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ADJOINT-BASED ADAPTIVE MODEL AND DISCRETIZATION
FOR HYPERBOLIC SYSTEMS WITH RELAXATION*

DYLAN DRONNIER! AND FLORENT RENACH#

Abstract. In this work, we use an adjoint-weighted residuals method for the derivation of an a
posteriori model and discretization error estimators in the approximation of solutions to hyperbolic
systems with stiff relaxation source terms and multiscale relaxation rates. These systems are parts of
a hierarchy of models where the solution reaches different equilibrium states associated to different
relaxation mechanisms. The discretization is based on a discontinuous Galerkin method which allows
to account for the local regularity of the solution during the discretization adaptation. The error
estimators are then used to design an adaptive model and discretization procedure which selects lo-
cally the model, the mesh, and the order of the approximation and balances both error components.
Coupling conditions at interfaces between different models are imposed through local Riemann prob-
lems to ensure the transfer of information. The reliability of the present hpm-adaptation procedure
is assessed on different test cases involving a Jin—Xin relaxation system with multiscale relaxation
rates, and results are compared with standard hp-adaptation.
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1. Introduction. We are interested in the numerical simulation of physical sys-
tems described by hyperbolic conservation laws with stiff relaxation source terms.
These source terms modelize the evolution of variables toward different equilibrium
states through a cascade of mechanisms. Let us quote, for instance, the modeling of
two-phase flows that may involve different models [30]. The two-fluid, two-velocity,
two-pressure diphasic model of Baer and Nunziato [5] treats each phase as a separate
fluid with its own density, pressure, and velocity. Assuming thermal and mechani-
cal equilibrium, one may consider drift-flux models which consist in two-fluid, one-
temperature, one-pressure models [2]. Assuming kinematic equilibrium, one obtains
the homogeneous (i.e., one-fluid) relaxation model, and further assuming thermody-
namic equilibrium, one obtains the homogeneous equilibrium model [4]. This defines
a hierarchy of models which may be selected by their corresponding characteristic re-
laxation time scales, and practical applications may involve heterogeneous time scales
which differ by several orders of magnitude. The finer model being also the more
complex one, it is legitimate to select the adapted model in regions of the flow where
corresponding equilibria are achieved to lower the cost of the global simulation. This
motivates the model adaptation under consideration in this work.

The different models will be separated by thin interfaces where the transfer of
information should be modelized. This coupling strategy may require the numerical
treatment at the interfaces of sharp relaxation layers with steep gradients of the
solution, thus imposing a cumbersome resolution. In this work, the coupling will be
based on the solution of a Riemann problem that allows the capture of the relaxation
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layers and avoids their numerical resolution. We refer the reader to [3, 4, 12, 1] and
references therein for a discussion on the different theoretical and numerical techniques
of coupling through interfaces.

Using a model whose complexity is adapted to the local physical scales would
allow a compromise between accuracy and complexity of the model. Such a strategy
may be based on local error estimates and has been used in many different appli-
cations [10, 36, 35, 41, 8, 32, 14, 17]. Further allowing the local adaptation of the
problem discretization would improve its flexibility and efficiency [9]. In this work,
we restrict our analysis to steady-state problems and propose to derive local a poste-
riori estimators of both model and discretization errors on a user-defined function of
interest based on the solution of an adjoint problem. Such technique provides reliable
a posteriori error bounds and allows to compare both sources of error and to balance
them, constituting a key advantage of the present method. The adjoint solution is
used in the estimator as a weight on the residuals and gives information of the local
sensitivity of the function of interest to the discretization and modelization. The error
estimator is then split between local contributions to discretization and model errors
where the former corresponds to the classical adjoint-weighted residuals [7, 24], while
the latter consists in testing the coarse solution in the fine model.

The method may be seen as an extension to hyperbolic systems with relaxation
of the work in [9] about Poisson and convection-diffusion-reaction equations. In [9],
the finer models are obtained by additional terms in the equations which allow the
use of a same functional space. However, in the present context the size of the state
variable vector may differ between relaxation models of different complexity, which
introduces some difficulty in the construction of the error estimators because the
function spaces differ. We circumvent this difficulty by including the equilibrium
states in the functional space through an additional constraint in the Lagrangian
functional and thus use a unique framework for the derivation of the error estimators.

The error estimators are then used to propose an adaptation algorithm. Given
an output functional J(u) which depends on the solution of the fine problem, u,
the estimators provide local contributions to the error on J. The algorithm looks
for an approximate solution uy,, resulting from local adaptations of both model and
discretization in the whole domain. It aims at balancing both components of the error
and lowering the error on J under a given tolerance

(1.1) |J (Uhm) = J ()| < TOL[J (W),

where 0 < TOL < 1 denotes the prescribed tolerance. Typical examples of functionals
include global forces coefficients of a body in a fluid flow [24]. In the context of
two-phase flows, this quantity could be either induced loads in propulsion systems or
efficiency of cryotechnic rocket engines [33].

Let us stress that these techniques require strong regularity assumptions on the
primal and dual solutions [7, 19, 36, 9]. The adjoint analysis of hyperbolic systems with
discontinuous solutions indeed results in problems with systems of linear equations
with discontinuous coefficients which are not well posed in general. The analysis must
include the linearization of the jump relations across the discontinuity [31], which
leads to a so-called interior boundary condition for the adjoint variables as shown in
[42] in the context of scalar equations. In the case of systems of conservation laws,
this interior boundary condition has been derived formally through stationary shocks
of the compressible quasi-one-dimensional Euler equations [18]. This condition is
also satisfied at the discrete level provided that the primal and dual solutions are
vanishing viscosity limits of regularized problems [40]. We also refer the reader to
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[23, sections 4 and 5] and the recent survey [26, section 4] and references therein for a
discussion on the well-posedness of the dual problem in the presence of discontinuity of
the primal solution and to [24, 23, 26, 38, 16] for numerical evidence of the sharpness
and efficiency of the error indicators.

Using a Riemann problem for the coupling of different systems may also lead
to nonsmooth physical solution across the coupling interface. We thus include the
coupling condition as an additional constraint in the adjoint analysis which allows to
linearize the systems separately where the solution is smooth. Moreover, the analysis
assumes differentiability of the Riemann problem. This thus excludes coupling con-
ditions, leading to a characteristic interface where a nonlinear wave of the solution of
the Riemann problem separating discontinuous solutions has zero velocity and thus
corresponds to the coupling interface.

