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1. Introduction

Based on the idea for our future work we present a framework for the analytical test-
functions based on solving the adjoint-problem for the Discontinuous Galerkin method
in a mixed formulation, so called local Discontinuous Galerkin method (LDG-methods),
confer [17].

These local Discontinuous Galerkin methods are done with finite element test-functions,
confer [16]. We introduce the improved test-functions and derive local analytical solutions.
First we derive an abstract theory for the stability and the error-estimates in the L?-norm
for an arbitrary test-function. In a second part we apply our results with respect to the
analytical test-functions and derive the improved results for the approximate solutions.

We explain the new test-functions from the adjoint problem of the convection-diffusion-
reaction-equation. For these new test-functions we could develop an algebra for calculating
the new test-functions for the applications.

The paper is organized as follows. In section 2 we introduce our equation and our
underlying model for the equation. In the next section we describe the weak-formulation
for the mathematical problems. The variational-formulation is introduced in section 3.
In section 4 we introduce the Discontinuous Galerkin method in a mixed form for the
discretization. In section 5 we develop an abstract theory for the stability and error-
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estimates. Further we applied the theory for different test-spaces and introduce a local
analytical test-space in section 6. We discuss the possible applications and the advantages
for the new method.

Finally in section 7 we discuss our future works and the new results.

2. Mathematical model and mathematical equations

The mathematical model is based on a potential waste scenario of radioactive contam-
inants, which are transported and reacted with flowing groundwater in porous media,
confer [5], [6] and applied in our work [21]. The mathematical formulation of such models
are convection-diffusion-reaction-equations. We will concentrate us in our analysis of the
stability and error-estimates to the following convection-diffusion-reaction-equation with
initial- and boundary-values, given as

ORu + V-(vu—aVu)+ARu = f inQp, (1)
uw(0) = wuy onQ, (2)

where the parameter v is a smooth velocity, with V -v = 0, a is the diffusion-term,
given as a symmetric positive definite, bounded tensor and A > 0 is the constant decay-
rate, confer [25]. R > 0 is a constant retardation-factor. The definition for the domains
are Qp = Q x [0,T] where T > 0 and Q C IR? and d is the space-dimension. For the
boundaries we have I'y = T' x (0, 7] where T' > 0, where I' = T* UT?UT3. The dependent
solution is u(x,t) € C*(Qr)NC(Q7), where u : Qr — IR . The initial conditions are given
as u(0) = uy € L*(Q) , where u: Q — IR,

The Dirichlet boundary-conditions are given as

u = 0 OHF%«, (3)

where g; : Th — R.
The Neumann boundary-conditions are given as

—aV-nu = g, onlz, (4)

where go : T2 — IR.
The inflow and outflow conditions are given as :

(t—aV)-nu = v-nur=gs OHF%b, (5)

where g3 : I3 — IR and b = in , out or no. We define the inflow part I'>" of the
boundary I'? for n(vy)-v(y) < 0 for v € I'** C T, we have the value ur(v,t). The outflow
part is ur(y,t) = u(vy,t) with v € I'*% C T'. We set g3 = 0 for no inflow- and outflow
boundary I'*"° and the boundary is ['*™ U '3 ['3n° = '3,

In the next section we describe the weak formulation of our equations, confer [9] and

18].
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3. Variational formulation for the discretization methods

We use the variational formulation for the discretization methods, confer [18], and
describe our weak formulation. We focus us on the mixed method for our Discontinuous
Galerkin methods. With the weak-formulation we are flexible to introduce our modified
spaces and improve the error-estimates.

3.1. Variational formulation and weak-solutions

For the discretization methods we introduce the variational formulation and derive
the weak-solutions for the underlying convection-diffusion-reaction equation. The weak-
solutions allow us to decrease the derivation order of the solution and for our discretization
methods we could be used less smooth solutions, confer [7].

We applied the weak-formulation for the space variable and multiply with the variable
¢ e HY(Q).

For the notation of the weak formulation we introduce the inner product L?(.S), which
is denoted as (-, +)g, and for S = Q, we skip the S. We denote it for the scalar-functions

(w,0)s = /Suws, (6)

and for the vector-functions we have the inner-product :

d

(p.9)s = Z(pia%')57 (7)

i=1

where p = (p1,...,pa)" and ¢ = (qu,...,qq)" are vectors. For a simpler notation we use
for the vector-functions also the same bracelets as for the scalar-functions.

We multiply the equation (1) with the test-function ¢(z) and find u(z,t) € H'(Qr)
such that

/QR(?tugbdx+/F(y-@u)¢ds _ / (v Vo) do (8)

Q

—/F(@-aVu)gbds + /Q(aVu)-ngd:v + /QRAucbdm =/Qf¢dx,

for all ¢(x) € H(Q) .

We substitute the boundary-conditions in the equation (8). We obtain the following
formulations for the continuous form, confer [26].
Let ug in H'(Q7) and satisfy ug = g; on T x [0, 7] .

Find u € H'(Qr) such that :

U — Ug € H&(QT) s

(atu7 (b) - (927 ¢)F2 - (U,Q : V¢> + (CLVU, V¢) + ()‘u7 ¢) = (f7 (b) ) (9>
for all ¢(x) € H'(Q) . The initial conditions ug = u(z,0) on Q are applied in the
time-integration, where we use explicit methods, confer [24]. The right hand side is

defined in f € L?*(Qyr), and the boundaries are defined for ¢, € L?(H'*(T'"),[0,T]) and
g2 € LA(HY2(I'%),[0,T7]).
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3.2. Weak formulation for a mixed method

We introduce the weak formulation for the mixed methods. This formulation is done
in the continuous space, we will apply the mixed method later for the discontinuous
space. We use therefore the notation p = a'/? Vu and could reformulate in a mixed
method. The diffusion-term is formulated in a mixed method for the further mixed
discretization methods. The solution is given by u(z,t) € C%(Q) x C'([0,T]) and p(z,t) €
(C?(2) x C1([0,T7))¢ for the classical formulation

GRu+V-vu—V-a?p+Rre=f,inQ, (10)
—a? Vu+p=0,inQ, (11)

u=g¢g ,only,

(vu—a’Vu)-n=gy, onTy,

u(0) =ugp , in Q2.

