STOCHASTIC CONVERGENCE OF REGULARIZED SOLUTIONS
AND THEIR FINITE ELEMENT APPROXIMATIONS TO
INVERSE SOURCE PROBLEMS

ZHIMING CHEN*, WENLONG ZHANG', AND JUN ZOU %

Abstract. In this work, we investigate the regularized solutions and their finite element so-
lutions to the inverse source problems governed by partial differential equations, and establish the
stochastic convergence and optimal finite element convergence rates of these solutions, under point-
wise measurement data with random noise. The regularization error estimates and the finite element
error estimates are derived with explicit dependence on the noise level, regularization parameter,
mesh size, and time step size, which can guide practical choices among these key parameters in real
applications. The error estimates also suggest an iterative algorithm for determining an optimal
regularization parameter. Numerical experiments are presented to demonstrate the effectiveness of
the analytical results.
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1. Introduction. This work presents a quantitative understanding of stochastic
convergence of the regularized solutions and their finite element approximations to
the inverse source problems governed by partial differential equations, under the mea-
surement data with random noise. The inverse source problems may arise from very
different applications and modeling, e.g., diffusion or groundwater flow processes [1,
4,6, 21, 5, 29, 30], heat conduction or convection-diffusion processes [3, 20, 21, 34, 42],
or acoustic problems [7, 38]. Pollutant source inversion can find many applications,
e.g., indoor and outdoor air pollution, detecting and monitoring underground water
pollution. Physical, chemical and biological measures have been developed for the
identification of sources and source strengths [4, 50, 51]. Due to the important ap-
plications of ill-posed inverse source problems, stable numerical solutions have been
widely studied, both deterministically and statistically [35, 41, 40]. A popular ap-
proach for inverse source problems is the least-squares optimization with appropriate
regularizations [3, 21, 49], which will be also the formulation we take in this work.

Our first main result is the establishment of the optimal stochastic error estimates
between the exact solution and the regularized solution in a weaker topology of the
regularization space, in terms of the statistical property of the data noise rather than
the norm of the noise in some Hilbert space. We remark that regularization and
convergence of regularized solutions in the strong norm of the regularization space
have been widely studied under various source conditions. The classical source con-
dition requires the existence of a small source function [15]. One source condition

*LSEC, Institute of Computational Mathematics, Academy of Mathematics and System Sciences
and School of Mathematical Science, University of Chinese Academy of Sciences, Chinese Academy
of Sciences, Beijing 100190, China. The work of this author was supported in part by China National
Key Technologies R&D Program under the grant 2019YFA0709600 and China NSF under the grant
118311061. (zmchen@lsec.cc.ac.cn).

fDepartment of Mathematics, Southern University of Science and Technology (SUSTech), Shen-
zhen, Guangdong Province, P.R.China. The work of this author was partially supported by the
Shenzhen Sci-Tech Fund RCBS20200714114941241 and China NSF under the grant 11901282.
(zhangwl@sustech.edu.cn).

tDepartment of Mathematics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong.
The work of this author was substantially supported by Hong Kong RGC General Research Fund
(projects 14306719 and 14306718). (zou@math.cuhk.edu.hk).

1


mailto: zmchen@lsec.cc.ac.cn
mailto:zhangwl@sustech.edu.cn
mailto:zou@math.cuhk.edu.hk

2 Z. CHEN, W. ZHANG, AND J. ZOU

was proposed in [16] for an inverse conductivity problem to relax the restrictive re-
quirement on the smallness of the source function in the classical convergence theory
[15]. A variational source condition was proposed in [25], and were further extended
in [9, 19, 22]. Tt is still a hot topic how to verify the classical or variational source con-
ditions. It appears that the analytical techniques in all existing verifications of source
conditions are quite different for each concrete inverse problem [10, 11, 26, 27, 32].
The current work makes a very promising first attempt to achieve the error estimates
of regularized solutions in a weaker topology without any source conditions.

The second main contribution of this work is to derive the stochastic convergence
and error estimates of finite element approximations to the inverse source problems.
The error estimates of finite element solutions to inverse problems have been known
to be quite challenging and still open to most practically important inverse prob-
lems. There have been various efforts on error estimates of finite element solutions for
inverse problems, especially for inverse elliptic and parabolic equations. But most ex-
isting studies have been carried out only for some not so frequently used mathematical
formulations of inverse problems; see [47] for a detailed review and related references
therein. We are not aware of any error estimates of finite element solutions to the
frequently used least-squares formulations with Tikhonov regularizations, especially
when the observation data are treated as random variables. We had a recent study in
[28] for a modified regularization formulation for an inverse stationary source problem,
where error estimates were achieved under some negative norms. One of our main
focuses in this work is to make an attempt to fill the gap, to provide error estimates
of finite element solutions to the least-squares formulations with Tikhonov regular-
izations, and more importantly, the observation data will be treated fully as random
variables in the entire analysis. As we shall demonstrate, the new error estimates
are not only optimal but also presents explicit dependence on the critical parameters
like noise level, regularization parameter, mesh size and time stepsize. Results of this
type are highly desirable in real applications as they can provide explicit guidance
in choosing these key parameters, and are also the major challenge and difficulty in
error estimates of finite element solutions to regualarized inverse problems.

We would like to mention a very important by-product from our convergence
analysis, namely, it suggests a deterministic iterative algorithm for finding an effec-
tive regularization parameter. The choice of an effective regularization parameter
is essential to the success of all output least-squares minimization approaches with
Tikhonov regularizations, but it has remained to be a big challenge how to find an
effective regularization parameter for most inverse problems.

Another feature of this work is that the entire analysis is carried out for a very
practical scenario, i.e., the scattered data. We shall assume the measurement data is
collected pointwise, with noise, otherwise no any additional regularity assumption is
made. This is unlike analyses and results in most existing regularization theories. We
refer to [32] for the study under the same regularization functional with scattering
data as in this paper, but in a deterministic linear setting.

We studied in a recent work [12] the stochastic convergence of a nonconform-
ing finite element method for the thin plate spline smoother for observational data.
The spline model for scattered data has attracted considerable attention in the liter-
ature. The convergence rate in expectation of the error between the solution of the
spline model and the true solution was established in [44]. Under the condition that
measurement noise are sub-Gaussian random variables, the stochastic convergence of
the empirical error was obtained by the peeling argument in [45] (d = 1) and [12]
(d = 2,3). We shall borrow some analytical tools from [12, 44] to study the stochastic
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convergence in expectation when the measurement noise is random variables having
bounded variance in subsection 2.1. The peeling argument is used in subsection 2.2 to
show that the empirical error has an exponential decaying tail when the measurement
noise is sub-Gaussian random variables. The discretization and its error estimates
are considered in section 2.3 both in the expectation and in the Orilicz norm for sub-
Gaussian measurement noise. The general results developed in section 2 are applied to
study an inverse nonstationary source problem in section 3. And numerical examples
are presented in section 4 to demonstrate the effectiveness of our analytical results.