The space discretization is based on a discontinuous Galerkin (DG) method
[39, 29] which constitutes a high-order finite element method well suited to local
adaptation [24, 28]. The method indeed allows to adapt either the mesh size (h-
adaptation) or the approximation order of the discretization (p-adaptation) according
to the local regularity of the solution. The present method thus consists in a so-called
hpm-adaptation algorithm. The Riemann problem at coupling interfaces is also used
to design a well-balanced scheme that preserves equilibrium solutions, i.e., stationary
solutions satisfying the coupling conditions. Without loss of generality, we introduce
the method for a hierarchy of two one-dimensional systems: the fine model and its
associated equilibrium model. We use the approach based on the works of [13] and
[21] (see Appendix A for details) using the solution of a local Riemann problem for
the coupling of both models. Results are illustrated with a prototype defined from
the framework of Jin—Xin relaxation models [27] where the corresponding equilibrium
model is a nonlinear scalar equation. Numerical experiments will also be presented
for this prototype.

The paper is organized as follows. Section 2 presents the different model prob-
lems and their discretizations. Subsection 2.1 introduces the hyperbolic systems with
relaxation under consideration. The coupling of models through the solution of a
Riemann problem is then defined in subsection 2.2, a prototype is introduced in sub-
section 2.3, while the space discretization with a DG method of the different systems
at steady state is described in subsection 2.4. In section 4, we derive the representa-
tion of model and discretization errors based on the adjoint problem associated to the
equilibrium model introduced in section 3. The adaptation algorithm is presented in
section 5 and is assessed by numerical experiments in section 6. Concluding remarks
about this work are given in section 7.

2. Model problem and approximation.

2.1. Hyperbolic systems with relaxation. Let 2 = (0, L) be an open interval
of R, and consider the following one-dimensional hyperbolic system:

(2.1) Opu+ 0,f(u) = —£<s(u) in Q x RT.

The state vector u: Q x Rt 3 (z,¢) — u(z,t) € A C R™ belongs to the convex
set A of admissible states. The flux function f and the source term s, from A to R™,
are supposed to be smooth. The source term modelizes some relaxation mechanisms,
and e(+) > 0 represents a local characteristic relaxation time that may vary in different
regions of the domain. We consider the case where these mechanisms depend only on
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local values of the state vector. The system is closed by the initial condition,
(2.2) u(z,0) =ug(z) VreQ,
together with appropriate boundary conditions,

(2.3a) u(0t,t)ye{weAd: w=W,(0";bg,ur) Yugr € A}, Vt>0,
(2.3b) wl,t)ye{weAd: w=W,(0";ur,by) Yur € A}, Vt>0.

Here by and by, are constant data in A, and W,(+;-,-), where the subscript r
stands for relaxation, denotes the solution of the Riemann problem associated to (2.1)
in homogeneous form with the two last arguments as left and right initial data. We
assume that the data are compatible with the existence and uniqueness of a steady-
state solution to (2.1). We refer the reader to [15] or [20] for an in-depth discussion
on admissible boundary conditions which is beyond the scope of the present study.

The problem defined by (2.1)—(2.3) is referred to as the fine model. Our goal is
to compute its steady state. However, the computation might be expensive when the
dimension of the state vector n is large. One way to lower its complexity is to consider
a reduced model which corresponds to the limit of (2.1) when equilibrium is reached
through relaxation mechanisms.

Following the framework of Chen, Levermore, and Liu [11] (see also [32]), we
consider systems (2.1) of the form

{ By + 9., (u) = 0,

(2.4) Orw + 0ot (1) = iy (Weg(v) = w)

in Q x RT,

where u = (v,w)' with v and w in suitable subsets of R”~* and R¥ and f(u) =

(£,(u), £, (u))T with similar dimensions. The Jacobians of the flux and source terms
in (2.1) may be written as

o (OE OuE [0 0
(2.5) f'(u) = (avfw ouf, ) S (u) = Wl (v) —Lny)"

The states u satisfying s(u) = 0, i.e., w = w¢,(v), are called equilibrium states,
and we denote by M := {u € A:s(u) =0} the equilibrium manifold. We assume
that M can be parametrized by v and we, maps v to the unique weq(v) such that
ucq(v) belongs to M with

(26) w) = (V)

Weq(V)

In the limit of instantaneous relaxation e — 07, (2.1) tends formally to the
equilibrium model:

{ Oyv + 0.1, (v,weq(v)) =0,

in Q xR,
W= Weq(V)

(2.7)

The adaptation method introduced in section 5 will be based on a partition of the
domain 2 into a relaxation region €2, where the fine model holds and an equilibrium
region (). where the equilibrium model is applied for the global modelization of the
problem. The regions satisfy

(2.8) Q=0 UQ., Q.NQ =0,
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and the underlying problem will be referred to as the adapted problem in the following.
The different models are separated by thin interfaces where the transfer of information
should be ensured through coupling conditions. This will be done in the next section
by solving a local Riemann problem centered on the coupling interface.

2.2. The Riemann problem for coupling different models. We consider
the Riemann problem defined by systems (2.4) and (2.7) in homogeneous form as-
sociated to a piecewise constant initial condition and temporarily set Q = R, 2, =
(—00,0), and Q. = (0,00). Let ur, ug in A be two state vectors with s(ug) = 0.
The Riemann problem consists of finding u = (v,w) T in A solution of

Ov + 0,1, (v, w) =0,
(2.9a) { 0w + Dy (v, W) = 0, x<0,t>0,
— Weq )

together with the initial data,
(2.10) u(z,0) =ur(z), =<0, and v(z,0)=vg(z), z>0,

and suitable conditions at x = 0, referred to as the coupling condition and addressed
later on. Introducing the orthogonal projection I, : u = (v,w)" + v, we look for a
function W¢ : R x A x II,,A — A such that

T

u(z,t) =Wy (%;uL,VR) , xR t>0.
We assume that the Riemann problem is consistent with the coupling condition:
u(07,t) = Wr (0_; u(0~, t),v(0+,t)) ,

2.11
(211) v(0*, ) = LW (07;u(07,¢),v(0%,1)), >0,

where u(07,¢) and v(0%,t) are the left and right traces of the exact solution to the
coupling problems (2.9) and (2.10). This property is important, as it allows the
existence of steady-state solutions. We stress that from (2.9) the coupling conditions
must satisfy the conservation of v, and the Riemann problem is assumed to share this
property.

In the same way, by W. (%, v, u R) we denote the solution of the Riemann prob-
lem where the models are inverted: Q, = (0,00) and Q. = (—00,0). In the following,
we further assume that W¢ (0%; -, -) and W7 (0F; -, -) are smooth functions of their two
last arguments (see Example 2), which in particular excludes conditions of character-
istic coupling interfaces. Alternative approaches may be based on the approximation
of the coupling conditions through the use of numerical fluxes as suggested in [1].

