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AN ANALYSIS OF GALERKIN PROPER ORTHOGONAL DECOMPOSITION

FOR SUBDIFFUSION

BANGTI JIN' AND ZHI ZHOU?

Abstract. In this work, we develop a novel Galerkin-L1-POD scheme for the subdiffusion model with
a Caputo fractional derivative of order a@ € (0,1) in time, which is often used to describe anoma-
lous diffusion processes in heterogeneous media. The nonlocality of the fractional derivative requires
storing all the solutions from time zero. The proposed scheme is based on continuous piecewise linear
finite elements, L1 time stepping, and proper orthogonal decomposition (POD). By constructing an
effective reduced-order model using problem-adapted basis functions, it can significantly reduce the
computational complexity and storage requirement. We shall provide a complete error analysis of the
scheme under realistic regularity assumptions by means of a novel energy argument. Extensive numer-
ical experiments are presented to verify the convergence analysis and the efficiency of the proposed

scheme.
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1. INTRODUCTION
In this work, we consider the following model initial-boundary value problem for u(z,t):

Ofu—Au=f, in2 T>t>0,
u=0, ond2 T>t>0,
u(0) =wv, in {2,

(1.1)

where 2 is a bounded convex polygonal domain in R? (d = 1,2,3) with a boundary 942 and v is a given function
defined on the domain 2 and 7' > 0 is a fixed value. Here 0f'u (0 < o < 1) denotes the left-sided Caputo

fractional derivative of order @ with respect to t and it is defined by (see, e.g. [15], p. 91)

1

oPult) = T /0/(15 _ 5)_a%u(s) ds,

where I'(+) is Euler’s Gamma function defined by I'(x) = fooo s*le7sds for z > 0.
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In recent years, the model (1.1) has received much interest in physical modeling, mathematical analysis and
numerical simulation. The main engine that has fueled these developments is its extraordinary capability for
describing anomalously slow diffusion processes, in which the mean square variance of particle displacements
grows sublinearly with time, instead of linear growth for a Gaussian process. At a microscopic level, the particle
motion is more adequately described by continuous time random walk, whose macroscopic counterpart is a
differential equation with a fractional derivative in time [24]. Nowadays the model has been successfully employed
in many applications, e.g., thermal diffusion in fractal domains [26], ion transport in column experiments [6],
and non-Fickian transport in geological formation [2], to name just a few.

Numerically, the presence of the fractional derivative 0f'u has two important consequences. First, the nonlocal-
ity in time incurs huge storage requirement as well as much increased computational efforts along the evolution
of the time. Second, the solution operator has only very limited smoothing property: the problem has at best
order two smoothing in space [31], and the first derivative in time is usually unbounded, cf. Theorem A.2 in the
appendix. These represent the main technical challenges in the development and analysis of robust numerical
schemes for reliably simulating subdiffusion. The challenges are especially severe for “multi-query” applications,
e.g., inverse problems and optimal control, where repeated solutions of “analogous” forward problems are re-
quired, e.g., due to variation in problem parameters or inputs. To reduce the storage requirement, a number of
useful strategies have been proposed, e.g., short-memory principle and panel clustering [4, 21, 23, 28].

In this work, we shall develop an efficient strategy, called the Galerkin-L1-POD scheme, for reliably simulating
the subdiffusion model (1.1) by coupling the Galerkin finite element method (FEM) with proper orthogonal
decomposition (POD) to reduce the computational complexity of repeatedly simulating subdiffusion, which
is important for solving related inverse problems and optimal control. POD is a popular model reduction
technique, and it has achieved great success in reducing the complexity of mathematical models governed by
differential equations; see [1,3,17,18,29,33] for a rather incomplete list. It is especially attractive in optimal
control [8,16,19,30] and parameter inversion [10,25]. To the best of our knowledge, this work represents the
first application of the POD for the subdiffusion model (1.1) with a complete error analysis.

Next we describe the proposed scheme. Let 7;, be a shape regular quasi-uniform partition of the domain (2,
and X}, be the associated continuous piecewise linear finite element space. Meanwhile, we discretize the Caputo
fractional derivative d2u(t) by the L1 approximation 0%u(t,) (with a time step size 7) [20, 35]

n—1
ma U(tp—7) — w(tp—i_
a—ru(tn): E bj ( Ti)lj(QEO()j 1)7
Jj=0

where the weights {b;} are defined by (2.4). With the Galerkin FEM in space and L1 approximation in time,
we arrive at the following fully discrete scheme: find U}’ € X, forn =1,2,...,N

(O2UR, o) + (VU , V) = (f(tn),0) Ve € X,

with U € X, being an approximation to the initial data v, where (-,-) denotes the L?({2) inner product.
The term 9°U » involves all solutions {U ,i}?;ol preceding the current time step n, indicating the computational
challenge. In this work, we shall adopt the POD methodology to overcome the challenge. Specifically, we take
the fully discrete solutions {U}Y_, and fractional difference quotients {92U}V_, as snapshots to generate an
optimal orthonormal basis {¢;}7_;. Since these snapshots are sampled from the solution manifold, the POD
basis is automatically adapted to the characteristics of the manifold and is expected to have good approximation
property. Then we employ a Galerkin framework using the POD space X}, m < r, spanned by the first m POD

basis functions, i.e., find U}, € X}, n=1,2..., N such that
(07U, ) + (VUL V) = (f(ta), ) Ve € X7,

with UY, € X, being an approximation to U, ,? . In the reduced order formulation, the degree of freedom is m,
the number of POD basis functions, which is usually much smaller than that of the full Galerkin formulation.
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Hence, it yields an enormous reduction in computational complexity and storage requirement. We shall provide
a complete a priori convergence analysis of the scheme. Our main theoretical result is given in Theorem 3.13.
For example for the POD approximation {U" })"_, generated using the H{(£2)-POD basis, the following error
estimate holds (with ¢, = |logh|)

N s

1 ~

N E |lu(tn) — U:,LLH%Q(Q) <ep | P24+ h%i + E A
n=1 g}

where {XJ }i—1 are the descendingly ordered eigenvalues of the correlation matrix K (see Sect. 2.3 for details)
under suitable verifiable regularity conditions on the source term f and the initial data v.

This error estimate consists of three components: spatial error O(h?¢3), temporal error O(7®) and POD
error (Z;zm 1 Xj)l/ 2. While nearly optimal error estimates due to the spatially semidiscrete Galerkin FEM is
available [11-13], it is not the case for temporal discretization by the L1 time stepping. The L1 scheme was
first analyzed in [20, 35], where the local truncation error was shown to be O(72~%) for twice continuously
differentiable (in time) solutions, which is fairly restrictive, cf. Remark A.5. Recently some error bounds that
are expressed directly in terms of data regularity for the homogeneous problem were shown using a generating
function approach [14], however, the analysis does not extend straightforwardly to the inhomogeneous case.

In this work we shall develop a novel energy argument for the L1 time stepping to overcome the technical
challenge in the convergence analysis, which represents the main technical novelty. We shall derive optimal error
estimates under realistic regularity conditions, and the analysis covers both smooth and nonsmooth problem
data, cf. Theorem 3.11. Further, the stability result plays an essential role in deriving error estimates due to
the POD approximation. All the theoretical results are fully confirmed by extensive numerical experiments.

The rest of the paper is organized as follows. In Section 2 we develop an efficient Galerkin-LL1-POD scheme,
and in Section 3, provide a complete error analysis of the scheme. In Section 4, extensive numerical experiments
for one- and two-dimensional examples are presented to verify the convergence analysis. Finally, in an appendix,
we briefly discuss the temporal regularity results for problem (1.1). Throughout, the notation ¢, with or without
a subscript, denotes a generic constant, which may differ at different occurrences, but it is always independent
of the solution wu, the mesh size h, time step size 7, and the number m of POD basis functions.