We use equation (10) and formulate the weak solutions. We find

u(z,t) € L*(H'(2),[0,T]) and p(z,t) € (L*(H'(Q), [0, T]))? for the formulation

/@Ruqﬁdm—i—/(gnu)(bds—/u(g-Vqﬁ)dx (12)

Q r Q

—/F(al/QQ-@)gbds+/Qa1/2£-v¢dx+/QR)\u¢dx = /Qfgbdm,

—/u(@-alpx)ds+/u(V-al/2x)d:v+/p-xdx =0, (13)
r - Q - o =

/u(O)(bdx = /u(](bdx, (14)

Q 0

u=g;, on 1"1T,
(yu—a1/2 Vu) -n=gs, onF%,
for all ¢ € H(2) and for all x € (H(Q2))* .

The continuous situation is given in equation (12) and (13) we could apply the boundary
values for the equations and derive the following formulation

(O:Ru, ¢) — (u,(v-V ¢)) (15)
+(a'?p, Vo) + (RAu,¢) = (f,0) — (g2,0)r2

—(u, (V- x)) +(p.x) = (91,(n- X)), (16)
(u(0), @) = (o, ®) - (17)

In the next section we describe the weak-formulation with adequate trial- and test-
space, with respect to the discrete formulations for Discontinuous Galerkin method.

4. Discretization method with Discontinuous Galerkin methods

4.1. Broken sobolev spaces
In the following notation the multi-dimensional case for the Discontinuous Galerkin
methods is introduced.
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We use the triangulation K; with A > 0 for the domain €2 and h is the cell-width. We
have for each sub-domain K € K, a Lipschitz boundary. The adjacent elements of Cj
could be lie on an edge or a face. &} is the set of all interior boundaries e of Kj, and &} is the
set of all exterior boundaries e of I' = 99, whereby &, = £ UE} . The exterior boundaries
could be imposed as Dirichlet-boundary &} on I'! or both as Neumann-boundary and as
inflow- and outflow boundaries £ on I'* .

We define the broken Sobolev-space by:

HY(Kp) ={v € L*Q) : v|x € H(K) VK € K;,} . (18)

where [ > 0 is the order of the Sobolev-space and we have the H'-norm:

1/2
V]l a0y = (Z ||vH?qz(K>> : (19)

Keky,

The function in H'(K},) are piecewise smooth.
We introduce the jumps across the edge e = 0K N OK>

[v] = (v])le = (vlic)le (20)
and the averages on the interfaces are introduced as

(wl)le + (010l
fv} = - .

For the boundary I we introduce the notation of the jumps and averages, confer [16]
and [17]

v} =ol.. (22)

0, ecé&P
M:{ v eESZV (23)

(21)

For our further proofs we use the following identity for the jumps:

[uv] = [ul{v} + {u}tu]. (24)
We define the orientation for the normal-vector from element K5 to element K7, see
figure 1.

Figure 1. The Orientation of the normal vector for the Element K, K.

We apply the bilinear-forms for the broken Sobolev-space. We apply the integration over
the elements and boundaries and rewrite the bilinear-forms with the following identities.
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Lemma 1 The identities for the bilinear-forms to the broken Sobolev-spaces over the
elements and boundaries are given as:

/QRGtugbd:p = ) (R, )k, (25)

=,
gé@quo¢$==2gqynuhwm, (26)
[ utwvod - 3 (o Ve (27)
lwwgm¢m=2;wﬂgmwm, (29)
/Q a'?p-Vodr = K%;h(al/? P, VoK . (29)
/QR Au¢dr = K;h(R i, )k - (30)

We derive the identities in the following proof.

Proof. The identities (25), (27), (29) and (30) are trivial, we rewrite the integration
over the whole domain in partial integrations over the partitions.

The identity (26) is rewritten by the boundary partitions as

/(v nu)¢ds = Z Z (v-nup,d)e, (31)
r KeK), e€€nNeCOK

where e € &, Ne C K denote the edges of the element K.
We apply the jump-notation for the boundary-integrals with respect to the outer-normal
vector of each K5 element from the boundary e = 0K5 N 0K such that

YooY (@nug). (32)

KeKy ee€pNeCOK

=3 (w1 )l dlr+ 21 (i)l ) s

e€ly
= Z yﬁ U,Qb],l)e,
ecéy,
where the definition of the normal-vector n; = —n, and (u|g, )| is the value for the

element K, in the edge e.
Further we use the definition of the jumps and get

Y (wnugh)=) ({v-nuh @)+ ) ([v-nul{}).. (33)

e€e&y ec&y ecéy

We now assume to have a smooth trial functions u and p, confer [16], [11], because of the
next step. We introduce the polynomial space where ¢ € Ly(2) and x € (Ly(2))* and
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apply the Greens-formulation. For the smooth trial functions we defined for the jumps
the zero condition, because of the not defined flux, confer [14].

[u] =0, [pl=0. (34)
Therefore we rewrite the jumps as

d (w-nuel,)e=> ({v-nu} @) (35)

ecéy e€&p

The same result we get with the term p,

/F @2p-n)pds = 3 ({a' p-n}, [¢]). (36)

ecly,

a
Further we could use the smoothness assumption for the solutions and the result of (34)
and so the fluxes are given by

hconv<u> == {U v E} s (37)
hais(w) = (a'? 0 {u}, {a"? p-n})’, (38)

where we have w = (u,p)* and we use in formulations the central fluxes. We rewrite the
formulations in the bilinear-forms.

We have to find u(t) € Ly(H'(K),[0,T]) and p(t) € (Lo(H'(K), [0,T7])).
Fort >0

(RO, 0) — > (w,0-VO)x + Y (heono (1), O)e (39)

KeKky e€ly

+ > (a?p, Vo) =Y (haigs(p), [0))e + (R A u, ¢)

KeKky ecép
= (g2 0)e + (f,0). ¢€H(Ky),

eGE}JLV
(p,x) + Z (u,V-a"? Xk — Z(hdiff(u)a [X)e (40)

KeKy, e€ly

= S (grxon)e, x € (H'(KD)

eGEhD

and
<U<O>, ¢> = ('Lbo, (b) ) (b € HI(ICh) 9 t=0. (41)
We introduce the bilinear forms

AC: VXV >R, B-WxV —->IR,D:WxW —IR, (42)
F.-V—-R,G:W-—=IR, (43)

where V = HY(K) and W = (H{(K))%.
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We have the formulation for the time-derivative