2.3. A Jin—Xin relaxation model as prototype. Throughout this work, we
will consider an example derived from the relaxation models introduced by Jin and
Xin in [27]. It is defined by the semilinear hyperbolic relaxation model:

8tU + 81'11) = 0,
atw + CLQaz’U =i (f(’()) - w) )

e(x)

(2.12)

where f : R — R is a smooth function. The characteristic variables associated
to (2.12) in homogeneous form are w + av with speeds +a, a > 0, satisfying the
subcharacteristic condition

(2.13) a>|f'(v)]
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for all the states v under consideration. We define the interval I = (v,,,vps) defined
by I :={veR:|f'(v)] <a}, and the admissible space A is a subset of I x f(I). The
equilibrium model corresponding to (2.12) when € goes to 0 is the nonlinear scalar
conservation law with f(v) as physical flux [34, 27].
We are now interested in v and w solutions of the adapted problem

(2.14)

Ov + O,w = 0, . O + 0, f(v) =0,
{@w+f@v=%ﬁw—m1“”XRi { w=f(v)

g

in Q. x R,

together with coupling conditions at the interface. We follow the work of [13] and
let , = (0,z.) and Q. = (x., L) for the sake of illustration. At steady state, w
is continuous through the interface, whereas a boundary layer may appear for the v
variable. The coupling conditions leading to a well-posed problem read [13]

(2.15) w(z;,t) = flo(@h b)), ot P2

C

v(zl,t) Vt>0,
where the second equality holds in the sense of Bardos-Leroux-Nédélec (BLN) [6]:
(2.16)

(fo@d, ) = £(9) (v(ad 1) —v(z, 1) <O VE>0, Vg € [v(z, ), v(z],1)].

In this work, we are interested in stationary solutions associated to boundary
conditions

(2.17) v(0T,t) =bg €I, v(L ,t)=by €.

The existence and uniqueness of the entropy solution to the Cauchy problem
(2.14)—(2.16) on R have been proved in [13] under further assumptions, while station-
ary solutions to the coupled problem (2.14)—(2.17) have been characterized in [21],
where the Riemann problem has been solved for a convex flux f (in Appendix A we
consider the case of a general flux and propose a numerical method for its resolution).
In particular, the Riemann problem is proved to be consistent in the sense of (2.11):
stationary solutions to the above coupled problem such that (2.15) holds satisfy
(218)  uer) = We (0 su(e) v(@d)), v(ad) = LWE (055 u(ay),v(al)) -

2.4. Space discretization. We use a DG method for the space discretization of
the different problems under consideration at steady state. We first describe the space
discretization of the fine problem in subsection 2.4.1 and then extend the method to
the adapted one in subsection 2.4.2.

2.4.1. Space discretization of the fine problem. Let ) = Uucq,k be a
partition of the domain Q = (0, L) into N elements k. We set xg = 0, zy = L and the
set of interior interfaces of the mesh I, := {x1,...,zn_1}, where g < 21 < --- < zn.
Let p : Q5 — N be a function that maps each cell of the mesh to a natural number.
The DG method looks for approximate solutions in the broken polynomial space

(2.19) Vi = {vh € (L))" : Vi € (PP (k)" Vi € Qh},

where PP(®) (k) is the space of polynomial functions of degree at most p(k) on .
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FiG. 1. Mesh of the adapted problem: model partition (2.8), interfaces, coupling interfaces,
related Riemann problems (see subsection 2.2), and left and right traces at interfaces.

The discretization of the fine problem is obtained by multiplying (2.1) at steady
state by a test function in V}, and integrating by parts over each cell. A numerical
flux is used at the interface between two cells. We thus look for a function uy, in Vj,
such that

(2.20) Rn(up;¢pp,) =0 Vb, € Vi
with the semilinear form (i.e., linear in all arguments after the semicolon)
Ri(un; ¥y,)
1 _
(2.21) = _/Q f(un) - ey, + ?@)S(uh) “tpp, dx + Z @, (u,,uy) - [¥,].
h z€lp

- f(WT(O+; bo, uh(0+))) : ¢h(0+) + f(WT(O_; uh(L_)7bL)) . 'lvbh(L_)v

where by and by, are boundary data from (2.3). The broken derivative and jump
operator are defined by (02)},),. = 0.(1),)x and [¥,]. = ¥, (x7) — 9, (z1), respec-
tively, where 1, (z~) and v, (") denote the left and right traces of 1, at x (see
Figure 1).

The numerical flux ®,.(u;, , u;") is assumed to be a smooth function of the left and
right traces of the numerical solution at interface, uj = uy(z¥) and to be consistent
with the physical flux:

(2.22) ®,(u,u) =f(u) Vue A

2.4.2. Space discretization of the adapted problem. Henceforth, each el-
ement is associated to a model through a mapping m : Q, — {fine; equilibrium}.
Therefore, the flux function, the source term, and the dimension of the state vector
depend on the model m(x) applied to the current cell k. The numerical flux between
two cells with the fine model is ®,.. At interfaces between two cells with the equilib-
rium model we use a smooth numerical flux ®. consistent with the physical flux in
(2.7):

(2.23) Do (v,v) =f,(ue(v)) VvellA

The numerical flux between two adjacent cells k1 and ko of different kinds,

m(k1) # m(ke), will be defined from the solution of the Riemann problem intro-

duced in subsection 2.2. We split I;, into four different sets (see also Figure 1):
I = ve Uy UnE UL with
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v, set of points between two cells where the fine model is applied;

Ye: set of points between two cells where the equilibrium model is applied;

~v¢: set of points such that the fine model is applied in the left cell and the
equilibrium model in the right one;

~¢: set of points such that the equilibrium model is applied in the left cell and
the fine model in the right one.

Then, the discrete coupled problem reads find uy,, in Vj such that

(2.24) Rum(Whm; ¢p,) =0 Vipy, € V.
Using the domain partition (2.8) and setting v, = (¥}, )T, the space residuals
read

(2.25)
Rim (Whm; ¥y,)

= 7/ f(upm) - ey, + —— ! s(Unm) - Py, dz
Q. e(x)
- /Q fb(ueq (Vim)) - 821#;; + (Weq (Vhm) — Whm) “y, do

+ Z ¢7'(u;m7u2m) : [[whﬂx + Z Qe(V}:m7vam) ’ [[¢;]L]]1

TEY, TEYe

+ D B0 5w, Vi) - ¥n(eT) = B (W07, VL)) - (e )
TEYL

+ Zf 0 th7uhm)) 1/"}1( )_f(Wg( vhm’uhm)) ¢h( )
e

- f(WT(0+; b07 uhm(0+))) ’ ¢h(0+) + £, (We(o_; th(L_)a Hva))) ’ ’(/)Z(L_),

where W,(+;-,-) stands for the solution of the Riemann problem associated to the
equilibrium model in (2.7). Note that the equilibrium state w = we,(v) is imposed
weakly in (2.24) (see the second line of (2.25)) and thus will be added as a constraint
in the Lagrangian functional for the derivation of error estimators in section 3. This
allows the use of the same function space (2.19) for both fine and adapted problems
since the vector of degrees of freedom (DOF's) has the same size as in the fine problem
in Q2. with wp,, being the projection of Wy (Vhym,) onto the function space (2.19). This
technical trick is important, as it allows the derivation of the error representation in
section 4.