2. Inverse source problem. Let Q be a bounded domain in R? (d = 1,2,3),
and X and Y be two real Hilbert spaces such that Y is continuously embedded in
C(Q) and compactly embedded in L?(2). The inner product and the norm of a
Hilbert space H are denoted as (-,-)g and || - ||g, respectively; but (-,-) is used if
H = L%*(Q). Throughout the paper, we shall use C, with or without subscript, to
denote a generic constant independent of the mesh size h, the time step size 7, and it
may take a different value at each occurrence.

Let S be a linear bounded operator from X to Y whose null space N(S) = {0}
and f* € X be an unknown source. We are interested in the inverse source problem
of the general form:

(SIP) Given the measurement data of Sf*, recover the source f*.

There are many examples of inverse source problems of this type. Our studies
will focus on a very important physical scenario, assuming that the pointwise mea-
surement data is collected on a set of distributed sensors located at {z;}7_; (z; # x;
for ¢ # j) inside the physical domain 2 [3, 20, 5, 29, 36, 38, 39]. We assume that the
measurements come with noise and takes the form

(2.1) mi = (Sf)(x;) +e;, i=1,2,---,n,

where e = (e1, e, ,e,)T is the data noise vector, with {e; i, being independent
and identically distributed random variables on a probability space (%, F,P). We
shall denote m = (my,ma,--- ,m,)T to be the vector of scattering data. Throughout
this work, we write E[A] for the expectation of a random variable A.

We look for an approximate solution f,, of the unknown source function f*
through the least-squares regularized minimization:

(2.2) min = 37 (SF) (1) — mil® + Al F1%,
=1

fexn

where A\, > 0 is called a regularization parameter.

We shall consider that the set of discrete points {z;}_, are scattered but quasi-
uniformly distributed in €, i.e., there exists a constant B > 0 such that dyax/dmin <
B, where d,.x and dpi, are defined by

(2.3) Amax = itég érilén |z —z;] and dpin = 1§z‘i§é1§§n |z; — ;).

For any u,v € C(Q) and y € R", we define

u(zi)v(zi),

1 1
(yav)n - ﬁ ;yﬂ)(wz% (u,v)n - E -

n

?

and the empirical semi-norm ||ul|, = (321, u?(x;)/n)'/? for any u € C(Q).
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Throughout the work, we consider two kinds of random noises {e;}];:
(R1) {e;}™; are independent random variables satisfying Ele;] = 0 and E[e?] < 0?;
(R2) {e;}I_; are independent sub-Gaussian random variables with parameter o,
and provide two different techniques to analyse the stochastic convergence and a
practical approach to choose the parameter A, in each case. We study the convergence
under the expectation E in the case (R1), and establish a stronger convergence in
the case (R2), where the errors have exponential decay tails.

2.1. Stochastic convergence for noisy data of variables with bounded
variance. We consider the measurement data of type (R1) in this subsection, and
study the stochastic convergence of the error under the expectation E.

ASSUMPTION 2.1. We assume that
(1) There exists a constant 8 > 1 such that for allu €Y,

(2.4) ullZzq) < Clully +nPllullf), lull; < ClullFzq) +n~7[lul}).
(2) The eigenvalues, 0 < 1 < 1y < ---, of the eigenvalue problem
(25) (wa U)X =7 (S’(/)7 SU) Vo € Xa

satisfy that n, > Ck®, k = 1,2,---, for some constant C' depending only on the
operator S : X — Y. The constant « satisfies 1 < a < 3.

We remark that the eigenvalue problem (2.5) is equivalent to the eigenvalue prob-
lem S*Sy = A\ in X with A = n~!, where S* : L?(Q2) — X is the adjoint operator
of $: X — L*(Q). Since Y is assumed to be compactly embedded into L*(Q), the
operator S is compact. By means of the spectral theorem of compact self-adjoint
operators (see, e.g., [33, Theorem 3, §28] and [37, Theorem 2.36]) and the fact that
the null space N(S) = {0}, there exist the eigenvalues A\; > Ay > - -+ for the compact
operator S*S : X — X, counted according to possible multiplicity, and the corre-
sponding eigenfunctions {¢y}72, such that {¢;}7°, forms a complete orthonormal
basis of X, that is,

(2.6) S*Sor =M in X, (Pk,P1)x =0rt, (Sor,Sé1) = My, k,1=1,2,---,

where §; is the Kronecker delta function. The condition o > 1 in Assumption 2.1
then implies that S : X — L?*(Q) is a Hilbert-Schmidt operator (see e.g., [33, §30.8]).

We also remark that the restriction o < 8 in Assumption 2.1 can be removed
by checking the detailed proof of Theorem 2.3 since we only need a lower bound of
pr > Cmin{k® n®} from Lemma 2.2 to prove the variance bound. In this case,
Theorem 2.3 will depend on 8 consequently.

The following observation is inspired by [44], where it was shown that the solution
of a thin plate spline smoother model is attained in a finite dimensional subset.

LEMMA 2.1. For a givenm € R™, let f be the solution to the optimization problem

2.7 min 2.
(2.7) ex(ipn 115

then f € V,,, where V,, is an n-dimensional subset of X.
Proof. Let V be a subset of X such that

V={veX:(Sv)(x;) =0,i=1,2,--- ,n}.
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Define the projection operator Py : X — V,
(Pylfl,v)x = (f,v)x YveV.

Choose ¢; € X such that (S¢;)(z;) = ;. Let ¢, = —Py[¢i] + ¢; and V,, =
span{¢1,--- ,¥,}. We can easily check that (St;)(x;) = J;; also holds. For any
f € X, define the interpolation operator I:

If = (S (@)

i=1
We can easily see that I[f € V,, and f — If € V, hence we derive

n

(f=1f,1f)x = (F =11, Y (SF)(@i)(¢i — Pvei]))x

= Z(Sf)(xi)(f —If,¢i — Pv[o])x =0,

where we have used the fact that (v, ¢; — Pv[¢;])x =0 for all v € V.
We see directly from the above equality that (If,If)x < (f, f)x, hence we have

. 2 . 2
min = min .
pev, (n 115 jex o 1f11%

This completes the proof. 0

LEMMA 2.2. Let Assumption 2.1 be fulfilled, and V,, be defined as in Lemma 2.1.
Then the eigenvalue problem

(28> (wav)X = p(SwaSU)n Vv e Vna

has n eigenvalues p1 < pa < -+ < pyn, and all the eigenfunctions form an orthogonal
basis of V,, with respect to the norm ||S - ||n. Moreover, there exists a constant C > 0
independent of k such that pr, > Ck® for k=1,2,--- n.