(u7¢) = (atu7¢) ) (44)
and the bilinear-forms are given as
A(U, ¢) = = Z (u,y : V¢)K + Z(hconv(u)v [¢De ’ (45)
KeK, ecly
Bp.g) = 3 (@ p, Vo) — 3 (harr(p). 9], | (46)
KeKy, ecéy,
B'u,x) = Y (w,V-a"? )k =D (hays(w), [¥])e (47)
KeKy, ecéy,
Clu,¢) = (RAu,9), (48)
Dp.x) = (X, (49)
F(¢) = > (920)c + (f.9), (50)
eGE}JLV
Gx) = Y (gx 0. (51)
eGEhD

We formulate the equation (39) and (40) with the bilinear-forms (45) - (51).
Find u(t) € V and p(t) € W such that,

(R, )+ A(u, ¢) + B(p,¢) + C(u,¢) = F(¢), ¢V, t>0, (52)
D(p.x)+B"(u,x) = G(x), xeW ., t>0, (53)
(u(0),¢) = (uo,¢), p€V,t=0. (54)

4.2. Discrete formulation for local spaces

To apply the results for concrete spaces, we introduce the following local spaces. For
the following abstract stability and error-indicator we introduce a local space Q(K) with
arbitrary functions such that

Q) ={v € L*(Q) : v|x € F(K) VK € K.}, (55)

where F is finite dimensional space (e.g. polynomials, exponential functions, etc.).
We have to find the unknowns p, (t) € (La(Q(K4), [0,77))
and up(t) € Lo(Q(K4h), [0,T1]) as follows

(R tin, @) + Alun, ¢) + B(ph, ¢) +

where the fluxes are defined as

. [ {unvn} central differences
hfcom)(“h) - { {Uh v ﬂ} .

haifs(wy) = (" n {un}, {a Y2 p, - n})" + Caggl(un, p,)'7 (57)

: (56)

yn\

[up] upwind
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where the flux-matrix Cy;fy is given as

0 —ci2 ... —Craq
C1,2 0 ... 0 0 _QT
Caiss = : oL : _<g 0)’ (58)
C1,d+1 0 ... 0
where ¢ = (c19,...,c1a:1)" , and c1; = c1i((wylm)les (Whlky)|e) is locally Lipschitz,
confer [16].
One could rewrite the diffusive-flux
haigs(wy) = (a'? n{uy} +c [up] , {a"?p, -n} =" [p,])" . (59)
We denote the bilinear forms for the discrete formulation
AC:VixVi—IR,B:W,xV,—>R,D:Wy,xW, - IR, (60)
F:Vi—R,G:W,— R, (61)

with the spaces Vj, = Q(K;) and W), = (Q(K},))¢. We could use the bilinear-forms given in
(44) - (51). The bilinear-form A is modified with the different convective flux, confer (56).

We have the bilinear-forms

A

A(uha gb) = = Z (Uh,y ’ ng)K + Z(ilcorw(uh)? [gb])e ) (62)

Keky ecly
Bp,, ) = > (a?p, Vo) — > (hairs(p,), [])e , (63)
KeKky, ecéy,
B (un,x) = > (un,V-a? ) = > (haigs(un), [X])e , (64)
KekKy, ecéy,
(?(Uh,@ = (R Aup, 9) , (65)
D(p,,x) = (X)), (66)
F(¢) = > (g2.0)e+(f,0) (67)
665}]1\/
G = D (g.x e, (68)
665,?

where the bilinear-forms C = C , D= ﬁ, F=F , G = G are equal and the bilinear-form
A, B could be different because of using the numerical fluxes, e.g. up-wind.

We define the discrete formulation.
Find up(t) € V, and p, (t) € Wy such that

(R ttn, @) + A(un, @) + B(p,, ) + Clun, ¢) = F(¢), 6 €V, t>0, (69)
[)(Bh’X) -+ éT(uh,X) G(K> , XEW,L, >0, (70)
(u(0),0) = (uo,¢), € Vi, t=0. (71)

For the stability theorem we apply the next lemma for the proof. This lemma denotes
the anti-symmetry for the bilinear-form B and this is used for the stability.
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Lemma 2 We have the bilinear-form B(Bh’ up) as defined in equation (63) and we have
the solutions un(t) € Vi, p, (t) € Wy. We assume for the diffusive-fluz the central-fluz.

For such assumption we could proof the anti-symmetry of the bilinear-form B

~

B(Qh,uh) = —BT(uh,]_)h) ) (72)
We proof the lemma 2 in the next step. )
Proof. We have the formulation for the bilinear-form B (Bh’ up)

A

B(p,,un) = Y (a"p,,Vur)x = Y (hairs(p,), [un))e ,

KeKy, e€ly
we apply the Greens-formula and derive the following results

B(Qh,uh) = - Z (V- al/? P un)k + Z Z (al/? Py s Un)e

KeKxy, KeKy eeEpNeCOK

- Z(ildiff(]_?h)a [uh])e )

ecép

we use the identity (32) such that

B(Bh, up) = — Z (V- ql/2 Bh,uh)K + Z([alpg_)h “n up), 1)e
KeKxy, ecéy,
— > (haigs(p,), [un))e ,
ecly,

and we obtain the following equation and we apply the diffusive flux (57),

B(Bh,uh) = - Z (V- a'/? Bhauh)K + Z({amljh'@}, [un))e
KeKxy, ecéy,
+3 (p, ) {a P w})e = Y ({a? p, -0} — " [p,]. fun))e .
ecly e€&y

and we obtain the next equation and multiply and commute the last term.

B(Bh,uh) = - Z (V- a'/? Bhauh)K + Z({amljh'@}, [un))e
KeKxy, ecéy,
+> (Ip,) {0’ n un}). (73)
ec&y,
= > ({ap, - n} [un))e + Y (c[unl, Ip,)e -
ecéy e€&y

We skip the equal terms and apply the E-fluxes of equation (57). We then obtain the
results for the bilinear-forms

B(Bh’uh) = - Z (V . al/? ]_)h’uh)K + Z < ﬁdiff(uh), [Bh] >
KeKxy, ecé),
= —BT(Uhth) > (74)

this is the result of our lemma 2. 0
The next lemma 3 is used for the proof of lemma 2.
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Lemma 3 We use the Greens-Formula for the multi-dimensional case with u, € Vj, and
p, € Wy and n is the outer-normal vector at the edge e. For the formula we have the
formulation

S p, noun)e= > (p,.Vur)x + Y (V-p, )k . (75)

ecéy, Keky KeKy

Proof. We use partial integration to proof the result. The proof is done in [8]. O
In the next section we proof the stability and derive the error-estimator for the new
test-functions.

