ERROR ESTIMATES FOR THE DISCONTINUOUS GALERKIN
METHODS FOR PARABOLIC EQUATIONS
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Abstract. We analyze the classical discontinuous Galerkin method for a general parabolic equation.
Symmetric error estimates for schemes of arbitrary order are presented. The ideas we develop allow
us to relax many assumptions freqently required in previous work. For example, we allow different
discrete spaces to be used at each time step and do not require the spatial operator to be self adjoint
or independent of time. Our error estimates are posed in terms of projections of the exact solution
onto the discrete spaces and are valid under the minimal regularity guaranteed by the natural energy
estimate. These projections are local and enjoy optimal approximation properties when the solution is
sufficiently regular.

1. Introduction. We consider the parabolic PDE of the form,
ur + A(t)u = F(t), u(0) = wp. (1.1)

The operators act on Hilbert spaces related through the standard pivot construc-
tion, U — H ~ H' — U’, where each embedding is continuous and dense. Then,
A() : U — U’ is a linear map and F(.) € U’. Our goal is to analyze the classical
discontinuous Galerkin (DG) scheme and derive fully-discrete error estimates under
mimimal regularity assumptions. The class of DG schemes we consider are classical in
the sense that the discrete solutions may be discontinuous in time but are conforming
in space, i.e. are in (a subspace of) U at each time.

Our techniques also apply to the more general implicit evolution equation [22, 23]
(M (t)u): + A(t)u = F(t), u(0) = up, (1.2)

where M(.) : H — H is a self adjoint possitive definite operator. The extension of our
analysis to this equation will be taken up seperatly. The analysis below addresses the
following issues which have not yet been adequately considered in the literature.

e The operator A(.) may depend upon time and is not required to be self adjoint.
To date the sharpest estimates for DG approximations exploit classical spectral
theory for self adjoint positive definite operators, so require A to be such an op-
erator and to be independent of time. When A(.) is not self adjoint, multiplying
(1.1) by uy does not give an estimate for the time derivative.

e The subspaces of U used for the DG approximations may be different on each
time interval (t"~1,¢"]. This adds a significant complication to the analysis
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which is present even when A = 0. Indeed, the first step in our analysis is to
consider the DG scheme for ordinary differential equations in the Hilbert space
H.

Different subspaces are an essential ingredient of adaptive strategies used in
conjunction with a-posteriori error estimates to give guaranteed error bounds.
Retriangulation is also necessary for many algorithms based upon a Lagrangian
coordinate system; below we present such an example.

e DG approximations of equations of the form (1.2) have not been considered in
the past. Below we show that equations of this form arise when Lagrangian
schemes are constructed for the convection diffusion equation [6, 7, §].

e The operator A(.) is not required to be strictly coercive; we only require an
assumption of the form (A(.)u,u) > clul?, — C||ul|%. Here |.|y is a semi-norm
such that ||.||3 = |.|? + |.|%. This causes significant problems in the analysis
of DG schems since the classical Gronwall argument, used for the continuous
problem, fails in the discrete setting. This failure is due to the elemenary obser-
vation that functions of the form X[o,f)¥ are not polynomial in time unless £ is a
partition point, so are not available as test functions in the discrete setting.* In
the past this problem has been circumvented by bounding temporal derivatives
of the solution [5, 24] so that the solution between the partition points can be
controlled by the values at these points. This line of argument fails for solutions
having minimal regularity. Below we circumvent these issues by constructing
polynomial approximations to the characteristic functions X[0,i)-

As stated above, our analysis does not require any regularity above and beyound the
natural bounds that follow from the usual energy estimate. This is essential for control
problems where solutions of the dual problem typically will not enjoy any additional
regularity. Our estimates show that the error can be bounded by the “local truncation
error” of the ordinary differental equation obtained by setting A = 0. These local
truncation errors can also be viewed as the approximation error of local projections of
the solution onto the discrete subspaces. In our analysis we are careful to keep track
of how the various constants depend upon the coercivity constant on A(.). This is
important for the analysis of problems like the convection diffusion equation where the
coercivity constant is small.

We present and example of equations which can be analyzed within the general frame-
work developed here but fall outside of the theory developed, for example, in Thomée’s
text [24].

Convection Diffusion Equation: The classical convection diffusion equation is
Uy + V.V — eAl = 0,

and the problems that arise when € is small are notorious. To address these problem
this equation is sometimes considered in a Lagrangian variable. Specifically, let V be a

“Here x| ) is the characteristic function equal to 1 on [0, t) and zero otherwise.



(numerical) approximation of V and let z = x(t, X) be the change of variables defined
by the flow map associated with V, i.e.

i(t, X)=V(t,z(t X)), z(0,X)=X.
If u(t,X) = u(t,z(t, X)) then
ur + (V= V).(F 'V xu) — e(1/J)divx (JF'F~ 'V xu) =0,

where Fj; = Ox;/0X; is the Jacobian of the mapping and J = det(F). The natural
weak problem for this equation is

/ﬂ ((ut +(V=V).(F TV xu))v+ e(F*TvXu).(F*Tva))J ~0.

