9; + u - V, where u denotes
the velocity of the flow.

e e3. denotes the unit vector (0,0,1) in R3

e For convenience, we will sometimes use the notation F;)(-) = F(t,-) to denote the
map F evaluated at fixed time ¢.

Important definitions

Definition 2.1. We define
PLRY) = (€ Puc(®) + [ [xP uxyix < +o0),
R3

with tangent space

T,PL(R?) = (Vg p e Co(RE)} ).



Definition 2.2. Given two Borel probability densities p1(-) and pa(-) in R?, we define the
Wasserstein-2 distance, Ws, between 1 and ps as follows:

Wiuo) = _int [ xeyPayy). (2.4)
YET (p1,p2) JR3 xR3
with
T(p1, p2) = {7 : ~ probability measure on R® x R* with marginals ju; and pis}.
We denote by To(u1, p2) the set of minimisers of (2.4).

The Wasserstein distance indeed defines a distance in the space of probability measures on
R3 (or more generally, any complete separable metric space); it can be used as an optimal
transport cost between these measures, see [17].

Definition 2.3. Let F : R? — R3 be a measurable map. Let pu; be a measure in R3. Then
we say that the measure s on R> is the push forward of pq, with respect to F, denoted
F#un = pa, if

pa[A] = [F~H(A)]
for all measurable A C R3. If, in addition, py € L'(R3), puo € LY(R3) and F#u1 = po,
then (see [8, Corollary A.3])

[ oFNme) dx = [ pXum(X)dX, ¥pe L2(E), (2.5)
R R

Remark 2.1. Since we are only interested in measures that are absolutely continuous with
respect to Lebesgue measure, we can guarantee existence of a unique minimiser g in (2.4);
see, for example, [5, Section 6.2.3]. We also have that v = (id, RE2)#pu1 for some map

R/ : R3 — R3 which coincides y; — a.e. with the gradient of a convex function. Thus, the
map R/ is the unique minimiser of

R— . Ix — R(x)|? p1(x)dx (2.6)

over all R such that R#u, = po.

3 The semi-geostrophic equations: formulation and ex-
isting results

The fully compressible semi-geostrophic equations posed in the domain [0, 7) x €, with rigid
boundaries 992, are the following system of equations (see, for example, [10]):

1

Dyu? + feorez3 x u+ Vo + ;Vp =0, (3.1)
D =0, (3.2)

1 1
D;— = -V -u, (t,x) € [0,7) x Q (3.3)

pp

1
feor€z xud + Vo + ;Vp =0, (3.4)
p=Rp0<p> o (3.5)
Dref

u-n=0, (t,x) € [0,7) x O9Q. (3.6)



The unknowns in the above equations are uf9 = (uf, u3,0), u = (u1,u2,us3), p, p, 0.

Equation (3.1) is the momentum equation; (3.2) represents the adiabatic assumption;
(3.3) is the continuity equation and (3.4) represents hydrostatic and geostrophic balance.
The equation (3.5) is the equation of state which relates the thermodynamic quantities to
each other, and (3.6) is the rigid boundary condition, where n is the outward normal to
oN.

The semi-geostrophic equations are a valid approximation to the compressible Euler
equations when UL << 1, and are accurate when % < %, where U is a typical scale for
horizontal speed; L is a typical horizontal scale; H is a typical vertical scale; N is the
buoyancy frequency.

The energy associated with the flow, known as the geostrophic energy, is defined as

E(t)z/ﬂ[; u?|? (£,%) + ¢(x) + c,0(t, X) (p(tx)>1 p(t,x) dx. (3.7)

DPref

In what follows, we set feor = 1.

3.1 Dual formulation

In [10], solutions were obtained using a transformation into the so-called dual (geostrophic)
coordinates y = (y1,Y2,y3). The coordinate transformation is given by:

T:Q— AcCR?, T(t,x) = (T1(t,x), Ta(t, x), T3(t, %)) = (y1,Y2, Y3),
with
y1 = x1 + uj(t,x), Yo = w3 — ui(t,%), yz = 0(t,x). (3.8)

Note that, by (2.1)(vi), A C R? x [§, ] for some 0 < § < 1.
Using this transformation, as well as (3.5), it was shown in [10] that we can write the
energy in (3.7) as

${ler — w1l + |z2 — o?} + ¢(X)U

E(t) = E(t,0,T) :/ (t,x) dx+K1/(a(t,x))”dx

Q Y3 Q
1 — Ty (t,%x)|? — Th(t,x)|?
[l s 0P 00 s, [0
Q T5(t, x) Q
(3.9)
rk—1
where K1 := ¢, <pr> is constant and
o(t,x) = 0(t,x)p(t,x). (3.10)

Using the results of [15], it was shown that stable solutions of (3.1)-(3.6) correspond to
solutions that, at each fixed time ¢, minimise the energy E given by (3.9). We refer to this
requirement as Cullen’s stability condition.

This stability condition can be formulated in terms of optimal transport concepts. In-
deed, define the potential density v := T#oc as the push forward of the measure o under
the map T. For a stable solution, the energy in (3.9) can be written in the following form

E,(0) = E(o,v) + K, /Q(a(t, x))* dx, (3.11)



where

E(o,v) = T;;};f:y /QC(X,T(t,X))O’(t,X) dx (3.12)

with ¢ a cost function, given by

sz —uil® + |22 — 3o’} + 9(x)
Ys

e(x,y) = (3.13)
Hence the energy minimisation required by Cullen’s stability condition can be reformulated
as an optimal transport problem. Indeed, this condition is equivalent to the condition that,
at each fixed time, the pair (o, T) minimises the energy (3.9) amongst all pairs (u, T) with
p € Poe() and T#p = v. In other words, Cullen’s stability condition amounts to the
requirement that the change of variables T(¢,-) from physical coordinates to geostrophic
coordinates given by (3.8) is the optimal transport map between ¢ and v.

In [10], it is shown that, given a potential density v, there exists a unique minimiser
o of (3.11). Given this pair v, and o, there always exists a unique minimiser T in (3.12),
given by the optimal map in the transport of o to v; the map T admits a unique inverse
T~!, which is the optimal map in the transport of v to o with cost é(y,x) = c(x,y).

Using the stability condition and the transformation given by (3.8), the compressible
semi-geostrophic equations (3.1)-(3.4) can be written in dual variables as follows [10]:

ow(t,y)+ V- (v(t,y)w(t,y)) =0 in [0,7) x A, (3.14)
w(t,y) =u’(t,S(t,y)) = es x [y = S(t,y)], (3.15)
S(t,-) =T (t,-), (3.16)
T(¢,-) is the unique optimal transport map in (3.12), (3.17)
o(t,-) minimises E, .y (-) over P,.(9), (3.18)
v(0,-) = 1o(-) € L™ (M), r € (1,00), Ag C R? compact. (3.19)

Equation (3.14) is the continuity equation satisfied by the potential density; (3.15)
defines the geostrophic velocity in dual variables; (3.16), (3.17) and (3.18) are required for
a stable solution; and (3.19) is the prescribed initial condition.

The main result of [10] is the existence of a stable weak solution of the semi-geostrophic
system in dual variables (3.14)-(3.19), proved by an approximation procedure. In the same
paper, several important results concerning optimal transport are proved. In Section 3.2,
we summarise these results.

Remark 3.1. Since vy has compact support, for all ¢ € (0,7) the solution v(¢,y) of the
evolution (3.14) starting at time ¢t = 0 from vy has compact support in R®. By (2.1)(vi),
supp(v) is contained in a bounded open set A, which is dependent on 7, such that A C
R? x [4, %]7 for some ¢ with 0 < § < 1. This follows from a standard fixed-point argument;

see, for example, [7], [14].

Remark 3.2. In [12], Faria et al. have extended the results of [8] for the incompressible
equations to the case of an initial potential density vy in L'.



3.2 Existence and uniqueness for the energy minimisation
Assume that

. Q and A are bounded open domains in R?,

_ 3.20
° Qis convex ; A C R% x [5, H for some d with0 < § < 1, ( )

where the assumption on the vertical coordinate of A is justified by (2.1)(vi). Cullen and
Maroofi proved in [10, Theorem 4.1] that, given v € P,.(A), there exists a unique o € P,.(€2)
that minimises the energy E,(-):

Theorem 3.3. Assume that Q and A satisfy (3.20). Let v € P,.(A) and assume that ¢
satisfies (2.1)(ix). Then there exists a unique minimiser o of E,(-), over P,.(?). This
minimiser is given by (3.11).