5. Stability and error-estimates

We proof the stability and the error-estimates for general broken Sobolev spaces and
apply the special test-spaces. We apply the abstract results for different test-spaces,
e.g. the standard test-space (polynomial space) or the new test-space (local exponential-
space).

We will concentrate us in the next section to the boundary-values with g; = 0 and
g2 = 0, these mean the trivial inflow and outflow boundaries.

The abstract theory is formulate in the following section.

5.1. Stability of the scheme

We will concentrate us to the multi-dimensional case and proof the stability for arbitrary
test-functions.

We derive the stability from the given bilinear-forms (69), (70) and (71).

For a simpler notation we define the error bilinear-form £}, for the further assumptions.
We add the equations (69) and (70) and obtain the following results

En(wy,,¥) = (R, ¢) + A(un, ¢) + B(p,, ¢) (76)
+C(un, ¢) + D(p,, x) + B (un, x) ,

whereby w, = (uh,gh)T and ¢ = (gb,x)T.
Applying the results (74) we obtain

Ep(wy,wy,) = (R tn,up) + Oc(wy, wy) + (p,,p,) + B A (un, up) - (77)

whereby O¢(w,,,w,) is given as
@C(whawh) = Z([%] , C [Mh])e ) (78)
ecy,

for C we have
C = , (79)

where the convective flux is a central flux for ¢; ; = 0 and the upwind scheme is given by

ci1 = @TQ We denote ¢;; = 0 for a 5 point central difference scheme for the diffusion
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al’?
flux, for i = 2,...,d + 1 and ¢;; = 5+ for a upwind scheme for the diffusive flux for
i=2 . ...d+1.

The flux-matrix fulfills the positivity of the bilinear-form ©¢(w,,, w),)

Lemma 4 Suppose that C' is given in (79) and w;, € Vi, xWy,. Then we have the positivity
for the bilinear-form ©¢ such that

Oc(wy,wy) = Y ([wa] , O luwy)e = 0. (80)
ecép
For the proof we did the following transformation.
Proof. We proof the positivity for each e and such that
([wn] » C [wa])e = 0, (81)
We therefore apply the matrix C, given in (79), and obtain the results
([wa] , C [wn])e

= /([Uh] €11 [Uh]—UhQT'Bh—i- BZ'QUh)dS

€

_ / e [wl2ds > 0, (82)

e

where ¢;; > 0. 0
In the following lemma we present the identity between the derivation-notation and
jump-average-notation.

Lemma 5 We have the divergence free velocity V - v = 0 and Dirichlet-boundaries. We
obtain the identity for the following terms

D (v V) =Y (w-n {un}, [ua))e - (83)
KeKky ecéy,

The identity is proofed as follows

Proof. We start with the left-hand side of equation (91) and apply further the Gauss-
theorem, confer [26] and rewrite the results with the jump-average-notation by using the
equation (33), such that

Do (wny-Vux = > G-Vae=d Y (5wl

KeK, KeK, Kekp eeEpNeCOK
v-n
= Z T ([ui]a ]-)e = Z (y n {Uh}, [Uh])e . (84)
ecly e€&p

0
We follow the result for the stability as

Theorem 6 Suppose the bilinear-form Ey, given in (77), the lemmas 4, 5 and the boundary-
conditions are given for gy = 0 and go = 0. Then we have for the stability the inequality

10
Ey(wy,w,) > R éaHuh(t)H%?(Q)+@C(wh>wh) (85)

+ H]_?hH%L?(Q))d +RA HuhH%Q(Q) ,
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The theorem 6 is proofed in the next step.
Proof. We estimate each term and derive the following error-estimates.
For the time-term we obtain the estimation

10

(R ﬂh,uh) = / R atuh Up dl‘ = R — —||uh||%2 .
Q

2 Ot

For the convection-term we get the estimation

fl(uh, uh) =

- Z (un,v - Vup)k + Z(hcom(uh), [un))e

Kekn ecy,

N ZHQ ' ﬂuh}v [uh])e + (hcom;<uh), [Uh])e
6€£h

{ 0 for central differences (E-Flux)
Zeesh([uh], IQQ'DI [uh])e for upwind

S (funls cufun])e = 0,

ecly,

where we use lemma 4.
For the mixed terms B for the diffusion we obtain the estimation

B(g_)h,uh) + BT(Uh,Bh)
= Z (al/2 P, Vup)g — Z(hdz‘ff(ﬂh)a [un])e

Keky

e€ly

+ > (un, V-a'? p )i = (haigs(un), [p,))e

Keky,

- Z Z (V- (a*? P, up), 1)e

Kekp eeEpNeCOK

= " ((haigp(un), [un))e + (haigs(p, ), [,))e )

ecly,

ecép
= N ([ p, un)s D) — (hasgr(wy), [wy]). )
ecép
= > (e n-pa}, lwl)e = {wnd , [0 n-p,))e
ecly,

+({a? n-pa}, [un)et < {a'Punn}, [p,] >) + (wil, Caiss [wy])e )

Z([%]acdiff[%])e > 07

ecly,

For the reaction term we get the estimation

C(up,up) = RA /uh updr = R)\||uh(t)||%2(9),

Q

For the mixed term D we get the estimation

D(p,.p,)

/QBh'Bhdx = |lpn )72, (0 -

13
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We add the terms (86) - (89), such that:

(R itn, un) + Alun, un) + B(p,, un) + B (un, p,)
+ C(un, un) + D(p,,p,)
10
> 72 Djl, + Octuws.w)
+ R Mun(O)l1y) + Pa@Iy@pe = 0 (90)

This is the result for the stability for arbitrary test-functions, confer equation (85) . O
For the stability we estimate the right-hand side as follows

1 R A
/quh dr < ||f||%2(sz) ||Uh||%2(n) < SR\ ||f||%2(9) + o ||Uh||%2(n)>

where we use the Schwarz and Cronwall’s inequality.
To get the full discrete formulation we integrate over the time-interval (0,7") such that

/T En(wy,,w,,) dt + /T F(up) dt =0, (91)

using the stability result of equation (90) we get the stability result over the time inte-
gration. Therefore we obtain the following corollary.

