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ADJOINT APPROXIMATION OF NONLINEAR HYPERBOLIC
SYSTEMS WITH NON-CONSERVATIVE PRODUCTS

FRrREDERIC COQUEL
CMAP, Ecole Polytechnique, 91128 Palaiseau Cedex, France

CLAUDE MARMIGNON, PRATIK RAI AND FLORENT RENAC*
DAAA, ONERA, Université Paris Saclay, F-92322 Chatillon, France

ABSTRACT. We consider the approximation of adjoint-based derivatives for
discontinuous solutions of the Cauchy problem associated to one-dimensional
nonlinear non-conservative hyperbolic systems. We first derive the adjoint
equations in strong form with a discontinuous primal solution together with the
associated jump relations across the discontinuity. The adjoint solution may
be discontinuous at the discontinuity in contrast to the case of conservative
systems. Then, we consider first-order finite volume (FV) approximations to
the primal problem and show that, using the Volpert path family of schemes,
the discrete adjoint solution is consistent with the strong form adjoint solution.
Numerical experiments are shown for a nonlinear 2 x 2 system with a genuinely
nonlinear (GNL) field and a linearly degenerate (LD) field associated to the
non-conservative product.

1. Introduction. The discussion in this paper focuses on the adjoint analysis of
the Cauchy problem for nonlinear hyperbolic systems in non-conservative form:
du+Au)dy,u = 0 inQ:=Rx(0,7T), (1a)
u(-,0) = u(-) inR, (1b)
where u(x,t) is the vector of unknowns with values in the set of states Q¢ C R™
and A : Q% 5 u— A(u) € R™*™ is a smooth matrix-valued function with entries
a;j(u), 1 < 4,5 < m. We assume that (la) is strictly hyperbolic over Q*. In the
general case where A is not the Jacobian of a flux function, the works in [11, 4]
generalize the notion of weak solutions from conservation laws to (1) and allow
to define the non-conservative product A(u)d,u at a point of discontinuity of the
solution for functions of bounded variations. The definition is based on a family of
consistent and Lipschitz paths ¢ : [0,1] x Q% x Q% — Q°. Across a discontinuity of
speed o, the non-conservative product is thus defined as the unique Borel measure
defined by the so-called generalized Rankine-Hugoniot (RH) relations on X:

1
ofu] = A¢(u*,u+) ::/ A(qb(s,uﬂu*))@s(ﬁ(&uﬂu*)ds, (2)
0
where [u] = u* —u~, and u® are the limits of u at ¥ (see section 2).
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In this work, we consider the adjoint equations of (1). Methods based on adjoint
equations are widely used for shape optimization, control, receptivity-sensitivity-
stability analyses, data assimilation, error analysis, etc. These methods are often
used for the linear analysis of nonlinear conservation laws where the adjoint is
defined as the dual to the linearized equations around a given primal solution, u.
In the case of hyperbolic equations, this raises the question of the validity of this
linearization around discontinuities in u because the adjoint equations are linear
with discontinuous coefficients for which the Cauchy problem is not well posed
in general. The analysis must include the linearization of the jump relations at
the discontinuity [6] which leads to a so-called interior boundary condition for the
adjoint variables [10]. Existence, uniqueness and stability of backward solutions to
scalar equations have been established in [1] with Lipschitz initial condition and
OSLC coefficients [9]. The interior condition at the shock has been shown to be
satisfied by such backward solutions [10]. In the case of systems of conservation laws,
well-posedness of the adjoint problem with GNL and LD fields has been shown in
[2], while the interior boundary condition is satisfied at the discrete level providing
that the primal and adjoint solutions are vanishing viscosity limits of regularized
problems [8].

In § 2, we first derive the adjoint equations associated to the primal equations
in strong form and then derive the adjoint equations associated to a first-order FV
approximation in § 3. We prove consistency of the discrete adjoint equations for the
Volpert path family of schemes for which the consistency condition can be expressed
in closed form. An example of a 2 x 2 system with GNL and LD fields is provided
in § 4 and numerical experiments are given in § 5

2. Adjoint formulation of linearized perturbations. We are interested in
Fréchet differentiable tracking-type output functionals of the form

