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CHAPTER 6

Parabolic Equations

The theory of parabolic PDEs closely follows that of elliptic PDEs and, like
elliptic PDEs, parabolic PDEs have strong smoothing properties. For example,
there are parabolic versions of the maximum principle and Harnack’s inequality,
and a Schauder theory for Holder continuous solutions [28]. Moreover, we may
establish the existence and regularity of weak solutions of parabolic PDEs by the
use of L2—energy estimates.

6.1. The heat equation

Just as Laplace’s equation is a prototypical example of an elliptic PDE, the
heat equation

(6.1) ur = Au+ f

is a prototypical example of a parabolic PDE. This PDE has to be supplemented
by suitable initial and boundary conditions to give a well-posed problem with a
unique solution. As an example of such a problem, consider the following IBVP
with Dirichlet BCs on a bounded open set Q@ C R™ for u : £ x [0,00) — R:

uy = Au+ f(z,t) forzx € Q and t > 0,
(6.2) u(z,t) =0 for x € 09 and t > 0,
u(z,0) = g(z) for x € Q.

Here f : Q x (0,00) - R and g :  — R are a given forcing term and initial
condition. This problem describes the evolution in time of the temperature u(x,t)
of a body occupying the region €2 containing a heat source f per unit volume, whose
boundary is held at fixed zero temperature and whose initial temperature is g.

One important estimate (in L°°) for solutions of ([€2)) follows from the maxi-
mum principle. If f <0, corresponding to ‘heat sinks,’ then for any T > 0,

~max u < max [O, max g] .
Qx[0,T] Q
To derive this inequality, note that if u is a smooth function which attains a max-
imumm at x € Qand 0 < ¢t < T,thenuy =0if0 <t <Toru >0ift =T
and Au < 0. Thus u; — Au > 0 which is impossible if f < 0, so u attains its
maximum on 9 x [0,T], where u = 0, or at ¢ = 0. The result for f < 0 follows by
a perturbation argument. The physical interpretation of this maximum principle in
terms of thermal diffusion is that a local “hotspot” cannot develop spontaneously
in the interior when no heat sources are present. Similarly, if f > 0, we have the
minimum principle

~min @ > min [O, min g] .

Qx[0,T] Q
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178 6. PARABOLIC EQUATIONS

Another basic estimate for the heat equation (in L?) follows from an integration
of the equation. We multiply (G.I) by w, integrate over Q, apply the divergence
theorem, and use the BC that u = 0 on 92 to obtain:

1d 9 2 _
% Qu d:v—l—/Q|Du| dx—/ﬂfud:v.

Integrating this equation with respect to time and using the initial condition, we
get

1 ‘ ‘ 1
(6.3) —/u2(x,t)dx+/ | Dul® d.’L’dS:/ fud:vds+—/92 dx.
2 Ja 0 Jo 0 Jo 2 Ja

For 0 <t < T, we have from the Cauchy inequality with € that

t t 1/2 t 1/2
/ / fudzds < (/ / 12 da:ds) (/ / u? dxds)
0 JQ 0 JQ 0 JQ
1 [T T
§—/ dexds—i-e/ /uzdzzrds
de Jo Ja 0o Ja

1 /7
< —/ /dexds—i—eT max /qux.
4e Jo Ja 0<t<T Jq

Thus, taking the supremum of ([G3) over ¢ € [0,7] and using this inequality with
€T = 1/4 in the result, we get

1 r r 1
—max/ u?(z,t) d:v—i—/ /|Du|2 dxdth/ /dexdt—i— —/ g% du.
4 10,17 Jo o Ja o Ja 2 Ja

It follows that we have an a priori energy estimate of the form

64  lullim oy + el 2z < C (1 1z0.o) + lgllz)

where C' = C(T) is a constant depending only on 7. We will use this energy esti-
mate to construct weak solutionsll The parabolic smoothing of the heat equation
is evident from the fact that if f = 0, say, we can estimate not only the solution u
but its derivative Du in terms of the initial data g.

6.2. General second-order parabolic PDEs

The qualitative properties of (G.I)) are almost unchanged if we replace the Lapla-
cian —A by any uniformly elliptic operator L on Qx(0,T). We write L in divergence
form as

(6.5) L=- Z 9; (¢ 95u) + ij(?ju +cu

ij=1 j=1
where a'/(z,t), b(x,t), c(z,t) are coefficient functions with a® = a’/t. We assume
that there exists § > 0 such that

(6.6) > a(x, )68 > 018> for all (z,t) € @ x (0,T) and £ € R™.