Using the properties of determinants we find

wJ = (Ju)y — J'u = (Ju); — J div(V)u.

If div(V) = 0 then J is constant the transformed problem takes the form of (1.1);
otherwise, it takes the form of (1.2) with M (.)u = Ju, and

A = —div(V)uJ + (V = V).(F TV xu)J — edivy (JET'F TV xu).

This statement of the problem generalizes the idea behind the “characteristic Galerkin”
scheme introduced by Douglas and Russel in [6] and DuPont in [7].

This change of variables reduces the effective Peclet number, |V —V|/e, to order O(1) if
Visa sufficiently accurate approximation of V. This will eliminate many of the numer-
ical difficulties encountered by algorithms based upon the classical statement; however,
other problems arise. While the Jacobian of the transformation satisfies F'(0,X) = I,
its condition number grows exponentially if V is anything other than a rigid motion.
In the context of a numerical scheme this problem is circumvented by reinitalizing the
transformation at each (or every few) time step(s). This reinitialization corresponds to
changing the subspace for the numerical solution every (few) time step(s). In essence, a
trianglular mesh in the X coordinate system will be a distorted mesh in the x-coordinate
system, and reinitializing the transform corresponds to projecting the solution onto a
(straight sided) triangular mesh in the = coordinates. This gives rise to different sub-
spaces at each time step.

1.1. Related Results. The discontinuous Galerkin method was first introduced
to model and simulate neutron transport by Lasaint and Raviart in [15]. There is an
abundant literature concerning applications of the DG scheme in hyperbolic problems,
see e.g. [4, 14, 25] and references within. The DG method for ordinary differential
equations was considered by Delfour, Hager and Trochu in [5]. They showed that the
DG scheme was super convergent at the partition points (order 2k+2 for polynomials of
degree k). The super convergence results (and better rates in the H norm) use a duality
argument, and space considerations do not permit us to develop the corresponding
estimates in the current setting.



In the context of parabolic equations DG schemes were first analyzed for linear parabolic
problems by Jamet in [13] where O(k?) results were proved and by Eriksson, Johnson
and Thomée in [11] where O(k%4~1) results were proved for “smooth” initial data among
others. An excellent exposition of their results and, more generally, the DG method
for parabolic equations, can be found in Thomée’s book [24]. In [24] nodal and interior
estimates are presented in various norms. One may also consult [18] for the analysis
of a related formulation based on the backward Euler scheme. The relation between
the DG scheme and adaptive techniques was studied in [9] and [10]. Finally, some re-
sults concerning the analysis of parabolic integro-differential equations by discontinuous
Galerkin method are presented in [16] (see also references therein).

In [8] DuPont and Liu introduce the concept of “symmetric error estimates” for parabolic
problems. They define such an error estimate to be one of the form

—wl|l <C inf |fu-—
lle —unlll < © inf [llu = wsl,

where u and wuy, are the exact and approximate solutions respectively, |||.||| is an ap-
propriate norm, and U}, is the discrete subspace in which approximation solutions are
sought. While estimates of this form are standard for elliptic problems, this is not the
case for evolution problems. For example, error estimates for evolution problems ap-
proximated by the implicit Euler scheme frequently involve terms of the form |lug(|z2(q)-
Symmetric error estimates are useful for problems where the solution v may not be very
regular, such as control problems, and are used to develop a-posteriori error estimates
for adaptive schemes. Symmetric error estimates for moving mesh finite element meth-
ods were studied in [8, 17] (see also references within). Mesh modification techniques
for finite elements have also been introduced in [19] and [20]. For some earlier work
on convection-dominated problems based on the methods of characteristics and mesh
modification one may consult [6] and [7] respectively.

An alternative to the symmetric error estimates are estimates of the form
lu = unlll < C [l w = Ppull, (1.3)

where P, : U — U, is a projection which exhibits optimal interpolation properties if u is
sufficiently smooth. Estimates of this form enjoy the same advantages of those proposed
by DuPont and Liu. Below we construct an estimate of the form (1.3) for parabolic
equations of the form (1.1); where the projection Ppu is the numerical approximation
of an ODE, so is not local. However,

llw = Prulll < lllu = Piew | + [l Pau — Pieull,

where ]P’ﬁl"C is a local projection, so the first term can be estimated using classical in-
terpolation theory. The second term [|Pyu — PY¢ul|| vanishes if the same subspace of
U is used in each partition (t"~!,#"); otherwise, it depends solely upon the jump in
the interpolant of the exact solution at the partition points {t”}f:fzo. The size of the
constant C' in (1.3), and its dependence on various constants, play an important role;
below we are careful to state the dependence of the constant upon the various coercivity
constants and bounds assumed for the operator A.



Error estimates for Lagrange-Galerkin approximations of convection dominated prob-
lems for divergence-free velocity fields vanishing on the boundary are presented in [3].
Issues related to the stability of Lagrange-Galerkin approximations are also discussed
in [21]. Recently there has been a lot of work on the development and analysis of
discontinuous Galerkin methods for elliptic problems. A comprehensive survey and
comparison of this work can be found in [2] which contains many references related to
this approach.