7w = [ i(ate.7)ds, 3)

where j : 2% — R is a smooth function. We assume that the solution admits
one isolated discontinuity along the curve ¥ := {(z4(t),t) : 0 <t < T} in Q
(see figure 1) and consider infinitesimal perturbations imposed on the solution,
u(z,t)+1(z,t), and on the location of the discontinuity, =, (t)+s(t) with (5(0) =0,
(see figure 1), which may follow from perturbations of the initial condition (1b).
Setting j'(u) = (8y,5(u)), ., , linear perturbations on .J(u) read [10]

J (w1, ) = /R\ (T)J"(U(%T)) P(z, T)dz — (T)[j (u(@s(T), T))]-

The speed of the discontinuity in (2), o = ,(¢), may be expressed in terms of
components of the normal to ¥, n = (ng,ny)" = (1 + x;(t)2)71/2 (1,—x/s(t))T
o= —Z—;. Linearized perturbations in the speed of the discontinuity read

Gl _ b oy W

() ng g

so we get ngds = ng+/dag(t)? + dt2 = dt with s(t) the curvilinear coordinate. The
traces at ¥ in the direction n are u® = lim g u(z4(t) + eny, t + eny), and the jump
relations (2) now read

nefu] + nyAp(u”,ut) =0 on . (5)
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FicUrRE 1. Discontinuity curve ¥ in the space-time domain 2:
(left) definitions of traces and normal to X, (right) perturbation
of X.

The adjoint formulation of linearized perturbations is obtained by introducing
the following Lagrangian functional

L(w;z,2°,2°) = J(u) — / z- (Opu + A(u)d,u)dadt
o\

— / z° - (neu] + nyAgp(u=,ut))ds —/ z” - (u(-,0) — ug)dz,(6)
b R
where the adjoint variables z(x,t) : Q\X — R™, z°(z,t) : ¥ — R™, and z°(2) :
R — R™ are Lagrange multipliers associated to constraints (la), (5), and (1b).
Linearizing formally £ in the perturbation direction around a state u, we obtain

'C/(uﬂ/JstaZstaZO) = J/(u;¢7Cs) (78.)
- / z- (atw + (A/(w)ep)d,u + A(u)axw)dxdt (7h)
o\
+ / ngCslz - (Oru + A(u)d,u)]ds (7c)
b

= [ (el (O Aga )
+Our Ag(u, u+)¢+))ds (7d)
- /E G 2° - (nu[Oou] + 10O Ag(u™,ut))ds (7o)
- /E 2 (6nu[u] + 1o Ag(u=, ut))ds (76)
- [ w0 (78)
and the adjoint variables are defined as stationary points of £ in (6):

z,2°, 7" C’(u;l/),(s,z,zs,zo) =0 Vb, (. (8)

Theorem 2.1 (Adjoint problem). Let u be the solution of the nonlinear Cauchy
problem (1) satisfying the generalized RH relations (5) at an isolated discontinuity
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¥ C Q. Then, the adjoint solutions to (8) satisfy the following problem
Oz + A(u) 0,z + ((A/(u)T - B(u))ﬁwu>z = 0 O\, (9a)
z(T) = j(u(,T)) inR, (9b)

together with the jump relations across X.:

(nI + ngA(u®)N)z* = (nI £ n,0,+ Ag(u,uh))z’, (10)
z°(:) = z(-,0) in R, and the equation for z°:
[u] - dyz® + (0xAp(u™,u") — [A(n)d,u]) -2z° = 0 on¥, (11a)

(ul - 2*(T) — W),
The tensor operators in (9a) are defined by
A'(u);;k, = Ouaji(u), B(u)ijr = 0u,aju(u), 1<4,5,k<m, (12)
and B satisfies 1| (B(u)d,u)z = z' (A’ (u))d,u, for all ¥ in R™ and u in Q°.

0. (11b)

Proof. First, (7c) vanishes due to (1a). Integration by parts in (7b) gives
(7)) = / P - (Btz + Oy (A(u)Tz)) —z(A'(u)v)d,udxdt
o\

+ /E[[w(nt + n,A(u) )z]ds + /Rip(x,O) -z(2,0) — Y(x,T) - z(x, T)dz.