By fixing this minimising o, we can complete the energy minimisation by considering
(3.12) as an optimal transport problem. Indeed, given two probability densities o € P,.(f2)
and v € P,.(A), consider the following optimal transport problem:

_inf I,[T], with I,[T]:= /C(X7T(X))O‘(X) dx, (3.21)
TH#Ho=v Q

where ¢(x,y), given by (3.13), is the cost of transporting one unit of mass from x to y.
The Kantorovich relaxation of (3.21) amounts to finding v € I'(o, v) that minimises

Ily] := /Q AC(X»Y) dy(x,y), (3.22)

with I'(o, v) given in Definition 2.2. Note that every transport map T generates a transport
plan v € I'(0, v) defined by
VT = (’Ld, T)#O’,
such that I,[T] = I[vyg].
Now consider the Kantorovich dual problem corresponding to (3.21) (see, for example,
[17, Chapter 5]):

W Sou(fog) with S (£9)i= [ S0t dx+ [ory)dy. (329
(f.9)€Lip. Q A

where
Lipe == {(f,9) : feW"™(Q), g€ W'=(A), f(x)+g(y) < c(x,y) for all (x,y) € QxA}.

The solution of the dual problem is a crucial ingredient of proving the main result of this
section, namely the existence result for the optimal transport problem. See [10] for all
relevant definitions and for a proof.

Theorem 3.4. Assume that Q and A satisfy (3.20). Let 0 € Puc(2) and v € Pyo(A).
Assume that ¢ satisfies (2.1)(ix). Then there exist maps T : Q@ — A and S : A — Q,
unique o — a.e. and v — a.e. respectively, such that

(i) T is optimal in the transport of o to v with cost ¢(x,y),



(i) S is optimal in the transport of v to o with cost ¢(y,x) = c(x,y),

(iii) S and T are inverses, i.e. SoT(x) =x for o —a.e. x and ToS(y) =y for v —a.e.
Y,

(iv) vo = (id, T)#o is a minimiser of the relazed optimal transport problem (3.22),
(v) For Jis.y(f,g) defined by (3.23), the following equality holds:

sup  Jou(fr9)= inf I[y]=_inf I,[T].
(f.9)€Lip. Y€l (o,v) T#o=v

4 The main existence result in dual space - an alterna-
tive proof

4.1 Statement of the theorem

Theorem 4.1. Let 1 < r < oo and vy € L"(Ag) be an initial potential density with support
in Ao, where Ag is a bounded open set in R® with Ag C R? x [S, 1/5] for some 0 < § < 1.
Let Q be an open bounded conver set in R®. Assume that c(-,-) is given by (3.13) and
that ¢ satisfies (2.1)(ix). Then the system of semi-geostrophic equations in dual variables
(8.14)-(3.19) has a stable weak solution (o, T) such that, with v(t,-) = T(t,-)#o(t,-) and
w as in (3.15),

(i)
V(',') € L“(O,T) X A)7 Hy(t>'>||LT(A) < ”VO(')”LT(A)7 Vite [O>T]>

(it)
U(ta ) € Wl’OO(Q)a ||U(ta )”WlOC(Q) < C= C(Q7A>C('7 ')7 R, K1)7 Vite [077—]7

(iii)
[w(t, M poeay SC=CELA)  ViEe[0,7],

where A is a bounded open domain in R3 containing supp(v), such that A C R? x [6, %] for
some 0 < 6 < 1.

The proof of this theorem is given in [10, Theorem 5.5], using a time-approximation
argument, similar in spirit to the original argument of the proof given by Benamou and
Brenier in [6] of the existence of solution of the incompressible system in a fixed domain.

The result of this section is an alternative proof of this theorem. The proof given here
avoids the time-discretisation and makes use of the general theory developed in [4] on the
solution of Hamiltonian ODEs, showing explicitly how it may be applied to the dual space
existence problem.

4.2 The solution of Hamiltonian ODEs
We briefly summarise the general results of [4] on the solution of Hamiltonian ODEs.

Remark 4.2. In what follows we deal with concave rather than convex functions. Hence
we replace all definitions in [4] regarding subdifferentiability and (\)—convexity with the
following definitions regarding superdifferentiability and (A)—concavity. This replacement
does not affect the results of [4].



Definition 4.1. Let H : P2, (R3) — (—o0, +0o0] be a proper, upper semicontinuous function
and let v € D(H). We say that v € L*(v;R3) belongs to the Fréchet superdifferential OH ()

if

H(vy) < H(v) + /RC,,V(Y) (R (y) —y) v(y) dy + o(Wa(v,vp))

as v, — v. We denote by OgH (v) the element of OH (v) of minimal L*(v; R3)—norm. Note
that, by the minimality of its norm, OoH (v) belongs to OH (v) NT, P2.(R3).

In the following lemma we state a continuity property of optimal plans or maps.

Lemma 4.3. Assume that {v,}5%,, {pn )52, are bounded sequences in P2,(R?) narrowly
converging to v and p respectively. Assume that To(v, i) contains a unique plan vy induced
by the optimal map R¥ : R® — R3 (see Remark 2.1). Then

lim [ gy, RE (y))vn(y) dy = / oy RE(y))(y) dy,

n—+00 /@3 R3

where Ry™ is optimal in the transport of v, to pn, and for any continuous function g :
R3 x R?® — R3 satisfying
l9l(y,x)
|(y) =+ [y]? + [x[?

Assume furthermore that there exists a closed ball B,., of finite radius r, containing the
supports of pi, and p. Then there exist Lipschitz, convex functions un,u : R* — RU{+oc}
such that Vu, = RI» v, —a.e. in R3 and Vu = R¥ v—a.e. in R3. In addition, there exists
a subsequence {ny}72, of integers such that

Vu,, — Vu a.e. in R®. (4.1)

Proof. See [5, Proposition 7.1.3] for proof. O

Definition 4.2. Let H : P2,(R3) — (—o0,+00] be proper and let A € R. Let m : R3 x R3 :
(x,y) = x and 2 : R3xR3 : (x,y) — y be the first and second projections of R® x R® onto
R3. We say that H is A\—concave if for every vy, va € P2,(R3) and every optimal transport
plan v € To(v1,v2) we have

H(vy) > (L 1) H(m) + LH () — 2101~ W3 (0, )

for all t € [0,1], where vy = ((1 —t)m1 + tm2) #y.
Proposition 4.4. Let H : P2.(R?) — (—oo, +00] be upper semicontinuous and A—concave

for some A € R and let v € D(H). Then, the following condition is equivalent tov € 0H (v):

Hn) < HW)+ [ v(y) - (R ) - y)vly)dy + W wm)

R3
for all vy, € P2.(R3).
Proof. See [4, Proposition 4.2] for proof. O

Following [4], we define Hamiltonian ODE’s as follows:



Definition 4.3. Let H : P2,(R3) — (—o0, +00| be a proper, upper semicontinuous function.
Define the linear transformation J : R? — R3 by

J(v1(y), v2(y), v3(y)) = ya(—v2(y), v1(y),0), (4.2)

for all v(y) € R®. We say that an absolutely continuous curve vy : [0,7] — D(H) is a
Hamiltonian ODE relative to H, starting from vo € P7.(R?), if there exist vy € L*(v1); R?)

with Hv(t)HLQ(V(t)) € LY0,7), such that

{;litl/(t)+V'(jV(t)V(t))Ov V(o) = Yo, te(0,7) (4.3)

vty € Ty, PL(R?) N OH (v1)) for a.e. t.

V)" ac
The main result of [4] concerns Hamiltonians H satisfying the following properties:

(H1) There ezist constants Cy € (0,+00), Ry € (0,+0c] such that for all v € P2, (R3)
with Wa(v,1v9) < Ry we have v € D(H), 0H(v) # 0 and v = OoH(v) satisfies
[v(z)| < Co(1+|z|) for v—ae. zeR3

(H2) If v,v, € P2(R3), sup, Wa(vn, ) < Ro and v, — v narrowly, then there
exists a subsequence n(k) and functions vy, v such that vy = OoH (Vp)) Vnk) — a-e.,
v=0H(v) v—ae. and vy — vae. in R® as k— +oo.

To ensure the constancy of H along the solutions of the Hamiltonian system we consider
also:

(H3) H : P2 (R3) — (—o0,+00] is proper, upper semicontinuous and A\—concave for some
AeR

For Hamiltonians H as above, the following result holds (see [4, Theorem 6.6] for full
details and proof):

Theorem 4.5. Assume that (H1) and (H2) hold for H(v) and that T > 0 satisfies

Comy/24(1 + e25CEHDT(1 + My (1)) < Ro. (4.4)

Then there exists an absolutely continuous Hamiltonian flow vy € P2, (R?), vy = [0,7] —
D(H) starting from vg € P2.(R3), satisfying (4.3), such that the velocity field V() coincides
with O H (v(y)) for a.e. t € [0,7]. Furthermore, the functiont — v is Lipschitz continuous.
Finally, there exists a function l(r) depending only on T and Cy such that

vo = my a.e. on By forallr >0 = vy = mye) a.e. on By forallr >0 (4.5)
and
vo < M, a.e. on B, forallr >0 = vy < My, ae. on B, for allr > 0. (4.6)

If in addition (H3) holds, then t — H(v() is constant.