2. AN EFFICIENT GALERKIN-L1-POD SCHEME

In this section, we develop an efficient numerical scheme, termed as the Galerkin-L1-POD scheme, for prob-
lem (1.1). It is based on the following three components: standard Galerkin method with continuous piecewise
linear finite elements in space, L1 approximation in time and proper orthogonal decomposition in the snapshot
space, which we shall describe separately in the following three subsections.

2.1. Space discretization by the Galerkin FEM

First we describe the spatial discretization based on the Galerkin FEM. Let 7}, be a shape regular and quasi-
uniform triangulation of the domain (2 into d-simplexes, known as finite elements and denoted by 7". Then over
the triangulation 7, we define a continuous piecewise linear finite element space Xj by

X, = {vh € H(}((Z) : vp|r is a linear function, V1" € ’]71}

On the space X}, we define the L%(£2)-orthogonal projection P, : L2(£2) — X, by (Pup,x) = (i, ) for all
X € Xp,. Then the semidiscrete Galerkin scheme for problem (1.1) reads: find up(t) € X}, such that

(0fun, x) + (Vun, Vx) = (f,x) Vx € X, t >0, (2.1)
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with u,(0) = v, € Xj. Upon introducing the discrete Laplacian Ay, : X;, — X, defined by —(App, x) =
(Vo, V) for all ¢, x € X}, the semidiscrete scheme (2.1) can be rewritten into

8fuh(t) + Ahuh(t) = fr(t) t>0, (2.2)
with up(0) = vp, € Xp, fo = Ppf and Ap = —Ap.

2.2. Time discretization by L1 scheme

For the time discretization, we divide the interval [0, T] into N equally spaced subintervals with a time step
size 7 = T/N, and t,, = nt, n = 0,...,N. Then the L1 scheme [20, 35] approximates the Caputo fractional
derivative Ofu(x, t,) by

O uenta) = T Z / ul05) 1, — sy-o as
=0

n—1 t.
1 u(x, tjr1) — u(@,t;) / a _
~ (tn, —s) *ds 2.3
(1 —a) & . . (2:3)
n—1
w(x, ty—j) —u(z,ty_j_1) -
= Z bj . I =: 0%ul(ty,),
= ToI'(2 — @)
where the weights {b;} are given by
b=+ =47 i=0,1,...,n— 1 (2.4)

Then the fully discrete scheme reads: given U,? =y € Xy and FJ' = Py f(tn) € Xp, with ¢co = I'(2 — «), find
Up e Xy, forn=1,2,..., N such that

n—1
(bol + caT® Ap)US = b1 Up + > (bj—1 — bj)Up 7 + caT Fj. (2.5)
j=1

The computational Challenge of the fully discrete scheme (2.5) is obvious: To compute the numerical solution
U} at t,, the solutions {U} k} at all preceding time instances are required, as a result of the nonlocality of the
Caputo fractional derivative Bo‘u Hence, the computational complexity and storage requirement grow linearly as
the number n of time steps increases, which poses a significant challenge especially for high-dimensional problems
and multi-query applications. This naturally motivates the development of cheap reduced order models by the
POD methodology so as to reduce the effective degree of freedom.

2.3. Galerkin-L1-POD scheme

Now we develop an efficient Galerkin approximation scheme based on proper orthogonal decomposition (POD)
to circumvent the challenge. We shall first describe the general framework of the POD methodology, and then
discuss its application to the subdiffusion equation.

POD is a powerful model reduction technique for complex models, especially time/parameter dependent par-
tial differential equations. It resides on the empirical observation that despite the large apparent dimensionality
of the solution space (e.g., the degree of freedom of the finite element approximation), the solution actually
lives on an effectively much lower dimensional (possibly highly nonlinear) manifold. POD constructs a prob-
lem adapted basis for efficiently approximating the manifold using samples from the manifold, often known as
“snapshots”, which can be either solutions at different time instances, different parameter values, or samples
generated using relevant physical experiments. The POD basis functions are then employed within either a
Galerkin or Petrov—Galerkin framework to generate a reduced-order model.
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Now we recall the general framework of POD. Let X be a real Hilbert space endowed with an inner product
(-,-)x and norm || - || x. Now for N € N, let {y,})_, C X be an ensemble of snapshots and at least one of them
is assumed to be nonzero. Then we set { = span{yi,y2,...,yn} C X. Let dim(U) = r and let {1);};_; be an
orthonormal basis of the snapshot space 4. Then any element y,, can be written as

r

yn:Z(ym%‘)X%, n=1,2,...,N.

j=1
POD chooses an orthonormal basis {% 1 for 1 <m < r to minimize the following ensemble average:
Jin Z lyn — Z Yns ) x51[%- (2.6)
j=1

A solution of problem (2.6) is called a POD-basis of rank m. This optimization problem is related to the
correlation matrix K € RV*¥ corresponding to the snapshots {y, }_;, which is defined by

Kij=N"Yyju)x, i,j=1,...,N. (2.7)

By its very construction, the matrix K is symmetric positive semidefinite, and its eigenvectors can be chosen
to be orthonormal (in the inner product (-,-)x). Further, the number of positive eigenvalues is equal to r, the
dimensionality of the space 4 spanned by the snapshots (or equivalently the rank of K). The following lemma
gives the formula of the POD-basis and the corresponding approximation error within the ensemble [34].

Lemma 2.1. Let \y > Ao > ... > \. > 0 be the positive eigenvalues of the correlation matric K and vy, ..., v, €
RN be the corresponding orthonormal eigenvectors. Then a POD basis of rank m < r is given by

N
E U] nYn,

where (vj), denotes the nth component of the eigenvector vj. Moreover, the error is given by

N m
=l - > (un vl = 3
n=1 j=1

j=m+1
Following the abstract framework, for the subdiffusion model (1.1), we choose 2N + 1 snapshots as
n=Ul"Y n=1,2,...,N+1,
and the fractional difference quotients (FDQs)
n =020 N n=N4+2,... 2N + 1.

The inclusion of FDQs {02U. »} into the snapshots il is to improve the error estimate below: it allows directly
bounding the error due to the POD approximation to the fractional derivative term 92U}, cf. Lemma 2.1.
In the absence of these FDQs in the snapshots, the error estimate due to POD approximation would involve
an additional factor 772%; see Remark 3.15 for details. The use of difference quotients was first proposed by
Kunisch and Volkwein [17] for the standard parabolic equation, and we refer interested readers to the recent
work [9] for extensive discussions. In this work, we shall follow the work [17], and employ the FDQs 92U} in
the construction of the POD basis.
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In practice, there are several possible choices of the Hilbert space X, and we shall consider two popular ones
in this work. Our first choice for the POD space is X = H}(£2) with the inner product (u,v)x = (Vu, Vv) for
all u, v € H(£2). Then the correlation matrix K is given by

Kij = (2N +1)"1(Vy;, Vys). (2.8)

We denote the corresponding POD basis (called H}(£2) POD basis) by {QZJ }j—1 and the subspace spanned by
the first m Hg (§2)-POD basis functions by X/, m < r. Then Lemma 2.1 yields the following error estimate for
the POD space X"

2 2
N m N m r
1 n n TN, aarrn aarrn TN Y
N 1 Y U= (VU V)Y, + Y 08U = (VOTUR, Ve ) = > N
n=0 j=1 Hé(Q) n=1 7=1 Hé(ﬂ) j=m+1