Then, using (5) and (4), we get dnifu] + dnzAgp(u,ut) = —n,¢(¢)[u]. Using

again (1a), the term in (7e) may be be recast into

ne[0:u] + np0pAp(u,ut) = [n0,u — ng(dpu+ A(u)d,u)] + ny0pAp(u,uh)
= —ngdi[u] + ny (9, Ag — [A(u)d,u]),

where d; = 0; + 2/,(t)0,, and using integration by parts we get

(Te)+(71) /EZS ) (dt (Csul) = ¢ (8, A¢ — [[A(u)aru]]))nzds

T
- - /O Co ([0l - diz*+ (0, Ag ~ [A (WD, u]) -2 ) dt+C ()2 (T) [l 1,
where we have used dt = n,ds and (s(0) = 0. We thus obtain

£(w, Gzt 2') = /R oy @) (@ Ty = (D (u(ws(T). 7))

+ /Q Wb - <8tz +5'$(A(u)TZ)) —z(A'(u))d,udzdt

\Z
T

/E[[z/)(nt + nzA(u)T)z]]ds — /R [1[)(:10, t) - z(x, t)]tzodx

+

7 (11 0 0u A + 00 Ag*) ) s

T
/0 Cs ([[u]] ~dyz® + (0, Ap — [A(u)0,u]) ~Zs>dt

+@@W@%Mmm—AfW@Ww

Then, collecting terms against ¢ and (s, we obtain the desired results. O
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2.1. The case of conservative systems. We now consider the particular case
where (1a) reduces to a conservation law, i.e., A(u) = f’(u). Assuming that the flux
f is a C? function, its Hessian is symmetric. Hence Oy, a;; = O, ik, 1 < 4,5,k <m,
which is equivalent to A’(u)" = B(u) from (12), so (9a) reduces to the classical
adjoint equation of first-order conservation laws:

Oz +A() d,z=0 inQ\X.
Then, for all paths in (2), we have Ag(u—,ut) = [f(u)], so we obtain
dur Ap(u=,ut) = +A(u), 9, Au(u",ut) = [A(u)d,u],
and the jump relations (10) now read
(nI+n,A(u®)")(z*¥ —2°) =0 onX.
For a non-characteristic discontinuity, the matrices n;I 4+ n,A(u*) are nonsingular

and we obtain the so-called interior boundary condition on ¥ [10]: zt = z°.

3. Space-time discretization.

3.1. Finite volume method. The nonlinear problem (1) is discretized with a
first-order F'V method and explicit time stepping. The degrees-of-freedom are

w,(z, (™M) = U, Veer; = (Ti_1,41), $€Z, 0<n<N,
with Tipy = iAz, M = nAt, Az > 0 and At = ﬁ > 0 the space and time steps.
The numerical scheme reads (see [7] and references therein)
Ut — U"+§;§,(D+1+D+ .)=0, i€Z, 0<n<N, (13)
with smooth fluctuation fluxes Dﬁ 1= D*(U?, 711) satisfying consistency: D*(u,

u) = 0 for all u in Q*. The initial condition is projected onto the space grid:
UY = (up); =%z / uo(z)dr, i€ Z. (14)

3.2. Discrete adjoint solution. We now consider the adjoint solution to the dis-
crete nonlinear problem and look again for a piecewise constant discrete solution:

zh(az:,t(”)):Z?7 Vr €k, 1€Z, 0<n<N.

We introduce the discrete Lagrangian functional containing an approximation of
the output functional (3) and the multipliers to the constraints (13) and (14):

N—-1

Lh(upszp) =Y Az j(UN) =Y AxZ} - (U - Uy + £L +(D +DF ))
i€Z i€Z n=1

— > Az Z) - (U) = (ug)y). (15)

i€z
Linearizing (15) around uy;, and looking for stationary solutions give the discrete
adjoint equations which again constitute a backward problem in time:

Z; - 7) + 3 (0, D 70 + 0, DL 71,
+0,-D}, Zl+1+8u+Dj_TlZ?) = 0, 0<n<N, (16a)
2
z' = ju). (16b)
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3.3. The Volpert path family of schemes. Let us consider fluctuation fluxes
based on linear paths [11] of the form D*(u~,u*) = A*(u™,u")[u], where the
consistency relation now reads

At(u,u) + A" (u,u) = A(u), Vue Q" (17)
Theorem 3.1 (Adjoint consistency). The discrete adjoint scheme (16) with the

Volpert path family of fluxes is a consistent approzimation of the adjoint problem
(9) at points (xs,t™)) with x; = %(xi_% + xi+%).