1.2. Outline. In Section 2, we formulate and analyze the DG scheme for the
ordinary differential equation corresponding to A(.) = 0. In this section we focus on
the difficulties that arise when different subspaces of U may be used at every time
step. Error estimates are first derived at times corresponding to the partition point.
Additional arguments using “discrete characteristic functions” are developed to estimate
the error and at times inbetween the partition points. The arguments we use appear to
be new.

A priori estimates for the DG approximations of (1.1) are developed in Section 3. Es-
timates are derived in the natural norms associated with the parabolic problem; by
“natural” we mean norms that arise in the natural energy estimates obtained by multi-
plying (1.1) by u. The results of Section 2 are used in an essential fashion. Indeed, the
difficulties associated with different subspaces of U at each time step are circumvented
by comparing the discrete solution of the parabolic equation with and appropriate so-
lution of an ODE. By using the “discrete characteristic functions” developed in Section
2 we can avoid the self adjoint assumptions typically imposed upon A(.).

When the same discrete subspace of U is used for each time step our techniques gener-
alize, and to some extend simplify, the classical analysis. The reader interested in this
case only needs to read Sections 2.3 and 2.5 on the construction of discrete characteris-
tic functions, and Definition 2.2 for ]P’ﬁfc from Section 2 before proceeding to Section 3.
Remark 4 in Section 3 amplifies upon this.

1.3. Notaton. Throughtout we assume that the evolution of the solution to (1.1)
takes place in a Hilbert space H and the operators A(.) are defined on another Hilbert
space U with U «— H ~ H' < U’, where each of the embeddings are dense and
continuous. The inner product on H is denoted by (.,.) and the induced duality pairing
between U and U’ will be dentoted by (.,.). The norm on H is often denoted by

.| = ||l.|lz, and we assume that the norm on U can be written as |.||Z = |.|% + ||.|%
where |.| is a semi-norm on U (the “principle” part) and is often denoted by |.||;
[.1?, = ||.I> + |.]*. Standard notation of the form L2[0,T;U], H'[0,T;U’] etc. is used

to indicate the temporal regularity of functions with values in U, U’ etc.

Approximations of (1.1) will be constructed on a partition 0 = t% < ¢! < ... < tN =T
of [0,T]. On each interval of the form (t"~1,¢"] a subspace U} of U is specified, and
the approximate solutions will lie in the space

Up = {up € L*[0,T;U] | up|gn-14n) € Pe(t" " U}

Here Py (t"~1,¢";U) is the space of polynomials of degree k or less having values in
Upl. Notice that, by convention, we have chosen functions in U}, to be left continuous



with right limits. We will write u" for up(t") = us(t" ), and let w’! dentote u(t’). This
notation will is also used with functions like the error e = u — uj,. We always assume
the exact solution, w, is in C[0,T; H] so that the jump in the error at ", dentoted by

[e"] is equal to [u"] = ul} —u".

2. DG scheme for an ODE.

2.1. Background. In this section we address the issues that arise when different
discrete subspaces are used for each step of a time of the DG scheme. It suffices
to consider such DG schemes in the context of an ODE in a Hilbert space since the
additional terms appearing in the error estimates are the same for both the ODE and
parabolic PDE case. Also, the solution of the ODE will be used to obtain error estimates
for the parabolic PDE under minimal regularity assumptions.

We consider the problem of recovering a function v € C[0,T; H] N H'[0,T;U’] given
the initial value «(0) and its derivative f = wuy. Specifically, we consider the DG finite
element approximations for the initial value problem

u = f, u(0) = up. (2.1)

Recall that H and U are related through a pivot space construction, U «— H ~ H' —
U’. In this situation there exists a unique u € C[0,T; H| N H'[0, T;U’] which is the
solution of the weak problem,

T T
(U(T),v(T))—/O <u,vt>=(Uo,v(0))+/0 (f,v) (2.2)
Yo e Cl0,T; H N HY0,T;U"].

Recall that we write | - | for the norm |- | and write the inner product in H as (.,.).
We also write |ul|3, = |u|?+ ||u||®> where ||| is a semi-norm on U (the “principle” part).
The (U’,U) duality pairing is denoted by (-, -)

To approximate the solution of (2.2) we introduce a partition 0 = t* < t! < ... < tN =1
of [0,T] and a collection {U"}2_ of subspaces of U. The DG method constructs an
approximate solution

up € Uy = {u € L*[0,T; H] | ulgn-14m) € Pe(t" ", ¢ UF)}

such that

(u", o) — / (unone) — (a0 = / (f. on). (2.3)

n—1 n—1

for all v, € Uy, and each n = 1,2,... N. Recall that u" = up(t") = up(t") and we
employ the standard notation v’y ,u” for the traces from above and below respectively.
Integration by parts gives the following alternative form of (2.3)

tn tn
/ (g o) + (=t gn 1) = / (F. on). (2.4)
t t

n—1 n—1



2.2. Error Estimate at Partition Points. In this elementary context it is pos-
sible to explicitly write an expression for the error at each nodal (partition) point ¢",
see equation (2.5) below. A simple consequence of this formula is the following theorem
which provides a decomposition of the error into the errors due to the changing of the
spaces and the initial projection error.