For the sake of illustration, the fine model is applied in the first cell and the
equilibrium model in the last one. We stress that the uniqueness of the solutions to
the direct and adjoint problems may depend on boundary conditions and must be
considered in each situation.

3. Adjoint problems. We recall the framework of adjoint-based error analysis
for target functional in subsection 3.1. Then, we derive the formal adjoint equations
to the fine and adapted problems in subsection 3.2 which will be used in section 4 for
the derivation of the error estimators.

3.1. Lagrange functionals and assumptions. As indicated in the introduc-
tion, we are interested in the rigorous estimation of some Fréchet-differentiable func-
tion J(u) of the steady-state solution to problem (2.3)—(2.4). In the following, we
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consider functions the form

_ . ) _f ja) if z € Q,,
B I [ e = {20 Tl
where j(-) is smooth. An example of functional is given in section 6.

J may be estimated from uy in V} the solution to the discrete fine problem
(2.20). To lower the cost of the simulation, we are here interested in approximating
this function from up, in V3 the solution to the discrete adapted problem (2.24)
where either the fine or the equilibrium problem is used locally in different regions
of the domain 2. This will be achieved through the use of adaptation algorithms in
section 5 based on adjoint a posteriori error bounds derived in section 4.

We underline that it is here customary to assume that the DG function space
satisfies Vi, C V (see, e.g., [24, 26, 16, 25] or [22, section 5]), where V denotes the
space that contains the exact primal and dual solutions and will be defined in section 5.
We further assume that (2.20) is consistent meaning that u satisfies

(3.2) Rp(u;p) =0 VYp eV,

which requires the consistency of the numerical flux (2.22); see, e.g., [25].

It is useful for the derivation of the error estimates in section 4 to also consider
the solution u,, in V of the formal adapted problem defined by the fine model (2.4) in
Q,- and the equilibrium model (2.6) and (2.7) in €., together with given boundary and
coupling conditions. Likewise, by z,, we denote the adjoint solution to the adapted
problem in strong form, which will be defined in subsection 3.2 by (3.8) in ©Q,, (3.9)
in Q., and (3.11) at coupling interfaces, together with adapted boundary conditions
from (3.7) and (3.10).

The discrete problem (2.24) is also assumed to be consistent:

(33) Rhm(um; "/’) =0 VeV

We now introduce the following Lagrangian functionals:
(3.4&) fh(uh; Zh) = J(uh) — Rh(uh; Zh)7
(3.4b) Lhm (Whim; Zim) = J(Uhm) — Rim (Whim; Zom),

where the adjoint variables play the role of Lagrange multipliers associated to the
constraints (2.20) and (2.24) [7, 19]. The derivative in the (¢}, ;) direction, for
instance, for .%),, reads [36]

. L(u, + 0,z + 0 — % (uy;z
gﬁ((umzh);(“oh»d’h)) :zelir(r)lJr (1 Pni Zn 9¢h) h(un; )

= J'(up; @) — Ry, (Wn; 0, 21) — Ru(up; ¢y,).

Stationary points of the Lagrangians in (3.4) correspond to solutions of the asso-
ciated direct and adjoint problems. The different adjoint problems associated to the
function of interest are defined as follows:

(3.5a) zn € Vi : Ry (un;n,zn) = J (un; ) Vo, € Vi,
(35b) Zhm € Vi R;Lm(uhm; ‘thzhm) = J/(uhm; Soh) v‘Ph € Vh.

3.2. Formal adjoint equations. We now derive the formal adjoint equations
associated to the fine and adapted problems which will be used in the adjoint consis-
tency analysis in subsection 4.1.
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3.2.1. Fine problem. We first assume that the fine model is applied in the full

domain: Q. = () and Q,. = Q. Multiplying the constraint (2.1) at steady state with the
Lagrange multiplier z, integrating by parts over €2, the Lagrangian functional reads

Z(u;z) = / j(u) + f(u)0,z + és(u)z dz +z(07)f (u(0%)) — z(L7)f (u(L7)).
Q
Linearizing . about u in the direction ¢ gives
L' (u;p,2) = / [5'(w) + £'(u) "0,z + %s’(u)—rz] ~pdx
Q

+[E (u(0h)) " 2(01)] - (07) = [ (u(L7)) "2(L7)] - p(L7)

which leads to the formal fine adjoint equation

1
(3.6) f'(u) " 0,2z + @s’(u)Tz =—j'(u) inQ.
Imposing the boundary conditions (2.3) implies formally
(3.7

T
V4

(£ W07 by, u(0) ) #(07) =0, 0 (E(W,(05u(E 7). b)) ) a(L) =0,

where we have used the short notations 9, (F(V(u))) = /(W (u))W'(u) for the deriva-
tion of composite functions.
Using the notations in (2.5), we rewrite (3.6) as

1
(3.8a) Of] 0,2° + 0,f, 0,2 + gw;q(v)Tzw = —0yj(u),
1
(3.8b) Owf) 0,2" + Ot 0,2 — o= wij(u).

3.2.2. Adapted problem. Multiplying (3.8b) by w(’gq(v)T to the right, sum-
ming with (3.8a) to eliminate z*, and letting € — 0T, one obtains

(3.9) o (£, (ueq(v)))Tawz” =0y (i(ueg(v))), 7" =0,

which corresponds to the adjoint equations to the equilibrium model (2.7), thus show-
ing that in the limit ¢ — 0T, the adjoint equations to the fine problem should tend to
the adjoint equations to the equilibrium model. This accounts for the choice of same
spaces for both fine and adapted adjoint solutions. Likewise, boundary conditions
now read

.
(3.10a) By (fv (g (We(0%; Hvbo,v(0+))))) 2,(07) =0,

(3.10D) dy (f (ueq (WE(O’;V(L’),HUbL))) )TZU(L*) —0.

