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SOLVING IVP BY CONVEX MINIMIZATION

Solving initial value problems by convex minimization
is an old idea going back to the least square method
for linear equations. For nonlinear systems there has
been many contributions, including Brezis-Ekeland,
Ghoussoub, Mielke-Stefanelli, Visintin, etc...
Recently, we introduced another approach, working for
systems of conservation laws with a convex entropy.
cf. Y.B. CMP 2018, followed by D. Vorotnikov arXiv:1905.060592.

It turns out that this method also applies to some
parabolic equations: porous medium, viscous
Hamilton-Jacobi and incompressible Navier-Stokes.
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I. The quadratic porous medium equation (QPME)

u=Au?/2, u=u(t,x)>0, t>0, xeT9

which is nothing but the macroscopic limit of the
properly rescaled (deterministic) system of particles:
aXk | Xk — Xi|?

- = —1 _ . _

),

u(t, x) ~ 1N D d(x = X(1), 1/N<<e?<<1.
j=1,N

cf. P-L. Lions, S. Mas-Gallic 2001 and ...A. Figalli, R. Philipowski 2008 .
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A weird minimization problem.
We start with the rather absurd problem of minimizing
the time integral of the "entropy”

/ P, x)dxdt, Q= [0, T] x T
Q

among weak solutions ot the QPME
ou=Au?/2, u=u(t,x)eR, t>0, xeTq

with a given initial condition up > 0 in L>(T9).
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l(up) = irJf sup/ (U? — 201U — N UP + 2UpDr) |
¢ JQ
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i) for test function ¢ to be smooth and vanish att = T;
ii) for function u to be square integrable on Q.



The saddle point formulation reads

I(up) = inf sup/ (U? — 201U — N UP + 2UpDr) |
¢ JQ

where the only constraints are:
i) for test function ¢ to be smooth and vanish att = T;
ii) for function u to be square integrable on Q.
This problem admits an interesting concave relaxation:

J(tp) = supin / (UP — 201pu — Ag UP + 2Up0rg)) -
¢ Q
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The relaxed problem is very simple
J(Up) = sup ir&f/ (UP — 201pu — A UP + 2UpOr) =
¢ Q

2
swp [ (129 +2u000) . Ao <1, (T) =0

Setting g = 0i¢, 0 = 1 — Agp, we get:  J(up) =

2
sup (—q—+2uo q> , 0o +Aq=0, oT,)=1
oq JQ g
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Interestingly enough, this optimisation problem



Interestingly enough, this optimisation problem

2
sup ( q + 2Up q),
Q

Py, g
S.t.
a1‘0-_|'Aq: 07 O(Ta') - 17
is (at least as d = 1) almost the same as the recent
formulation "a la Benamou-Brenier" proposed by
Huesmann and Trevisan for the time-discrete
martingale optimal transport problem.

(See also Ghoussoub-Kim.)
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Main result: there is no duality gap!
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Main result: there is no duality gap!
The proof relies on the Aronson-Bénilan estimate for
all solutions of the QPME Au > —k(d)/t
Let us try to find a solution ¢ to the concave
optimization problem just by solving the final VP
atqb = (1 - A¢)U, Qb(T, ) = 07
e,fora=1—-A¢ : 0o+ Alau) =0, oT,)=1.

From Aronson-Bénilan, we deduce a(t, x) > (t/T)".
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Proof. (Assuming u to be smooth) we have
dra + A(au) = O + UAa + 2Va - Vu + aAu = 0.
Thanks to AB, we get for A(t) = infycra (2, X)
A(t) < KA(t)/t.
So, log A(T) —log A(t) < x(log T —log t), and therefore
A(t) > (t/T)" (since A(T) = 1). End of proof.
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Optimality of ¢. Let us now evaluate

- (Orp)?
j_/Q<_1 _A¢+2U08t¢>.