5,J=1

Hn fact, we will use a slightly better estimate in which 1 flL2(0,7;12) is replaced by the

weaker norm || fll L2 o, 7 g1y
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The corresponding parabolic PDE is then

(6.7) ut—l—ZbJau—l—cu—Za a’d;u) + f.

1,7=1

Equation (6.7) describes evolution of a temperature field u under the combined
effects of diffusion a%/, advection b, linear growth or decay c, and external heat

sources f.
The corresponding IBVP with homogeneous Dirichlet BCs is
up + Lu = f,
(6.8) u(z,t) =0 for x € 92 and t > 0,
u(z,0) = g(x) for x € Q.

Essentially the same estimates hold for this problem as for the heat equation. To
begin with, we use the L2-energy estimates to prove the existence of suitably defined
weak solutions of (G.8]).

6.3. Definition of weak solutions

To formulate a definition of a weak solution of (6.8]), we first suppose that the
domain €, the coefficients of L, and the solution u are smooth. Multiplying (6.7]),
by a test function v € C°(2), integrating the result over 2, and applying the
divergence theorem, we get

(6.9) (ue(t),v) 2 +a(u(t),vit) = (f(t),v)2 for0<t<T

where (-, )2 denotes the L2-inner product

(U, )2 = /Q u(z)v(zx) de,

and a is the bilinear form associated with L

a(u,v;t) Z/Q (z,t)0iu(x)0ju(x) dx

7,j=1

(6.10)
+ Z /Q Y (z,t)0ju(zx)v(x) do + /Q c(x, tyu(x)v(z) dx.

In ([69), we have switched to the “vector-valued” viewpoint, and write u(t) = u(-, t).
To define weak solutions, we generalize ([6.9]) in a natural way. In order to
ensure that the definition makes sense, we make the following assumptions.

ASSUMPTION 6.1. The set Q C R™ is bounded and open, T > 0, and:
(1) the coefficients of a in [G10) satisfy a*, b7, c € L>(2 x (0,T));
(2) a¥ = a’t for 1 <i,j <n and the uniform ellipticity condition ([6.0) holds
for some constant 8 > 0;

(3) feL?(0,T; H X)) and g € L*().

Here, we allow f to take values in H~1(Q) = H}(Q). We denote the duality
pairing between H~1(Q) and Hg () by

() H Y Q) x HY(Q) - R
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Since the coefficients of a are uniformly bounded in time, it follows from Theo-

rem [£.21] that
a: Hy(Q) x HYQ) x (0,T) = R.
Moreover, there exist constants C' > 0 and v € R such that for every u,v € Hg(£2)
(6.11) Cllull? < alu, ust) + y]lulle,
(6.12) ja(u, v; )| < Cllull gy o]l gz -

We then define weak solutions of (G.8]) as follows.

DEFINITION 6.2. A function u : [0,T] — Hg () is a weak solution of (6.8) if:
(1) we L?(0,T; H§(Q)) and uy € L* (0,T; H(2));
(2) For every v € H}(Q),

(6.13) (ut(t), v) +a (u(t),v;t) = (f(t),v)
for t pointwise a.e. in [0, 7] where a is defined in ([GI0);
(3) uw(0) =g

The PDE is imposed in a weak sense by (6.13) and the boundary condition
u = 0 on 9O by the requirement that u(t) € H}(Q). Two points about this
definition deserve comment.

First, the time derivative u; in (613) is understood as a distributional time
derivative; that is u; = w if

T T
(6.14) /0¢(t)u(t)dt=—/o ¢ (t)w(t) dt

for every ¢ : (0,T7) — R with ¢ € C(0,T). This is a direct generalization of
the notion of the weak derivative of a real-valued function. The integrals in (6.14)
are vector-valued Lebesgue integrals (Bochner integrals), which are defined in an
analogous way to the Lebesgue integral of an integrable real-valued function as the
L'-limit of integrals of simple functions. See Section [6.A] for further discussion of
such integrals and the weak derivative of vector-valued functions. Equation (613)
may then be understood in a distributional sense as an equation for the weak
derivative u; on (0,7).

Second, it is not immediately obvious that the initial condition u(0) = ¢ in
Definition makes sense. We do not explicitly require any continuity on u, and
since u € L? (O, T; H} (Q)) is defined only up to pointwise everywhere equivalence
in t € [0,T] it is not clear that specifying a pointwise value at ¢ = 0 imposes
any restriction on u. As shown in Theorem [6.41] however, the conditions that
ue L?(0,T; H}(Q)) and uy € L? (0,T; H~1(Q)) imply that u € C ([0,7T]; L*()).
Therefore, identifying u with its continuous representative, we see that the initial
condition makes sense.