Finally, the adjoint solution to the adapted problem satisfies the following condi-
tions at coupling interfaces (see notations in subsection 2.4.2):

Ouf(u(z™)) "z() = Ok, (U (v(2h))) 2 (), Owf(u(z™)) 2(27)
(3.11a) =0 Vz ey,

OuEy (g (v(z™))) 2% (@) = OuF(u(ah)) "z(at), dwf(u(z™))
(3.11b) =0 Vzenl,

Tz(x"’)
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where specific coupling conditions have to be included together with specific boundary
conditions at the domain boundaries.

Ezample 1 (Jin—Xin relaxation). Here, we revisit the example (2.14)—(2.17) of the
adapted problem based on the Jin—Xin relaxation system and its equilibrium scalar
equation. Using the above procedure, the formal adjoint equations to the steady-state
problem read

0p2¥ — %Zw = - wj(v7w)7
(3.12) { @20,2" + Lf'(0)2" = ~0,j(v,w), € fhr,
{ W0z = [0l wa®): e,

together with the boundary condition at = 0 and coupling conditions at z. in vy,
(3.13) 207 =0, (o) ((a;) - (@) =0, 2"(a;) =0,

which impose continuity of the adjoint solution at the coupling interface when
f'(v(xT)) is nonzero and may be compared to the interior boundary condition at
noncharacteristic stationary shocks [18].

4. Representation of the modeling and discretization errors. In subsec-
tion 4.1, we first prove adjoint consistency of the fine and adapated adjoint problems.
These results are then used in subsection 4.2 for the derivation of adjoint-based rep-
resentations of the error J(u) — J(up,,) on a given functional. The main result is
Theorem 5, which provides local a posteriori estimators of both modeling and dis-
cretization errors.

4.1. Adjoint consistency analysis. Lemma 1 states the adjoint consistency
of the discrete fine problem, while Lemma 2 states consistency of the discrete adapted
problem. An illustration for Lemma 2 is then given in Example 2.

LEMMA 1. Assume that the numerical flux ®,. is consistent, (2.22), and differen-
tiable. Then, the discrete fine adjoint problem (3.5a) is consistent with the continuous
fine adjoint problem:

(4.1) Ri(wp,z) = J'(u;p) VoeV.

Proof. The derivative of the discrete residual (2.21) reads

R, (u;p,2) 1= — / ()] b + L[5 (w)g] - mdo

Qp
+ Z [al@r(uivu+)¢i + 82‘1)7"(1177u+)<p+} ’ [Zﬂz

x€lp
n [au (f (W, (075 bg, u(07))) )<p(o+)} )
—~ [au (f (Wr(07;u(L7),by)) )so(L’)] -z(L7),

where 0; and 0o denote the partial derivatives with respect to the first and second
arguments, respectively. By regularity of the adjoint variable, we get [z]. = 0. Then,
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using (3.6) and (3.7) we obtain

Riwpz) = [ J/(w)-pdo = T,

which completes the proof. 0

LEMMA 2. Assume that the numerical fluzes ®, and ®. are consistent and dif-
ferentiable, (2.22) and (2.23), and that the coupling numerical flux is consistent and
differentiable, (2.11); then the discrete adapted adjoint problem (2.24) and (2.25) is
consistent with the continuous adapted adjoint problem (3.5b):

(4.2) R (W 0,2m) = J (um; ) Vo V.

Proof. The adjoint consistency in the fine domain has been proved in Lemma 1,
and the adjoint consistency in the equilibrium domain relies on the same techniques.
It remains to show that the contributions from the coupling interfaces vanish. Let

C(Wpmi ) == > EWEO0 5wy, Vi) -ty (27) = £, (WE(0T 5wy, Vi) <907 (2)

zEvE

be the contributions from interfaces ¢ to (2.25). Its counterpart C. from interfaces
in 77 is defined in a similar way and leads to the same conclusion. Linearizing the
above terms, we get

C5 (Wi P zhm) = Y (£ (WEO 7507, v70,) )n(7)] - 2 (@)

TEYS
— [0 (£ W20 17, vi) ) @05 - 20 ()

= 3 ) Tou(E O 0, vE) ) Zana)
T

TEYS
— () Ty (£ WEO0F 13,0 v1,)) ) 2 ()
)

= 3 hla) a1 OV 0w v ) 2 (a)
T

i (@) T (£ (W05 15, v7,)) ) 2 (@7)
b @) T (£ WO 1, v1,)) ) (e,

where the two last steps follow from manipulations of matrix-vector products. Sub-
stituting the exact direct and adjoint solutions and using consistency of the Riemann
problem (2.11), we get

C: (s p.zm) = Y (9" 7)TOE((07) "+ " (0 7) TOWE((07) ) ma7)

— (@) 0L, (g (v(0F) T - 28, (a),

which indeed vanishes from (3.11a). d
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Ezample 2 (Jin—Xin relaxation). We consider the discretization (2.25) of the Jin—
Xin problem (2.14)-(2.17):

Rhm(uhm§ ’l/)h)

— 7/0 c f(upm) - 5‘2"/% + %(f(’uhm) — Wham )y dx + Z @, (u,,, uZ‘m) apn]e

TEYr

L

[ RO+ () = )5 o+ 3 P07, AL
Te TEYe

‘|’f(vhm(xj))¢2(x;) + azvaM(x;)¢;zU(x;) - f(Uhm(xj)>¢Z(xj)

—whm (07)94 (0%) — a®boy (07) + f(br)n(L7),

where up,, (z) = WE(0%;u,, . v; ), and we have applied the first condition in (2.15)

and the boundary conditions (2.17). Using the above procedures, it may be easily

shown that the above discretization is differentiable, consistent, and adjoint consistent.

4.2. A posteriori error analysis. Let us consider the two errors:
(4.3) €hm = U — Upm, € =7 — Zpy,

which correspond to the error on the solution to the discrete direct adapted problem
and the model error on the solution to the adjoint problem, respectively.

In Theorem 5, we establish the representation of the discretization and model
errors on the function of interest. This estimate is based on Lemmas 3 and 4, also
derived in previous works [9, 36], which provide estimators that are third-order and
second-order accurate in €, , respectively, but require the computation of z the formal
adjoint solution to the fine problem. Theorem 5 is a quadratic error estimate in e,
and €, that only involves z,, the formal adjoint solution to the adapted problem.