(2.9)
where {);}7_; are the descendingly ordered eigenvalues of the correlation matrix K. The second choice is

X = L?($2) with the standard inner product. The correlation matrix K is given by
Kij = (2N + 1) (y5,w)- (2.10)

Likewise, we denote the corresponding POD basis (called L?(£2)-POD basis) by {12};7:1, and by slightly abusing
the notation, the subspace spanned by the first m L?(£2) POD basis functions by X/”. Then in view of Lemma 2.1,
the POD space X" satisfies the following error estimate

2 2
N m N m T
1 ~ o~ _ _ ~ o~ ~
SN | 2o || Uk = oW e\ Y ||OR U = Y (DR i)Y = > N 1
n=0 j=1 L2 =1 j=1 L2(2) j=m+1
where {:\\J }i_1 are the descendingly order eigenvalues of the correlation matrix K.
Next we define the Ritz projection operator R} : X, — X" by
(VRi'x, Vo) = (Vx, V) Vo € Xi, (2.12)

where x € X), C H}(£2). The H'(2)-stability of the projection operator R} on the space X}, is immediate
VR X 22) < [IVXllL2(e) VX € Xa.

Given the POD basis, one can exploit it for model reduction in several different ways. One natural choice is
to use a Galerkin approach, which yields the following reduced-order formulation: with U, = R"v, € X", find
U e X", n=1,2,...,N such that

(02U, om) + (VU Vo) = (f(tn), om)  Viom € Xp, (2.13)
or equivalently with ¢, = I'(2 — «),
n—1

bo(Ups om) + caT (VU Vo) = b1 (Upy, o) + Z(bj—l - bj)(U:rLz_ja m) + caT(f(tn), om) Vom € X

j=1

The existence and uniqueness of the POD approximation {U }_, follows directly by an energy argument (see
Sect. 3 below). In the Galerkin framework, the stiffness matrix of the reduced-order formulation (2.13) is the
projection of that of the global one (2.5) into the POD space X;". It is worth mentioning that the degree of
freedom of the reduced system (2.13) is m, i.e., the number of POD basis functions in X}, which is usually much
smaller than that of (2.5), i.e., the number of finite element basis functions. This shows clearly the enormous
gain in the computational complexity and storage requirement of the proposed scheme.
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3. ERROR ANALYSIS

In this part, we provide a complete error analysis of the proposed scheme (2.13). The discretization error
consists of three sources: the spatial discretization, temporal discretization and POD approximation. It is known
that the semidiscrete solution uy, satisfies the following nearly optimal error estimate [11,13], where the operator
A is the negative Laplacian operator —A with a zero Dirichlet boundary condition. The log factor 6% in the error
estimate is due to the limited smoothing property of the solution operator for subdiffusion, and the prefactor
t=(1=9) for t — 0, reflects the corresponding solution singularity.

Theorem 3.1. Let u be the solution of problem (1.1) with A°v € L*(2), 0 < o <1, and f € L>=(0,T; L*(12)),
and up, be the solution of problem (2.2) with vy, = Pyv and fr, = Py f. Then there holds with £}, = |loghl

[u(t) — un(t)| 2@y < ch®C;, (tia(lio) |A%v]|L2(02) + ||f||L°C(O,T;L2(Q))) .

Below we derive the errors due to the temporal approximation and the POD approximation that are expressed
in terms of the data regularity directly. The main novel ingredient in the convergence analysis is to establish
a suitable stability result for the L1 time stepping under realistic assumptions on the data regularity. To this
end, we shall develop a novel energy argument, based on the monotonicity of a suitable quadrature rule.

3.1. Error analysis of the L1 scheme

Now we develop a novel energy argument for analyzing the L1 approximation. We begin with a weighted
inequality for the weights {b;}, which is crucial for establishing the monotonicity of the quadrature below.

Lemma 3.2. Let {b;} be defined by (2.4). Then for j =2,...,n— 1, there holds
(G = Dn®2bj1 + (n = j)n*2b; < (n+1)*"'b;.
Proof. Using the definition of the weights b;, the assertion is equivalent to: for all j =2,...,n — 1:
! a—1
/ (G—1+t)G-1)— (n(1+n*1) ' —n+j> (j+t)~*dt <0,
0

that is,

1
[y <0,

o (G—1+0)%G+1)*
where the function g : [0,1] — R is defined by g(t) = (j — 1)(j + ) — (j — 1 +)*(n(1 + n=1)*~t —n + j5), with
its ¢'(t) given by

BN S S S Y

G+t -1+t
For a € (0,1), there holds n(1 +n=1)*t —n+j>n*(n+1)"'—n+j=7—-n(n+1)"1 > j— 1. Hence we
deduce ¢'(t) < 0 on the interval [0, 1]. It suffices to show that g(0) < 0. Obviously,

9(0) = (G = 1)*((G =)' —j+n (1 - (1+n"1H)h).

I

The term I in the bracket can be rewritten as
I=j((1—7 """ =1 +n(l-1+nH>").

We claim that the function g(j) = j (1 -(1- j_l)l_a) is monotonically decreasing in j. To see this, let h(t):
(0,1) — R, with h(t) = t71(1 — (1 — ¢)}=%). Then h/(t) = —t=2(1 — (1 —t)~*(1 — at)) . Next consider the
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function f(t) : (0,1) — R, with h(t) = (1 —¢)®. Then /() = —a(1 —t)*~! and 1" (t) = (@ — 1)l —1)*~2 < 0,
namely, the function h is concave. Then the concavity implies h(t) < h(0)+h/(0)t, which gives (1 —1)* < 1—at.
Consequently, h'(t) > —t72(1 — (1 — at)"}(1 — at)) > 0, and hence h is monotonically increasing, and the
monotonicity of the function g(j) follows. Hence, by the trivial inequality (n — 1)/n < n/(n + 1), we have

I<n((1-—n"H""=1)4+n1-1+n"He 1
=n((l-n"H'"-1-m+1)"H"*) <0,
which concludes the proof of the lemma. O

Now we give an important monotonicity relation of a weighted rectangular quadrature approximation.

Theorem 3.3. Let the function f : [0,1] — R be conver and nonnegative with f(0) = 0, and o € (0,1). For

anyn €N, let x; = %,ij,...,n, and y; = 745, j =0,...,n+ 1. Then there holds
n®" 1bex] (n+1)*~ Ibey]
7=0
Proof. First we observe the trivial inequalities - ~L < i < %,ze.,yj < xj <yjp1,for j=1,...,n—1. There
also holds the trivial identity
_J_n=j J  Jj+l_n=j . J.
TR T Th n—l—l—’_nn—l—l_' n yj—’_nyjﬂ'

Now by the convexity of the function f, we deduce
n—Jj J n—Jj J ‘
flzj)=f <Tyj + 5yj+1> S =S+ 2 f i), J=10m

With the assumption f(0) = 0, it suffices to consider j > 1 in the sum. Hence

na_lzbjf(%) ne” 126 ( fly;) + f(yg+1))

_ n —
=n” 1 bl

1f(yn)

n—1 . .
P + 3 (b Tt + P ) 1)+ b ™
j=2

To show the desired assertion, we consider the following three cases separately, first, last and middle terms. For
the first term, in view of the nonnegativity of the function f, it suffices to show na_lnT*lbl < (n+ 1) 1by,
which however follows from « € (0,1) and

l1—a 2 -« a
1 n+1 n—1 n®—1 n—1
1 1—a ne— 1n— _ = < 1.
(n+1) n n n n?2 n
For the last term, we have