We then have the following existence result, whose proof will be given in the
following sections.

THEOREM 6.3. Suppose that the conditions in Assumption [6.1] are satisfied.
Then for every f € L*(0,T;H'(Q)) and g € H(Q) there is a unique weak
solution

ue C([0,T]; L*()) N L* (0,T; Hy ()
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of (6.8), in the sense of Definition [6.2, with u; € L? (O,T;H’l(Q)). Moreover,
there is a constant C, depending only on 2, T, and the coefficients of L, such that

lull oo 0,712y + HUHLz(o,T;H[}) + lwell 20, ,-1) < C (Hf”L%O,T;H*l) + HQHL2) .

6.4. The Galerkin approximation

The basic idea of the existence proof is to approximate u : [0, 7] — Hg(2) by
functions uy : [0,7] — En that take values in a finite-dimensional subspace Ey C
H} () of dimension N. To obtain the uy, we project the PDE onto Ex, meaning
that we require that uy satisfies the PDE up to a residual which is orthogonal
to En. This gives a system of ODEs for uy, which has a solution by standard
ODE theory. Each uy satisfies an energy estimate of the same form as the a priori
estimate for solutions of the PDE. These estimates are uniform in IV, which allows
us to pass to the limit N — oo and obtain a solution of the PDE.

In more detail, the existence of uniform bounds implies that the sequence {uy}
is weakly compact in a suitable space and hence, by the Banach-Alaoglu theorem,
there is a weakly convergent subsequence {up, } such that uy, — u as k — oo.
Since the PDE and the approximating ODEs are linear, and linear functionals are
continuous with respect to weak convergence, the weak limit of the solutions of the
ODE:s is a solution of the PDE. As with any similar compactness argument, we get
existence but not uniqueness, since it is conceivable that different subsequences of
approximate solutions could converge to different weak solutions. We can, however,
prove uniqueness of a weak solution directly from the energy estimates. Once we
know that the solution is unique, it follows by a compactness argument that we
have weak convergence uy — w of the full approximate sequence. One can then
prove that the sequence, in fact, converges strongly in L?(0,T; Hg).

Methods such as this one, in which we approximate the solution of a PDE by
the projection of the solution and the equation into finite dimensional subspaces, are
called Galerkin methods. Such methods have close connections with the variational
formulation of PDEs. For example, in the time-independent case of an elliptic PDE
given by a variational principle, we may approximate the minimization problem for
the PDE over an infinite-dimensional function space E by a minimization problem
over a finite-dimensional subspace Ex. The corresponding equations for a critical
point are a finite-dimensional approximation of the weak formulation of the original
PDE. We may then show, under suitable assumptions, that as N — oo solutions
upy of the finite-dimensional minimization problem approach a solution w of the
original problem.

There is considerable flexibility the finite-dimensional spaces E one uses in a
Galerkin method. For our analysis, we take

(6.15) En = {wy,ws,...,wN)

to be the linear space spanned by the first N vectors in an orthonormal basis
{wy : k € N} of L*(Q), which we may also assume to be an orthogonal basis of
H}(Q). For definiteness, take the wy(z) to be the eigenfunctions of the Dirichlet
Laplacian on €:

(6.16) — Awp = Mpw wy € H& (Q) for k € N.
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From the previous existence theory for solutions of elliptic PDEs, the Dirichlet

Laplacian on a bounded open set is a self-adjoint operator with compact resolvent,

so that suitably normalized set of eigenfunctions have the required properties.
Explicitly, we have

‘ 1 ifj=k, ‘ oA if g =k,
/Qw]wkd:v—{ 0 ik /QDw] Dwkd:v—{ 0 ifj £k
We may expand any u € L?(£2) in an L2-convergent series as

u(z) = Z Fwy(z)

keN

where ¢* = (u,wy);» and u € L*() if and only if

Z |Ck|2 < Q.

keN

Similarly, u € H}(Q), and the series converges in H} (1), if and only if

Z)\k ‘ck|2 < Q.

keN

We denote by Py : L%(Q) — Eny C L?(Q) the orthogonal projection onto Ey
defined by

N
(6.17) Py <Z ckwk> = chwk.

keN

We also denote by Py the orthogonal projections Py : H}(Q) — Ex C H}(Q) or
Py : H Q) - Ex C H71(Q2), which we obtain by restricting or extending Py
from L2?(Q2) to HI(Q) or H~1(Q), respectively. Thus, Py is defined on H{ () by
6I7) and on H~1(2) by

(Pyu,v) = (u, Pyv) for all v € H}(Q).