LEMMA 3. Let u and z in V be the solutions to the continuous fine direct and
adjoint problems, respectively. Then, under the assumptions of Lemma 2 the solution
Upm to (2.24) satisfies
(4.4)

J() = J(upm) = —Ru(unm; ¥y,) + %fé((uhm;%bh); (enm»z — ) + O([l€nmll3),

for all 2y, in Vi, with ||-||,, a norm on V' and
(4.5)
g]’i ((uhm; d’h); (ehma Z_Q/}h)) = Jl(uhm; Ehm) _’R’;'L(uhm; €nm; d’h) _Rh(uhmv Z_wh)'
Proof. Let 1, in V,; from (3.2) we get
J(u) = J(upm) = J(u) = J(upm) — Ru(u; 2)
=J(u) — Rp(w;2) — J(Whm) + Rn(Wnm; ¥p) — Ru(Unm; ¥y)
= L (W5 2) — Lh(Wnm; ¥p,) — Ru(Whm; ¥y,)-
Then, using the trapezoidal rule gives
. (0;2) — L (Uhm; ¥y,)
= Zp(Upm + €pm; ¥y, + 2 — ) — L (Upm; )

= % {fé((u; 2); (€nm: 2 = ) + L5 (Whmi ¥1); (€nm, 2 — wh))}

1
+/ szl//( [uhm + S €nm, Py, + 8 (Z - "ph)} ;7%’7%7?,)3(1 - S) ds,
0
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where 7 = (€pm, 2z — 1},). Using consistency of the direct and adjoint problems, (3.2)
and (4.1), together with V}, C V| we get

L (w;2); (€nm,z — ¥p,)) = J' (W €pm) — Ry, (U; €4m, 2) — Rp(wsz — ) =0,

which completes the proof. 0

LEMMA 4. Let u and z in V be the solutions to the continuous fine direct and
adjoint problems, respectively. Then, under the assumptions of Lemma 2 the solution
Upm to (2.24) satisfies

(4.6) J(1) = J(Unm) = =Rn(Wnm, 2) + O([[€nm|},)-

Proof. Let 1, € Vi,; by consistency of the direct problem (3.2), the last term in
(4.5) reads

Ri(Whm;z — ¥y) = Ru(Upm; 2 — 9,) — Ru(u;z — ¢y,)
= —(Rn(apm + €nm;z — ¥y,) — Ri(Whm; z — 93,))
(4.7) = —R}),(Upm; €nm,2z — ¥,) — ARy,

where we have applied the midpoint rule in the last step with

1
AR, = / RZ(Uhm + S€nm; €hm; €Ehm,Z — 'wh)(l - S) ds.
0

Again, by consistency (4.1) the two first terms in the right-hand side of (4.5)
become

Jl(uhm; ehm) - R,h(uhm; €hm, 1ph) :J/(uhm; ehm) - R;L(uhm; €hm, ’lph)
- (J/(u; 6hm) - R;L(u; €hm Z))

= — (S (Upm + €nm; €nm) — J (Whm; €nm))
+ R;l(uhm; €nm,2Z — ¢h)
+ Rp,(Whm + €nms €nms 2) — R, (Wnim; €nm, Z)

=—AJ+ 'R;L(uhrm €nmsZ — Pp,) + ARy,

where
1 1
AJ = / J//(uhm+56hm; €Ehm, 6hWL) d57 ARQ = / R/}i(uhm“i’sehm; €hms €Ehm, Z) ds.
0 0

We use the above results to evaluate (4.5),

iﬂé((uhm;d’h); (€hm, 2z — ¢h)) = 2R}, (Whm; €hm, 2 — ¥p,) + ARy + ARy — AJ
= 72Rh(uhm; Z — ’lﬂh) + ARy — ARy — AJ,

from (4.7), and conclude by inserting the result into the estimate (4.4) in Lemma 3. 0O

THEOREM 5. Letu in V' be the solution to the continuous direct fine problem and
Z, in V' the solution of the continuous adjoint adapted problem. Then, under the
assumptions of Lemma 2 the solution up., to (2.24) satisfies

(4.8a) J(u) = J(Upm) = = Ru(Whm; 2m) + O(ll€nmlly [lemlly ||€hmH$/)a
(4.8b) ~ — Rp(Unm; ¥p) — Ru(Qrms; Zm — ¥)  Vib), € Vi
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Proof. We start from the previous estimate (4.6) and the definitions of the errors
(4.3). Using the consistency of the direct problem (3.2), we get

Ru(Wnm; 2) = Ra(Whm; Zm) + Ra(Wnm; €m)
= Rh(uhm; Zm) + Rh(uhm§ em) - Rh(u; em)
= Rh(uhm; Zm) + Rh(uhm; em) - Rh(uhm + €hm; em)

1
= Rp(Whm; Zm) —/ Ri(Wnm + S €nm; €nm, €m) ds,
0

and we conclude by linearity of Ry (upm; ). a

4.3. Comments on Theorem 5. The estimate (4.8) only requires the contin-
uous adjoint solution to the adapted problem, and we will use usual arguments for
its approximation in section 5. The first term in (4.8b) represents the model error
and has no contributions in regions where the fine solution is used, while the second
term represents the discretization error. Indeed, assume first that we consider the fine
model only, up,, = uy, and z,, = z; then by consistency (4.8) becomes

(4.9) J(u) = J(up) = —Ru(up;z — ),

which constitutes the usual adjoint-based discretization error representation [7, 24].
Now, assume that we consider only modeling approximation uy,, = u,,; (4.8) becomes

J(u) - J(um) = _Rh(um; Zm) = _(Rh(um; Zm) - Rhm(unﬁzm)))

from (3.3), which constitutes the equivalent of the adjoint-based model error repre-
sentation in [9] for hyperbolic systems with relaxation.

Finally, note that the error representation in Theorem 5 is second-order accurate
only if the discretization and model errors are balanced, which will constitute the aim
of the adaptation algorithm described in section 5.

5. hpm-~adaptation. In this section, we describe the adaptation algorithm based
on the error representation (4.8) derived in the previous section. The error represen-
tation involves z,, in V the adjoint solution to the continuous adapted problem and
is based on the assumption V}, C V. The solution z,, is usually approximated by zp,
in a discrete space Vi, D Vi, obtained by subdividing the mesh or increasing the local
polynomial degree of the numerical solution [24]:

(5.1) R (Wi s Zhm) = I (Whm; @5) Voo, € Vi
Substituting z,, for Zp,, into (4.8) and using a triangle inequality, we introduce

the local error estimators as follows:

(52) |J(u) - J(uhm)| S Z 7]2 (uhm; ihm) + 7721 (uhm; ihm)a
REQ,

where 7 and 7 are the elementwise discretization and modeling error estimators,
respectively. Setting v, = TpZps, into (4.8) with 7, : Vi, — V the orthogonal
projector onto Vj, we have

(5.3)