Proof. Consider V,, = span{t;}!", as defined in the proof of Lemma 2.1, and
(SYi)(xj) = 6;5. We can write p = Y"1 | (Sv)(z;); for any ¢ € V,,. This implies
IS - ||l is a norm of V,,. Therefore, the eigenvalue problem (2.8) is equivalent to a
matrix eigenvalue problem AV = pBY for ¥ € R", where A;B € R™*" are two
symmetric positive definite matrices. Thus the eigenvalue problem (2.8) has n finite
eigenvalues p; < py < --- < p, and all eigenfunctions form an orthogonal basis of V,,
with respect to the norm [|S - ||,

We are now ready to give a lower bound of the eigenvalues pj. Using the min-max
principle of the Rayleigh quotient for the eigenvalues and (2.4), we can derive

P = m a (uv u)X
dim(X)=k,XCV, veX (Su,Su),

: (u,u)x
>C
- dim(xr)ril/?,XcVn uex (Su, Su) + n=P(u,u)x

min max (1, u)x
dim(X)=k, X CL2(Q) uveX (Su,Su) +n=P(u,u)x
1 S 1
et 4nh T kT4 nh

>C
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where we have used the fact that 77, > Ck® by Assumption 1. Now k®n—? < n®=# <1
for all K <n and a < 8. We conclude that pr, > Ck®. This completes the proof. 0O

THEOREM 2.3. Let Assumption 2.1 be fulfilled, and f, € X be the unique solution
of (2.2). Then there exist constants Ag > 0 and C > 0 such that for any A, < Ao,

(29) E[ISfa = SS*112] < CAall £ 1% + Co®/(nAY),
(2.10) E[lfa = £ I%] < CIF I + O /(nA /).

Proof. By deriving the necessary condition of the quadratic minimization (2.2),
we can readily see that the unique minimizer f,, € X satisfies the variational equation

(2.11) M (fr,0)x + (Sfn, SV)n = (M, Sv), YveX.

For any v € X, we introduce the energy norm [||v]||3 := A(v,v)x + ||Sv[|%. By taking
v = fp, — f*in (2.11), along with (2.1), we obtain

N N e, Sv),
(2.12) W = £l <A1 FNx + sup (©5Yn
veL2(Q) lIlv/l[x

It remains to estimate the supremum term in (2.12). Using Lemma 2.1, we can
rewrite this supremum term equivalently as

sup (e, Sv)2 — sup (e, Sv)2
vex I0lIK,  vex An(v,v)x +[1Sv]2
<4 (e, Sv)2
up
veX An mlnuEX Su(z;)=Sv(z; )(U7U)X + ||SU||$L
(e, Sv)2
= sup 5
veX )‘ mlnuEV JSu(z;)= Sv(zi)(uvu)X + HSUHn
(e, Sv)7
= sup 5 -
vEV, A (U7U)X + ||SU||7L

Let p1 < p2 < --- < pyp, be the eigenvalues of the problem

(2.13) (Y, v)x = p(SY, Sv), Yo €V,

with the corresponding eigenfunctions {¢x}}_,, which is an orthonormal basis of
V., under the inner product (S-,S+),. Thus (S¢k,S¢;), = Ok and consequently,
(Y, 1) x = pudra, kK, 1=1,2,---,n

Now for any v € V,,, we have the expansion v(z) = >, _; vitpe(x), where vy, =
(Sv, Stpg)n for k =1,2,--- ,n. Thus [[v[|3 = >"p_;(Anpr + 1)v3. By the Cauchy-
Schwarz inequality we can readily get

(Z vm/m(%)) = % > ( 6i¢k($i)>
k=1 i=1

1
(e, Sv)? —2

n

1 = 2
7 2+ dupk)el - 31+ o)™ Y alsvn)@n)
k=1 i=1

\ A
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This, along with the fact that ||Syy||, = 1, implies

(e?S’U)% —1 - 2
E| sup W} < ZZl—FAnpk E(Zel Sv) xl)
vEV, An k=1 i=1

n

<o?nt Z(l + Anpr) !
k=1

Where we have used in the last estimate the fact that the random variables {e;},

are independent and identically distributed, i.e., Ele;e;] = ;.
Now by Assumption 2.1 we readily derive

2
B (250

<Oo*n by (14 A\ k®) 1<C2*1/ 14+ Mpt®) " Lde.
] £ 7T AR T <Gt (1 )

It is easy to see that
/ (14 Ant®) "Nt = A;l/a/ (sl < ON
1 A

This completes the proof by using (2.12). d

We can observe that Theorem 2.3 presents the expectational convergence of the
output error Sf,, — Sf*, but only the expectational boundedness of the source error
fn — [ in the X-norm. Next, we shall show that we can achieve the expectational
convergence of the source error f, — f* in a weaker topology. To do so, we consider the
eigensystem {(\r, = 1, ', o) }72, of the compact operator S*S : X — X satisfying
(2.6), and define a subspace of X:

(2.14) W = {U €X: iniﬂ(v,m)ﬁf < oo}
k=1

with the norm |vl|w = e, nl/z(v,qﬁk)?x)l/z for all v € W. One can see that
W = R[(S*S)Y4], i.e., the range of the operator (S*S)Y/%. We recall that for 6 > 0,
X = R[(5*S)%] is called the source sets in the literature [14, p.58].

COROLLARY 2.4. Let Assumption 2.1 be satisfied and A\, > n? Yn>1. Then

E[llfn = 5] < CNPIF (R + Co®/(nAy/2HH®),
where W' is the dual space of W with respect to X .
Proof. By (2.6), for any v € X, we have the expansion v = Y~ vx¢y with v, =
(v, éx)x. We can directly check that [|v]|% = 3272, v} and [|Sv||Z2q) = 3202, P

Then for any g € X, g = > 7o, 9xPk, With gx = (g, dx)x, we can obtain by the
Cauchy-Schwarz inequality that

\(g,v)X| |ZOO: gkvk| = —1/2 1/2 1/2
lgllw = sup DX = sup LER=LIRTEL < (N 212 < g0 o]

ozvez llgllw  ozxgez  llgllw Pt

Taking g = f* — f,, in the above inequality, we obtain

(2.15) 17 = Fullivr S NSF* = Shallz@llF* = fullx-
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From Assumption 2.1 (1), the boundedness of the operator S : X — Y, and the
assumption that A, > n=?, we deduce

ISf* = S fullfa) < CUSF* = Sfalls +nPIfF* = fullX)
< CUISS" = Stalln + Aallf* = full%)-

Using this estimate, we derive from (2.15) that
(2.16) 1" = Fallivr < ONIFT = fullx + ON2IS 7 = Sall2,
which, together with (2.9) and (2.10), completes the proof of the corollary. d

2.2. Stochastic convergence for noisy data being sub-gaussian random
variables. We consider in this section the case (R2) for the data (2.1), that is,

(2.17) E[exp(\(e; — E[ei]))} < exp(%aQ)\z) VAER,

and study the stochastic convergence of the error ||Sf* — Sfn|ln and || f* — follw-.