While this choice of Ey is convenient for our existence proof, other choices are
useful in different contexts. For example, the finite-element method is a numer-
ical implementation of the Galerkin method which uses a space Ex of piecewise
polynomial functions that are supported on simplices, or some other kind of el-
ement. Unlike the eigenfunctions of the Laplacian, finite-element basis functions,
which are supported on a small number of adjacent elements, are straightforward to
construct explicitly. Furthermore, one can approximate functions on domains with
complicated geometry in terms of the finite-element basis functions by subdividing
the domain into simplices, and one can refine the decomposition in regions where
higher resolution is required. The finite-element basis functions are not exactly
orthogonal, but they are almost orthogonal since they overlap only if they are sup-
ported on nearby elements. As a result, the associated Galerkin equations involve
sparse matrices, which is crucial for their efficient numerical solution. One can ob-
tain rigorous convergence proofs for finite-element methods that are similar to the
proof discussed here (at least, if the underlying equations are not too complicated).
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6.5. Existence of weak solutions

We proceed in three steps:

(1) Construction of approximate solutions;
(2) Derivation of energy estimates for approximate solutions;
(3) Convergence of approximate solutions to a solution.

After proving the existence of weak solutions, we will show that they are unique
and make some brief comments on their regularity and continuous dependence
on the data. We assume throughout this section, without further comment, that
Assumption holds.

6.5.1. Construction of approximate solutions. First, we define what we
mean by an approximate solution. Let Ey be the N-dimensional subspace of H{ ()

given in ([GI5)—(@I0) and Py the orthogonal projection onto En given by (617).

DEFINITION 6.4. A function uy : [0,T] — Ey is an approximate solution of
©3) if:
(1) un € L?(0,T; Eyn) and uy; € L*(0,T; En);
(2) for every v € En

(6.18) (une(t),v) 2 + a(un(t), vit) = (f(t),v)
pointwise a.e. in t € (0,7T);
(3) ’U,N(O) ZPNg.

Since uy € HY(0,T; Ey), it follows from the Sobolev embedding theorem for
functions of a single variable ¢ that uy € C([0,T]; En), so the initial condition (3)
makes sense. Condition (2) requires that uy satisfies the weak formulation ([G.13)
of the PDE in which the test functions v are restricted to En. This is equivalent
to the condition that

unt + PnLuy = Py f
for ¢t € (0,T) pointwise a.e., meaning that uy takes values in En and satisfies the
projection of the PDE onto ENE

To prove the existence of an approximate solution, we rewrite their definition
explicitly as an IVP for an ODE. We expand

N
(6.19) un(t) = Z ks (t)wy,
k=1

where the cX; : [0, T] — R are absolutely continuous scalar coefficient functions. By
linearity, it is sufficient to impose (6.18) for v = ws,...,wy. Thus, (6I9) is an
approximate solution if and only if

k€ L¥0,T), &, eL?0,T) forl<k<N,
and {ck,...,cN} satisfies the system of ODEs

N
(6.20) Nt Y ey =1, A0)=g¢g/ forl1<j<N
k=1

2More generally, one can define approximate solutions which take values in an N-dimensional
space En and satisfy the projection of the PDE on another N-dimensional space Fp. This
flexibility can be useful for problems that are highly non-self adjoint, but it is not needed here.
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where
ajk(ﬂ:a(wjawk;t)a fj(t): <f(t>awj>a gj :(ngj)L2-
Equation (6.20) may be written in vector form for ¢': [0,7] — RY as

—

(6.21) e+ Alt)en = f(t),  n(0)=g
where
EN:{C}\[?"'?c%}T? f: {f17"'7fN}T7 52{917"'79N}T7
and A : [0, 7] — RY*N is a matrix-valued function of ¢ with coefficients (a/%); x—1 n.

PROPOSITION 6.5. For every N € N, there exists a unique approxrimate solution
un : [0, T] = En of (&8).

PROOF. This result follows by standard ODE theory. We give the proof since
the coefficient functions in (2] are bounded but not necessarily continuous func-

tions of ¢t. This is, however, sufficient since the ODE is linear.
From Assumption [6] and (612)), we have

(6.22) Ae L= (0,T;RVN) . fe L2 (0,T;RY).
Writing (6:21)) as an equivalent integral equation, we get

iy =®(Cy),  ®(Cn) (t)_g_/() A(s)aN(s)ds+/0 f(s) ds.