Since u solves the QPME with initial condition uy,

we have [, (201pu + Apu? — 20;pup) = 0. Thus

. ~ (Or9)? 2)_ 2
j_/o( 1_A¢+2u6t</>+A¢u —/Qu

(using 0:¢ = (1 — A¢)u ) which shows that ¢ is
optimal since  J(uo) > j = [ou? > I(up) > J(up).
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ll. The viscous Hamilton-Jacobi equation
A6+ 3IVOF = cho=0, on Q=[0,T|xD, D=T 4(0,7)= ¢

Minimize [, |B|* among all weak solutions of

BQ
aB+vU’

The concave dual problem turns out to be:

g — eVpl?

inf | q-By+
P4 Jq 2p
where the fields p > 0, g € RY are constrained by

Op+V-q=0, p(T,)=1.
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Here again, there is no duality gap!
Note that the resulting problem can also be written



Here again, there is no duality gap!
Note that the resulting problem can also be written

\QIZ + €| Vpl?
2p

|nf

+ /D.p(07 )(6 log p(07 ) + (250), s.t. dp+V-q=0, /)( T, ) =1,

i.e. as a variant of the "Schrédinger problem"”,
a noisy version of the optimal transport problem with quadratic cost, intensively studied
in the recent years, after Ch. Léonard, e.g. in the CNRS-INRIA MOKAPLAN team

(mostly for numerical purposes), and very recently by A. Baradat, and L. Monsaingeon.
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lll. Navier-Stokes equation
Now, we minimize [, |v|* among all weak solutions of

hv+V-(vev)+Vp=eAv, V-v=0, v(0,')= v,
and get by duality the convex minimization problem:
Inf /(q—EV 1. (q—€eV-M)—-2q- v

where Q = [0, T] x T, the matrix-valued field
M = MT > 0 and the vector field g being subject to

OIM+Vag+Vq =2D°A"'V.q, M(T,)) =y
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Few remarks



Few remarks
1) The Schrédinger problem (1931) is closely related
to the Schrddinger equation (1925), which can be
solved by looking at critical points (p, q) of the
following action (featuring a crucial change of sign):

2_v 2
/OW st. Oip+V.-q=0,

through the Madelung transform (1926):
v =pe’ q=pve.
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Few remarks (continued)
2) The optimization problem we obtained from the NS
equations can be seen as a (very special) example of
a matrix-valued Optimal Transport problem (*), for
which we may refer to a collection of works by Tryphon
Georgiou and coll., and a recent paper by Y.B. and
Dmitry Vorotnikov (SIMA 2020).
(*) due to the special structure of its time-boundary conditions, the NS optimization

problem more precisely corresponds to a matrix-valued Mean-Field Game problem.
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3) In the NS optimization problem features a
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Few remarks (continued)
3) In the NS optimization problem features a
matrix-valued "Fisher information”

(V-M)- M1 (V-M), M=M">0,
very roughly similar to the 4D-Einstein action (%)
(F7 9" M — TR g Tie)\/—det g
where gj is Lorentzian of inverse g7 and connection

/k = Q "(0iGkm + OkGjm — OmGkj)/ 2.

* Note that General Relativity has been recently related to Optimal Transportation

(in particular by R. McCann arXiv:1808.01536, A. Mondino, S. Suhr arXiv:1810.13309).
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Let us finish with the inviscid Burgers equation
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In that case, the concave maximization problem reads
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Let us finish with the inviscid Burgers equation

In that case, the concave maximization problem reads

2
(SUF)){ 0.7] T_g_p_qUO‘ﬁfp_Fan:Ov p(Ta):1}
p'/q 9y X

As shown in CMP 2018, for arbitrarily large T, we
recover, through this problem, the correct "entropy
solution" a la Kruzhkov, but only at time T and
(surprisingly enough) not for t < T, once shocks form!
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Inviscid Burgers equation : ju + dx(u?/2) = 0, u = u(t, x), x € R/Z, t > 0.
Formation of two shock waves. (Vertical axis: t € [0, 1/4], horizontal axis: x € T.)
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fort19"  +
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f

o

o
=S
5]

Inviscid Burgers equation : 9U + Oy U2/2 0 u=u(t,x),x e R/Z, t > 0.
Recovery of the solution at time T=0.1 by convex optimization.