2—a
-1 -1 1 -1
nocfln bnfl _ nafl(nlfoc o (TL o 1)1,a)n —1—-=_ (n ) ,
n n n

and meanwhile

(o 1)y = G 1) (4 1) i =1 (5 )
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Hence, it suffices to show n=1 + (1 —n 1?7 — (1 — (n+ 1)"H)17® > 0 for n > 1. Let g : [0,1] — R by
gt)=t+(1—=1t)2"*—(1+t)* L Then g(0) =0, and ¢'(t) = 1 — (2 —a)(1 — )17 — (a — 1)(1 + t)*~2. Clearly
g'(0) = 0 and further ¢”(t) = (2 — a)(1 — a)((1 —¢)=* — (1 +¢)*~3) > 0, which in particular implies ¢’(¢) > 0
on the interval [0,1]. To conclude the proof, it suffices to show the inequality for the middle terms, i.e., for
j=2...,n—1

Tlail% ji—1 + nail%bj < (n + 1)06711)]‘,
which however is already shown in Lemma 3.2. O

The following result is a direct corollary from Theorem 3.3, and it will play a crucial role in establishing the
stability result in Theorem 3.5 below.

Lemma 3.4. For any o € (0,1), let b; be defined in (2.4). Then for any n € N, there holds

(bj—1 —bj)(n+1—7)*"" < (n+1)*""
1

n
J=

Proof. Consider the function f(z) = (1 — 2)®~! — 1. Then it satisfies f(x) > 0, f(0) = 0, and also f”(x) > 0,
i.e., convex. Hence, by Theorem 3.3, we have

n—1 n
Y b (=g ) S (e DT b=k D)THT - 1), (3.1)
j=0

j=1

Meanwhile, it can be verified directly that for all n € N*t, no—! Z;:Ol by = (1 —a) fol z=%dz = 1, i.e.,
no—1t Z?:_Ol bj = (n+1)>"1 Z?:o b;. Plugging the preceding identity into (3.1) yields

n—1 n
_ . _pya-1 _ . _ya—1
n 1ij(1—jn 1)a <(n+4+1)* 1ij(1—j(n—|—1) 1)a .
j=0 §=0
which upon rearranging terms gives the desired assertion. O

Next we give an important L2?(§2) stability result. The stability estimate puts more weights on the source
term F; ;’f as the index k gets close to the current time step n, in a manner analogous to the continuous problem.

Theorem 3.5. Let U', n = 1,2,..., N, be the solution of the fully discrete scheme (2.5). Then with c, =
I'2—a), forn=1,2,..., N, we have the following stability estimate

n—1

UM 202y < llvnllzaqo) + ca™ Y (0= k)*HFE | 220 (3.2)
k=0

Proof. We show the assertion by mathematical induction. First we consider the case n = 1. Multiplying both
sides of (2.5) by U} and integrating over the domain (2 yield

1URll72(2) + ca™ VUL 22(2) = (UR, Up) + ca (B, Up).
Then the Cauchy—Schwarz inequality and Young’s inequality give

UM 222y < 1URN L2(2) + caT | Fnl 2 (0)-
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Now assume the estimate holds up to some n > 1. A similar argument yields

U z2(2) < ballURllz2cy + D (=1 = b)IU™ 7 | 12() + cam | F™ | 1200
Jj=1

Sbnuv;‘zum(mz b)) (|U£||L2<m+wa|F““|L2(m

n—j
Fear® Y1 - k)a-1|F/f“||L2(m)

k=0
n—j
= ||Uh||L2(Q + CcaT Z _1—0b; )Z(n +1—-7— k;)a—lHF}ch-&-lnLQ(n) + CaTQHFTH_lHL?(Q)~
j=1 k=0

Then by changing the order of summation and applying Lemma 3.4 we have

n n—j n—1 —
> i1 —b)> (41— k) E o) =D IF e Z i1 = b)) (n+1—j—k)*!
j=1 k=0 k=0 Jj=1
n—1
< Z IE 2oy (n+1 = k)* 1,
k=0

and consequently
n—1
U M L22) < 1URNL2() + ca™ Y _(n+ 1= k) EF L2 (a) + ca™ [ F" |20

k=0

n
= U L2 (2) + cam™ D> (n+1=k)* M 2 (),
k=0

which completes the induction step and the desired assertion follows. O

The next lemma gives one useful estimate for bounding the local truncation error.

Lemma 3.6. For any 6 € (0, ], there exists a constant ¢ > 0, independent of n, such that for all n > 2

n—1
D (=K"= (n—k-1)"") k"% <c(n—1)""

=

Proof. The case n = 2 is trivial, and we consider only n > 3. Let dy = ((n — k)= — (n — k — 1)~ *)k°~2. First,
we observe that for k =1

di = (n—1)1= — (n—2)= — (1 - a)/l (n— 5)=*ds
<en—2)"%<c¢((n—1)/3)"“<c¢(n—1)"¢
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The sum of the remaining terms can be bounded directly by

n—1 n—1 k1 ne1l fi1
de = Z(l—a)k572/ (n—s)"¢ dsch/ (n—s)*“(5_1)5*2 ds
k=2 k=2 k i k

n n—1
:c/ (n—s)"%(s—1)9"2 ds:c/ (n—s—1)"%""2ds
2 1
n—1

5 n—1
= c/ i (n—s—1)""s""2ds + c/ (n—s—1)"%"2ds :=1+1L
1

n—1

2

Then the desired result follows from

n—1 1

= =
I< c/ (n—s—1)"""2ds < ¢(n — 1)_0‘/ $972ds < ¢(n—1)"
1 1

and
n—1

II<c¢(n— 1)5*2/ (n—s—1)"%ds<e(n—1°"*t<e¢n—1)"% O

n—1

2

Next we derive an error bound on the local truncation error r,, defined by
o = |08 un(tn) — 0%un(tn) || L2(02), n=12,...,N. (3.3)
In view of Theorems A.2 and A.4 in the appendix, we make the following temporal regularity assumption.

Assumption 3.7. The solution u satisfies the following smoothing properties

lut) 2y < e and |07 u(®)]l ey < et” ™,
where 6 > 0 and the integer m > 1.

Remark 3.8. By Theorems A.2 and A.4, the regularity condition in Assumption 3.7 holds with § = oa,
o € (0, 1], for initial data v € D(A?) and source term f € W2°°(0,T; L?(£2)). Under these conditions, Assump-
tion 3.7 holds also for the semidiscrete Galerkin approximation uy, with a constant ¢ independent of h.

Lemma 3.9. Let Assumption 3.7 hold, and r, be the local truncation error defined by (3.3). Then
d—a ; -1
< cT . zfn ,
c¢(n —1) o0~ if n>2.
Proof. Using Assumption 3.7, for n = 1, we have the following estimate (with ¢}, =1/I'(2 — «))

/oT(T -8 /OT(“Z(S) —up(y)) dy ds

/ J—
r < €, T !