If follows from ([6.22) that ® : C ([0, T.J;RY) — C ([0, T.];RY) for any 0 < T, < T'.
Moreover, if 7,7 € C ([0, T,]; RY) then

12 (D) = @ (Dl Lo (0,1 )m) < ML = qll oo (0,7,
where
M= sup [[AQ)]-
0<t<T
Hence, if MT, < 1, the map & is a contraction on C ([O,T*];RN). The contrac-
tion mapping theorem then implies that there is a unique solution on [0, T}] which
extends, after a finite number of applications of this result, to a solution ¢y €
C ([0,T); RY). The corresponding approximate solution satisfies uny € C ([0, T]; En).
Moreover,
int = ®(Gn)e = —Aéy + f € L (0,T;RY),

which implies that ux; € L? (0, T; Ey). O

6.5.2. Energy estimates for approximate solutions. The derivation of
energy estimates for the approximate solutions follows the derivation of the a priori
estimate ([64) for the heat equation. Instead of multiplying the heat equation by
u, we take the test function v = uy in the Galerkin equations.

PROPOSITION 6.6. There exists a constant C, depending only on T, Q, and the
coefficient functions a”, b, ¢, such that for every N € N the approximate solution
un constructed in Proposition satisfies

el o 07525 e o,y Hluwell ooz 1y < € (Il pagozuny + gl ) -
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PROOF. Taking v = upn(t) € En in (618), we find that

(une(t), un(t)) 2 + a(un (t), un (8);t) = (f(t), un(t))

pointwise a.e. in (0,7). Using this equation and the coercivity estimate ([G.IT), we
find that there are constants 8 > 0 and —oco < v < oo such that

1d 2 2 2
> lunllze + Bllunllgy < (f,un) +7llunlze
2 dt 0
pointwise a.e. in (0,7, which implies that
1d

5 (€7 lunlZ2) + B flunfy < ™7 f,un).

Integrating this inequality with respect to ¢, using the initial condition uy(0) =
Pyg, and the projection inequality |Pngl|;2 < ||g]| 2, we get for 0 <t < T that

1 _ b 1 o
(6:23) 3¢ fux @OF+5 [ 2yl ds < G lalte+ [ e (fun)ds,
0 0

It follows from the definition of the H ! norm, the Cauchy-Schwartz inequality,
and Cauchy’s inequality with € that

t t
[ e tumyds < [l funly ds
0 0

t 1/2 t
<([emeistas) ([ e iy o)
1/2
t s ) /
< C”f”[,?(o,T;Hfl) o € ||UN||H3 ds

t
2 ﬂ —2~s 2
<l +5 | € vl ds

and using this result in ([@23]) we get

1

t
_ 2 B —2ns 2 1 2 2

se 2 lun (t)] 72 + —/ e lunlgn ds < 5 lglle + C N f L2001y -

2 2 Jo 0 2

Taking the supremum of this equation with respect to ¢ over [0,T], we find that
there is a constant C' such that

2 2 2 2
(6.24) ||UN||L°°(0,T;L2) + ||UN||L2(0,T;H5) <C (HQHL? + ||f||L2(O,T;H*1)) :
To estimate upn¢, we note that since un(t) € En

||UJNt(t)||H,1 = sup M

veEN\{0} ||U||H3
From ([6I8) and (B12) we have
(une(t),v) 2 < la (un (t),v:1)| + [(£(2), )]
< C (lun )Ly + 17Ol ) ol

for every v € Hg, and therefore

eI+ < € (luw (@l +15@I3 )

1/2
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Integrating this equation with respect to t and using ([6.24)) in the result, we obtain

2 2 2
(6.25) HuNt”L?(O,T;H*l) <C (HQHL2 + ”fHL?(O,T;H*l)) :
Equations (@24 and (628) complete the proof. O

6.5.3. Convergence of approximate solutions. Next we prove that a sub-
sequence of approximate solutions converges to a weak solution. We use a weak
compactness argument, so we begin by describing explicitly the type of weak con-
vergence involved.

We identify the dual space of L? (0,T; H}(Q2)) with L? (0,7; H~(2)). The
action of f € L? (0,T; H1()) on u € L? (0, T; H}(2)) is given by

T
(fou)) = / (f,u) dt

where ((-,-)) denotes the duality pairing between L> (O, T; H_l) and L? (O, T; H&),
and (-, -) denotes the duality pairing between H ! and H{.
Weak convergence uy — u in L? (0,T; H3(£2)) means that

T T
/0 (f(t),un(t))dt —>/0 (f(t),u(t))dt for every f € L* (0,T; H~(Q)).