Corollary 7 We have the stability for the full-discrete form with the solutions u, € V
and p, € W such that

1 T T
R lun(Dl)+ [ Octwnw) i+ [l ey d

TR ) 1 ) S | )
+ .2 |[un| 720 dt < §||Uh(0)HL2(Q) + 2R 11720 dt - (92)

In the next section we derive the abstract error estimates.

5.2. Abstract error-estimates

The error estimates for the multi-dimensional convection-diffusion-reaction equation is
based on our former stability assumptions. We derive an abstract error-estimates for the
equation and apply the results in the next section.

The error-estimator for multi-dimensions for the convection-diffusion-reaction term is
given in the following theorem

Theorem 8 The error-estimates is given as follows
If u,p and uy, p, are respective solutions of (10) and (11) and Py, is the L*-projection
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P L*(V) — Vi, and Py, : L* (W) — Wy, We get the error-estimates such that

€

1 T
Rl ~ DBy + 0= 5) [ o=,/ o (93)

T
H1-9) [ Octw-wyw-w,) d
0

RN Rle ¢ ew-v), [T
(G- 5= [ il
< £ / 1P (i(t)) — ()] By + Oc(Pu() — w, Palw) — w) (94)
+ > IIQ-Q{Ph(U)—U}IIi2(e) + 3 [H{a"n - {Pulp) — Y320
ecéy, e€ly
+ ) {a? n (Pa(w) — u) 2
ecly,
+on(h) ™ Y Pulu) = ullfa) + aalh)™ D> 11Palw) = 32
Keky, KeKy,
g Y IPu(E) = Bl )
Keky,

where ¢ is a constant, independent from t. The functions a;(hg) withi = 1,2,3 and vy(he)
depend from the test-spaces and are specified in the application in the next sections.

The functions «;(hg) with i = 1,2, 3 are used to estimate the derivation, such that one
could skip them to the left-hand-side. For the new test-functions same functions «; will
be vanish.

Lemma 9 We have the local inequality

a1 (i) [[v- V(Pr(u) —un) = R A (Prlw) — w200

< c||P(u) — wpllr2kx) » un € Vi,

o (hg) ||V (Pr(u) —un)||r2xye < ¢ ||P(uw) — unl|r2ky > un € Vi,
as(hi) |2 V - (Pu(p) —p )2y < clP(p) —p, 2y s 2, € Wa,

where ¢ is a constant and hg is the diameter of the element K.

Proof. We could apply the equation general introduced in [11]. For the special test-
functions we apply the functions. O

We proof the theorem 8 in the following section.

Proof. We have the following error-equation from the orthogonality relation, confer
[34], such that

En(w — wy, Pp(w) —w,) = 0, (95)

where Pp,(w) —w;, € V), x Wy and t € (0,T) .
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For the application of the error-estimates we reformulate the error-equation by enlarge
it with the projection-terms P} such that

En(Pr(w) — wy, Pr(w) — wy,) = Ep(Pr(w) — w, Pu(w) —w,) (96)

For the left-hand side of equation (96) we use the result of the stability in equation (85)
such that

BPu(w) ~ 0 Pa() ~ 1) (97)
> B L Py u(t)) — (D) o) + Oc(Palaw) — wy, Palaw) — )
HIPLD) ~ 1 By i+ S Pa() sl ooy

For the right-hand side of the equation (96) we get the following formulation using (77)
En(Pr(w) — w, Ph(w) — wy,) (98)
= (R Pu(t) — i, Pr(u) — up) + A(Pp (1) — u, Py(u) — up)
+B(Pu(p) — p, Pu(u) — un) + 0(7’ () = u, Pn(u) — up)
+D(Pu(p) — p. Pu(p) — p,) + B (Pu(u) — u, Pu(p) — p,) -

We estimate the special terms in the following step.
For the time-term we get

R (Py(0) — 1, Pu) — up) (99)
< R(%W’h( ) —illfa) + 5 H7’h< ) — unl|720) )

where € is constant and independent from time.

We estimate the flux-term with the central-fluxes in the terms A and add the term Oc
for the different up-winding.

For the flux-term we get the estimation

@Ci,Ph(w) —w, Pp(w) — w,) (100)
< 5 Oc(Palw) = w, Pa(w) — w) + 5 Oc(Pa(w) - w;, Palw) - w,)

For the term A and C' we have :

AP (u) — u, Pr(u) — up) + C(Pu(u) — u, Ph(u) — up) (101)
= = > (Pu(u) —u,v- V(Pu(u) — up) = R (Pu(u) — u,))x
KeKy,
+ Z(y ‘0 APn(u) — u}, Pp(u) — upl)e < % Z (i) 2| Pu(u) — w2
e€ép Keky,
+5 > )l = v V(Palw) = un) + R (Palw) = w)l 2y
KeKxy,

oo e {Pu) — By + 5 3 HIPuw) =l

ecé, e€ly
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For the terms B and BT we obtain

B(Pu(p) — p, P(u) — un) (102)
= K%(a”? Pu(p) = p, V(Pa(u) — un))x

- ;{aw n- Pu(p) — p}. [Pu(w) = un)])e .
< —K%; as(hic) 2(|a"* (Pa(p) = )l

+5 KZ}; (e ) [V (P (1) — un) gy

o ;n{aw {Pulp) - z_»}||iz(e)+§§||[7>h<u>—uhm|%a(e),

where € is a constant and independent from the time t. We use the Cromwall’s Lemma,
confer [18].