4.3 An alternative proof of Theorem 4.1

We now apply Theorem 4.5 to our problem in order to obtain directly the existence result
of Theorem 4.1.
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Let A,  be as in (3.20). For v € P,.(A), define the Hamiltonian H by

1) = ot Aewan K [0y ax}. (47)
where
E(v,p) = gjfjf: ) Aé(y,g(y))V(Y) dy (4.8)

with é(y,x) = ¢(x,y) defined by (3.13). We begin with the following:

Proposition 4.6. Let Q and A satisfy (3.20). Let the Hamiltonian H(v) on Pu.(A) be
defined by (4.7). Then H is superdifferentiable, upper semicontinuous and (—2)— concave.

Proof. Given v € P,.(A), denote by ¢ the minimiser in (4.7). The existence and uniqueness
of this minimiser follows from Theorem 3.3. For any vy, € P,.(A) we have

Hn) = inf {e:(uh,u) vr [ (M(X))”dX}

HGP(LC(Q) Q

< E(vp,0)+ Ky /(J(X))“ dx.
Q

First, recall that we can guarantee that there exists a unique optimal transport map RY»
from v to vy, with respect to the Wasserstein cost function d(y,yn) = %\y — ynl?; see
Remark 2.1.

We consider now transport with respect to the cost function ¢(y,x) = ¢(x,y) given by
(3.13). Let S7 be the optimal map in the transport of v to o and let S7 be the optimal
map in the transport of vy, to o. Therefore, we have

Jint [ ey Sy = [ el SImwiy)dy

and

inf /AE(Y7S(Y))Vh(Y) dy = /5()’78%()’))1%(}’) dy.

S#l/h,:a' A
The existence of S and S, follows from Theorem 3.4. Note that, since (Sgo(Ry*)™1)#v), =
o and since S7 is optimal in the transport of vy, to o, we have

/ &(y. S5, (v))wa(y) dy < / &y, 55 0 (R (y))wn(y) dy.
A A

It follows that

H(vp)— H(v) < E(wp,0) + K /Q(J(x))“ dx — E(v,0) — K3 /Q(a(x))“ dx

11



(4.9)

where we have used (2.5).

Hence, using Definition 4.1, we conclude that Vé(y,So(y)) € 0H(v). Thus, 0H(v) is
non-empty, H is superdifferentiable and we can use [17, Proposition 10.12] to conclude that
H is semi-concave, i.e.

H is (—2) — concave. (4.10)

Also, from the narrow continuity of £(-,+) (see [10, Theorem 3.4]) and the uniform conver-
gence of ¢ as the minimiser of (4.7) (see [10, Lemma 4.3]), we have that

H is upper semicontinuous. (4.11)
From (4.10) and (4.11), we have that (H3) holds. O
The following proposition yields a proof of Theorem 4.1, alternative to the proof given

in [10].

Proposition 4.7. Let 1 < r < oo and vy € L"(Ag) be an initial potential density with
support in Ao, where Ay is a bounded open set in R® with Ay C R? x [S, 1/5] for some
0<6d<1. Let Q and A satisfy (3.20) and let the Hamiltonian H be defined by (4.7).
Then, there exists a Hamiltonian flow v(yy € Pue(A) and constant T > 0 such that

d
%V(t) +V- (J(V(t))V(t)) =0, V(o) = Yo, te (O,T)

where j(v(t)) =w a.e. in[0,7].

Proof. We compute 0pH () (as defined in Definition 4.1) explicitly to show that the condi-
tions required to apply Theorem 4.5 hold. From the definition of J in (4.2), velocity fields
transporting v will have vanishing components in the y3 direction so that we need only
consider variations of v in the (y1,y2)—directions. Thus, to characterise the elements of
OH (v), we let ¢ € C2°(R?) and define ¢(y1,y2,y3) := @(y1,92) for all y € R®. We then set

gs(y) = ((95)1(¥), (95)2(¥); (95)3(y)) =y + sVe(y).

Note that (gs)3(y) = y3 and, for |s| sufficiently small, g is the gradient of a convex function,
since gs(y) = V(%y2 + sp). Define vy = gs#v. Denote by o the minimiser in

H(vy)= inf {5(VS,M)+K1/

HEPac(Q) Q

()" .

The existence and uniqueness of the minimiser o, follows from Theorem 3.3. Let { € 0H (v).
Combining the (—2)—concavity of H and (4.11) with Proposition 4.4, we obtain

Hv) ~ HW) - [€0)- RYG) -y dy + Wimm) <0 (@12

A
Brenier’s polar factorisation theorem states that any suitable mapping from v to v, can be
uniquely factorised as the composition of a measure-preserving mapping and the gradient

of a convex function (see, for example, [16, Chapter 3]). Since, for |s| sufficiently small, g
is the gradient of a convex function, we conclude that

W3 (v, vs) = /Aly - Ry (y)Pr(y)dy = /A\y —g(y)Pr(y)dy = 5° /Alvw(y)I2V(Y) dy
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and
/ £(y) - (RZ (y) — y)w(y) dy = / £(y) - (ga(y) — y)v(y)dy = s / £(y) - Vo(y)u(y) dy.
A A A

Combining this with (4.12), we therefore obtain

—S/é(y) -Vo(y)v(y)dy + s / IVoly)Pv(y)dy < H(v) — H(vs)
A A

<€, 05) — E(Vs,0%)
= /5(3’75‘5“ (y)v(y)dy — /é(y,SZ;?‘(Y))vs(Y) dy
A A

< /Aé(%SZ: ogs(y))v(y) dy—[\é(y,sii(y))vs(y) dy

- /Adgs_ (). 87 ()vs(v) dy / &y, S7: (v)vs(v) dy. (4.13)

A

since gs#v = vs. Here S7° denotes the optimal transport map from v to oy and S
denotes the optimal transport map from v, to o, with respect to the cost function &(-,-).
The existence of S7¢ and S follows from Theorem 3.4.

Note that

g (v) =¥ — sVo(y) + 5 V0(y)Vely) + e(s. ).

where € is a function such that |e(s,y)

< IsPllellesrs).-
Combining this expression for g with (4.13) and using 3%390 = 0, we conclude that

s / £(y) - Vo(y)v(y) dy + 52 / Ve(y)Pu(y) dy
A A

<

—

[c(g. " (v), S (y)) — ély, Sy ()] vs(y) dy

-/ [; {16970 = Sz + (903" ) = (55023 | + (8% ()

Y3

- /Ai E {‘yl - saiylw()’) — (57 n(y)

S (AN R CAR g PR R

—f (Smy) Vly) va(y) dy + ofs).

Y3

o = Sznml” + w2 = (570200} + ¢(Sg§(y))] vs(y) dy

Recall now that vy — v in P,.(A) and 05 — o in P,.(2) as s — 0, hence Lemma 4.3 gives

Sy(y) —y
Y3

fs/AE(y)Vw(y)V(y) dY+52/A|Vs0(y)I2V(y) dy < s/A< >~V<p(>f) v(y) dy+o(s).
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Dividing both sides first by s > 0, then by s < 0 and letting |s| — 0 we obtain

- [ Tewvtvray = [ () o) viy) iy

Y3

Thus, we have that J(m,&(y)) = J y=Siy) , where 7, : L?(v; A) — T, P2.(A) denotes
Y3 ac

the canonical orthogonal projection, where the tangent space is defined in (2.3). The
minimality of the norm of dyH then gives

santrw) =7 (2= ) —wiy) (414)

Y3

where w is defined as in (3.15).
We can now check directly that conditions (H1) and (H2) hold. Using Theorem 3.4, we
may conclude from (4.14) that

J(0oH(v)) = w(y) = J(Vgo(y))-

Condition (H1) then follows from gy € WH°°(A), where go is the solution of the dual
problem (3.23). Condition (H2) follows from the stability of optimal maps (see, for example,
[17, Corollary 5.23]). Hence we may apply the result of Theorem 4.5 to conclude that there
exists a Hamiltonian flow v(;) such that

%V(t) + V- (J(V(t))l/(t)) =0, V() = Yo, te (0,7’)
where j(v(t)) = j(@OH(y(t))) for a.e. t € [0,7]. By (4.14), this then completes the proof
that the dual space continuity equation (3.14), with velocity field defined as in (3.15), is
satisfied. In addition, from (H3) and the definition of .J, the energy associated with the
flow is conserved.