Similarly, fy — f in L? (O T, H_l(Q)) means that

/ (fn(t),u(t)) dt — / ) dt for every u € L? (0, T; H}(2)).
If uy — u weakly in L? (O T; HO )) and fy — f strongly in L? (0,T; H'(2)),
or conversely, then (fn,un) E

PROPOSITION 6.7. A subsequence of approzimate solutions converges weakly in
L?(0,T; H*(2)) to a weak solution

ue C([0,T]; L*()) N L? (0,T; Hy ()
of (6.8) with u; € L* (O,T; H_l(Q)). Moreover, there is a constant C' such that

lull o 0,752y + Null 2o, ymyy + el 2o -1y < C (Hf||L2(O.,T;H*1) + HQHLQ) :
PROOF. Proposition[6.6limplies that the approximate solutions {uy } are bounded
in L? (0,T; Hj(£2)) and their time derivatives {ux;} are bounded in L? (0,T; H ().
It follows from the Banach-Alaoglu theorem (Theorem [[LT9) that we can extract a
subsequence, which we still denote by {uy}, such that
uy —u in L? (O,T;H&), uns — up in L? (O,T;H‘l).

Let ¢ € C°(0,T) be a real-valued test function and w € E)j for some M € N.
Taking v = ¢(t)w in (6I8) and integrating the result with respect to ¢, we find
that for N > M

T T
/0 {(une(t), d(Ew) 12 + a (un (£), S(t)w: 1)} di = /O (F(1), d(E)w) dt.

3Tt is, of course, not true that fy — f and uny — w implies (fn,un) — (f,u). For example,
sin Nwz — 0 in L2(0,1) but (sin N7z, sin Nwx) 2 — 1/2.
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We take the limit of this equation as N — oo. Since the function ¢ — ¢(t)w belongs
to L2(0,T; H}), we have

T T
/ ey dw) 2 dt = (e, )} = (e, ) = / (ur, ) dt.
0 0

Moreover, the boundedness of a in ([6I12) implies similarly that

T T
| etun®.owit) dt > [ a (o), o0wst) dr
0 0

It therefore follows that u satisfies

T T
6.26 : Jwit)] dt = Lw) dt.
(6.26) | el +atuwnya= [ otru
Since this holds for every ¢ € C°(0,T'), we have

(6.27) (ug, w) + a (u,w;t) = (f,w)

pointwise a.e. in (0,T) for every w € Ejs. Moreover, since

U P

MeN

is dense in H{, this equation holds for every w € H{}, and therefore u satisfies
GII).

Finally, to show that the limit satisfies the initial condition u(0) = g, we use the
integration by parts formula Theorem [6.42] with ¢ € C'*°([0, T]) such that ¢(0) =1
and ¢(T') = 0 to get

/ " e dt = (u(0), ) — / " gulusu.

Thus, using ([@27), we have

(u(0), w) 2/0 ¢ (u, w) —l—/o o [(f,w) — a(u,w;t)] dt.

Similarly, for the Galerkin appoximation with w € Ej; and N > M, we get

T T
(g, ) = / b, w) + / S, w) — a (un, wit)] dr.

Taking the limit of this equation as N — oo, when the right-hand side converges
to the right-hand side of the previosus equation, we find that (u(0),w) = (g, w) for
every w € Ejs, which implies that «(0) = g. O

6.5.4. Uniqueness of weak solutions. If uy, us are two solutions with the
same data f, g, then by linearity u = u; — ug is a solution with zero data f = 0,
g = 0. To show uniqueness, it is therefore sufficient to show that the only weak
solution with zero data is u = 0.

Since u(t) € H(£2), we may take v = u(t) as a test function in ([G.I3)), with
f =0, to get

<U’t7u> +a (U,’U,; t) = 07
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where this equation holds pointwise a.e. in [0, 7] in the sense of weak derivatives.
Using (646]) and the coercivity estimate (6.11), we find that there are constants
£ >0 and —oo < v < oo such that

1d 2 2 2
5o el + 8l <l
It follows that L d
2 2
sl <vlul, () =0,

and since ||u(0)||2 = 0, Gronwall’s inequality implies that ||u(t)||L2 = 0 for all
t>0,s0u=0.