BT (Py(u) — u, Pu(p) — p,) (103)
= Y (Pulw) = u,a?V - (Pu(p) = p,))x
Keky,
= > (@ n (Pu(w) = W} [Pulp) =, ). -
eegh
5 Z as(hic) 7| Pr(u )—UH%?(Q)
KeICh
+§ >~ ag(huc)?l[a'*V - (Pa(p,) = p,)
KEICh
e S a1 (Pa) — ) Pragope + 5 S0 PA®) — 2, s
eESh eeé'h

where € is a constant and independent from the time t. We use the Cromwall’s Lemma,
confer [18].
We estimate the mixed term in the following inequality

(Pn(p) — 0, Pr(p) — p,) (104)
1
< % | Pu(p) — plI7 @) T 5 th( ) — Bh)H?m(Q))d ;

where € is a constant.
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We get the result for the right-hand-side

Eu(Ph(w) = Pil) =) (105)
< R (o IIPu((1)) — (1) ) + 5 1Pa(w) — il )

+ o Oc(Pu(w) — 1w, Palw) —w) + 5 Oc(Pu(w) — wy, Phla) - w,)

2€
1 _
+o > (i) P Pulu) — ulffa
Keky
+% Y (bl = u - V(Palu) = un) + RAPh(w) = un)|lZ2
KeKky

1 - €
+o. > an(h) 2||7’h(U)—UII%2(Q)+§ > aa(hk)?||a"*V - (Pulp) — p,)ll2)

Keky, Kekh
1 _
5o O aslhue) 2l 2 (Pup) = ey + 5 D @slhuc)lIV (Palu) = wn)l ey
Keky, Ke’Ch

e 2 Ml AP(w) = wHey + 5 3 NIPw) — By

ecéy, e€ly
1 €
too > A{a"n - {Pu(p) = p}I72) + B > Pa(w) = unllllF2
eesh e€&y

+5 Z||{a1/2 n(w) = W2y + 5 Z||73h ) = 2 Jll{z2(e)ye

eGEh eegh

1 €
+ 2% || Pr(p) _Z_)H?LQ(Q))d T3 || Pr(p) _Bh>||?L2(Q))d :

We set the left-hand-side equal to the right-hand-side. We apply the lemma 9 to move
the new terms Py(-) — (-1) to the left-hand-side such that:

R ——||7’h( (1)) = un(t)[[ 12 + (1 — ) Oc(Pr(w) — wy, Pu(w) — wy) (106)

20t
V-0
HL=2) 1Pup) = 2, [Bae dt + (5 = 5 = 5 = 52 [Pa(u) = wnl e

2 2 2 _2
oo (RIPA(0) ~ D)oy + Oc(Pyaw) — . Paw) — w)

+ Y aihe) P IPulu) = ullfag) + Y aa(hu) ™ |[Pa(u) = ullfaq

Keky, KeKy,

+ > as(hie) 2 |Pap) — Il
KeKky

+ > Mo A{Pu(w) = ub|fFaey + D a0 {Pulp) - p}HI72
ecéy, e€ly

7 a2 (Pu(w) = w)H e ) -

ecép
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We use the inequality for the left-hand-side

1Pn (1) = unllZa@) > [lw = unl[Z20)ll = llu = Pa(u)l72q) -

where we have the similar result for p and the bilinear-form ©¢ and get the error-estimates
after skip the terms P,(-) — (+) to the right-hand-side :

10 €
R g llu(t) = un(®) |22y + (1= 5) Oclw — w1 — w,) (107)
RN RMe € €v-v
HO =9 syt + (B2 -T2 €Ay,
1 . .
< 50 (RIPa(a() = a(®)ll720) + Oc(Palw) — w, Pa(w) - w)

+ ) (b)) P IPaw) = ullfagy + Y aolh) ™ |[Palu) = ullZage

Keky, Kekh
+ ) as(he) 7 |[Pulp) = Pl
Keky,
> e o A{Pu(w) = ud o + Y [Ha*n - {Pu(p) — 2}
665}1 665}1
+ > a0 (Pu(u) = w)}[Eraeye) -
ecéy,

We integrate the both side over the time and use the projection-result, confer [11], such
that

u(0) — up(0) =0 . (108)

We integrate over the time and use the result of equation (108), such that we get the
error-estimates for the full discretization

1 € T
R (D) = un(Dlfteey + (1=5) [ Oolw =1y —w,) dt (109)

T T
€ 9 RN Rle € ¢€(v-v) 9
HL=9) [ =g B de + (5 = - £ L) [y a

<

- / [P0~ )y

|

T
— w, Po(w) — w) dt +/ RA|[Pa(us) — ul[2agqy dt
0

o ] e
v [ Z ) P e b+ [ 3 sl )l

KeKky
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T
" / S a(ur)i2WPu(D) = plssaeye

Keky,
T T
[l n AP — B i+ [ 5 [0 {Palp) — pHIE
0 e€e&y 0 ecéy
T
[ M (P = )} o )
e€ly

where the functions «; are derived for the special test-spaces. We apply the lemma 9 and
integrate over the time ¢.
0

In the next section we apply the error-estimates for the special test-spaces.

6. Application of the error-estimates

6.1. Application for standard polynomial-space
In the first application for the discontinuous finite element space we apply the polyno-
mial spaces.

Let © C IR? be a polynomial domain and let K), be a regular finite element partition
of 2. We define

D, (Ky) ={v € L*(Q) : v|x € P"(K) VK € K}, (110)

where P" is the set of polynomials of degree at most r on K.

We introduce the following projection as an Galerkin-approximation for the L2-norm,
confer [34]

Lemma 10 Let the projection Py : L?> — P" be the L?-orthogonal projection-operator. In
the case that Q) is a rectangular domain and T}, is a Cartesian product of uniform grids
in each of the coordinate directions and for r even we obtain

||7Dh<ﬂ) _QHLQ(Q) S C hTJrl HU‘HH’”‘H(Q) ,
SoNPa@) = dlllzey < e B ful e |

ec&y,

S AEPu(w) = ubllrzey < e h™2 |ullgreag)

ec&y,

where ¢ depending on r. We have be the similar result for p.

Proof. The proof is done in [11] and [16]. O
For the polynomial test-space we have the following estimates for the functions «;.

Lemma 11 We have the local inequality for the polynomial-space Vi, = P" and W), =
(fpr)d'.

||V(79h(u) — u>||(L2(K))d S C hil ||77(u) — uHLQ(K) , U € Vh y (111)

1[Pn () = ulll 2y < € b2 Pa(w) = ullrzy » w € Vi (112)

where we get oy (hi) = as(hk) = as(hy) = hi.
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Proof. The proof is done in [15]. O
We derive the error-estimates in the following theorem 12.

Theorem 12 FError-Estimates for the polynomial space, where h is the diameter of the
element. We have the estimates for the terms such that

1 € T
R (D) = (D) + (1= ) [ Octw w1, (113)
T T
€ 9 RN\ Rle € €(v-v) 9
=) [ = plfieidt + G =5 =5 =) [ =l

1

< o= (W ullyesay + B2 Iy ) -

Proof. We use the lemma 10 and get the equation. O

We have a suboptimal error-estimates because we loose one order of the polynoms.
That means we investigate one order more to have the error-estimates of r.