L3(2)

< dyr! / (r— )@ / ey ()1 222y + Iy () 2y dly dis

< c;r‘l/ (7 - s)‘“/ (""" +y" ) dyds < er’ e (34)
0 0

Now we consider the case n > 2. Then

ol opten up (t —up(k
T =l Z/ (tn, —8)~ ¢ (u%(s) — A k+1)7 h )) ds||z2(2)
k=0 "1tk

[ up (t —up(k !
<eX 1 [t (s - L) il = e 3
k=0 vtk

k=0
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The first term 7,0 can be bounded using Assumption 3.7 and the argument for (3.4) as

t1 t1 t1
Tn.0 SC/O (tn — )" up ()| L2(2) ds—i—CT*l/O (tn—s)*a‘/O lup, ()] L2y dy ds

t1 t1
<e(t, —t)~“ / 07t ds 4+ et / (tn —s)"%ds < ¢(n — 1)~ (3.5)
0 0
Next we derive estimates for 7, x, k =1,2,...,n — 1. To this end, we use the identity
t _ k 1 [te+r trs
(o) - 220 L ) gyay = 1 [ / 2) dedy
T T Ji, b

and apply Assumption 3.7 such that |[u}(2)||L2(0) < ct‘s_ with ¢ independent of ¢ and h to deduce

th+1 max(s,y) 5—2
/ / () 22y Az dy < e3>,

mll’l S,y

! (8) o uh(tk+1) - uh(

Thus we obtain

te4+1
Tk < c¢ti‘2 / (tn, —s) *ds = c7—27°‘ti_2 (n—k)'"™—(n—k—1)'"%)

123

= 002 (n=k)'" = (n—k—1)"%).
Then by Lemma 3.6 we deduce

Z Fog < e Z ko2 (n—k)'"*—(Mm—-k-1)""") < e’ % (n —1)7

k=1
This together with (3.5) yields the desired estimate and hence completes the proof. O
Next we derive the error estimate e} = us(t,)— Uy, n=1,2,..., N. First, we observe that the nodal error e}

satisfies €)) = 0 and the following error equation
0%l + Ape)l = 0%up(tn) — Ofun(tn).
The next theorem gives an optimal (uniform in time ¢) error estimate for the fully discrete scheme (2.5).

Theorem 3.10. Assume f € W%°(0,T;L?(£2)) and v € D(A%), with 0 < o < 1. Let uj, and U} be the
solutions of problems (2.2) and (2.5), respectively. Then there holds

lun(tn) = Uy llL2() < ev7® (|A70l|z2(2) + [ fllw2=0,1i22(02))) -

Proof. By Theorem 3.5 and Lemma 3.9, with 6 = oca, we have

lun(tn) = Upllzqo) < ev® > (n = k)M 07 un(trsr) — 0f un(trsn)l 2oy

< er? ([|A%0] L2 0) + | fllwe0,7:02(2)) <1+Z n—k)* 'k >

Then the following uniform bound

n—1 1 n—1 k a—1 k - 1
n—k ocflk;fa _ = (1 _ _) <_) < / 1—2x ail]jiadl‘ <c

yields the desired estimate. 0
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Last, we can state an error estimate on the fully discrete approximation U}, which follows from Theorems 3.1
and 3.10 by the triangle inequality.

Theorem 3.11. Assume f € W2°°(0,T; L*(£2)) and v € D(A?), with0 < o < 1. Let u and U} be the solutions
of problems (1.1) and (2.5), respectively. Then with £, = |loghl|, there holds

u(tn) — Ul p2oy < e(h®0,t =7 4 77| A%0|| 2y + c(h03 + 77) || fllw2.o (0. 7522 (02)) -

3.2. Error analysis of the POD approximation
Next we derive the error estimates for the POD approximation U, . First we recall an approximation property

of the Ritz projection operator R} defined in (2.12) within the ensemble ([17], Lem. 3 and Cor. 3).

Lemma 3.12. For every m = 1,...,r, the Rilz projection operator R} salisfies

N
1 - _ ~
2 (IV W = RO o) + IV 0205 = B2 REUDIe) ¢ 30 N

n:l j=m-+1
and
1 & _ _ T
N (IV W = RO 320y + V0205 = 02RO [Fgy) < eh™2 3 &
n=1 Jj=m+1
where {Xj}gzl and {:\\j}gzl denote the eigenvalues of K and K defined in (2.8) and (2.10), respectively.
Now we can give the error estimate for the POD approximation U, for smooth problem data. The result
indicates that the error incurred by using the POD basis in place of the full Galerkin FEM basis is determined
by the eigenvalues corresponding to the eigenfunctions that are not included in constructing the POD approx-

imation. In particular, if the eigenvalues of the correlation matrix decay rapidly, then a small number of POD
basis functions in the Galerkin POD scheme (2.13) suffice the desired accuracy.

Theorem 3.13. Let u and U, be the solutions of (1.1) and (2.13), respectively, and suppose that v € D(A),
and f € W%>(0,T; L?(£2)). Then there holds

N T
1 . ~
NZHu(tn)—UmHQLQ( Ser | T+RML+ DN (3.6)
n=1 j=m+1
and
1 N r N
7 20 utn) ~ Uy Ser a2 3 5, ), (5)
n=1 Jj=m-+1

where {Xj}gzl and {:\\j}gzl denote the eigenvalues of K and K defined in (2.8) and (2.10), respectively.

Proof. We split the error €', = u(t,) — U} into

em = (u(tn) = Uy) + (U = Up),

and the first term can be bounded using Theorem 3.11, i.¢e.,

N
% Z -up ||L2 y<Se (72> + n'ey)
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Hence it suffices to establish a bound for the second term U;' — U}. Now we consider the splitting
vy -U) = U —RyUY) + (RJUY =U) == p" + 0™,
Then Lemma 3.12 yields the following bound on p" as
1 N r R
N Z " ||L2(Q) <c Z )\ and N Z HP”||2L2(Q) <ch™? Z Ajs (3.8)
Jj=m+1 n=1 Jj=m+1

for the H}(£2)- and L?(£2)-POD basis, respectively. Next we derive an estimate on the component 6". Us-
ing (2.13), the definition of the Ritz projection operator R}, and the fact that ¢, € X]* C X}, we have

(020", om) + (VO™ ,Von) = (02 RyUL, om) + (VRIUR, Nom) — (02UR, om) — (VU Vior)
= (07 RyUR , om) + (VUL Vom) — (f(tn), om)
= (02 (RUY = UR), om) = — (050", om)

and #° = 0. The stability result in Theorem 3.5 yields
167|202y < em Y (= k) HIOF | 2

Appealing to Young’s inequality for the Laplace type discrete convolution ([7], Thm. 20.18), i.e

g: (ian kbk>2 (Z anfgjobi, (3.9)

we deduce

n—1 ) 2 N 2 N ) N
Z(Z — k)" 1||8gpk+1|L2(n)> < (Zna1> ZH@i‘pnlliz(mSch“ZH@i‘p”H%m)

k=0 n=1 n=1 n=1

Then by Lemma 3.12, we have

1< 9 erranze X 9 12 X
N Z 10" 72(02) < N Z 107 0™ 2¢2) = Z 102 0™ |22y < e Z
n=1

n=1 j=m+1

Likewise, for the L?(£2)-POD basis, we deduce

n T2a a qa n — - N
NZH@ oy < 105" ey < exh™® 37 Ry

n=1 j=m+1

This completes the proof of the theorem. O

The error estimate in Theorem 3.13 covers only smooth initial data v € D(A). In the case of nonsmooth
initial data v € D(A%), 0 < o < 1, one can derive an analogous error estimate; see the following remark.
We note that the regularity of problem data (or solution) does not enter the error estimate due to the POD
approximation directly. Hence, in principle, the approach is capable of handling nonsmooth problem data, if
the solution singularity is built-in in the ensemble of snapshots and thus captured by the POD basis directly.
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Remark 3.14. We comment on nonsmooth problem data. Consider the H{ (£2) POD for f € W2°°(0,T; L*(£2))
and nonsmooth initial data v € D(A?), 0 < ¢ < 1. Then in view of Theorem 3.11, we have

N
1 1
WZ ~ Ubllze0 <c< Sy Zt 2a(1- a>>

n=1

Meanwhile, the summation can be bounded as

1 N 2a(l-0) _ —2a(l—o0) 20(1—0) —20/(1 o) 20(1—0)
E —2a o) _ § —2a(l—0o —2a(l—0c
N t n < N / S ds S CTlea,o-’-,—,

n=1 1

where the factor ¢, , . is given by

rim2a=) " o(1-0)>1/2,
‘ea,a,‘r = log %, Oé(l — 0') = 1/2,
1, a(l—0) <1/2.