O

Proof of Theorem 4.1. By the definition of w in Proposition 4.7, we have that (o, T) is a
stable solution of (3.14)-(3.19), where T = S~ (see Theorem 3.4). Theorem 4.1 (i) follows
from (4.5), (4.6); Theorem 4.1 (i) follows from the fact that o is a minimiser of (4.7) (see
[10, Theorem 4.2]); Theorem 4.1 (4ii) follows from the definition of w in terms of Vgg and
the fact that, as a solution of the dual problem (3.23), go € W1>°(A). O

5 Lagrangian statement of the equations in physical
space

In this section, our aim is to prove the existence of a weak Lagrangian solution of the
fully compressible semi-geostrophic system (3.1)-(3.6). We also show that, with additional
regularity, a weak Lagrangian solution would determine a weak Eulerian solution. These
statements are proved following closely the treatment given in [8] of the incompressible
case.

We begin by rewriting the system (3.1)-(3.6) in a form that enables us to state the
equations in Lagrangian form. These new equations (with prescribed initial conditions) are

14



DyT(t,x) = e3 x [T(, %) — x|, (5.1)

Oo(t,x) + V- (o(t,x)u(t,x)) =0, (5.2)
Vie(x, T(t,x)) + kK1 V((o(t,x))") =0, (5.3)
u-n=0 on0,7)x09Q, (5.4)

0(0,x) = 09(x), T(0,x) =Ty, To#aoo < L"(Ag), Ao C R® compact, (5.5)

where r € (1,00), ¢(x, T(t,x)) is defined in (3.13) and K is defined as in (3.9).

Proposition 5.1. A solution of (5.1)-(5.5) determines a solution of the original system
(3.1)-(3.6).

Proof. Given a solution (u, T, o) of (5.1)-(5.5), we set the function u in (3.1)-(3.6) to be
equal to the function u in (5.1)-(5.5) and we define
o(t,x)
0(t,x)’

0(t,x) := T3(t, x), p(t, x) := u!(t,x) :=e3 x [T(t,x) —x]. (5.6)
Then (3.2) follows from (5.6) and equation D;T5 = 0 of (5.1). Using this together with
(5.6) and the fact that (5.2) is satisfied, we see that (3.3) holds.
In order to show that (3.4) holds, we first rearrange (3.5) to obtain p = R*pl " (p0)".
Thus,
Vp = R¥pyi"k(p8)" 'V (p0). (5.7)

Then, substituting (5.6) into (5.3) gives

es x u + Vo + 0K, V(pd)" ' =0.

k—1
Recalling that K7 = ¢, (%) , this becomes

Pre

R k—1

e3 x ud + Vo + Oke, ( > V(pa)"”"*l =0,
ref

and therefore

R
Dref

k—1
es xul +Vo+ %lﬂ(lﬁ —1ey, ( ) (p0)""1V (ph) = 0.

Then, using (2.1)(ziv), (2.1)(zv) and (5.7) we obtain
1
ez X u9+V¢+;Vp=O

and thus conclude that (3.4) is satisfied.

Finally, we obtain (3.1) using (3.4) together with the first two components of (5.1)
and the definition of w9 in (5.6). Hence, we obtain a solution of the original system of
semi-geostrophic equations. O

We define a weak solution of (5.1)-(5.5) as follows:
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Definition 5.1. Let Q be an open bounded conver set in R®. Let u : [0,7) x Q — R3
satisfy u € LY([0,7) x Q) and let T : [0,7) x Q — R3 satisfy T € L>([0,7) x ). Also,
let o(t,-) € WHe(Q) for all t € [0,7]. Then (u,T,0) is a weak (Eulerian) solution of
(5.1)-(5.5) if

/[O )xQ{T(t’X) [Bep(t,x) + (u(t,x) - V)p(t,x)] + ez x [T(t,x) — x] - o(t,x)}o(t, x) dtdx

Jr/QTO(X) < (0,x)o0(x) dx = 0, (5.8)

for any ¢ € CL([0,7) x Q), and
/ (00t %) + (u(t, x) - V)b(t, x) o (£, x) dtdx + / 0(0,x)00(x)dx =0,  (5.9)
[0,7)xQ Q

for any ¢ € CL([0,7) x Q).

Given a solution T(¢,x) and x(t,y) = S(¢,y) of the system (3.14)-(3.19) in dual coordi-
nates, formally we have that (u, T, o) satisfy (5.1)-(5.5). However, due to the low regularity
of T(¢,x) and thus S(¢,y) obtained as a weak solution of (3.14)-(3.19), this argument is not
rigorous. Indeed, the regularity obtained in [10] may not be enough to provide a solution
of the Eulerian problem.

Instead, we seek to find weak Lagrangian solutions of the problem (5.1)-(5.5). Here we
define such solutions and then we use the methods of [8] to prove their existence. We define
the Lagrangian flow map

F:[0,7)xQ—Q

corresponding to the velocity u. Note that F maps  to itself so that the boundary
conditions of the problem are respected. Then, we can rewrite the system (5.1)-(5.5) in
terms of this Lagrangian flow F and define the corresponding weak solution (F,T, o).

Definition 5.2. Let Q be an open bounded convex set in R® and let 7 > 0. Let T €
L>([0,7) x Q) and let o(t,-) € WH®(Q) for all t € [0,7]. For 1 < q¢ < oo, let F :
[0,7) x Q — Q be a Borel map, satisfying

F € C([0,7); LY(S; R?)). (5.10)

Then (F, T, o) is called a weak Lagrangian solution of (5.1)-(5.5) in [0,7) x Q if:
(i) For og —a.e. x € Q,
F(0,x) = x, T(0,x) = To(x).
(i) For anyt > 0, the mapping
Foyy=F(,):[0,7)xQ—Q
pushes forward the probability measure oo(-) to o(t,-), i.e.

Fy#oo() =olt,). (5.11)
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(iii) There exists a Borel map
F :[0,7) xQ—Q

such that, for everyt € (0,7), the map
Fiy=F(t-): Q-0

satisfies
F(y o F)(x) =x and F(;) o F()(x) = x,

foro—a.e. x €, and
Fiy#o(t,) = oo(").

(iv) The function
Z(t,x) := T(t, F)(x)) (5.12)

is a weak solution of

OZ(t,x) =e3 x [Z(t,x) —F)(x)] in[0,7)xQ,

5.13
Z(0,x) = To(x) in S, (5.13)
in the following sense:
for any ¢ € CL([0,7) x Q;R?),
/ {Z(t,x) - Opp(t, x) + e3 x [Z(t, x) — F 1) (x)] - p(t, %) yoo(x) ditdx
[0,7)xQ (514)

+ /Q [To(x) - (0, )]0 (x) dx = 0.

Remark 5.2. Let us comment on Definition 5.2:

e Continuity in time of F considered as a map on [0, 7) with values in L?(Q) as required
in (5.10), combined with the initial condition for F in (), implies that

tLH(?JF [Fe) - ZdHLq(sz) =0. (5.15)
Furthermore, the continuity property (5.10) may be interpreted as continuity of par-
ticle paths in physical space.

e Property (4) is the Lagrangian form of the mass conservation principle in equation
(5.2) with boundary condition (5.4).

e Equation (5.13) is the Lagrangian form of (5.1).

e Equation (5.14) is derived by multiplying (5.13) by o¢(x) as well as the test function
and then integrating by parts, as in [8, Definition 3.4]. The reason for this choice will
become clear in the proof of Proposition 5.3.

e We have omitted equation (5.3) since this holds as a result of the energy minimisation;
see [10, Theorem 4.2].
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In order to justify Definition 5.2, we must show that a weak Lagrangian solution corre-
sponds to a weak (Eulerian) solution of (5.1)-(5.5), as defined by Definition 5.1. Indeed, we
prove that, with additional regularity property o;F € L>([0,7) x Q), a weak Lagrangian
solution (F, T, o) as defined in Definition 5.2 determines a weak (Eulerian) solution of (5.1)-
(5.5) and, furthermore, that a smooth Lagrangian solution determines a classical solution
of (5.1)-(5.5). This is the content of the following result:

Proposition 5.3. Let Q be an open bounded convex set in R and let 7 > 0. Let (F,T,0)
be a weak Lagrangian solution of (5.1)-(5.5) in [0,7) x Q.