We could improve our results with an approach in the test-spaces, by using analytical
solutions, so that we obtain improved error-estimates. In the next section we get results
of the analytical test-functions.

6.2. Application for special function spaces with respect to local analytical
solutions
In the next subsection we derive the analytical solutions for the new test-functions.

6.2.1. Motivation for the new test-spaces

The motivation for the new test-spaces came from the idea to improve the local behavior
of the test-functions. Standard test-functions like polynomes do not respect the local
character.

To have a local behavior of the solutions we use the ideas of the adjoint-problems. They
are done in the ELLAM-schemes [19]. We use these ideas for the space-terms and solve
the locally adjoint problems for the space dimensions.

We concentrate us on the convection-reaction-equation, given as

=Y (v V)i + (un, RA) = Y (up,—v-Vo+RA¢) =0, (114)

Keky, KeKy,

where uy, ¢ € V}, and solve the adjoint local equation for the convection-reaction in space
—v-Vo+RAN9p=0, (115)

where the initial condition is ¢(0) = ¢o. We derive the local solution of the equation (115)
the next subsection.

6.2.2. Local test-functions in space for one dimension
We derive the one-dimensional solutions for the local convection-reaction equation,
given as adjoint problem

00+ RAH=0, (116)
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where by ¢(0) = ag is a constant.
The equation (116) is solved exactly and the solution is denoted with respect to the
velocity v € IR and v # 0

exp(—0 (Tip12 —x)) v >0
Qbanal,i(x) = Qo s (117)
exp(—f (x — zi—12)) v <0

where (§ = % ,

(bnew,i = (banal,i(x) s (118)

where z;_1/0 <1 < Tjy12.
The local solution are applied as analytical weight with 0 < ¢gei(2) < 1.
For this test-function we have one freedom-degree, so that we could use only a constant
initial condition.

For linear initial-conditions we use the analytical test-function and multiply it with the
standard-test-function of first order.

Such that

¢new,i - gbstand,i(l‘) ¢anal,i(x) 5 (119)

whereby the standard test-functions are given as polynomial-functions
Gstana(r) = {1, 2,22, ...}

The test-functions are used for the cases of |[v| >> A > 0 for the case v = 0 we use the
standard test-functions, confer [16].

So we improve it for constant cell impulses. To present the test-functions we get the
next figures 2 and 3 for two extreme cases : A << v and for A\ = v.

Figure 2. Local test-functions constructed with analytical solution and constant initial
condition.
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Figure 3. Local test-functions constructed with analytical solution and linear initial con-

dition.

6.2.3. Local test-functions in space for two dimension
For two dimensions we have the possibilities of the operator splitting methods and the
coupled solutions with Laplacian-Transformation. The solution is given for a rectangular-

grid.
—010;¢ — V20, + RAp =0, (120)

where by ¢(0,0) = ao.
We get the solution by operator-splitting, confer [28] |

0 0.0=-R5 0 o0y)=a, (121)
—vy Oy, = —R % o, d(x,0)=a)?, (122)

where by ¢(0,0) = ay.
We get the solutions :

exp(—f1(Tip12 — ) v1 >0
(banal,i(x) = ) (123>
exp(—f2(r — zi—172)) v1 <0

exp(—F1(Yiv1/2 —y)) v2 >0
gbanal,i(y) = 5 (124)
exp(—L2(y — yi—1/2)) v2 <0

_ Rx _ R)
where (3, = Sor] and (G, = SToa]

gbanal,i(l‘a Y, t) = Qo gbanal,i(x) gbanal,i(y) > (125>
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where ;12 < ¥ < ZTigp12 and yi_172 < Y < Yir1/2-

For linear initial-conditions we use the analytical test-function and multiply it with the
standard-test-function of first order.

Such that

¢new,i(x7 y) = (bstand,i(xu y) (banal,i(xu y) 3 (126)

where the standard test-functions are the polynomial functions.

In the next section we apply the new test-functions which are analytical for the lo-
cal convection-reaction-equation. For these new functions we could derive a new error-
analysis.

6.2.4. Error-estimates for the new test-functions with analytical test-functions
in one dimension
We derive in the following section the error-estimates for our analytical solutions.
The idea came from the infimum of the error between the exact and the improved

equations.
We use for ¢ € V}, our new test-space F is as follows
Fi = {exp(—Bx),r exp(—pz),..., 2" exp(—pz)}, (127)
where we assume the one-dimensional problem, and 3 = % and we transform our local

coordinates to 0 < z < h.
We present the following lemma for the exponential test-functions.

Lemma 13 Let the projection Py, : L? — F;, with all i > 0, a projection-operator to the
finite space of the exponential-functions.

Such that for Fy = {exp(—fx)}

[ Pr(w) — ullr2) < ¢ b fJul[m) (128)
and for Fy = {exp(—fz), x exp(—Fz)}
[1Pn(w) = wllezgey < e 12 lull2) 5 (129)
and for Fy = {exp(—Bz),z exp(—Gz), 22 exp(—pfx)}
1Pn(w) = ullizay < e P [lullmsug) - (130)
and for F; = {exp(—fz),z exp(—fz), ..., a" exp(—Fz)}
1Pn(w) = ullzey < e D7 fJullmine) (131)

where 1 > 2. For the proof we use the result of lemma 15.
We have also the result with p.