77,}.;1, (uhm; ihm) = |Rh(uhm; 1m(ihm7ﬂ'hihm))|7 7721 (uhnz; 2hm) = |Rh(uhm§ lnﬂhihm)‘y

where 1,. denotes the indicator function of k.
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Remark 6. Though 7 relies on usual techniques [7, 24], n™ is not standard. Let
k= (a,b) in Qj, and consider the following situations for the sake of illustration:
o if Kk €Qp, IkNAL =0k NAE =0, then the fine model is applied so

N7 (W Zm) = 0;
o if K €Qe, OkNA. =0k N~E =0, then Upy, = Ueq(Vim) and

r=b"

z=at’

7721 (uhm;ihm) = - / fw(uhm) . dxizumdx + [@;v(u;m7 uZm) . i?)wnjl

K

o if k€O, beE, and Ok NAL =0, then Upy, (bT) = Ueg(Vim (b)) and
1 (Wi ) = (@ (i ) = FOVEOT 3050, vi,)) ) - 2 (07):

r=b

o if K €Qe,a€nE, and Ok N YL =0, then upm,(at) = uey(Vam(a™)) and

7721 (uhm; ihm) = — / fw(uhm) . dxi;fmdl’ + q’:ﬂﬂ (uhm(lf), uhm(b+)) . i}u;m(bi)

—®, (wpm(a™ ), upm(a™)) - Zpm(a™)

+ £, (WEO0F 5wy, Vi) oy - 2w (a™).

hm

The refinement algorithm is based on the local estimators (5.3). We start with an
initial mesh Q, an initial degree function p : Q; — N, and a model map m : Q —
{fine; equilibrium}. Algorithm 1 describes the main steps of the adaptation process.
The main loop 3 aims at driving the error in J to the required tolerance (1.1). This is
achieved by locally adapting the mesh, the polynomial degree, and the model through
Algorithm 2.

Algorithm 1 hpm-adaptation.
1: Set ERR > 1
2 VK € Qp, ™+ 0, n" 0
3: while ERR > TOL x J(up,) do
4:  compute Uup,, from (2.24) and zp,, from (5.1)
5:  compute ERR = ZEGQ}% o (uhm; ihm) +nh (uhm; th) from (5.3)
6.
7
8

adapt Vj, with Algorithm 2
: end while
: return uy, and J(upy,)

The adaptation procedure in Algorithm 2 consists in refining a fixed fraction of the
total number of mesh elements and constitutes a very crude algorithm that may be re-
placed by any other more sophisticated technique. The present work rather focuses on
the reliability and sharpness of the error estimators in the context of hpm-adaptation
of hyperbolic systems with relaxation. Local discretization and model errors are first
compared, which allows to select the refinement process so as to balance both error
components. In the case of a discretization refinement, either the polynomial degree is
increased or the mesh is subdivided according to the local smoothness of the solution.
In this work, the smoothness of u,, is evaluated through the decay of the coefficients
of its approximation uy,, in the basis of Legendre polynomials. In the case of a model
refinement, the sets of coupling interfaces 77 and v, separating different models in
the space residuals (2.25) are updated before a new cycle.
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Algorithm 2 adapt V.

1: Set Q,Tff C €y, with largest estimators n” + n
2: for k € Q) do
3. if n > ™ then

4 if uy,, is smooth on x then
5 p(k) < p(k) +1

6 else

7 split x into two cells

8 end if

9 else

10 m(k) < fine

11:  end if

12: end for

6. Numerical experiments. In this section, we perform some numerical sim-
ulations of the Jin—Xin model (2.12). The Rusanov flux is used as numerical flux
at internal faces. We apply the adaptation procedure introduced in section 5 with
different physical fluxes f and based on the error estimators (5.2) and (5.3). For all
the simulations, we aim at evaluating the functional (3.1) with j(u) = (v — b)?
and a tolerance TOL = 10~'2 in (1.1). The efficiency of the present method is com-
pared to results from an hp-adaptation algorithm with local error estimators derived
from (4.9). Starting from a uniform mesh with a first-order approximation and an
equilibrium (resp., fine) model for the hpm-adaptation (resp., hp-adaptation), a fixed
fraction of 25% of the mesh elements is selected for refinement at each step for both
adaptations (step 1 of Algorithm 2).

As a validation of the error estimates, we first consider a linear flux, f(v) = —v,
and impose a discontinuous relaxation rate: e(x) = 1 if z < 2 and e(z) = 1/1000
if x > 2. This configuration leads to the existence of an interface layer of small
extent at the right of the discontinuity. The evolution of the error on J and of the
error representation (4.8b) during the adaptation process are given in Figure 2 and
are compared to results from hp-adaptation. We observe that including the model
adaptivity lowers the number of DOFs for a given accuracy, while (4.8b) is seen to
constitute a fair and efficient estimate of the true error. Figure 2 also indicates that
(4.8b) is quadratic with respect to the La-norm of the error on the solution as stated
in Theorem 5, which in turn confirms that the discretization and model errors are
balanced (see the order of approximation of the remainder in (4.8a)).

We now consider the nonlinear Burgers’ flux, f(v) = %, with a uniform relax-
ation rate: € = 20. The results are depicted in Figures 3 and 4. Again, we observe
similar trends and confirm the better efficiency of the hpm-adaptation compared to
the hp-adaptation. For the sake of comparison, we provide results obtained with m-
adaptation only on a grid refined at the left boundary with a fourth-order discretiza-
tion. The efficiency of m-adaptation is strongly dependent on the space discretization
and thus requires a priori knowledge of the flow features, which represents a drawback
compared to hpm-adaptation techniques.

The final solution of the hpm-adaptation process is given in Figure 4, where we see
that the boundary and coupling conditions of the adjoint problem (3.13) are satisfied
in a weak sense. In particular, the adjoint solution is continuous across the interface
between different models. The equilibrium model is used on the left part of the domain
during the adaptation process where the solution is indeed close to equilibrium. We
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——4—— hpm adaptation - |R,(u,,,,Z,)|
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F1G. 2. Linear flux with discontinuous €. FEvolution of the error (1.1) and error estimators
(4.8b): (left) at each adaptation step compared to hp-adaptation; (right) with respect to the error
on the solution.
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F1G. 3. Burgers’ fluz with uniform e. Evolution of the error (1.1) and error estimators (4.8b):
(left) at each adaptation step compared to hp-adaptation; (right) with respect to the error on the
solution.

also observe a good resolution of the interface layer leading to hp refinement due to
the presence of steep gradients of the solution.

Finally, we consider Burgers’ flux with a discontinuous characteristic relaxation
rate: e(x) = 1 if x < 2 and e(z) = 1/100 if « > 2. The results are depicted
in Figure 5, and the final hApm-solution is shown in Figure 6 and leads to similar
observations. The grid used for the m-adaptation is refined at the discontinuity in
g, x = 2. Note that across the interface layer at © = 2, f’(v) changes sign so the
interface becomes characteristic and the second condition in (3.13) no longer imposes
the continuity of z¥ as observed in Figure 6.