We first give a brief introduction of sub-Gaussian random variables and the theory
of empirical processes that will be used in our subsequent analysis; see [12, 46, 45] for
more details. The probability distribution function of a sub-Gaussian random variable
Z has an exponentially decaying tail, that is,

2

(2.18) P(|Z —E[Z]| > 2) < 2exp(—2%) V2> 0.

We shall also use the Orlicz norm. For a monotonically increasing convex function
1 satisfying 1(0) = 0, the Orilicz norm || Z||,, of a random variable Z is defined as

(2.19) 1Z]ls = inf{C’ >0: IE[M}(%')] < 1}.

For most of our analyses, we will use the Orlicz norm || Z||,,, with ¢(t) = e’ —1 for
t > 0. Through some calculations, we have the estimate (see, e.g., [12, (4.5)])

2

z
—— Vz>0.
2 )
12113,

(2.20) P(1Z] 2 2) < 2exp( -

Consider a semi-metric space T with a semi-metric d and the random process
{Z; : t € T} indexed by T. The random process {Z; : t € T} is called sub-Gaussian if

2

z

) Vs, teT, z>0.

For a semi-metric space (T,d) and ¢ > 0, the covering number N(g,T,d) is the
minimum number of e-balls that cover T; and log N(e, T,d) is called the covering
entropy that is a crucial quantity to characterize the complexity of space T. We
assume

ASSUMPTION 2.2. For a unit ball SY in'Y and any e > 0, there exists a constant
v < 2 such that the covering entropy is controlled by

log N (g, SY, || - o)) < Ce™ 7.
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Important estimates of the covering entropy for Sobolev spaces can be found in
[8]. We shall often need the following maximal inequality [46, Section 2.2.1].

LEMMA 2.5. If {Z; : t € T} is a separable sub-Gaussian random process, then it
holds for some constant K > 0 that

diam T c
| sup |Zs — Zi|lg, < K/ 1/10gN(7,T,d) de .
s,teT 0 2

The useful results in the following two lemmas can be found in [12].

LEMMA 2.6. {E,(f) = (e,Sf)n : f € X} is a sub-Gaussian random process with
respect to the semi-distance d(f,v) = on=2||Sf — Sv||,, for any f,v € X.

LEMMA 2.7. Let Cy > 0 and K1 > 0 be two constants, and Z be any random
variable satisfying

2
P(|Z|>a(1+z))§C’1exp(—%) Ya>0, z>1,
1

then there exists a constant C'(Cy, K1) > 0 depending on Cy and Ky such that
1Z]ly, < C(C1, K1) a.

THEOREM 2.8. Let Assumption 2.2 be fulfilled, po = || f*||x +on="?, and f, € X

be the solution of the problem (2.2). If we take A2 O(on=12pyh), then there
exists a constant C > 0 such that

B(|Sfu = SF*lln = A/*p02) <2¢7° and P(|lfullx 2 poz) <267
Proof. By using the estimate (2.20), it suffices to prove
(2.22) 1S fn = SF*lInllv. < CA/Zpo and [l fallx [l < Cpo.

Because of similarity, we will prove only the first estimate in (2.22) by the peeling
argument. It follows from (2.2) that

(2.23) 1S fu = SF712 + Aallfullk < 206, SFu = S5+ Mall £711%
Let 6 > 0, p > 0 be two constants to be determined later, and we set for i,j > 1,
(2.24) Ay =10,0), A;=[2""16,2"6), By=10,p), B;=1[2"1p,27p).
For i,j > 0, we further define

Fy={veX: |Sul €A, [vlx € B},

then we can readily see

oo

(2.25) P([|Sfn = Sf*ln > 6) <D P(fu — f* € Fyj).

i=1 j=0

Now we estimate P(f, — f* € Fj;) for each pair {7,j}. By Lemma 2.6, we know
{(e, Sv),, : v € X} is a sub-Gaussian random process with respect to the semi-distance
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d(f,v). With this semi-distance, it is easy to see that diam(Fj;) < 20n~1/2.2%§, then
we can deduce by using Lemma 2.5 that

£
2

on~1/2.2115 c

By Assumption 2.2, we have the estimate for the covering entropy

on~1/2.2it1s
| s (e85 = 85l < K [ o
0

,Fij,d) de
f—f*€EF;;

g e
log N (W»Fm‘a [S- ||n> < logN(W,Fij, 15+ L))

20m~1/2 . 27 p\
= log N( S(Eij)s |- o) < 0(7) )

20m~1/2’ €

where we have used the fact that S(F;) is included in the ball in Y of radius C(27p)
since S : X — Y is a bounded operator. Using this, we can further derive

on—1/2.9i+15 ~1/2 .
2 Y v/2
| sup (e Sf = S allus < K/ (o 2ey
f—f*€F;; 0 €
(2.26) — an—l/Q(ij)v/2(2i§)1—7/2.

Then by using the estimates (2.23) and (2.20), we have for i,5 > 1,

P(fn— f* € Fy) < P(22<i*1>62 + A 2207002 <2 sup (e, f — f)al + An,o%)

f—f*€Fi;
= ]P’(2 sup  |(e, Sf — Sf*)n| > 2207162 4 ),,220-1)p2 )\npg)
f—f*eFi;
1 92(i-1)§2 4 \ 920-1)p2 _ )\ )2\ 2
§26Xp[— ( ,+>\2 - p )\po)}
Co2n-1 (216)1=7/2(24 p)7/2

Now for z > 1, we take 62 = N\, p2(1 + 2)%, p = po, then with the choice that

1y
%+4 = O(on‘1/2pgl) and direct computing, we readily obtain for 7,7 > 1 that

220=1) 2(1 4 z) 4 220-1 )2}

(2.27) P(fn — f* € Fj) < 2exp {_ C( (2i(1 + 2))1-/2(29)7/2

To simplify the above estimate, we use Young’s inequality that ab < aP/p+ b?/q
for any a,b > 0 and p,q > 1 such that p~! + ¢~! = 1 to obtain

(291 + 2) 7222 < O((1+ 2)2 + 27).
Therefore we get from (2.27) for i, > 1 that

P(f, — f* € Fy;) < 2exp [~C(2%2% +2%)] .
Similarly, one can show for ¢ > 1,5 = 0 that

P(fn — f* € Fio) < 2exp [-C(2%2%)].
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Collecting the above estimates for all ¢, j > 0 and using the facts that
iexp( —C(2%)) <exp(-C) <1 and iexp(fC@zizQ)) < exp(—C2?),
j=1 i=1
we come to the conclusion that
i iﬁ”(fn —frekF;) <2 i i.iexp(—C’@%z2 +2%)) +2 i exp(—C(2%2%)).
i=1 j=0 i=1 j=1 i=1

The above estimate can be further bounded by 4exp(—C2?). Using this, we get from
(2.25) that

(2.28) P(|Sfn — Sf*ln > A 2po(1 + 2)) < dexp(—Cz?)  Vz > 1.