(i) If O,F € L>=([0,7) x Q;R3), then the function
u(t,x) := (0,F)(t, Ff;(x)) (5.16)

satisfies u € L°°([0,7) x Q; R3) and (u, T, o) is a weak Eulerian solution of (5.1)-(5.5)
in [0,7) X Q in the sense of Definition 5.1.

(ii) If (F,F*,T) € C?([0,7] x Q), then the function (5.16) satisfies u € C1([0, 7] x Q; R3),
and (u,T,0) is a classical solution of (5.1)-(5.5) in [0,7) x Q.

Proof. Let us first prove (7). Since F* is a Borel map and, by our additional regularity
assumption, O;F € L*°([0,7) x ), we know that the right-hand side of (5.16) is a bounded
measurable function. Therefore, u € L*([0,7) x ). Now, in order to prove that (u, T, o)
is a weak Eulerian solution of (5.1)-(5.5), we must show that (5.8) and (5.9) hold. We begin
with (5.9). Let ¢ € C1(]0,7) x Q), so that the support of 1 in t is a closed subset of [0, 7),
and fix t € (0, 7). Note that, since o(t,-) € Wh(Q) for all ¢ € [0, 7] (by Theorem 4.1 (i7))
we have that o(t,-) € L'([0,7) x Q) and, since F(y#0o(-) = o(t,-), we can apply (2.5) to
yield

@) F o 0)onx) dx = [ 00t X X) dX.
Q Q

Then, applying the chain rule, integrating both sides with respect to ¢ and using our
assumption that 9;F € L>°([0,7) x Q), we obtain

/[O : Q{atW(t,F(t)(X))} — 0F () (x) - (V)(t, F () (x)) }oo(x) didx
_ / Dbt X)o(t, X) dtdX.
[0,7)xQ
Now, using (5.15) and the fact that (7, ) =0 (by compact support), we get
/ [ (t, F 1y (x))]oo(x) dtdx = — / ¥(0,x)o0(x) dx.
[0,7)xQ Q
Hence,

_ / (0, %) 00 () dx — / OF (1) (x) - (V) (¢, F o) (x))o0 () didx
Q

[0,7)xQ

_ / y(t, X)or (£, X) dtdX.
[0,7)xQ
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If we make the change of variables X = F(;)(x) in the second integral above, then, by (i),
(4i¢) in Definition 5.2 and by (2.5), we have that

f/w((),x)ao(x) dx — / (0:F (1)) (F(1(X)) - Vp(t, X)o (¢, X) dtdX
Q [0,7)xQ

. / ay(t, X)o(t, X) didX.
[0,7)xQ

Then, rearranging and using the definition of u in (5.16), we obtain
/ [000(t, X) + u(t, X) - Vib(t, X) o (t, X) didX + / (0, %)a0(x) dx = 0.
[0,7)xQ Q

Changing notations X to x gives us (5.9).

We now prove that (5.8) also holds. By the properties of F and T in Definition 5.2,
we have that Z(t,x) as defined in (5.12) satisfies Z € L>([0,7] x Q). Also, applying the
definition of Z(¢,x) in (5.12) to equation (5.14) gives

/[O | Q{T(t,F(t) (%)) - Dep(t, %) + €3 x [T(t, F1)(x)) = F oy (x)] - (£, %) yoo (x) didx

+ /Q[TO(X) - (0,%)]oo(x) dx = 0,
(5.17)

for any ¢ € C2([0,7) x ). Now, since 2 is a bounded set and F(y)#o0(-) = o(t,-) for all
t € [0,7), equation (2.5) allows us to make the change of variables X = F(;)(x) in the first
integral of (5.17). Thus, by (iii) of Definition 5.2, we have that x = F{, (X) for o — a.e.

x € Q for every t € [0,7) and then, from (5.17), we obtain

[ ) 00plt, 5 (0) + e ¢ [T6,X) = X1+ (0,5, (X))ot X) X
[0,7)xQ (5.18)
+ /Q[To(x) - (0,%)]oo(x) dx = 0,

for any ¢ € C1([0,7) x ). We now show that (5.18) also holds for all ¢ such that

p e L=([0,7) x Q),
Orp € L=([0,7) x ), (5.19)
supp(p) C[0,7 —¢] x Q@ for some € >0

In order to do this, we construct an approximating sequence for such . Let us extend ¢ to
(—00,00) x by defining, for x € Q, (t,x) = ¢(—t,x) for t < 0 and ¢(¢,-) =0 for ¢t > 7.
Then, we let h > 0 and define Q, = {x € Q : dist(x,00) > h}, where 9Q denotes the
boundary of . Thus, ¢xq, is now defined on R* x R?, where xq, denotes the characteristic
function of the set Q. Next, let j,(¢,x) = h%](@), where j(-) is a standard mollifier,
and let k& > % be an integer. We then have that functions ¢ = (pxa,, ) *Jjn, with h = % <€,
satisfy

or € CL([0,7) x Q) with  |lok, Bkl oetio.mxey < C,

where C' does not depend on k, and

(pr, Orpr) — (9, 0ip) a.e.on [0,7) x Q as k — oo.
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Thus, by the dominated convergence theorem,

lim (pr, Oror) (t,x)o0(x) dtdx :/ (@, Orp)(t, x)00(x) dtdx.
k—o0 [0,7)x [0,7)xQ

Also, since ¢ € L>([0,7) x ) by (5.19) and F{, #0(t,-) = 0o(-) , we have from (2.5) that

/ (@K, Orpr ) (t,x)0p(x) dtdx = / (o1, Orpr) (1, F) (X))o (¢, X) dtdX
[0,7)xQ

[0,7)xQ
and
| ot xmmdax= [ (0000 (X)a(t. X)deX.
[0,7)xQ [0,7)xQ
Hence,
lim (¢, Orpr)(t, F?t)(X))U(t, X) dtdX = (¢, Orp) (8, szt)(X))O'(t, X) dtdX.
k—oo Ji0,r)x0 [0,7)xQ

Then, since Q is bounded, T € L*°([0,7) x Q) and (5.18) holds for each ¢y, it follows that
(5.18) holds for ¢ satisfying (5.19). Now, let

p(t,x) = 1t F) (%)), (5.20)

where n € C1([0,7) x ). Then, since supp(n) C [0,7 — €] x Q and &F € L>([0,7) x Q)
by our additional regularity property, we have that ¢ satisfies the conditions in (5.19).
Therefore, (5.18) holds for ¢ as defined in (5.20). We also see from (5.20) and use of the
chain rule that

drp(t,x) = (0im)(t, F (1) (%)) + OF (1) (x) - (V) (£, F 1) (x)).

Thus, by property (éii) of Definition 5.2, we have

p(t, F;y (X)) = n(t, X)

and
Ip(t, Fyy (X)) = 9n(t, X) + [(0:F) (¢, F( (X))] - Vin(t, X)

for 0 —a.e. X € Q for every ¢t € [0,7). Then, inserting ¢(t,x) = n(t,F ) (x)) into (5.18)
gives

/[0 ) Q{T(t’ X)'[atn(tv X)+[(atF) (t’ Fzﬁt) (X))] 'Vﬁ(t7 X)]+e3 x [T(t’ X)_X] 'n(t’ X)}U(t’ X) dtdX

+ [ Talo) - (0, F ) () (o) dx = 0
Q

and, using the definition of u in (5.16) together with property (i) of Definition 5.2, we
obtain

/[ | D) 0000030+ 001XVt X0 5 ¢ [T X) =X 0(0,X) o 1 X)X
0,7) %2

+ /QTO(X) -1(0,%)o(x) dx = 0.

Finally, changing notations X to x and 1 to ¢ gives (5.8), proving statement (7). Then,
statement (i) follows directly from (z). O
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We now state the main result, which we will prove in Sections 6 and 7:

Theorem 5.4. Let Q C R? be an open bounded convex set. Assume that
To#oo € L"(Ao)

for r € (1,00), where Ag C R3 is compact. Then, for any T > 0, there exists a weak
Lagrangian solution (F,T,o) of (5.1)-(5.5) in [0,7) x Q, where T € L*>*([0,7) x Q) and
(5.10) is satisfied for any q € [1,00). Moreover, the function Z(t,x) defined by (5.12)
satisfies Z(-,x) € W1([0,7)) for oo — a.e. x € Q, and (5.13) is satisfied, in addition to
the weak form (5.14), in the following sense:

OiZ(t,x) = e3 X [Z(t,x) — F(t,x)] for o9 —a.e. x € Q and every t € [0,7),

Z(0,x) = To(x) for og—a.e. x € Q. (5.21)

To prove this theorem, we show the existence of a Lagrangian flow map ® in dual
variables. We then define F in terms of ®.