Observe the formation of a first vacuum zone as the first shock has formed.
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‘fort.24'  +

)
o

o

o
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A

Inviscid Burgers equation : 9;uU + OX (u?/2) =0, u=u(t,x),x €R/Z,t>0.
Recovery of the solution at time T=0.16 by convex optimisation.
Observe the formation of a second vacuum zone as the second shock has formed.

j

0.8 1

YB (CNRS/DMA-ENS, Paris.) IVP and matrix-valued OT PIMS 29 Jan 2021 20/21



A

0

fort29"  +

0 0.2

0.4

0.6 0.8

f

Inviscid Burgers equation : ju + dx(u?/2) = 0, u = u(t, x), x € R/Z, t > 0.
Recovery of the solution at time T=0.225 by convex optimisation.
Observe the extension of the two vacuum zones.
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Inviscid Burgers equation : ju + dx(u?/2) = 0, u = u(t, x), x € R/Z, t > 0.
Recovery of the solution at time T=0.225 by convex optimisation.
Observe the extension of the two vacuum zones.
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IV. Entropic systems of conservation laws

HU+V-(F(U)=0, U=U(t,x) e WCR™ xeTC,

involve a strictly convex "entropy" £ : W — R (where
W is convex) and an "entropy flux" Z € W — RY, such
that each smooth solution U satisfies the extra
conservation law 0:(£(U)) + V- (Z(U)) = 0.



IV. Entropic systems of conservation laws

HU+V-(F(U)=0, U=U(t,x) e WCR™ xeTC,

involve a strictly convex "entropy” £ : W — R (where
W is convex) and an "entropy flux" Z € W — RY, such
that each smooth solution U satisfies the extra
conservation law 9(E(U))+V - (Z2(U)) =0

A typical example is the (barotropic) Euler system, where U = (p, q) € Ry x RY,

with entropy £(p, q) = ‘q‘ + ®(p) and pressure p(p) = [/ s®” (s)ds.
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Inviscid Burgers equation : i + 9y (u?/2) = 0, u = u(t, x), x € R/Z, t > 0.
Formation of two shock waves. (Vertical axis: t € [0, 1/4], horizontal axis: x € T.)
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Minimization approach to the IVP

Given Upon D =T and T > 0, minimize the total
entropy among all weak solutions U of the IVP:

;
in / / E(U), U= U(t,x) e W CR" subject to
o Jo

/OT/DatA-U+VA.F(U)+/DA(O’_).U0:O

for all smooth A = A(t, x) € R™ with A(T,-) = 0.

The problem is not trivial since there may be many weak solutions starting from Uy

which are not entropy-preserving (by "convex integration" a la De Lellis-Székelyhidi).
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The resulting dual convex optimization problem
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= sup // —G(0:A, VA) — /AO)UO,
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The resulting dual convex optimization problem

.
sup  inf / /S(U)—&A-U—VA-F(U)—/A(O, ). U
AT)=0 U Jo Jp D

= sup // —G(0A, VA) — /A(O ) - Up,

where G(EB sup E-V+B-F(V)-£&(V),
VEWCRM

for all (E, B) € R™ x RI*M,

Observe that G is automatically convex.
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Main results (Y.B. CMP 2018)

Theorem 1: If U is a smooth solution to the IVP and T
is not too large (*), then U can be recovered from the
concave maximization problem which admits

A(t,x) = (t— T)E'(U(t, x)) as solution.

Theorem 2: For the Burgers equation, all entropy
solutions can be recovered, for arbitrarily large T.

(*) more precisely if, V t,x, Ve W, &" (V) — (T — t)F" (V) - V(E'(U(t, x))) > 0.
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Example: the isothermal Euler equations (p = p)

In that case, we end up with the minimization of

]
/ exp(u)exp(=Q- M. Q) + / a0po + Wo - Qo,
[0,T]xD 2 D

among all fields u = u(t,x) € R, Q = Q(t, x) € RY,
M = M(t,x) = Mi(t,x) € R%9 M >0, obeying
the challenging structural linear constraints

u= 0t + aiW,’, Q = OtW,; + 8/0, M,'j = 5,‘/ — 8,-W,- — 6,-W,-,

where o and w must vanishatt=T.
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