This, along with Lemma 2.7, implies that ||||.Sf, — Sf*||nllp, < C/\}meo, which is the
first estimate in (2.22). The second estimate is similar to the first one by taking i > 0
and j > 1 in the summation above (2.28). d

Using the subspace W defined in (2.14), we can derive the following stochastic
convergence of the error ||f, — f*||w-.

COROLLARY 2.9. Let Assumptions 2.1 and 2.2 be satisfied. If \, > n~=?, we have,

P(llfn = fllwr = A *po2) < 277
Proof. By (2.16) and (2.22), we readily deduce
11 = Fallwllss < CALAF = Fallx o, + CA IS = Sfallnlle, < Cpori/®.
Then the desired estimate is a direct consequence of (2.20). d
2.3. Convergence of the discrete solutions. In this section we consider the
approximation to the optimal control problem (2.2), i.e.,

in||Sf —m|% + M\l flI%-
min [Sf = mif + Anllf1x

We can directly verify that the solution f,, € X satisfies the weak formulation
(2.29) An(frs0)x + (Sfn, SV)p = (m, Sv), YveX.

Let V, € X and Y}, € C() be two discrete function spaces (e.g., finite element
spaces) with dimensions N}, and M, respectively, and Sy, : X — Y}, be the discrete ap-
proximation of the operator S : X — Y. We make the following standard assumptions
on the discretization space V}, and the approximation operator Sy,.

ASSUMPTION 2.3. For the discrete operator Sp : X — Yy,
(1) there exists an error estimate e(h) such that the discrete operator Sy, satisfies

ISf = Sufll < Ce(W)IfIX VfeX.
(2) For any f € X, there exists v, € V3, such that
Mallf = vnllX + I1Snf = Shonlln < CAn + e(M)[I fII%-
We can now look for the discrete solution to the problem (2.2):
. 2 2
- An .
i (180 — 2+l
Obviously, f; satisfies the weak formulation:

(2.30) Mn(frrvn)x + (Sufn, Swon)n = (M, Spon)n Yo, € V.
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2.3.1. Convergence for noisy data from random variables with bounded
variance. We study in this section the expectational convergence of the discrete
solution to (2.30) in the case (R1) for the data (2.1), with the main results stated
below.

THEOREM 2.10. Let Assumptions 2.1 and 2.3 be fulfilled, and f;, € Vi be the
solution of (2.30). Then there exist constants Ao > 0 and C > 0 such that for any
)\n < )\0;

(2.31) E[ISS* = Sufall2] < COw + eI +C 1+ cth) Nhe(h)} o

An \ITValpyle?
An +e(h) e(h)  Npe(h) o?
* 2 * (12
32 E[lr - alk] < oL o G+ R T

In particular, if e(h) < CA,, and Npe(h) < C)\}fl/a, we have

(2.33) E[||Sf* — Shfnl2] < ONallf*[1% + Co?/(nAL/*),
(2.34) E[|f* = fullk] < ClF I3 + Co?/ (ALY,

Proof. For any f,v € X, we denote ap(f,v) = A\ (f,v)x + (Shf, Shv), and
£, = an(f, f). For any wy, € Vj, by taking v = wy, in (2.29) and vy = wy in
(2.30), we readily obtain

an(fo —vn,wn) = an(fa — v, wn) + ((S = Sk) fr, Shwn)n + (Sf* = Sfr, (Sh — S)wn)n
+ (& (Sh — S)wp)n :=a (fn Vp,wp) + F(wy)  Yor, wp € Vi,

By the triangle inequality, we can further derive

R F(w
(2.35) Voo = Fullar <C i [ f— vnllay + € sup )
v E€Vh wp €V HwhHah

But from Assumption 2.3 (1), we have

|((S = Sh)fn: Snwn)n|

(2.36) sup <18 fn = Sufalln < Ce(h)?|| fullx,
wpEVy, HwhHah
Sf* = Sfn, (Sh = S)wp)n . e(h)1/2
(2.37) (517 = s (Sn = S)un) |§C||Sf — Sflln (1)/2 .
wp, €V 1w llay A

Now we estimate E(sup,, cv, |(€, Swn — Shwn)n|?/||wn|2, ). Let {4 )", be the
orthogonal basis of Vj, (with N;, = dim(V},)) such that (¢;,%;) = d;;. Then for any
wy, € Vi, we have wy = 3217 (wn,1;)¢;, and [|wp]|22.q) = S0 (wn, ). Applying
the Cauchy-Schwarz inequality,

Np Np n
(er(8 = Swn 2 < (w230 (S elS = S @)’
j=1 j=1 " i=1
Ny, n

= e Yo (DS Svs(n)

j=1 =1
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we derive

(2.38) E( sup (e, Swh = Shtwn)n ) S ZE(EH:GZ S — Sn)v;( xl))2
i=1

wp €V ”whllah

1 all 9 9 o2
=3, E a|l(S = Su)lis < CT nNhe(h)~

This completes the desired estimates by substituting (2.36), (2.37), (2.38) into (2.35)
and using Assumption 2.3 (2) and Theorem 2.3. |

COROLLARY 2.11. Let W be defined as in (2.14). Then it holds under Assump-
tions 2.1-2.3 and A\, > n~? that

An+ e(h)

E[lIF* = fulf] < COGP + e 2() ===l I1%

1/2 1/2 (h) Npe(h) o’
+C()‘n +e (h’)) 1+ >\n +>\}1—1/a n/\:rlL/a.

Moreover, if e(h) < CA, and Npe(h) < CATY it holds that
E[If* = falliv] < OIS + Co?/(nA/2H).
Proof. By (2.15) and Assumption 2.1 (1), we can derive that

If* = fallfr < NS = Shallezlf* = fallx
< C(IS£* = Salln+n= 21 = fullx ) 1F* = fullx

< € (IS5~ Sufulln + 1Sufn = Sfulla + M5 = Fullx ) 15 = Fullx-

Then the corollary follows by applying the estimates (2.31), (2.32) and Assumption
2.3(1) to the above estimate. O

2.3.2. Convergence for noisy data being sub-gaussian random variables.
We consider in this subsection the convergence of the discrete solution in the case (R2)
for the data (2.1). We start by recalling the following lemma in [45, Corollary 2.6]
about the estimation of the covering entropy of finite dimensional subsets.