THEOREM 2.1. Let up, € Uy, be the approzimate solution of (2.1) computed using the
discontinuous Galerkin shceme (2.3)and let P, : H — U} denote the projection operator
in H, and write é" = Pyu(t™) —u". Then

n n
" => (IIP)I = Piy)u(t™") + (PyoPyyo..o Pp)eé. (2.5)
i=1 j=i
In particular,
n
e" < D IP(I = Pio)u(t™ )] + |€%]. (2.6)
i=1

REMARK 1. (1) Note that Py(I — Pi_1) = 0 when U} C U}, so €| < |&°| when the
same discrete subspace is used at each time.

(2) If €™ = u(t"™) — u™ is the total error at time t" then
"] < (I = Pa)u(t™)] + [€"].

When the same space is used at each step the first term becomes (I — Py)u(t™) which is
useful only if u(t™) can be well approximated in U}? at all times. When this is not the
case, an ideal strategy would chose the spaces {U}'} to “track” the solution so that both
(I — Pp)u(t™) and the jump terms in equation (2.6) are small.

Proof. Let e = u—up, be the total error and note that the Galerkin orthogonality gives,

@Kuﬁ—li(awg—@”ﬁurhzo. (2.7)

n—1

If vp(t) = v™ is independent of time, then the middle term vanishes to give

(e", ™) = (e" L"), " e UL
It follows that

é" = Ppe ! (2.8)
so that
e" = Ppe" ! = Py(u(t™) —u"h)
= P (u(t"™) £ Poqu(t™™) — um )
= P,(I — Py_)u(t" 1) 4+ Pe L.

Using the above relation inductively yields (2.5). O



2.3. Discrete Characteristic Functions. To compute the error at arbitrary
times ¢ € [t"7!,¢") we would like to substitute v, = Xpn-14up into equation (2.4)
where X1 is the characteristic function on [t"~1,¢). Clearly this function is not
in Up so in this section we construct discrete approximations of such characteristic
functions to circumvent this problem.

The construction of the discrete characteristic functions is invariant under translation so
it is convinient to work on the interval [0, 7) with 7 = " —¢"~!. We begin by considering
polynomials p € P (0, 7). A discrete approximation of xo 4p is the polynomial p € {p €
P,(0, 7)[(0) = p(0)} satisfying

T t
/ﬁqz/pq Vq € Pr_1(0,7).
0 0

The above construction is motivated by the fact that we may put ¢ = p’ to obtain
Y - o Y ) 2

Jo P'p = Jy o' = p*(t) — p*(0).

We next extend this elementary construction to approximate functions of the form

X[o,)vn for vy, € Py(0,7;Up) where Uy, is any subspace of H. If v, € Pr(0,7;Up)

we can write vy = Zfzopi(t)vi where {p;} C Pr(0,7) and {v;} C Up. If we define

Uy, = Zf:o pi(t)v; it is clear that 0 € Py (0, 7; Up,) satisfies

71(0) = v,(0), and /()T(ﬁh,wh):/ot(vh,wh) Y € Pea(0,7:04).  (2.9)

In the ODE setting we could have directly defined oy, directly from equation (2.9) instead
of the two stage construction given here. However, for parabolic equations it is useful
to observe that vy, is independent of the choice of the space Uy,.

2.4. Error Estimates at Arbitrary Times. To estimate the error at an arbi-
trary time ¢ € [t"~1,#") we use the projection operator P/¢ introduced in [11].

DEFINITION 2.2. (1) The projection Plo¢ : C[t"~1, 1" H] — Pp(t"~1,t";UP) satisfies
(Plocy)™ = P,u(t™), and

tn
/tn_l(u — Pifcu, vp) =0, Y, € Pk_l(tnfl,t"; up).

Here we have used the convention (Pu)" = (P°u)(t") and P, : H — U] is the
projection operator onto U;' C H.

(2) The projection PY¢ : C[0,T; H] — Uy, satisfies
]P);locu S Z/lh and (P%)cuﬂ(tnfl’tn] = ]P),l,fc(uhtnfl’tn]).
This projection satisfies the the standard approximation properties, [24, Theorem 12.1],

and can be thought of as the one step DG approximation of u; = f on the interval
(t"~1,¢"] with exact inital data u(t"~1). To see this, write u; = P!°°u and write test



the function as the derivative vy; of a function v, € Pk(t”_l,t”; UJ’). Integration by
parts then gives

tn tn
(u",v") — /tn_1(uh’vht) - (u(t”_l),vf_—l) = /tn_1<ut,?)h>
which is identical in form to (2.3). For the parabolic problem we will use the analogus
global projection, (P, below) which is the DG approximation of u; = f on all of [0, 7.
We are now ready to prove the main result of this section which shows that the error
estimate of Theorem 2.1, which held at the discrete times, holds for every time.