7. Concluding remarks. In this work, a posteriori estimators of the modeling
and discretization errors are derived in the context of the discretization with a DG
method of steady hyperbolic systems with stiff relaxation source terms. We consider
a hierarchy of models where the fine model may tend toward an equilibrium model
through relaxation mechanisms modelized by the source terms. The estimators rely
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Fic. 4. Burgers’ flurz with uniform €. Final direct (left) and adjoint (right) solutions of the
hpm-adaptation. In each element k, the dots correspond to the values at pi, + 1 points, while the
gray (resp., white) zones indicate that the fine (resp., equilibrium) model is used.

hpm adaptation - R (u,,Z,)|
hpm adaptation - [J(u)-J(u,)|
hp adaptation - |R,(u,,z)|

10° - i 10° ——=—— hpm adaptation - |R,(u,.2,)|
hp adaptation - |J(u)-J(u, " i Shms < m:
N mpadap':alion-”Rh((u), ,(z h))ll ———— hpm adaptation - [J(u)-J(u,)|
102 o ----v--- m adaptation - [J(u)-J(u| I S— order 1
-
10 102k
10°
10°
10% -
10°
10°
. 10°
10°
10 10"}
102 % 10k
1014 TS TSNS [T S SI IVEN SN SN SRR | 1014 ENRTTITY EANENRTUT RATSTRTETT SAERRTI EATSTNEIT ST SRTITT Swaw |
0 100 200 300 400 500 107 10°  10°  10° 10 10® 107 10" 10’
#DOFs llu-uy, |1,

Fi1G. 5. Burgers’ fluz with discontinuous €. Ewvolution of the error (1.1) and error estimators
(4.8b): (left) at each adaptation step compared to hp-adaptation; (right) with respect to the error
on the solution.

-

Fi1G. 6. Burgers’ flux with discontinuous €. Final direct (left) and adjoint (right) solutions of
the hpm-adaptation. In each element k, the dots correspond to the values at p,, + 1 points, while the
gray (resp., white) zones indicate that the fine (resp., equilibrium) model is used.

on an adjoint-based representation of both components of the error associated to a
given functional of interest.

An adaptation algorithm is then proposed which aims at balancing both com-
ponents of the error and tailoring the error on the functional of interest under a



ADAPTATION FOR HYPERBOLIC PROBLEMS WITH RELAXATION 769

prescribed tolerance. The local model refinement is performed by using the adapted
model according to the associated error level. At interfaces of domains with different
models, coupling conditions are applied through the solution of a Riemann problem
in order to model the transfer of information. The positions of the interfaces are set
by the respective positions of the models and may move during the adaptation. The
discretization refinement is based on either an increase of the local order of the DG
scheme or a local mesh subdivision according to a local indicator of the smoothness
of the solution.

The present adaptation method has been successfully applied to the simulation
of steady solution of a Jin—Xin relaxation system. Numerical experiments highlight
the relevance of hpm-adaptation and sharpness of the error estimators as well as an
improvement of the usual hp-adaptation by reducing the total number of DOFs of the
discrete problem for a same error level. Future work will consider the application of
this technique to a hierarchy of two-phase flow models.

Appendix A. The solution of the Riemann problem WE(-; -, -) associated to the
coupling problem (2.14) has been solved in [21] when the flux function f is convex.
We propose here a method for its resolution for a C! flux function. A similar result
stands for W, and may be easily deduced from the results below.

By uz = (vz,wr)' we denote the state variable on 2 < 0 at ¢t = 0 and vy the
initial state variable on z > 0 and further define

u = (v ,w ) =W ug,vg), ut = (T wh) = W0 ug, vr),
where wt = f(v") and (2.15) gives w~ = wt = f(v"). Then, a contact wave of
speed —a separates the states uy and u™ in the left region. The Rankine-Hugoniot
condition gives

avy +wp, = av” +w",

and vT should be the right limit of the half Riemann problem (for z > 0, ¢ > 0)
defined by

(A.1) O+ 0 f(v) =0, v(0,8) "EV v, w(z,0) = vp.
We denote W1 ($;v~,vr) the solution to (A.1) and W(%;v™, vg) the solution to

the customary Riemann problem

Ow+ 0, f(v) =0, Vz>0,t>0, v(m,t:O):{U_ ifz <0,

vr ifx > 0.

Since the states v~ and vy are constant, the solution to (A.1) has an extension
as an entropy solution of the customary Riemann problem [20]:

W%(g;?}_,’UR) = W(g;?}_,’UR) v£ >0
and is thus easily solved for scalar equations [37]:

21012 f(0) ifv™ <wg,

+.— — CEESTASE 3

f(W%(O 107 vR)) = max f(0) ifvg<v.
vp<O<v—

We then have the following result.
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THEOREM 7. For data vy, wr, and vg in U defined in (A.3), the coupling Rie-
mann problem has a unique entropy solution:

ur, ¢ < —a,
WE (& ug,vr) =4 (07, f V00 ,0R) ", | —e<¢<o,
(W(& v, 0m), FW(E v, 0r))) |, 0<E,

where v~ is the unique solution to the equation

wr, — f(W(0F507, UR)).

a

(A.2) vT =wvL +

Proof. Consider the function
g: I3vegv)=alv—uvp)—wr + fW(0F;0,vr)).

Thus, v~ is the solution to the equation g(v) = 0. As g is strictly increasing according
to the subcharacteristic condition (2.13), if v~ exists, it is unique. To guarantee the
existence we should have g(v,,) < 0 and g(vp) > 0, where vy, and vy have been
defined in subsection 2.3:

glom) <0 <=  wp>alv, —vL)+ é%i f(0) =: Hy(vp,vR),
Um SUSVR

glop) >0 <= wp <alvpyr—vr)+ sup f(0) = Hy(vp,vR).
vr<O<vn

It defines the set of admissible states to where (v, wr,vr) should belong:
(A?)) U .= {(’UL,U)L,UR) el x f(]) x I : Hm(’UL,’UR) <wp < HM(UL,’UR)}. 0

From the mean value theorem and (2.13), we establish that

fom) — fvr) <alvp —vm), f(vr) — flvm) < alvm —vr),

so that H,(vp,vr) < f(vr) < Hy(vr,vr) and U is nonempty. Note that if inf f(I) =
f(vm) and sup f(I) = f(var), then U is simply T x f(I) x I.

The solution of the Riemann problem is then obtained by solving (A.2) for v~
with a root-finding algorithm.
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