LEMMA 2.12. Let G be a finite dimensional subspace of X of dimension Ng > 0
and Ggr ={f € G :||fllx < R}. Then it holds that
N(e,Gr, |- lx) < (1 +4R/e)Ne Ve > 0.

LEMMA 2.13. Let Assumption 2.3 be fulfilled, and Gy, := {wp, € Vi, @ ||willa, < 1}.
Assume that e(h) < C\,, and Npe(h) < CA2. Then it holds that
I sup [(e, Swp = Spwp)nl [y, < Con™ /2N,
wp€GH
Proof. By Lemma 2.6 we know that {En(vh) = (e, Swy, — Spwp)n Ywy, € Gi}

is a sub-Gaussian random process with respect to the semi-distance d(vp,wp) =
on~2|(Svp, — Spun) — (Swy, — Spwp)|ln. By Assumption 2.3 and the condition that
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e(h) < C\,, we derive for any wy, € G, that ||Swy — Shwn||n < Ce'/?(h)||wnlx <
Ce'/2(h)A,"/* < C. This implies that the diameter of Gy, is bounded by Con=1/2.
Now we deduce by the maximal inequality in Lemma 2.5,

Con~1/2 c
(2.39) | sup [(e,Swp — Shwn)nl |y, < K/ \/log N (f,Gh,d) de.
wpEGH 0 2

By Assumption 2.3, we know
a(vh,wh) < C’crnil/zel/Q(h)th —wp|lx Vop,wp € Vi,

Thus we can see

(2.40) log N (%,Gh,a) = logN< °

M7Gha || : ||X> .

Now we estimate the covering entropy of Gy,. First, we have ||wp||x < An 2 for any
wp, € Gp,. Noting the dimension Ny, of V},, we obtain by Lemma 2.12 and (2.40) that

log N (% G, a) < ONp(1+ on~ V2 2 (A-12/e).

Inserting this estimate in (2.39),

Con~1/2
| sup |(esin — Thon)n] 1w, < c/ VONM(L + on=172612(h)A7 2 ) de
UheGh 0

<C Nhanfl/zel/z(h)kgl/?
This completes the proof using the condition that Npe(h) < ONT2, |

The following theorem presents the main results of this subsection, where W is
the subspace defined in (2.14).

THEOREM 2.14. Let Assumptions 2.2 and 2.3 be fulfilled, and f;, € V, be the
solution of (2.30). Denote by po = || f*||x +on~"/2. If we take e(h) < CAn, Nype(h) <
C’)\:L_W2 and )\71/2-’_7/4 = O(Unil/zpal), then there exists a constant C > 0 such that
for any z > 0,

B(|Sufn = Sf*ln = X/ ?poz) <2e7°% and (|l fullx > poz) < 27
Moreover, if Assumption 2.1 is satisfied and A\, > n~?, it holds that
2
P(|l fn = f*llwe = A/ poz) < 2e79%.
Proof. We first derive from (2.35) that

“ +CH sup |F(wn)|

— < CH inf )
””fn fh||¢lh,||¢2 = ohEVi ||fn h”ah eV ||wh||ah

$a
But we know sup,,, ey, |F(wn)|/[|whlla, = supy, cq, |F(wn)| from the proof of Theo-

rem 2.10, hence it suffices to estimate || sup,,, ¢, |(€; Swn—Spwn)n||ly,. Then the first
two estimates of the theorem follow readily from (2.22), Lemma 2.13, the assumption
that on~1/2 = O(/\}L/2+7/4p0) and (2.20).

To show the estimate of ||f* — fu||lw+, we use the last inequality in the proof of
Corollary 2.11 to obtain

1% = Fullws < OXHT™ = fullx + COAUS S = Snfulln + 1Snfn = STulln).
Then the desired estimate follows by using (2.20). We omit the details. d
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3. An inverse nonstationary source problem. In this section, we apply the
theory developed in the previous section to study the regularized solutions to an
inverse nonstationary source problem associated with the heat conduction system

(3.1) uy + Lu = F(x,t) in Q x (0,T),
' u(z,t) =0 on IN x (0,7), wu(xz,0)=0 in Q,
where L is a second order elliptic operator of the form Lu = —V-(a(z)Vu)+c(z)u, and

Q c R4 (d=1,2,3) is a bounded domain with C? boundary or a convex polyhedral
domain. We assume a € C1(Q), ¢ € C(Q) with ¢(z) > 0 in €, and that the source is
of the separable form F(xz,t) = f(z)g(t) for (x,t) € Q x (0,T), where the temporal
component g € H(0,T) is known and satisfies that g(t) > 0 Vt € (0,T), while f(x)
is unknown to be recovered.

For the subsequent analysis, we first recall some standard results for parabolic
equations (cf., e.g., [17, §7.1]). For F € H'(0,T; L?(f2)), we know the solution u to
(3.1) satisfies Qyu € C([0,T]; L3(Q)) N L%(0,T; H}(2)) and the a priori estimate

l0sullco,m:22)) < CIF e 0,1:220)) < Cllfllz20)-

It follows then from the equation (3.1) and the regularity theory of elliptic equations
that w € C([0,7]; H?(2)) and there exists a constant C such that

(3.2) llulleqo,m;mz @) < Cllfllz2)-

Let X = L?(Q), Y = H?(), and the forward operator S : X — Y be defined by
Sf=u(-,T). By (3.2) we know that S : X — Y is a bounded operator

1S fllmz) < Cllfllze) YV f €L Q).

We are mainly interested in the following inverse nonstationary source problem:

(TIP) Given the measurement data of u(-,t) at the terminal ¢ = T, recover the spatial
source distribution f*(z) in the entire domain €.

We focus on an important physical scenario, i.e., measurement data is collected
pointwise on a set of distributed sensors located at {x;}? ; inside the domain 2
[3, 20, 5, 29, 36, 38, 39]. Again, we assume the data is of the noisy form (2.1), where
{z;} is quasi-uniformly distributed in the sense of (2.3).

We then look for an approximate solution of the true source f* through the
following least-squares regularized minimization:

(3-3) min ISf = mll7 + Aall flI% -

3.1. Stochastic convergence for the inverse heat source problem. In this
subsection we apply the results in section 2 to study the stochastic convergence of the
solution of the problem (3.3) to the exact source f*. We first recall an important
property about the eigenvalue distribution for the elliptic operator L [2, 18].