In a similar way, we get continuous dependence of weak solutions on the data.
If u; is the weak solution with data f;, g; for i = 1,2, then there is a constant C'
independent of the data such that

lur = wallpoe o,7;22) + lur = u2llp20,75my)
<C (I = Poll oy + o = g2ll2)

6.5.5. Regularity of weak solutions. For operators with smooth coeffi-
cients on smooth domains with smooth data f, g, one can obtain regularity results
for weak solutions by deriving energy estimates for higher-order derivatives of the
approximate Galerkin solutions uy and taking the limit as N — oco. A repeated
application of this procedure, and the Sobolev theorem, implies, from the Sobolev
embedding theorem, that the weak solutions constructed above are smooth, classi-
cal solutions if the data satisfy appropriate compatibility relations. For a discussion
of this regularity theory, see §7.1.3 of [9].

6.6. A semilinear heat equation

The Galerkin method is not restricted to linear or scalar equations. In this
section, we briefly discuss its application to a semilinear heat equation. For more
information and examples of the application of Galerkin methods to nonlinear evo-
lutionary PDEs, see Temam [43].

Let 2 C R™ be a bounded open set, T" > 0, and consider the semilinear,
parabolic IBVP for u(z,t)

ur = Au — f(u) in Qx (0,7),

(6.28) u=0 on 002 x (0,7,
u(z,0) = g(x) on 2 x {0}.
We suppose, for simplicity, that
2p—1
(6.29) flw) = Z cpu®
k=0

is a polynomial of odd degree 2p — 1 > 1. We also assume that the coeflicient
cop—1 > 0 of the highest degree term is positive. We then have the following global
existence result.

THEOREM 6.8. Let T > 0. For every g € L?(S2), there is a unique weak solution
ue C([0,T]; L*()) N L* (0,T; Hy()) N L* (0,T; L* (1)) .
of (€.28)-(6.29).
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The proof follows the standard Galerkin method for a parabolic PDE. We will
not give it in detail, but we comment on the main new difficulty that arises as a
result of the nonlinearity.

To obtain the basic a priori energy estimate, we multiplying the PDE by u,

<%u2> + | Duf? + uf(u) = div(uDu),

and integrate the result over €2, using the divergence theorem and the boundary
condition, which gives
1d
2dt
Since uf(u) is an even polynomial of degree 2p with positive leading order coeffi-
cient, and the measure |Q| is finite, there are constants A > 0, C' > 0 such that

AHuHng < /Quf(u)dx—FC.

Hw;+WDm@fgLuﬂwdx:o

We therefore have that
1 2 T 2 T L oo
(6.30) ssup flullpe + [ [[Dullp. dt+A | lully, dt < CT + 5 |lgll7:-
2 0,1 0 0 2

Note that if ||u||z2» is finite then ||f(w)||ze is finite for ¢ = (2p)’, since then
q(2p — 1) = 2p and

waMSA/wW%”m+csAmm%+a
Q Q

Thus, in giving a weak formulation of the PDE, we want to use test functions
v € HY Q)N L*P(Q)

so that both (Du, Dv)r2 and (f(u),v)p2 are well-defined.
The Galerkin approximations {uy } take values in a finite dimensional subspace
En C H(2) N L?(Q) and satisfy

unt = Auny + Py f(un),

where Py is the orthogonal projection onto Ex in L?(f2). These approximations
satisfy the same estimates as the a priori estimates in ([G30). The Galerkin ODEs
have a unique local solution since the nonlinear terms are Lipschitz continuous
functions of uy. Moreover, in view of the a priori estimates, the local solutions
remain bounded, and therefore they exist globally for 0 < ¢ < oo.

Since the estimates (6.30) hold uniformly in N, we extract a subsequence that
converges weakly (or weak-star) uy — wu in the appropriate topologies to a limiting
function

ue L>(0,T;L%) N L*(0,T; Hy) N L* (0, T; L*).
Moreover, from the equation
u, € L* (0, T3 H™') + L9(0,T; L9)

where ¢ = (2p)’ is the Holder conjugate of 2p.
In order to prove that w is a solution of the original PDE, however, we have to
show that

(6.31) f(un) = f(u)
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in an appropriate sense. This is not immediately clear because of the lack of weak
continuity of nonlinear functions; in general, even if f (uy) — f converges, we may
not have f = f(u). To show (6.31), we use the compactness Theorem stated
below. This theorem and the weak convergence properties found above imply that
there is a subsequence of approximate solutions such that

UN — U strongly in L2(0,T; L?).