Throughout the next two sections, we will use o and v to denote the measures o(t,-)
and v(t,-) considered at some fixed time ¢ € [0, 7). Thus, if we write v — a.e. y € R3, for
example, then we mean v(t,-) — a.e. y € R? for a fixed ¢ € [0, 7).

Remark 5.5. In a recent development, Ambrosio et al in [2] and [3] have proven the
existence of weak Eulerian solutions of the incompressible semi-geostrophic equations on
the 2-dimensional torus and in a convex 3-dimensional domain.

6 Existence of the Lagrangian flow map in dual space

In this section we mimic the the approximation technique of [8], which makes use of the
results of [1], to show existence of the Lagrangian flow map in dual space. The proof is
based on the sequence of approximating equations defined in [10] for the dual space solution
of the compressible case.

Let Q, A be as in Theorem 4.1, let Ty, 0¢ be as in (5.5) and let vy = To#0g. Then, by
Theorem 4.1 there exists a solution (T, S, o) of the system (3.14)-(3.19), with initial data
vy, satisfying all assertions of Theorem 4.1. From [10, Lemma 3.1] and Theorem 3.4 we
have that, for a.e. y € A,

Vgo(y) = Ve(S(y),y), (6.1)

where gg is a solution of the Kantorovich dual problem (3.23). Combining this with the
definition of w in (3.15), we see that the dual space velocity can be written as

w = yses X Vgo(y). (6.2)

Thus, the vector field w is divergence free. In addition, since ¢(x,y) € C?(Q x A), there
exists some constant A such that

2
Dy e(x,y) < AT (6.3)

for all (x,y) € 2 x A. Furthermore, since the potential temperature ys is assumed to be
bounded, we can use (6.2) to obtain the following properties of w:

e by the semi-concavity of go in A, it follows that w(t,-) € BVj,.(R?) for a.e. t € (0,7);
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e by Theorem 4.1 we have that w € L>([0,7) x A),
e by (6.1), (6.2) and (6.3) we have that |[Dw(t,-)|(A) € L} (0, 7).

loc

Since v has compact support in [0,7] x R, we can modify w away from A so that the
modified function w satisfies

w € L>=([0,7) x R?), w(t,) € BVipe(R?) for a.e. t € (0,7), (6.4)
|Dw (t,)|(R®) € L},.(0,7), V-w(t,-) = 0in R? for every t € [0,7) (6.5)

and
w=w inA. (6.6)

We construct such a modification as follows. Following [10, Section 5], define A := B(0, R) x

(6,%), where 0 < § < 1 and B(0, R) represents the open ball of radius R centered at the

origin in R%. Defining §, R as in [10, (55), (56)] ensures that supp(v) is contained in A.

Define ( € C*(R) as ¢ =1 on {|s| < R}, ( =0on {|s| > R} and 0 < ¢ <1 on R. Define

£ e C*(R) asleon{(5<s<%},szWhenségorwhens>%and0<§<10nﬂ£.
Then, define for y € R?

M(y) = (Mi(y), Ma(y), Ms(y)) = (C(ly11)yr, C(ly2)y2, £ (y3)ys) (6.7)
and define the modified velocity as
w=e3 x (M(y) —S(t,M(y))) = {(y3)yses x Vgo(M(y)). (6.8)

Then w satisfies (6.4)-(6.6). These conditions enable us to apply the theory of [1] to the
transport equation (3.14) with w replaced by our modified velocity w:

Lemma 6.1. There exists a unique locally bounded Borel measurable map ® : [0,7) x R3 —
R3 satisfying

(i) ®(,y) € Wh>([0,7)) for vo —a.e. y € R?;
(ii) ®(0,y) =y for vp —a.e. y € R3;

(iii) for vy — a.e. y € R3,
8th(ta y) = W(t, (I)(t’ Y)); (69)

(iv) there exists a Borel map ®* : [0,7) x R — R such that, for every t € (0,7), the
map q)?t) : R? — R3 is Lebesgue-measure preserving, and such that <I>Z‘t) o ®y(y) =

D4y 0@y (y) =y forv—ae ye R3;
(v) ®(t,-) : R® — R3 is a Lebesgue-measure preserving map for every t € [0, 7).

Proof. The proof is essentially identical to that of [8, Lemma 2.8].
O

We now show that the image of the flow map ® is contained in A, and therefore corre-
sponds to the velocity field w.

Lemma 6.2. Let A be as in Theorem 4.1. Let ® be the map defined in Lemma 6.1 and let
w be defined as in (3.15). Then

O(t,y) CA  forvy—ae. yeTo(Q) and every t € [0,7). (6.10)
In particular,

h®(t,y) = w(t,(t,y)) forvo—a.e yeTo(Q) and everyt e [0,7). (6.11)
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Proof. Firstly note that, since To#0¢p = 1y and the measures oy and vy are contained
within Q and A respectively, we may assume

Ty:Q— A. (6.12)

Therefore, for o9 — a.e. x € Q, we have that To(x) € A.

We begin with the vertical component of ®; ®3. From (6.6) and (6.9), we have that
0 ®3(t,y) = ws(t,®(t,y)) = 0 for all y € R3 and every t € [0,7). Therefore, we have
P3(t,y) = ®3(0,y) = y3 for yp—a.e. y € R3 and every t € [0,7), where we have used
Lemma 6.1 (7). We therefore conclude that § < ®3(t,y) < % for vy—a.e. y € To(Q2) and
every t € [0,7), where § is as in Remark 3.1.

The proof that the horizontal components of ® stay inside A proceeds in a similar way
to that of [8, Lemma 2.12].

O

Finally, we wish to prove that when (v, T) is a weak solution of (3.14)-(3.19) then v is
a weak Lagrangian solution of the transport equation (3.14), i.e. v satisfies the property
v = ®#vy. To do this, we use the time-approximation scheme in dual space of [10, Section
5], as well as the following result (see [5].

Proposition 6.3. Let v(t,-) be narrowly continuous Borel probability measures solving the
continuity equation
v +V-(vv)=0

with respect to a vector field v satisfying

/ |v|v dtdy < +o0, (6.13)
[0,7)xR3
/ {sup |v| + Lip(v, B)| dt < 400, (6.14)
o LB
for every compact set B C R3. Then, for vy — a.e.y € R? the characteristic system
d

admits a globally defined solution ®(t,y) in [0,7) and
v(t,") = ®(t, ) #vo(-) forallt €0,7). (6.16)

The time approximation scheme is based on the discretisation of (3.14), with time step
h. One then considers piecewise smooth approximate solutions vp(-,-) to (3.14)-(3.19),
and corresponding velocities v, as defined in [10, Section 5]. Using these approximating
solutions, we can prove the following result.

Proposition 6.4. Let Q, v, Tg be as in Theorem 4.1, and let (v, T) be the weak solution
of (3.14)-(3.19) as constructed in Theorem 4.1. Let w be defined by (6.6) and let ® be the
regular Lagrangian flow of W defined in Lemma 6.1. Then, for every t € [0, 7],

vV = é(t) #1/0. (617)
Moreover, for every t € [0, 7],

v(y) = vo(®(,)(y)) forv—ae yEe R?, (6.18)

where the map <I>zkt) is defined in Lemma 6.1 (iv).
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Proof. For h, k, ju, g¥ as in [10, Section 5] define

WE(y) == E(yz)yzes x V(ju * gF)(M(y)), (6.19)

where M, ¢ are defined in (6.7). Define functions wj, on [0, 7] x R3 by setting them equal
to WF on the time-interval ¢ € [kh, (k+1)h). Following [10, Lemma 5.3], the corresponding
potential density vy, is a weak solution of

Owp +V - (vpwp) =0 in (0,7) x R3,

v (0,y) = vi(y). (6.20)

The construction of wj, implies that wy, is a divergence-free vector field satisfying (6.4)-
(6.6) and

(i) / §on v didy < +o0,
T 3
(0.7 (6.21)
(i) / [sup |Wn| + Lip(wp, B)| dt < 400,
0 B

Thus, by [1, Section 6], there exists a unique Lagrangian flow ®;, : R? x R — R? induced
by wy, and, for each ¢, the map (®4 ) : R3 — R3 is £3-measure preserving.
As in [10, Section 5], we can find a decreasing sequence {h;} converging to 0 such that
Vp, =V weakly in L"((0,7) x R?),
Vp,Wh; — VW weakly in L"((0,7) x R?), (6.22)
vp, (t, ) = v(t,-) weakly in L"(R?), for all ¢ € [0, 7].
Thus, since we have compact support, we can use (6.6) and the dominated convergence

theorem to obtain
Wh, — W weakly in L"((0,7) x A). (6.23)

Finally, we can use [1, Theorem 6.6] to conclude that for each ¢ € [0, 7],
(@n)) = Py i Lj(R?) (6.24)

as j — oo.
Since vy, is narrowly continuous, we may combine (6.20) with (6.21) and thus use Propo-
sition 6.3 to conclude that the system

d

%cph(t’w = wp(t, ®n(t,y)),

with initial condition ®(0,y) =y, admits a globally defined solution ®,(t,y) and
vi(t,-) = (®n) )y #Vh- (6.25)

Using (2.5) and the properties of v, we obtain for any ¢ > 0, j = 1,... and any
0 € C.(R?)