Consequently, by repeating the arguments in Theorem 3.13, we obtain the following error estimate for the POD
approximation {U} (with the Hg(£2) POD basis)

N r
1 ~
NZHu(tn)—UZ,‘lH%Q(Q)SCT T D e+ > N
n=1 j=m-+1

and a similar error estimate holds for the L2(£2) POD basis. Interestingly, for the case a(1 — o) < 1/2, the error
estimate in the space remains uniform with respect to the time step size 7.

Last we briefly comment on the case when the FDQs are not included in the snapshots.

Remark 3.15. In our construction of the POD basis, we have included the FDQs in the snapshots. When the
FDQs 0%U*, n = 1,2,..., N, are not contained in the snapshot set, the error formula (2.9) for H{(£2) POD

basis becomes )

N m r
1 ~
N1 SoAUR =D (VUR, Vi) = >\
n=0 Jj=1 Hé(Q) j=m+1
Further for the FDQs we have
2 2
1 N B m B o N m
= 2 ||0RUR = Y (VU V) Z 02 (U =Y (VUL Vb))
e = my) " = HY ()
Let UZ =U]) - Z;ﬁ:l(VU,?, V’LZJ‘){/;j. By the monotonicity of the weights {b;}, we have
2
=o=nl|? —n —0 s —n—j
’ oru, H(2) < cqr b0||Uh,||H01(Q) + bn—1||Uh,||H01(Q) + Z(bj—l = b)|U, ||H01(Q)
0 J=1

n
- 70 —20 F7n=J
< CaT 2abi\|UhH§13(n)+CaT 2 Zgj”Uh HHE}(Q) )
j=0
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with g; = bj—1 —b; and b_; = 2. Then by Young’s inequality for discrete convolution, cf. (3.9), we arrive at

2
n

LN . A 2 N 4 e
=—n—7 =n—73 2 TN 2
an::l ;ngUh lay) | < (Z:OQJ‘) ;::OHUh 12 (2) < N—H;::OHUhHHg(ny

Meanwhile, by the Cauchy—Schwarz inequality, we have

eN172% if o < 1/2,

N N n+1 2 N+1
Zbi:(l—a)_2z</ s_ads> Sc/ s72ds < clogN, ifa=1/2,
n=1 n=1 M7 ! ¢, ifa>1/2.
Consequently, there holds
1 al Jarrn - qarrn TN 2 77012 —2« - Y
~ 2 NBRUE =Y (VORUL V)il ) < o1 | Lar Tnllige) + 772 D2 N |
n=1 j=1 j=m+1
where the factor ¢, . is given by
1 ifa<1/2,
bor = logL ifa=1/2,

T2t i o> 1/2.

For @ < 1/2, the term involving the initial data U, }? is of higher order in comparison with the last term. Hence
the error for H}(£2) Galerkin POD (2.13) (without FDQs in the snapshots) can be bounded by

m

N r
1 ~ ~ B ~
& 2t = Unlifaca) < er | 720 4 B 4 Lo |UR = D _(VUR VO T30y 7720 D
n=1

j=1 j=m+1

In comparison with the error estimate (3.6) with FDQs from Theorem 3.13, this estimate contains an extra
factor 772% and an approximation error of the initial data vy, (within the POD basis X™). For the fractional
order v — 1, the factor recovers that for the classical diffusion equation [17].

4. NUMERICAL RESULTS

Now we present numerical results to verify the convergence theory in Section 3 and the efficiency of the
proposed Galerkin-L1-POD scheme.

4.1. Numerical results for one-dimensional examples

First we present numerical results for one-dimensional examples to verify the convergence analysis in Section 3.
We consider the subdiffusion model in the following two cases:

(a) 2=(0,1),v=x(1 —x) € D(A), and f(x,t) = et 2™ ¢ W20(0,T; L*(12));
(b) £2=(0,1), v = X(0,1/2)(x) € D(AY*~¢) for e € (0,1/4), and f(z,t) = et € W2(0, T; L2(12)).

In the computations, we divide the unit interval {2 into M equally spaced subintervals with a mesh size h = 1 /M.
Likewise, we fix the time step size 7 at 7 = T/N.

First we examine the temporal convergence by setting 7' = 0.1 (the spatial convergence was already examined
in [11,13]). We take a small mesh size h = 1073, so that the spatial discretization error is negligible. The exact
solution can be expressed in terms of the Mittag-Leffler function E, g(z), c¢f. (A.1), which can be evaluated
efficiently by an algorithm developed in [32]. The numerical results by the fully discrete scheme (2.5) are given
in Table 1. In the table, rate refers to the empirical rate when the time step size 7 halves, and the numbers
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in the bracket denote the theoretical predictions from Theorem 3.11. For cases (a) and (b), the empirical rate
is O(7%) and O(7%/*), respectively, which agree well with the theoretical ones. The convergence rate of the L1
scheme improves with the smoothness of the initial data v (while keeping the smooth right hand side f fixed)
and the increase of the fractional order «, since the solution regularity improves accordingly.

Next we illustrate the proposed Galerkin-L1-POD scheme, and the numerical results are given in Table 2 for
the choice T'=1 and N = 200. Here the average error e and the POD approximation error e are defined by

N 1 N
Z U = utn)Z20) and ™ == > (U = Unliaa),
ot —1

respectively. Like before, we use the notation ~ and ~ over e™ to denote HE(£2)- and L?(£2)-POD basis,
respectively, and the subscript w to indicate that the snapshots do not contain FDQs. For example, e™ and e’
denote the error between the full Galerkin solution U;* and the solution of the Galerkin POD formulation Wlth m
H}(£2) POD basis functions, with and without FDQs, respectively. For both cases (a) and (b), with three or four
POD basis functions, the POD approximation error falls below the error due to temporal discretization, and the
convergence is relatively independent of the fractional order a. The fast convergence of the Galerkin POD scheme
is also expected from the exponential decay of the eigenvalues of the correlation matrix, cf. Figure 1. Further,
the inclusion of FDQs does not affect much the POD approximation error, with their errors within a factor
of ten, even though their presence improves the apparent theoretical convergence rates, ¢f. Theorem 3.13 and
Remark 3.15. The effect seems to be compensated by the smaller eigenvalues, cf. Figure 1. These observations
show the efficiency of the Galerkin POD scheme, which has only a degree of freedom of three or four at each
time level, compared with one thousand for the standard Galerkin FEM.

TABLE 1. The maximum error emax = maxi<n<n ||U} — u(t,)|/12(0) for initial data (a) and
(b) with T=0.1, h =103, 7 =T/N.

o' N 1000 2000 4000 8000 16 000 32000 Rate
0.35 (a) 2.67e-3 2.27e-3 1.90e-3 1.58e-3 1.29e-3 1.05e-3 ~0.29 (0.35)
(b) 2.48e-2 2.41e-2 2.29e-2 2.15e-2 1.99e-2 1.82e-2 ~0.10 (0.09)
0.5 (a) 9.26e-4 6.73e-4 4.86e-4 3.50e-4 2.51e-4 1.80e-4 ~0.48 (0.50)
(b) 2.03e-2 1.81e-2 1.64e-2 1.50e-2 1.37e-2 1.26e-2 ~0.13 (0.13)
0.75 (a) 1.82e-4 1.09e-4 6.43e-5 3.77e-5 2.17e-5 1.25e-5 ~0.76 (0.75)
(b) (0.19)

2.52e-2  2.20e-2  1.91e-2  1.64e-2 1392 1.15e-2 ~0.21 (0.19

TABLE 2. The numerical results of the Galerkin POD for cases (a) and (b) with T = 1
h =10"3, N = 200, and with m POD basis functions.