LEMMA 3.1. Suppose §) is a bounded domain in R? and a,c € C°(Q), ¢ > 0, then
the eigenvalue problem

(3.4) Ly =py inQ, =0 ondQ

has a countable set of positive eigenvalues p1 < po < ---, with its corresponding
eigenfunctions {¢y }32, forming an orthonormal basis of L*(). Moreover, there exist
constants Cy,Co > 0 such that C1k%/4 < pr < Cok?/4 for allk =1,2,--- .
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With Lemma 3.1, we can derive the important spectral property of operator S.

THEOREM 3.2. Let g € HY(0,T), g > 0 but g # 0 in (0,T). Then the null space
N(S) = {0} and the eigenvalue problem

(3.5) (¥, v) = p(SY,Sv) VYveX

has a countable set of positive eigenvalues 0 < p1 < po < ---. Moreover, there exists

a constant C' > 0 such that p, > Ck*? for all k = 1,2, ---

Proof. We first consider the eigenvalue problem

(3.6) Y =nS5Y.

Let {¢x}72, be eigenfunctions of the problem (3.4) which forms an orthogonal basis
of L3(Q). We write f = > _p- | fr¢x for a set of coefficients fi. Let u =Y po ; ug(t)dk
be the solution of the problem (3.1). Plugging these two expressions of f and u into
the first equation of (3.1), we get by noting the fact that Loy = prdyr and comparing
the coefficients of ¢ on both sides of the equation that u;(0) = 0 and

uy,(t) + prur, = frg(t) in (0,7).

We can write the solution as ug(T) = ay, fi, with ap = e #T fOT et Sg(s)ds. Since
g>0in (0,7T), we know a; > ag > -++ > 0. Now if Sf = 0 for some f € L?(f2), then
ug(T) = axfr =0 Vk > 1, which implies fr =0 Vk > 1. Hence f = 0, that is, the
null space of S is zero.

Moreover, we can easily see that |ax| < C,u,;l. Noting that Sf = u(-,T) =
> rey uk(T) Pk, we can formally write

5( i fk¢k) = i e [P
k=1 h=1

Since {¢x}72, is an orthogonal basis of L?(f2), we can readily see that the eigenvalue
problem (3.6) has a countable set of positive eigenvalues {ny = o '}, with {¢5 152,
being their corresponding eigenfunctions. By Lemma 3.1, we have 7, = alzl >Cuy >
C1k*/®. Therefore, the eigenvalue problem (3.5) has a countable set of eigenvalues
{pr}32, that satisfies py = n? > Ck*?. This completes the proof. O

Under the setting of this section, the abstract subspace W in (2.14) is given by
oo o0
(3.7) W={vecl*Q): v= ka(bk, ve = (v, Px) and Zpimvi < o0},
k=1 k=1

and W' = H=1(Q) if g € H*(0,T) satisfying g > 0 in [0, 7], as indicated below.
LEMMA 3.3. Let g € H(0,T), g >0 but g # 0 in (0,T). Then W is a subspace
of Hi () and ||v||m (o) < Cillvllw Yo € W. If, in addition, g > 0 in [0,T], then
W = Hy(Q) and |lv]|w < Col|vllm ) Vv € Hy(Q).
Proof. Since the eigenfunctions {¢;}72, forms an orthonormal basis of L?(),

any function v € L?(f2) can be expanded as v = Y ;- vi¢y, where vy, = (v, ).
From the definition of {¢;}72, in (3.4), we obtain by integrating by part that

a(¢k,q) = H“k(d)ka‘I) VQ € H&(Q)a
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where a’(pa q) = (a’pa q) + (Cpa q) Thus we have a(QZSk, d)l) = ,ukakh and that HU”Hl(Q) <
C||v||lw, which is a consequence of the estimate by the ellipticity of the operator L:

1/2
021 ) < Calv,0) = e < CS o/ 2.
k=1 k=1

Next, since ¢ € H'(0,T), we know g € C[0,T]. Thus if g > 0 in [0,7], then
g > gmin > 0 in [0, T] for some constant gmin. With the same notation as in the proof
of Theorem 3.2, we have

T —purT —mu1 T
1— 122 1— H1
o = e*”‘“’T/ e (5)ds > Ganin————— > Gunin———— > Cpy
0 205 22
Thus > Cayt = pi/?. This yields [|v]lw < C[|v]| 10 0

Verification of Assumptions 2.1 and 2.2. We first know Assumption 2.1(1)
holds with 8 = 4/d from [44, Theorems 3.3-3.4]. This, along with Theorem 3.2,
verifies Assumption 2.1(2) with « = 8 = 4/d. Assumption 2.2 (with v = d/2) is a
consequence of the following important estimate about the covering entropy [8].

LEMMA 3.4. Let Q be the unit cube in R and SW*P(Q) be the unit sphere of
space W5P(Q) for s >0 and p > 1. Then it holds for sufficient small € > 0 that
log N (e, SW*P(Q), || - |l La(q)) < Ce™/*,

where 1 < q < 0o for sp>d, and 1 < q < ¢* with ¢* = p(1 — sp/d)~! for sp < d.

Under Assumptions 2.1 and 2.2, the following two main results are direct con-
sequences of Theorems 2.3, Corollary 2.4 for the noisy data of type (R1) (random
variables with bounded variance) and Theorem 2.8, Corollary 2.9 for the noisy data
of type (R2) (sub-Gaussian random variables), respectively,

THEOREM 3.5. For the minimizer f, € L*(Q) to the problem (5.3), there exist
constants A\g > 0 and C > 0 such that the following estimates hold for any A, < Ag:

E[ISfa =SR] < COnllF*1F2 () + Co?/ (A1),
E[[lfall720)] < Ol 172() + Co?/(nALFYY).
Moreover, if A, > n~*% and g > 0 in [0,T], then

E[llfu = £} @) < CN2NS Za0) + Co®/(nA2H41).

THEOREM 3.6. Let f, € L*(Q) be the solution of (3.3) and po = ||f*|l12(0) +
on~Y2. If we take \, such that A/ 2HA8 = O(on=12pyh), then the following esti-
mates hold for some constant C > 0:

2

2
P([Sfn = SF*lIn > A/ p02) <2e79%, P(|| fullL20) = poz) < 2e 9.
Moreover, if A, >n~*% and g > 0 in [0,T], then
2
P(| o = Fllz-10) = A/ *poz) < 279,

We remark that \y/>™® = O(on=1/2p;") implies A, > Cn=4/(+9_ Thus the
condition A, > n~%/4 is not very restrictive in the applications.
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3.2. Finite element method for the inverse heat source problem. In this
section we consider a finite element approximation to the optimal control problem
(3.3) associated with the inverse heat source problem (TIP). For convenience, we
assume §? is a polygonal or polyhedral domain in R? (d = 2,3). Let M, be a family
of shape-regular and quasi-uniform finite element meshes over the domain €2, and
Vi, € H}(Q) be the conforming linear finite element space over the mesh M;. We
divide the time interval (0,7) into a uniform grid with time step size 7 = T/N and
write t* = it for i = 0,1,..., N.