For the proof we could use the following lemma introduced in [15] for the projection-
function. We rewrite the expansion with the new basis-function and apply the Taylor
expansion coefficient of the polynomial expansion. Therefore we could estimate our error
in the shape of the derivation of the function w.
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Lemma 14 We have the polynomial base 1,z,22,... and the exponential base F =
{1,exp(—pz), zexp(—px),.... The Taylor-expansion based on the polynomial-space is
applied for the exponential space as follows :

The Taylor-expansion with the polynomial-space are given as

u(z) = col +c(z—a)+e(r—a)+..., (132)
w(x) = Tiu+ Rlu (133)
Tiuw = cl+ec(z—a)+e(r—a)’+...+c(@—a) (134)
Ru = ccpy(z—a)! (135)
1 0u
- 1
“ = fow™ (136)
where ¢ is a constant.
The Taylor-expansion with the exponential-space are given as
u(z) = coexp(—f(x —a))+ é1(x —a)exp(—F(z — a)) (137)
+ép(x — a)?exp(—f(z —a)) + ...,
u(z) = T'u+ Riu, (138)
Tiu = éexp(—p(r —a)) +é(r —a)exp(—B(z — a)) (139)
+&y(x —a)? exp(—=p(z —a)) + ... + &z — a) exp(—=B(z — a)) ,
Ry = cépexp(=f(z —a))(z—a)™, (140)
. 1, . ; Ou O'u
G = (8 exp(—Ba)ula) + F exp(—Ga) (@) + ..+ exp(—Fa) 5 (a)
whereby c is a constant.
Proof. We use the following application of the Taylor-expansion
exp(B(x — a))u(x) = éol + 1o + E2® + ... | (141)
We use the term-wise expansion such that :
¢ = ufa), (142)
0
& = Pula)+5-(a) (143)
& = Blula)+ ﬁi—l%(a) oot g;f(a) . (144)
a
We could proof the lemma 15 by using the idea described in [15].
In the following we use the exponential functions and set T' =T, and R. = R
Lemma 15
[1Pa(w) — ullfoe) < e IR 72(). (145)

where R(u) is the remainder of the Taylor-formula for the solution u and c is a constant.
||R(U)||%2(K) < ¢ BP0 ||l %{Hl(K) ) (146)
where © > 0 is the order of the test-space F;.
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We proof the lemma with introducing the Taylor-expansion.
Proof. We use the Taylor-expansion for the error-estimate to derive the remainder and
use the projection result Py, (7T (u)) = T'(u) such that

1Pn(u) = ullizy = [Pu(T(u) = T(w) + Pu(T(R) = T(R)|[72x) (147)
= |[Pu(T(R)) = T(R)|[12(s0) < IIR(W)I[E2(x) - (148)

where we use the projection of the exact solution
The remainder is given as

||R(U)H%2(K) =cC ||5i+1||%2(K)H eXp(—ﬁx)xiHH%%m ) (149)

where ¢ is a constant.

3 5 ou Oy
||Ci+1||%2(K) = |l (u, or W)H%%K) = HUH%W‘H(K) ; (150)
[l exp(—Ba)a™ [Tap) < WY (151)

We use the results such that we have the estimates

1Pu(u) = ullfoey < ¢ B ullf g (152)

0
The jumps and averages are estimated with the next lemmas.
We derive the estimate for the jump :

Lemma 16 Let the projection Py, : L?> — F;, with i > 0, a projection-operator to the
finite space of the exponential-functions.

1P () = )l 20y < B2 full gy (153)

Proof. Confer the proof in [15].
We have the estimation between the jump value [P, (u)] and the original value Py (u)
with the equation :

1[Pa(u) = ullliaey = [1Pal(ulra)le) — (ulr)le = Pul(ulwy)le) + (ulk)ell7e)

hi
¢ i / 1Pu((uli)]e) =l o de
Hit1(K) (154)

IN

< chil|Pau(w) = ulliog < il

where we for the next results hx = h.
We derive the estimate for the average :

Lemma 17 Let the projection Py, : L?* — F;, with i > 0, a projection-operator to the
finite space of the exponential-functions.

{Pu(u) = ublliaey < R Hlullf ) (155)
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Proof. Confer the proof-idea in lemma 16. O
For the derivations we could use the results for the analytical test-function to skip the
derivation of the convection-term.

Lemma 18 We use the local solution of the test-function such that

0
ar(huc) |[v 5= (Pa() = wn) + R A (Pu(u) = w)l[zae) = 0, un € Vi (156)
where we have ag(hg) = 0. We have fulfill the equation for the case r =1 .
Proof.

We use our analytical solution of the test-functions ¢ for the solution u and get :
We use the analytical function for the test-functions given in 116 and fulfill our equation
—v(%ﬂ+ RAu=0 (157)
where @ = Pp,(u) — up,.
Therefore we could skip the derivation such that we have an improved error-estimates for
the convection-term. O
We use the inequality or the next terms of coming from the diffusion-term.

Lemma 19 We apply the inequality for the derivation and get

0
ax () |15 (Pu(w) = un)llzeey < [1Pau) = wnllzzrey o wn € Vi (158)

where we have as(hy) = hy, and increase the order of the solution p. One could balance
the order of the error-estimates between w, and py,.
We obtain then the result

0
az(he) ||a1/2%(73h(29) —p)lli2y < N1Pu(p) = pullin iy » o1 € Wi (159)

where we have az(hyk) = 1.
The idea is to increase the order for the py, solutions to obtain an optimal error-estimate
for the uy, solutions.

Proof.
The proof is done in [34].
ad
We could the use the results and derive the error-estimates for the new test-space.
The sub-optimal error-estimates is given as: Error-Estimates for the polynomial space,
where h is the diameter of the element. We have the estimates for the terms such that

Theorem 20 We denote the error-estimates for the one-dimensional convection-diffusion-
reaction-equation as
1 € r
R 1T) = (Dl + (1= 5) [ Oclw=ww-w) d (160)
0

T 2 T
RN RMe € €w
) 2
+(1—§)/0 ||p_ph||L2(Q) dt + (7—7—5—7)/0 ||U—Uh||L2(Q)dt

T
c T
< g [E (B + ol ) dt.
0
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where ¢ and € are constants independent from h and t. We present the proof for r = 1.

Proof.

We use the lemmas 18 and 19 and get the reduced order by balancing between u; and
pr, and skip the inequality of the derivatives wy,.

0

We obtain sub-optimal results for the error-estimates and could improve the order by
1/2. In the application we could balance between the smoothness of v and p and derive
sub-optimal error-estimates.

We could reach higher order results with this error-estimates for our applications.
Through the adequate test-functions we approximate the different scales for the con-
vection and reaction term. The improvement of this new approach are applications in our
large scale problems with less artifical errors.

In the next section we discuss our next works in this context.

7. Conclusions

We discuss a new discretization method based on the local Discontinuous Galerkin
method (LDG) with improved test-functions. We derive the stability and the error-
estimates for the new discretization method. The new test-functions are derived from
the adjoint problem with respect to the standard test-functions. We introduce the error-
estimates for the new test-functions and obtain sub-optimal results.

In future works we would generalize our results for the different Discontinuous Galerkin
methods and apply our results for different test-cases.
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