9

a Case m e em en em e
(a) 3 1.82e-7  9.34e-12  3.03e-12  9.45e-12  3.02e-12
4 1.82e-7 4.72e-13  3.7le-14  4.83e-13  3.19e-14
0.3 (d) 3 3.83e-6 4.65e-6 3.59¢-6 4.36e-6 3.60e-6
4 3.83e-6 2.73e-9 2.41e-9 2.73e-9 2.41e-9
(a) 3 4.46e-7 1.0le-10 6.25e-12  1.11e-10 6.22¢-12
4 4.46e-7 5.33e-13  8.87e-14 5.41le-13 8.28e-14
0.5 (d) 3 1.70e-5 1.81e-5 6.70e-6 1.59¢-5 7.08e-6
4 1.70e-5 3.67e-8 6.70e-9 3.43e-8 6.69¢-9
(a) 3 2.89e-7  4.70e-10 1.35e-11  4.98e-10 1.34e-11
4 2.89e-7 1.33e-12  1.85e-13 1.29e-12 1.81e-13
0.7 (b) 4 2.80e-5 2.51e-5 1.83e-7 1.45e-5 1.78e-7
5  2.80e-5 2.49e-8 5.00e-9 2.42e-8 4.99¢-9
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(d) case (b), «=0.3 (e) case (b), a =0.5 (f) case (b), a =0.7

FIGURE 1. The decay of eigenvalues of the correlation matrix in the 1D problem with o = 0.3,

0.5 and 0.7. Here, X, )\ , An, and /\“’ denote eigenvalues of correlation matrix for Hg(£2) POD
basis with or without FDQb and L2( ) POD basis with or without FDQs, respectively.

For case (b), the Galerkin POD scheme requires slightly more POD basis functions in order to reach the
same level of the accuracy. This is expected, since for nonsmooth data v, it can only be accurately described by
more Fourier modes, and all these modes persist in the dynamics due to the “slow” decay of subdiffusion. Hence
the solution manifold may exhibit richer structure than case (a), and consequently, more POD basis functions
are needed to accurately capture the dynamics. However, the eigenvalues in the nonsmooth case decays also
exponentially (cf. Fig. 1). Hence, the proposed scheme also works well with low regularity data.

The efficiency of the proposed scheme relies crucially on constructing “good” POD basis. To this end, we
present the first five POD basis functions for case (b) in Figure 2. The Hg(£2)- and L?(£2) POD basis take
very different shapes: for the H}(£2) POD, the first basis function captures the singularity (caused by the
discontinuous initial data), whereas the higher POD modes are very smooth. In contrast, for the L?(£2) POD,
all the first five POD basis functions contain singularities (in the middle of the interval as well as oscillations
around the end points). Namely, the H}(£2) POD seems to better aggregate the solution singularity (actually
into one single POD basis). Nonetheless, the L?(£2) and H{(£2) POD-basis exhibit quite similar approximation
property, and thus can provide equally good approximations of the solution manifold (¢f. Tab. 2).

4.2. Numerical results for one two-dimensional example

Now we present numerical results for the following two-dimensional example:

(c) 2= (=1,1)2\ ([0,1] x [~1,0)]), v(z1,22) = 21 (1 + 21)(1 — 1) sin(27wx2), f(21,72,t) = gt cos(2man) sin(me2)
W2(0,T; L*(£2)), and T = 1.

In the computations, we divide the L-shaped domain {2 into a triangulation with a degree of freedom 10*, and fix
the time step size 7 at 7 = T//200. A reentrant corner with an angle w € (, 27) induces a singularity associated
with the corresponding stationary Poisson’s problem [5]. In example (c), the angle w = 37/2, and the reentrant
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(d) a = 0.3, L%() basis (e) a = 0.5, L%(2) basis (f) a = 0.7, L?(£2) basis

FIGURE 2. The first five POD basis functions, in the Hg(£2) and L?(£2) norms for case (b),
with FDQs included in the basis construction.

TABLE 3. The numerical results of the Galerkin POD for case (c¢), with T'= 1, N = 200 and
with m POD basis functions.

a  m e em en em e
03 5 T7.67e-7 5.36e-10 3.33e-10 5.17e-10  3.32e-10
6  7.67e-7 6.40e-12 5.49e-12 6.39e-12  5.48e-12
0.5 5 4.75e-6  2.08e-8 8.23e-9 1.96e-8 8.18e-9
6  4.75e-6 1.62e-10 4.82e-11 1.44e-10 4.79e-11
07 6 1.0le-5  2.05e-8 1.36e-9 1.38e-8 1.27e-9
7 1.0le-5 9.11e-10 1.17e-10  6.09e-10  1.11e-10

corner gives rise to a singularity near the origin with a leading term of the form 72/3 sin(26/3) in polar coordi-

nates. Hence, we refine the mesh adaptively using the bisection rule ([27], Sect. 4.1). We compute the reference
solution on a more refined mesh with 2 x 10* and 7 = 1/1000.

The numerical results are shown in Table 3. The POD scheme exhibits a fast convergence, and the error
decreases steadily with the increase of the number m of POD basis functions. In particular, five or six POD
basis functions suffice to resolve the solution manifold to an accuracy O(10~%), which clearly shows the efficiency
of the Galerkin POD scheme, when compared with the standard Galerkin FEM. The fast convergence follows
also from the exponential decay of the eigenvalues of the correlation matrix (¢f. Fig. 3). The decay rate of
the spectrum is almost identical for the L?(£2) and H'(£2) POD basis, and independent of the presence of
the FDQs. Hence, the presence of geometrical singularities in the domain does not influence the efficiency
of the Galerkin-L1-POD scheme. Interestingly, we observe that with the increase of the fractional order «, the
error increases slightly, which awaits further theoretical justification.
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(a) «=0.3 (b) a=0.5 (¢) a=0.7

FIGURE 3. The decay of the eigenvalues of the correlation matrix for case (¢) (2D problem on

an L-shaped domain), with @ = 0.3, 0.5 and 0.7. Here Xn, A Ap, and A denote eigenvalues
of correlation matrix for Hj(£2) POD basis with or without FDQs and L*(£2) POD basis with
or without FDQs, respectively.

4.3. Numerical results for a perturbed problem

Last, we illustrate the proposed Galerkin POD scheme with a perturbed problem, where the snapshots are
generated using a problem setting different from the one of interest, as typically occurs in optimal control and
inverse problems. Let d,,(z) = n(2 cosh?(nz))~" be an approximate Dirac delta function.

(d) On the domain 2 is £2 = (0,1)?, we consider the following problem:
Ofu—Au+qu=f in {2

with g(z1,22) = 1 + cos(mwxy ) sin(2wxs), f(z1,22,t) = d2(x1 — %)52(1‘2 — %)e“os(t) and v(xy,22) = x1(1 —
x1)sin(2mxe) and T = 1. However, the snapshots are generated using a perturbed source term f(x1,xo,t) =
S10(z1 — 1)010(z2 — 3).