[ o@n, 63008, ) dy = [ (¥, (8 Y) aY.
R3 R3
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Passing to the limit j — oo in the last equality, using (6.24), the fact that I/gj — Vg as

j — oo in L"(R?) and the dominated convergence theorem in the left-hand side, and using
(6.22) in the right-hand side, we obtain

[ e@ymiay = [ ot y)ay (6.26)
- -
for any ¢ € C.(R?). This implies (6.17).

Since ®(;) is a measure preserving map, we use Lemma 6.1 (iv) to conclude that the
left-hand side of (6.26) is equal to

[ et0m(@,(0)ay.

and now (6.26) implies (6.18).
O

Remark 6.5. It would be desirable to be able to avoid using the approximating solutions
in dual space when showing that v is a weak Lagrangian solution of the transport equa-
tion. However, we have not been able to approximate in L' the velocity w directly. We
appeal instead to the sequence of solutions of the approximating equations in dual space
constructed in [10], as was done for the proof of the analogous result for the incompressible
case given in [8].

7 Lagrangian flow in physical space

Throughout this section we will assume that Q, A, r, Tg, T, v, w, w, ® are as in Proposition
6.4. Note that, by Theorem 4.1, we can apply (2.5) to oy, o, Vg, v throughout this section.
We now perform the last step of the analysis and prove the existence of a Lagrangian
flow F : [0,7) x Q — Q in the physical space. Indeed, we define F ) : Q@ — Q for t € [0,7)

as
F(t) = S(t) o (I)(t) o TO; (71)

where Ty is as in (5.5), S() is the inverse of T (see Theorem 3.4) and ®(4) is the La-
grangian flow in dual space constructed in Lemma 6.1. To justify this definition, we prove
the following lemma:

Lemma 7.1. For any t € [0,7), the right hand side of (7.1) is defined oy — a.e. in 2. The
map F :[0,7) x Q@ — Q defined by (7.1) is Borel.

Proof. Since Ty exists and is unique oy — a.e. in ), we have that T exists and is unique
on Q\ NJ where Nj is a Borel subset of  with o[Nj] = 0. Also, since S exists and is
unique v — a.e. in A for every t € [0,7), we have that S exists and is unique on A \ N? for
every t € [0,7), where N? is a Borel subset of A with [N?] = 0. Then, the right-hand side
of (7.1) is defined for all

x € Q\ (NyUM),

where
M={Xe(Q\Ny) : @4 (To(X)) € N*}.

Note that, from its definition, M is a Borel set.
It remains to prove that og[M] = 0 for every ¢ € [0, T)
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Fix t € [0,7). Then, using that To#0¢ = vo and thus To#og = v for all x € Q\ N,
and using (6.17) as well as Lemma 6.1 (i), we can apply (2.5) and compute

o0 [M)] =00 [{x € 2\ N : To(x) € @} (N }]
S L L

o
/ y)dy = 0.

Thus, we can define F : [0,7) x @ — Q by (7.1). Then, by Lemma 6.1, F is a Borel
mapping. O

It remains to prove that, if F' is defined by (7.1), then (F,T, o) is a weak Lagrangian
solution of (5.1)-(5.5) in the sense of Definition 5.2. We begin by showing that the initial
condition for the flow in Definition 5.2 () is satisfied.

Proposition 7.2. Let F be defined as in (7.1). Then, F(0,x) = x for o9 —a.e. x € Q.

Proof. By (7.1) we have that F ) (x) = S(g) 0 ®(g) 0 To(x) for all x € Q\ Ny where Ny is a
Borel set with og[Ng] = 0.

By Lemma 3.4, there exist Borel sets N1 C Q, Ny C A with og[N1] = 19[N2] = 0 such
that T¢ exists and is unique in ©\ N; and S exists and is unique in A\ Ny. Moreover,
if x € Q\ [N; UTg"(N2)], then Sg) 0 To(x) = x. Also, by Lemma 6.1 (ii), we have that
®)(y) =y in A\ N3, where N3 is a Borel set with vo[N3] = 0.

Therefore, F)(x) = x for all x € Q\ [No U N; UT; " (N2 U N3)]. We must now show
that o [N Ty ' (N2 U N3)] = 0.

We have that vg[Na U N3] = 0. Then, since To#0o = v, we obtain

oo [2N Ty (N2 U N3)] :/

oo(x) dx = / vo(y) dy = vp[N2 U N3] = 0.
Ty ' (N2UN3) N2UN3

O
Next, we prove that property (i¢) of Definition 5.2 is satisfied.

Proposition 7.3. For every t > 0, the map Fy : Q@ — Q as defined in (7.1) satisfies
F(t) #00 = 0.

Proof. In order to prove that F(;)#0o = o, we must show that, for any ¢ € C(R3),

/‘P(F(t)(x))ao(x) dXZ/sD(X)U(X) dX.
Q Q

Then the result will follow from (2.5).
Let ¢ € C(R?). From the definition of F;) in (7.1) we have

/@(F(t)(x))ao(x) dx = /gp oSy 0 sy 0 To(x)o0(x) dx.
Q Q

Then, using To#0¢ = 19 we apply (2.5) to obtain

/‘P 0 S(t) 0 @1y 0 To(x)o0(x) dx = /so 08 o @) (y)woly) dy,
Q A
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since p 0 Sy 0 @4y € L>(A). Then, since p o S;y € L>(A) we can use (6.17) and apply
(2.5) to get

/ASD 0 S 0 Py (Y)voly) dy = /Asa oS (Y)v(Y)dY.

Finally, since S(;) satisfies S(;)#v = o, we have that

[eesommay = [ px)ax)dx.

Thus, we have shown that
/@(F(t)(x))ffo(x) dx = [ 908y o0& o To(x)oo(x)dx
Q

0 oSy 0@y (y)vl(y)dy

I
— 5

@ o S(t) (Y)I/(Y) dY

- / P(X)o(X) dX,
Q

as required. O
We now prove that (5.10) holds for all ¢ € [1, 00).

Proposition 7.4. For any ty € [0,7) and any g € [1,00),

lim / |F (1) (x) — F10)(x)|%00(x) dx = 0.
Q

t—to,t€[0,7)

Proof. By Lemma 7.1 we have that, for any ¢ € [0,7), (7.1) holds o9 — a.e. in Q. Thus,
since To#o0o = vy, we see that, for any ¢,tq € [0,7),

/Q }F(t)(x) - F(to)(x)‘q oo(x) dx = /Q|S(t) 0 @y 0 To(x) — Sy 0 Py © To(x)|q oo(x) dx
= /A|S(t) 0 D1y (y) = Sro) © Pite) ()| vo(y) dy
= /AIS@ 0 ®(4)(¥) = Sto) © L) (¥) + St © L1 (¥) — Sty © Lrae) ()| vo(y) dy
< C/A!S(w 0 @1y (y) = S(r) © Py ()| o (y) dy

+C/A’S(to) 0 @) (¥) = Ste) © Prio) V)| v0(y) dy
= C(Il + IQ)

Firstly, we show that Iy — 0 as ¢ — to. Note that, using (6.18) and Lemma 6.1 (iv)
we have that ||v ||L‘1(A) = [[voll paa) for t € (0,7), so that ||V(t)HLq(A) is independent of t.