THEOREM 2.3. Let up, € Uy, be the approzimate solution of (2.1) computed using the
discontinuous Galerkin shceme (2.3). Let é = Pﬁfcu — uyp, where IP’l}fc is the projection
defined in Definition 2.2. Then

n
e < D IR = Pou(t™ )+ 1%, e (e,
i=1
and
n .
1711 < Y IR = Pou(t™)] + e,
i=1
where [¢"71] = &"1 — "1 s the jump in é at "L

More generally, if (.,.)v is a (semi) inner product on U;' then
n n
le®lv < lle*llv =11 ([T P = Pea)ul@™") + (Pao Paci oo P1)E v,
=1 j=i
fort e (1" m.
REMARK 2. (1) In Theorem 2.1 we used the notation é" to denote P,e™ = Pye(t™).

This is consistant with the notation for é(t) above, since by construction (Plo%e)" =
P,e™.

(2) Notice that discreteness plays an essential role in the last inequality. We have not
assumed, for example, that u € C[0,T;U], yet the last inequality gives an expression
for estimate the error of Pyu in this norm.

Proof. Recalling the Galerkin orthogonality relation (2.7) and applying the definition
of the projection P!°° shows that

n—1

tn
(é”,v")—/ (6, ome) — (", 01y = 0,
t
or equivalently,

tn
/t (éevon) + (@71 — L1 =0

n—1

Define z, € P(t" 1, t"; UJ') to be the “discrete Laplacian” of é; that is, for each t €
[tn_l, tn]
(zh(t), wh) = (é(t), wh)v, for all wy, € U;Z



Then set vy, = 2z ~ X[tn—1,¢)%h O be the approximate characteristic function of zp
constructed in Section 2.3. This choice of test function gives

(/2 (le@ = Ie57 1) + (@7 = Per= en )y =0,
so that
(1/2)lle@)5 + (1/2)1eH[F — (Pae™ ey = 0. (2.10)
From equation (2.8) we find é" = P,e""!, so an application of the Cauchy Schwarz

inequality and ab < (1/2)(a? + b?) shows ||é(t)||y < ||é"|lv as claimed.

To establish the bound on the jump term we set V = H in (2.10) and rearrange the
terms to get

(1/2)le®)]” + (1/2)lef P = (@7 e = (( = Pa—a)u(t"™), &Y.
Next let ¢\ t’};l and complete the square on the left to obtain
(1/2)[e" 12 + (1/2) et — &2 = (1/2)[€" 2 + (I — Paep)u(t" 1), er7h).
It follows that
e e e P+ P = Pt
< (| 1Pl = Pacu(t™H)])’,

and again we use the estimate established in Theorem 2.1 to complete the proof. O

The following definition and corollary provide a concise synopsis of the results of this
section in a form useful for the analysis of the parabolic problem in the next section.

DEFINITION 2.4. The projection Py, : C[0,T; HINH[0,T;U'] — Uy, is the discontinuous
Galerkin approzimation of the function reconstructed from it’s derivative and initial
data. That is, if up, = Ppu, then uy is the solution of (2.3) where f =/'.

The previous theorem can then be interprated as an estimate of the difference between
the global projection Pru and the local projection PZ)CU.

COROLLARY 2.5. Let u € C[0,T; H|N H'[0,T;U’], then
(B~ o)) € 30IRU - Pou() 418, e @]
and .
[(Phu = Pieu)" ]| < Y IR = Pion)u(t™ )] + |€°),
i=1
where ¢ = Pyu(0) —u. More generally, if (.,.)v is a (semi) inner product on U then

| (Phu — Pleu)( ||v<||Z H J(I = Po)u(t™) + (Pyo Pay oo Py,

10



fort € ("1 ¢,

REMARK 3. An alternative to using the last expression to estimate the error in other
norms is to postulate an inverse inequality. For example, if ||vp|| < Ciny(h)|vn| for all
vy, € UpUP, then for t € ("1, 1"

| Br —Beu)(O) < Cims (1) ( - 1B = Pica)u(t™™)] + 1€°]).
=1

If the solution has sufficent reqularity projection errors in the different norms typically
satisfy Cinv(h)|e| ~ |le].

2.5. Estimates for Discrete Characteristic Functions. Our construction of
the discrete characteristic functions in Section 2.3 was purely algebraic and, for the
ODE, no bounds were required for the mapping e — €. The analysis of the parabolic
problem requires the bounds developed next.

In the next two lemmas, the function p — p will refer to the map constructed in Secton
2.3.

LEMMA 2.6. The mapping p — p in Pr(0,7) is linear, continuous and there exists a

constant Cy. depending only upon k such that ||p — pllr2¢0,7) < CA'k;HPH%z(t - Moreover,

15 = X2l 20,1 < 1B = Pllzz(o.) + 1P — Xpo.Pll20.) < (1 + Ci)llpll2e.m)

and ||p]l 20y < (1 + Cr) 1Pl 2(0.)-
Proof. Since p(0) = p(0) we can write p — p = tp with p € Pr_1(0,7). Then using the

definition of p,
/O tpq =/0 (Pp—p)g= —/ pqg  Vq€Pr1(0,7).
t

Setting ¢ = p we obtain,
T 9 T 9 T
CkT/ﬁS/tﬁ:—/pﬁ,
0 0 t

where we use the equivalence of norms on P, and scale to make ¢; independent of 7. It
follows that the matrix corresponding to the bilinear form is non-singular, so solutions
exist. The Cauchy-Schwarz inequality gives