Proof. We use an usual finite difference analysis. Let u and z be smooth solutions
to the primal and adjoint equations. Use Taylor expansions in time to show that
(27— ZD) = —0yz(2;, t™) + O(AL). Setting aiij(u_, ut) = A*(u",ut);; and
differentiating (17), we get for 1 < i,j,k < m:

d, a+(u u)+0, +a; (u u)+8 —a;;(a,u)+0, +a; i (w,u) =0y aii(u), ue Q. (18)

Now7 we decompose the space terms in (16) into Ry + Ro with

1
Rilw ™) = (AL Z0 - AL 20, + AN 70, — A7),
n 1 — n — T n
Ro(s, t™) = I((‘%‘Awl““”i 1) ' Z + (OurA Iuliy) 21,

+ (O AfTuliyy) e+ (0w AT [u]y) 2.

2

We thus obtain from (17) and (18)

Ri(zit™) = -5 Z(alkU U ) ZE — ap (UP,, U™) ZM"

n In n ny\ 7l,n
+ af, (U} JUNZ0 — a) (U7, U7 Z; )

= 72 ((auﬁalik +8u,}al7€ +au$a22 +8u:na;2)azum)?zzl7n

lm

_ Z(al_k + a;%)awa’" + O(Ax)
]

= - (A(u)—razz + (A’(u)Tﬁmu)z)k(m, ™) + O(Az),
and similarly Ro(z;, t™);, = (B(u)dyu)z), (z;,t™) + O(Az) from (18). O

4. Non-conservative product associated to a LD field. Let us introduce the
following nonlinear hyperbolic system [7] typical of two-phase flow models where
the characteristic LD field plays the role of an interface velocity [3]:

Ou~+ g(u)dyu=0, v+ 9,f(u)=0, (19)

with g(u) = v+ v and f(u) = “25“2. The eigenvalues are g(u) associated to the
LD field and v associated to a GNL field so the system is strictly hyperbolic over
Q% = {(u,v) " € R?:u > 0}. The generalized RH relations (5) read

ne[uls, 1) + neGo(u™,u") =0, [nw+nyf(u)],,;) =0 on X,
fo g(¢(0;u,u™))dp¢(0;u~,u™)df, so for a linear path

Go(u™,ut) =u+ v[[ ], where @ = % denotes the average operator. Let us
stress that the LD field g(-) is continuous across a contact discontinuity, so the

where Gy(u™,u’)
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generalized RH relations are independent of the choice of path which motivates the
choice of a linear path.
The adjoint equations for z = (y, z

Oy — ulpz + (U4 0)0py + (Opu)y =0, Oz 4+ 00,z — (Dpu)y =0 in Q\X, (20)
together with the jump relations on X

(ne + ne(u® + vi))yi — (ne + ne(u® + 0))y° — nput(z

— 2 [uly® + (ny + nev¥) (2

)T read

2% = 0,(21a)
t 2% = 0,(21b)

and the equation for z°:
[l o - diz* + ([0, (u + v) = [u+ v],u) WV =0 7). (22)
The above relations at ¥ may be simplified in the following two cases:

e isolated non-characteristic shock ([u] = 0 and n 4+ on, = 0):

+ 2 s + _ s s _[[j(u)]]ms().
e e 1 LR O 7 ot

e isolated characteristic contact ([u 4+ v] = 0 and n; + (u* + v*)n, = 0):

2w D o E () -y = Y,

5. Numerical experiments. We consider Riemann problems for (19) with initial
conditions ug(z) = uz if x <0, and up(z) =ugr if x > 0:
test problem left state u;, right state ug 7T

RP1  shock (3,3)" 1" o1
RP2  shock (1,3)" )" o1
RP3 contact  (1,3) " (22)" 005

The output functional reads J(u) = 3 [ u(z,T)?*dz which imposes z(-,T) =
u(-,T) as final condition. We compute approximate solutions with a numerical flux
described in [7] that falls into the family of Volpert schemes. Figure 2 compares the
numerical solution in dashed lines with the exact solution in continuous lines and
displays the characteristics of both primal and adjoint problems in 2. The exact
solutions are obtained from the method of generalized characteristics [5, 1, 10], the
adjoint equations (20) and jump relations (21). Results are obtained on a very fine
mesh to check the consistency of the discrete adjoint method. In particular, it may
be checked that the adjoint solutions satisfy the RH relations derived in § 4.
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