(
Let r and r’ be conjugate exponents (i.e. % + % = 1), with 1 < r < co. Then, we can use
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(6.17) and Holder’s inequality to estimate
1 = [[80003) = Sy 00y 01 i)y
= /A|S<t>(~‘f) =Sy )| o () dy

S {/A|S“>(Y) — Sy )" dy}:/ {/A|v<t)(y)|r dy}r

=[Sty = Scen I3, 7],

= Hs(t) - S(tO)HZT‘/ HVOHT —0ast— to,

Next, we show that I — 0 as t — #o. Since S(;) € {2 for each ¢t and for v —a.e. y, then,
by the dominated convergence theorem, it remains to prove that for every ¢y,

S(te) © L) (¥) = S(ty) © Prt)(y) = 0 ast —tg (7.2)

for v —a.e. y € A. First we note that, since ® ;) is measure preserving, then it follows from
Lemma 6.1 (i), and the fact that w € L°°([0,7) x R3) by (6.4), that

Qi (¥) = Po)(y) ast—to

in [0,7] for v —a.e. y € A. If y is such a point and if, in addition, ®(;)(y) is a point of
continuity for S(;,), then convergence in (7.2) holds at y. Since ® ) is measure preserving,
it follows that ®,)(y) is a point of continuity for S, for v —a.e. y. Thus, (7.2) holds for
v—ae.y€A. O

Lemma 7.5. Let Z be defined as in (5.12) with F defined as in (7.1). Then, for all
tel0,7),
Z(t) (X) = ‘I)(t) ] To(X)

for g —a.e. x € Q.

Proof. Using (5.12), we have that Z) = T(; o F(). Therefore, we need to justify the
following formal computation:

T(t) o F(t) - T(t) o S(t) o <I>(t) o TO - ‘I)(t) o TO
since, by (3.16), T (1) o S(y) is the identity on the support of v.
Now we make this argument rigorous. Since T exists and is unique ¢ — a.e. in §2 for

every t € [0,7), we have that T exists and is unique in Q\ N*! for every t € [0,7), where
N'is a Borel subset of Q with o[N!] = 0. Then, by Proposition 7.3 we have that

o0 QmF(;)l(Nl)} :/71 Uo(x)dX:/ o(X)dX = 0.
Fiy(NY) N1

Now, using Lemma 7.1, we conclude that
Z(t) (X) = T(t) o S(t) o @(t) o To(X)

for x € Q\]\~f where Uo[ﬁ] =0.
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Let M = {y e A : T(t,S(t,y)) # y}, Then M is a Borel set. Now, the proof of the
lemma will be completed if we show that

00 [{x €Q\N : By 0 To(x) € M}} —0. (7.3)
From Theorem 3.4 (i) we have that, for any ¢ € [0, 7),
TyoSy(y)=y forv—ae yecA.

Thus, we have

/MV(y) dy =0

for any t € [0, 7). Therefore, using that og[N] = 0, which implies that To#0o = v for all
x € Q\ N, and also using (6.17), we obtain for any ¢t € [0,7)

o0 [{xeg\ﬁ L By 0 To(x) e]\?}} = 0y [{xen\z\? : To(x) e@;;)(z\”i)}}
:/ . oo(x) dx
T, (@1 (M))
~ [y
) (M)

= /MV(Y) dy =0,

as required. O
We now show existence of the map F* from Definition 5.2 ().
Proposition 7.6. The map F as defined in (7.1) satisfies property (iii) of Definition 5.2.

Proof. As with Lemma 7.1, we can show that for every ¢ € [0,7) the expression Sy o o7, 0
T(4)(x) is defined for o —a.e. x € Q, and the map

Fliy =S(0) @y 0 Ty
is Borel:

Since T exists and is unique o — a.e. in ) for every t € [0,7), we have that T
exists and is unique on Q \ N for every t € [0,7), where N'! is a Borel subset
of Q with o[N'] = 0. Also, since Sg) exists and is unique vy — a.e. on A, we
have that S o) exists and is unique on A\ N§, where Ng is a Borel subset of A
with v[Ng] = 0. Then, we have that S o @7, © T(4)(x) is defined for all

x € Q\ (N'uM),

where
M={Xe(Q\N") : & (t,T(X)) € N§}.

Note that, from its definition, M is a Borel set. We must now show that
o[M] = 0 for every t € [0,7). Fix ¢t € [0,7). Then, using that T ,y#0c = v and
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thus T(y#o = v for all x € O\ N', and using (6.17), we can apply (2.5) and
compute

o[M] =o[{xeQ\N": T(x) € D) (NG)}]

/ o= [ uly)dy
T(Z)l(%)(NS)) @) (NE)

:/ voly) dy = 0.
N

Thus, we can define F’("t) =S ° CIJZ‘t) o T and F* is a Borel mapping.

We can now prove that property (i) of Definition 5.2 holds. Since F)#0o = o, we
have that F( 0 oF 4 (x) = S o(I) ) 0Ty oF(x) for 0 —a.e. x € Q. Then, using Lemma
7.5, we get Ffy o F(y(x (x) =S © Dy 0 Py 0 To(x) o¢g — a.e. in Q. Since, by Lemma 6.1
(iv), ® 7 )O‘b(t)( ) =y for v—a.e. y and thus for vy —a.e. y € A, and since To#oo = v, we
have &7, o @) o0 Ty(x) = To(x) for o9 —a.e. x € Q. Thus, Ff, oF(4)(x) = S(g) o To(x) = x
for 0 — a.e. x € Q by Lemma 3.4 (4).

By a similar argument, we we have that F ) o Fz‘t) =x for 0 —a.e. x € Q). O

Finally, we show that property (iv) of Definition 5.2 holds for F defined in (7.1).

Proposition 7.7. Let F be defined as in (7.1). Then, equality (5.14) holds for any ¢ €
CL((0,7) x Q;R3). Moreover, we have that Z(-,x) € W1>°([0, 7)) for oo — a.e. x € £, and
(5.21) holds.

Proof. From the definition of the Lagrangian flow ® in Lemma 6.1, we have that

B(t,y) =y + / (s, Doy () ds

for vy —a.e. y € A and every ¢ € [0,7). Thus, this equality holds for all y € A\ N where
vo[N] = 0. Since To#og = 1y it follows that

oo [ANTHHN)] = /T_l(N)Jo(X) dx = /Nuo(y) dy = 0.

Thus, for o9 — a.e. x € Q and every ¢ € [0, 7), we have

a(t, To(x) / wis, () (T (x)) ds. (7.4)
where we have replaced w(s, ®(4)(To(x))) by w(s, @) (To(x))) based on (6.10), (6.11).

Multiplying (7.4) by oo(x) and by 6‘f<p(t, x), where p € C}([0,7) xR3), and then integrating
we obtain

/ Orp(t,x)®(t, To(x))oo(x) dtdx :/ Orp(t,x)To(x)o0(x) dtdx
[0,7)xQ [0,7)xQ

—&-/[0 T)XQUO(X)atQO(t,X)/O w(s, @5 (To(x)))ds dtdx.

Now, in the right-hand side, we perform the integration with respect to ¢ in the first integral
and integrate by parts with respect to ¢ in the second integral to obtain
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[ ottt To)ao(x) didx = [ (0,5 To(x)o0(x)dex
[0,7)xQ Q
[t B (o)) de,
[0,7)xQ

(7.5)

where we have used that ¢(7,x) = 0 due to its compact support. Note that, by (3.15),
(7.1) and Lemma 7.5, we have

w(t, @) (To(x))) = es x [@(t)(To(x)) — S(t)(fb(t)(To(x)))] = ez x [Z(t,x) — F(t,x)] (7.6)

for o9 — a.e. x € Q and every t € [0, 7). Substituting (7.6) into the right-hand side of (7.5)
and using Lemma 7.5 to replace ®(t, To(x)) by Z(t,x) in the left-hand side of (7.5), we
obtain

/ Opp(t,x)Z(t,x)o0(x) dtdx = —/@(O,X)To(x)ao(x) dtdx
[0,7)xQ Q
[ pltxes x [2(t:%) ~ Bt x)] oo(x) drdx
[0,7)xQ

and rearranging gives (5.14).
Finally, Z(-,x) € W1°([0, 7)) for o¢ — a.e. x € Q follows from Lemma 7.5 and Lemma
6.1 (). Then, (7.4), (7.6) and Lemma 7.5 imply (5.21). O

Now the properties of (T, o) in Theorem 4.1 and the properties of F proved in Propo-
sitions 7.2, 7.3, 7.4, 7.6, 7.7 imply Theorem 5.4.

8 Conclusion

The main result of this paper is the proof of existence of weak Lagrangian solutions of the
fully compressible semi-geostrophic equations with rigid boundary conditions, in the original
formulation with variables expressing physically relevant quantities. This result is stated
in Theorem 5.4, and can be considered as the conclusion of the analysis of the problem
given in [10], where an existence result is proved but only in the so-called dual formulation.
We have also proved that, if additional regularity of the flow could be assumed, this weak
Lagrangian solution would determine a weak (Eulerian) solution of these equations.

In addition to the main result, we have given an alternative proof, based on recent
results of Ambrosio and Gangbo on Hamiltonian ODEs in spaces of probability measures,
of the previous result on the existence of weak solutions of the dual formulation of the
equations.
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