T T
(cxT)? / P’ < / P2,
0 t
2 7 o2 [T22_ 22 [ 2 "9
Ck/(ﬁ—p)zck/tp SCT/pS/p.
0 0 0 t

11

which implies,



We next consider the induced mapping v +— @ on Pg(0,7;V) where V is any (semi)
inner product space. Recall that if v = Zf:o pi(t)v; then v = Zf:o pi(t)v;. Since this
construction is purely algebraic it follows that © € Py (0, 7; V') satisfies

0(0) = v(0) and /OT(f;,w)V = /0 (v,w)y Yw € Pr_1(0,7;V)

LEMMA 2.7. Let V be a semi-inner product space, then the mapping Zf:o pi(t)v; —
Zf:o pi(t)vi on Pr(0,7;V) is continuous in || - || p2(0,rv)- In particular,

H{’HLQ[O,T;V] < CkHUhHLQ[O,T;V]?
and
H’(NJ o X[O,t)vhHLQ[O,T;V] < CkHUhH[?[O,T;Vb

where Cy = (k+ 1)Y2(1 + Cy).

Proof. Without loss of generality write v = Zi‘c:o pi(t)v; where {p;} form an orthonormal
basis of Py (0,7) in L2(0,7), so that HUH%Q[O ] = Z?:o lvi]|?-. The lemma then follows
by direct computation:

T tn k
/ 612 = / S Bl (6) i, vj)v
0 =1 <
4,7=0
k

< billzz,m 155 20,0 lvillv sl
i,j=0

k
< (L+C)? ) lvillviglv
i.j=0

k
<Gt (3l
i=0
<@+GPH+D [l
0
The second estimate follows similarly. O

3. DG Scheme for Parabolic PDE’s.

3.1. Formulation of the DG scheme.. We turn our attention on the approx-
imation of (1.1) using the discontinuous Galerkin scheme. In order to derive optimal
error estimates we extend the ideas introduced in Section 2. We denote by a(-,-) the
natural bilinear form associated with A(-). We assume af.,.) satisfies the following
continuity and coercivity conditions.

ASSUMPTION 1. There exist non-negative constants C,, Cy, Cq, Ca Such that

12



1. Continuity of the bilinear form and data:

N |=

1
la(t; u,v)| < (callull® + Calul?) * (callv]* + Calv[?)

and )
[(fo o)l < 111 (callll® + Calul?) 2

2. Corecivity of the bilinear form:

a(t;u,u) > caHuH2 — Ca\u\2

In this context the natural weak formulation of (1.1) is to find u € U = L?[0,T;U] N
H'[0,T;U’] such that

o)+ [ () +attn) = o) + [0 @

for all v € U. We emphasize that U/ is the natural space to seek convergence, so ideally
we would like to derive estimates in a related norm. To approximate the solution of the
above weak formulation we introduce a partition 0 = t* < t! < ... <tV = T of [0, T] and
on each partition we construct a closed subspace U}’ C U. The discontinuous Galerkin
method constructs an approximate solution up|(gn-14n) € Py ("Lt U satisfying

(u™,0") + /tt" (— (Un, Vhe) + a(';uh,vh)) (3.2)

n—1

tn
= (un_l,vi_l) +/ (F,vp) Yoy € Pk(t"_l,t";U;?).
t

n—1

Integration of the temporal term by parts yields the representation:

n—1

/ttn (<Uht,Uh> + a(';uh,vh)> + (T T (3:3)

tTL
:/ <F,'Uh> Y up, E'Pk(tn_l,tn;U}?).
t

n—1

3.2. Preliminary Estimates. Classical bounds for the parabolic equation (3.2)
are obtained upon selecting u = v in equation (3.1); the discrete analogue would be to
set vy, = uyp, in (3.3). Upon observing that

tn
1 1 1
/ <Uhtyuh> + (u?_—l . uTL*l?u:L_—l) — 5’un|2 _ §‘un71’2 + §|u1—1 . un71’27
t

n—1

standard enery arguments use the continuity and coercivity assumptions 1 lead to the
inequality

tTL
N B Y R e (3.4
tn—

tTL
<P [ (1 cafea) IFIE + (20 + Colunf?).

tn—

13



When uy, € Pi(t"~1,¢" U) with k > 2 this inequality does not control |u(s)| for
s € (t"1 ™). When uy, is piecewise constant or linear in time (k = 0 or 1) the terms
on the left hand side will dominate the last term on the right for sufficiently small time
steps [24, Theorem 12.4]. The case k > 2 has not been completly addressed previouly;
typically strict coercivity is assumed so that C, < 0. In this situation it is possible to
write

/t (Frun) < / (/201 F12 + (e/2)(fun? + [[unl]?)

m_1 tm—1
and using the Poincare inequality to control the last term.