In our computation, we divide the sides of the domain 2 into 100 equal subintervals, each of length 1072, thus
dividing {2 into 10* small squares, and obtain a uniform triangulation by connecting parallel diagonals of each
small square. The time step size 7 is fixed as 7 = T'/200.

Since the snapshots are generated from a perturbed problem, the error estimates in Theorem 3.13 do not
apply directly. Nonetheless, one can still observe a fast decay of the POD approximation error, and with four
to five POD basis functions, the error is already much smaller than the L1 time stepping, c¢f. Table 4, for both
L2(£2)- and H}(£2)-POD basis and with/without FDQs. The high efficiency of the proposed scheme is attributed
to the intrinsic low-dimensionality of the solution manifold, which is fully captured by the snapshots generated
from the perturbed problem. This is also expected from the fast decay of the eigenvalues of the correlation
matrix (from the perturbed problem) in Figure 4. The solution profiles and corresponding errors are shown in
Figure 5. This example shows clearly the potential of the proposed approach for solving related inverse problems
and optimal control, where many analogous forward problems have to be solved.

TABLE 4. The numerical results of the Galerkin POD for case (d), with T'=1, N = 200 and
with m POD basis functions.

a m e € € €
0.3 4 4.63e-7 4.64e-7 4.63e-7 4.64e-T
5 3.32e-7 4.50e-7 3.21e-7  3.34e-7
0.5 4 4.47e-7 4.52e-7 4.47e-7  4.53e-T
5 3.50e-7T 3.46e-7 3.50e-8  3.45e-7
04 4 4.12e-7 4.32e-7 4.12e-7  4.32e-T
5 3.8le-7 3.71le-7T 3.80e-7 3.Tle-7
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1071

(a) «=0.3

FIGURE 4. The decay of the eigenvalues of the correlation matrix for case (d) with a = 0.3,

0.5 and 0.7. Here \,,, Xz’, A, and XZ’ denote eigenvalues of correlation matrix for Hg (£2) POD
basis with or without FDQs and L?(£2) POD basis with or without FDQs, respectively.

(a) exact solution, a = 0.3

(d) exact solution, a = 0.5

(g) exact solution, a = 0.7 (h) POD solution, @ = 0.7 (i) error, a = 0.7

FIGURE 5. Exact and numerical solutions at T'= 1 for case (d), where the POD solutions are
obtained using H}(£2) POD basis with the FDQs.
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5. CONCLUDING REMARKS

In this work, we have developed an efficient Galerkin-L1-POD scheme for solving the subdiffusion problem,
by coupling the Galerkin finite element method, L1 time stepping and proper orthogonal decomposition. It
realizes the computational efficiency by constructing an effective reduced-order model using POD, often with a
very small degree of freedom. We provided a complete error analysis of the scheme, and derived optimal error
estimates due to spatial discretization, temporal discretization and POD approximation. This is achieved by
developing a novel energy argument for L1 time stepping. The extensive numerical experiments fully confirmed
the convergence analysis and the efficiency and robustness of the scheme.

The work represents only a first step towards effective model reduction strategies for fractional differential
equations. The choice of the three components in the proposed scheme is not unique. Alternatively, one may
employ finite difference methods or spectral methods instead of the finite element method, and convolution
quadrature type schemes instead of the L1 time scheme. The overall framework extends straightforwardly
to these alternative choices, even though the convergence analysis will differ. Further, it is of much interest
to extend the proposed scheme to more complex models, e.g., the multi-term model and the diffusion-wave
model.

APPENDIX A. REGULARITY THEORY FOR PROBLEM (1.1)

Now we describe temporal regularity results of problem (1.1) which plays an important role in the convergence
analysis. Let {(\j,¢;)}32; be the eigenvalue pairs of the negative Laplacian A = —A with a homogeneous
Dirichlet boundary condition, where the set {¢;}32; forms an orthonormal basis in L?(£2). Then by the standard
separation of variable technique, we deduce that the solution u can be represented by

u(t) = E(t)v + /0 E(t —s)f(s)ds,

where the solution operators E(t) and E(t) are given by

Et) = Ean(=Mt") (0, 05)¢; and E(0)$ =Y 1% Eaa(=At*) (%, ¢5)05, (A1)

Jj=1 Jj=1

respectively. Here the Mittag-Leffler function E, g(z), « > 0, 8 € R, is defined by ([15], p. 42) E, 3(z) =
> o F(#k-&-ﬁ) The following relations hold (see [31], Lem. 3.2 and [15], p. 43, Eq. (1.8.28) for proofs).

Lemma A.1. Let a € (0,1), and 5 € R. The Mittag-Leffler function E, g(z) satisfies for m > 1

dm

dt—mEa,l(—Ata) B —)\taimEa,OH,lfm(—)\ta) t> 0,

and the following uniform bound on the negative real axis R~ holds
Eap(z) <c(l+]2))7' VzeR™.

Now we can state the temporal regularity for the homogeneous problem.
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Theorem A.2. Ifv € D(A?) and f =0, then
108" ul| L2y < ct”* ™A%V L2(0), (A.2)
where if o € (0,1], m > 1, and if 0 =0, 0 < m < 2.

Proof. The case o = 0 has been shown ([31], Cor. 2.6). For o € (0, 1], by Lemma A.1, we have

2
m

o 0o
HazﬂuH%P(Q) = Z(it—mEa,l(_Ajta)(v790j)@j = A?t2a72mEa,a7m+1(_Ajta)Q(Uv(pj)Q
i=1 =

LQ(Q) .7 1

_ Z(>\jta)2720t26a72mEa,a7m+1 (_)\jta)2(,u’ @j)QA?U

oo
=1

Mt 2—20 X
wup )

< t2(roc72m . 2)\20 < t20’a72m A° 2 ,
e J (1 + )\jta)2 ;('U,QOJ) — c || UHL2(Q)
where the last inequality follows from the inequality sup; (Ajt®)2729 /(1 + \jt2)? < c. O

Next we consider the inhomogeneous problem. We shall need the following estimate on FE(t)

Lemma A.3. For anyt > 0, we have for x € L?(£2) and m > 0
107" E(t)x|l 2(0) < Cta7m71||X||L2(rz)-
Proof. The definition of the operator E in (A.1) and Lemma A.1 yield

107" E()XIIZ2 () = D 167" Baamm (=2t ") Pl(x 01
j=1

o0
<N G = e xR,
Jj=1

which completes the proof of the lemma. a

Now we can state the temporal regularity result for the inhomogeneous problem.

Theorem A.4. Ifv =0 and f € W™>(0,T; L?(£2)) with some m € [0,2], then there holds
107" ullL2(0) < ext® ™| fllwm.s(o,7;02(2)), 0<m <2 (A.3)
Proof. Using the following convolution relation ([22], Lem. 5.2)
t(fxg) =fxg+@tf)xg+f*(tg)

and Lemma A.3, we deduce that for ¢ € (0,7

t
ol < Y[ = POPEG )61 6) o d

ptg<m
t
<c Y /(t—s)“’lsqllf(m)(s))\lm(mdsSCHwamvoc(o,T;L?(n» > e
p+q<m 0 ptg<m

Since for ¢t € (0,T], we have > tota=m < ept®=™ the desired assertion follows. O

p+g<m
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Remark A.5. Theorems A.2 and A.4 show the limited smoothing property of the subdiffusion model (1.1):
for the homogeneous problem with v € D(A), the first order derivative in time ¢ of the solution u exhibits a
singularity of the form t*~1; and for the inhomogeneous problem with f € W?2°°(0,T; L?(£2)), the first-order
derivative exhibits a similar singularity, despite the smoothness of f in time.
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