This is equivalent to strong-L? convergence on €2 x (0,7). By the Riesz-Fischer
theorem, we can therefore extract a subsequence so that uy(x,t) — u(z,t) point-
wise a.e. on Q x (0,T). Using the dominated convergence theorem and the uniform
bounds on the approximate solutions, we find that for every v € H}(Q) N L?P(Q)

(f (un (@), v) g2 = (f (u(®), v) >
pointwise a.e. on [0, T].

Finally, we state the compactness theorem used here.

THEOREM 6.9. Suppose that X — Y < Z are Banach spaces, where X, Z
are reflexive and X is compactly embedded in Y. Let 1 < p < co. If the functions
un : (0,T) — X are such that {un} is uniformly bounded in L*(0,T; X) and {un+}
is uniformly bounded in LP(0,T;Z), then there is a subsequence that converges
strongly in L*(0,T;Y).

The proof of this theorem is based on Ehrling’s lemma.

LEMMA 6.10. Suppose that X — Y < Z are Banach spaces, where X is
compactly embedded in'Y . For any € > 0 there exists a constant C¢ such that

[ully < ellullx +Cellullz -

PROOF. If not, there exists € > 0 and a sequence {uy} in X with [Ju,||X =1
such that

(6.32) ||un||y > € ”uon +n HunHz

for every n € N. Since {u,} is bounded in X and X is compactly embedded in Y,
there is a subsequence, which we still denote by {u,} that converges strongly in Y,
to u, say. Then {||u,||y} is bounded and therefore u = 0 from ([632). However,
(@32) also implies that |ju,|y > € for every n € N, which is a contradiction. O

If we do not impose a sign condition on the nonlinearity, then solutions may
‘blow up’ in finite time, as for the ODE wu; = u3, and then we do not get global
existence.

EXAMPLE 6.11. Consider the following one-dimensional IBVP [20] for u(z,t)
m0<z<1t>0:

Ut = Ugg + ’U,S,
(6.33) w(0,8) = u(1,t) = 0,
u(z,0) = g(z).

Suppose that u(x,t) is smooth solution, and let

1
c(t) = /0 u(z,t) sin(rx) da
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denote the first Fourier sine coefficient of w. Multiplying the PDE by sin(wz),
integrating with respect to « over (0, 1), and using Green’s formula to write

/ Uy (2, t) sin(mz) de = [uy sin(rx) — mu Cos(w)x]é — 2 / u(z,t) sin(rz) dx
0 0

= —n’c,

we get that

d 1
e —7T2C+/ u® sin(mz) de.

Now suppose that g(x) > 0. Then the maximum principle implies that u(z,t) > 0
for all 0 < z < 1, ¢t > 0. It then follows from Hélder inequality that

1usin7mc T = 1 uw?sin(mz 13 sin(rz)]?/? da
| wsin(ra) s = [ sin(ra)]* pingra)*

< ([ wsintrr) ) ([ sty
< (%)2/3( USSH(wx)dx)lﬁ

7T2

1
/ ud sin(mwzx) da:>—03
0 4

dc 9 14
= > _ z )
priR m ( c+ 40 )
Thus, if ¢(0) > 2, Gronwall’s inequality implies that
c(t) = y(t)
where y(t) is the solution of the ODE

2/3

Hence

and therefore

This solution is given explicitly by
2

y(t) = 1 _ 62772(t—t*)

This solution approaches infinity as ¢ — t; where, with y(0) = ¢(0),

c(0)

Therefore no smooth solution of ([G33]) can exist beyond t = t,.

The argument used in the previous example does not prove that ¢(t) blows up at
t = t.. It is conceivable that the solution loses smoothness at an earlier time — for
example, because another Fourier coefficient blows up first — thereby invalidating
the argument that ¢(¢) blows up. We only get a sharp result if the quantity proven
to blow up is a ‘controlling norm,” meaning that local smooth solutions exist so
long as the controlling norm remains finite.
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EXAMPLE 6.12. Beale-Kato-Majda (1984) proved that solutions of the incom-
pressible FEuler equations from fluid mechanics in three-space dimensions remain
smooth unless

t
/ ||W(5)|‘Loo(R3) ds — oo ast —t,
0

where w(-, t) = curlu(-,t) denotes the vorticity (the curl of the fluid velocity u(x, t)).
Thus, the L! (O,T;LOO(R3;R3)))-n0rm of w is a controlling norm for the three-
dimensional incompressible Euler equations. It is open question whether or not
this norm can blow up in finite time.
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