Similar difficulties are encountered with error estimates when k£ > 2. Letting e = u—uy,
the orthogonality condition becomes

(", v") + /tt" (— (e,vpt) + a(‘;e,vh)) = (e”fl,v_’"ﬁ_l)

n—1
for all vy, € Py (t"~1,t"; UY). Writing
e=u—up = (u—Ppu)+ (Pru—up) = en + ep,

where Py, is the projection defined in Definition 2.4 we compute

tn
(o) + [ (enun) + asenon)) = (e oh )
t

n—1

tn tn
— () [ e+ (ot = [ aliepn)
tn— tn—
Since Ppu is the discontinuous Galerkin solution of an ordinary differential equation it
follows that e, = u — Pyu satisfies the orghogonality condition (2.7). We then conclude
that all but the last term on the right hand side of the above expression vanishes so
that

tn

(ehoei)+ [

tn—1

<<_eh71}ht> + a(; 6h,vh)) (3.5)

tn

— (et - / ol e, 0n).

n—1

This expresion is identical in form to the original scheme (3.2) for w;, with F(.) =
—a(ep,.). Putting v, = ej, we obtain the analogue of equation (3.4),

tn
-1 -1
R o [ Nenll+ et =i (36)

tn

<lep )2 + /tn_l ((1 + ca/ca) (callep|® + Calep|?) + (20 + Ca)yeh|2>.

Again the natural energy arguments for the DG scheme fail to control e, (t) for ¢ €
(tnfl7 tn) .

14



REMARK 4. The projection constructed using the discrete solution of the corresponding
ODE is necessary when different subspaces are used in each time step, i.e., Uy’ # U,Tfl.
Using the “standard” projection, Piu in place of Py, (as in [24]) gives

tn

(ehei)+ |

tn—1

((—ensone) +alsen,u))

n—1

t'n/
= (eZﬁl, UZ;I) — /t a(-; eg_l, vp) + (ep,vg:l).

with ep = u — P%)Cu. Note that the last term is equal to (eg_l,v,?ll —w_) for every

w_ € UL, so when Ul = U;ll*l we may pick w_ = vZ_;l to obtain (3.5).

3.3. Stability and Error Estimates. In this section we show how the estimates
in (3.4) and (3.6) can be augmented to provide bounds on the solution and the error
for all times; in particular, for the intermediate times ¢ € ("', ¢"). To do this we use
the discrete characteristic functions developed in Section 2.3. Since equations (3.2) for
up, and (3.5) for e, are identical in form, the same line of argument can be applied to
either of them. For this reason we will only prove the theorem for the error estimate
and will simply state the analogous bound for uy,.

THEOREM 3.1. Let U — H < U’ be a dense embedding of Hilbert spaces and Uy, be the
subspace of L2[0,T;U] defined in Section 2.1 and let the bilinear form a : U x U — R
and linear form F : U — R satisfy Assumptions 1. Let v € L*[0,T;U] N H[0,T;U’]
be the solution of (3.1) and up € Uy be the approzimate solution computed using the
discontinuous Galerkin scheme (3.2) on the partition 0 = t° < t' < ... <tN =T and
set T = max, t" — t" 1.

Then there exists a constant C > 0 depending only on k (through the constant Cy of
Lemma 2.7), the constants Cy, Cq, and the ratio cq/cq, such that

n—1
(1=N[u">+Xx sup |u(s)* + Z eC(th_tz)|ui — 'y ?
t"*lgsgt" i—0

n

HI=NG [ ey s
0
tn
< (1+7T0O(r)) <e0t”|u2\2+m/ e0<t"—8>|yF(s)|yids),
0

and

n—1
n—1_ 4\ .
(T =Nef>+ X  sup |eh(s)|2+ZeC(t t)|e}l—e}1+2
i=0

tn—l<s<gn
C ¢ n
HI=NG [ ey (o)|Pds
0

tﬂ/
< (1+70(n)) (ect"|e2\2 +OA [ e ey (5)2 + Culey(5)) ds) ,
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provided Ct < 1. Here A\ = 1/(2Cy, + 4Cycq/ca + 1) € (0,1), and e, = u — Pru and
en, = Ppu — uy where Py 2 C[0,T; H) N HY0,T;U'] — Uy, is the projection defined in
Definition 2.4.

Proof. Since the line of argument to prove each inequality is identical we only prove
the second.

Let €5, € Pg(t"1,t";U") be the discrete approximation of X[t tyen(t) constructed in
Lemma 2.7. Setting v, = €5, in equation (3.5) and moving the term a(.;ep, €;) to the
right hand side gives

tn

1 1 1 - -
§|€h(t)|2 + §’€n_l —ei P = §’€n_1\2 - / a(.;ep, €n) + a(-;en, €n)-
tn—l

We estimate the each of the last two terms seperatly.

tm t"
/ al; en, €n) S/ (callenl® + Calenl?)!? (callénll® + Calénl?)'/?
t

n—1 tn—1

i 1/2 , an 1/2
< ([ aler ) ([ o+ cilor)
tn— tn—

tn
gck/ (callenll? + Calenl?).
t

Lemma, 2.7 was used to bound €, in terms of e, in the last line. A similar computation
shows

tm ~ C t™
[ atienen <5 [ ((cofea+ Dicalle® + Caleal) + callnl + Calenf?).
t t

n—1 2 n—1
Combining the above gives
len(®)? + et — e < e TP (3.7)

t’ﬂ
4 [ ((cafea+ DCleglP+ Culesf?) + ol + 26afca)en] + 3Calen?)
t

n—1

We now consider the convex combination of (1 —\) equation (3.4) and A equation (3.7).
We choose the coefficient, A, so that the term involving ||ep,||? on the right of (3.7) is
dominated by the corresponding term on the left of (3.4). Speciffically, let

1
(2Ck -+ 4C’kca/ca + 1) '

ACL(1 + 2¢4/cq) = (1/2)(1 = N), or A=

This gives an estimate of the form

t’!‘L
n Ca n— n—
(L= Nlehl? + Men(®)? + (1= ) / lenl® + e~ = e (3.8)

t7L
<l P4 [ (clel? + Calepl + fenl)
(A
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where C' depends only upon the coercivity constant ¢, and ¢, through the ratio ¢,/cq.
Bound the first and last terms on the right by

len P < (L=Nlep P A sup en(s)?
t”_2<s§tn_1

and

tn
[ JalP<m swoja@P s o
tn—1 t”71<8§t"

respectivly, and select the time ¢ on the left so that |ep, ()| = supsn—1_gs<n [en(s)] to get

tn
C _ _
(1= NIEP +A1=C) swpJen®F + U= NG [ el e~ e
tn_1<8§t” tn—1
n—1,2 2 " 2 2
SA-NGTPEA s (eGP O [ el + Culef?),

tn72<sgtn71 tn—1

Upon introducing a factor (1 — C7™) in front of the first term, this inequality takes the
form
(1 _ CT”)O&” _1_671 < an—l + fn’

and the theorem follows from the discrete Gronwall inequality. O

REMARK 5. Note that the above estimate consists of norms that measure the behaviour
of the solution at the modal, interior and jump points. All norms included are the
“natural” ones and no additional reqularity is required on the right hand side.

Theorem 3.1 essentially shows that the error for the parabolic equation can be bounded
by the error of the ODE. If the norms |||.|||cc, [||-]||2 and jump term Jx(e) are defined by

T
llvlll3 = sup Iv(8)|2+ca/ T [lu(s)||* ds
0<s<T 0

T T
ollg = [ < ut)Pds+ o [T u(s) P s,
0 0
and
N—-1 ] - ‘
IOED DA
1=0
then Theorem 3.1 states

e = w2, +73 (P = w) < C(T) (| Poyu(0) = w2 + [ — Py 13 ).

Since fOT eC(T=3)|e,(s)2 < T SUPg< <7 |ep(s)|? various symetric error estimates follow.
For example, setting u® = Pyu(0) and using the triangle inequlality gives

lw —unlllz < C(T) Il w = Prulllz, and [ u—uplleo < C(T) [ v = Pru oo -

Since Ppu is not a local projection, classical interpolation theory does not immediatly
yield rates of convergence for a specific problem. However, we can use the results of
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Section 2.4 to estimate the right hand sides of the above in terms of the local projection
Pl}z’cu.

THEOREM 3.2. Under the assumptions in theorem 3.1 there exists a positive constant
C(T) depending only on k (through the constant Cy of Lemma 2.7), the constants

C,\, Cq, Cq, and the ratio cq/cq, and the final time T' such that the following estimate
holds

lu = unlloo < CT)(leQ] + [l — Bioeu [ + I Phu — Bi°u [|oc )

< D)1+ = Birula + 3 IR( ~ Reapte ™)
1=1

1<n<N

e max HZ H J(I = Pr)u(t™) + (Puo .o P)eR),

where 62 = Pyu(0) — u°, and Pﬁlgcu 1s the local projection defined in Definition 2.2, and
P, : H — Uy s the orthogonal projection.

REMARK 6. 1) Upon assuming an inverse inequality of the form ||vg|| < Ciny(h)|vn| for
all v, € Uy, n=0,1,..., and h > 0, the above estimate simplifies to

N
llu—wnlloe < C(T) (mu = Bu (1 + VeaCina () (DS 1AT — Pra)ult™) + l62l)> -
i=1

2) Estimates for the jump terms Jy(u — up) can also be obtained; however, they will
converge at a reduced rate; specifically,

In(u—un) < O(T) (Il w = Pieu s +Jv (u — Pig°u)

N
+m(z P = Proyyu(t )]+ |ef))

/e max ||Z H )(I = Pi-1)u (ti*1)+(Pno...oP1)e2ll),

Appendix A. Discrete Gronwall Inequality. If (1 — C7")a™ +b" < a" ! + " the
discrete Gronwall inequality states that if max,, C7" < 1 then

N pn CLO N fn

N

a’ + — < , +§ -
ST, -cor) T, -cr) AT, - o)

Since

1 N ‘2—1 N ‘
ex crt —_—— < [ 1- crt ex ot
(2 )‘H“x cm‘( - )> (2 )



and (1— N (C79)?) > 1 — C?T'r, where 7 = max,, 7" we may write

N N
oV +Z€C(tN—t")bn < (1 +T0(T)) eCtNaO + Zec(tN—t”)fn ,

n=1 n=1

where ¢" = >"" | 7"
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