We will use the backward Euler scheme in time and the linear finite element
method in space to approximate the heat conduction problem (3.1): Find u}; € Vi,
i=1,2,--- N, such that

i i—1
uy —u . ,

(3.8) (hihﬂm) + a(up,vn) = (fg'svn)  Vop € Vi,

where a(v,w) = (aVv,Vw) + (cv,w) for any v,w € H}(Q). We approximate the
forward solution Sf by S, f = uﬁf . The inverse problem (3.3) can be approximated
by the following least-squares problem

T

(3.9) }21‘2 [Srnf —m|2 + )‘n||f||2L2(Q)'

We shall make use of the results in section 3.1 to study the stochastic convergence of
the solution f,, of the problem (3.9) to the true solution f* € L?(1).

Verification of Assumption 2.3. Let P, : L?(2) — Vj be the orthogonal
projection operator in the L? inner product. For any f € X = L?(Q), we know from
(3.8) that S; pf = Sy n(Pnf). Therefore, Assumption 2.3 (2) is trivially satisfied. It
remains to check Assumption 2.3 (1), which amounts to derive the error estimate of
the fully discrete method (3.8). The classical theory for the implicit Euler scheme in
time and finite element method in space for solving parabolic equations requires the
regularity dyu € LY(0,T;L?(£2)) of the solution of the problem (3.1) (see e.g., [43,
Chapter 1]). This regularity requires the compatibility condition F'(x,0) = f(x)g(0) =
0 on 012, which may not be convenient to meet in practice. Instead, we will derive
an error estimate in the remaining part of this section, without this compatibility
condition, by adapting some arguments in [43, Chapter 3] for the error estimates of
finite element solutions to parabolic equations with rough initial data.

We start with the weak W?21(0,T; L?(2)) regularity for the solution to (3.1).

LEMMA 3.7. Let F(x,t) = f(x)g(t) for (z,t) € Q x (0,T), with g € H*(0,T).
Then there exists a generic constant C' such that the solution u to (3.1) satisfies

T
10l ooz < CIEC0)]l sz + C / 10,F |2y dt,

T
t0rullc(jo,r):L2 () < CIIEF(-0)||2(0) + C/ ([10:F || 20 + |0t Fl| L2 )dit .
0

Proof. The proof follows from the standard energy argument, so only an outline is
given here. We differentiate the first equation in (3.1) in time to see that v(z,t) = dyu
satisfies the conditions that v = 0 on 92 x (0,T") and v(z,0) = F(z,0) in €, and

(3.10) O+ Lv = 0, F(z,t) in Q x (0,T).

Then the first estimate in the lemma follows by multiplying both sides of equation
(3.10) by v and integrating by parts.
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Next we multiply both sides of (3.10) by tdv, then integrate by parts and apply
the first estimate in the lemma to get
(3.11)

t T 2 T
| 1001 oyt < CUPCO e+ C( [ 10 Iuoaydt) +C [ HouF eyt
Finally, we differentiate the equation (3.10) in time to get
6ttv + L(@tv) = 8@5F($, t) in  x (O, T)

By multiplying both sides of the equation by t20;v, integrating by parts again and
applying (3.11), we obtain

T
towl L2y < CIIF(,0)z2(0) + C/ (10eF || L2(0) + tl| O F'l| L2 () )t
0

T 1/2
+c(/0 tH@tF||2L2(Q)dt) ,

which implies the second estimate of the lemma by noticing that

T T
/ t|O:F |72yt < sup [[t0:F L2 - / [0:F|| L2 (o dt
0 te(0,T) 0

T
: / 10,F | (g dt
r2(@) Jo

T T
/ (10:F || 2y + 01 Fll p2(ey) dt / 10:F|| L2 () dt.
0 0

/ 0,50, F(5))ds

= sup
te(0,T)

IA

This completes the proof. 0

LEMMA 3.8. Let u, € HY(0,T;V},) be the following semi-discrete finite element
solution of the problem (3.1):

(3.12) (Orup, vp) + alup,vp) = (Fyvp) Yo € Vi a.e. in (0,T).
Then there exists a constant C' independent of the mesh size h such that
lu = unlleqomiLe) < Ch? tg[lgﬁ;](\latUIlmm + [t0uull2(0) + [ Fllz2(o) + [t0:F | L2(0)),

where h = maxgeam hx and hy is the diameter of the element K € M.

Proof. We follow the argument in [43, Chapter 3]. Define G : L*(Q) — H}(Q)
and Gy, : L*(Q) — V}, such that for any w € L*(Q), Gw € H}(Q), Grw € V), sastify

a(Gw,v) = (w,v) Yv € Hy(Q); a(Grw,vs) = (w,vs) Yo, € Vi,
The equations (3.1) and (3.12) can be reformulated as
O (Gu) +u=GF, 0(Gpup) + up = GpF.
Writing e = u — up, then we know e satisfies

Gp(Oe) +e=p ae. in (0,T7), (Gpe)(-,0) =0 in £,
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where p = (G — G)(0wu) + (G — Gp)F. By the argument in the proof of Lemma 3.7
we can obtain (see [43, Lemma 3.4]) that

<C t tO:p(t .
g ellza@) < € ma (1p(8) 2o + (19000 c2)

This completes the proof by noting that ||Gw — Grwl||p2(q) < Ch*||w||r2@) Yw €
L?(2), which follows by the Aubin-Nitsche argument since the domain €2 is convex.O

The following lemma for the error estimate of the fully discrete finite element
method was not covered by the general results in [43, Chaper 8] since we do not have
the condition that F(z,0) = 0 on 9 here, which was critical in [43].

LEMMA 3.9. Let up, € H(0,T;V},) be the solution of the problem (3.12) and
ul € Vi = 1,2,--- N, be the solution of the problem (3.8). Then there exists a
constant C' independent of h,T such that

max lun (- i) = upllr2) < CT(L+In N)(|Flloqo,r2@) + 10:F lleo,r):c2())-

Proof. Let {); }]Ail be the eigenvalues of the eigenvalue problem

a(én,vn) = Mon,vn) VYo € Vi,

and {¢;}M, be the corresponding eigenfunctions which form an orthonormal basis
of Vj, in the L?(Q) norm. By the Poincaré inequality, we know that \; > C, j =
1,2,---, M, for some constant C' independent of the mesh size h.

We write up(z,t) = Zﬂil uj(t)p;(x) and F(z,t) = Z]Nil F;(t)¢;(z), where
wi(t) = (un(-t), é;) and Fj(t) = (F(-,t), ;). Then it follows from (3.12) that

wji(t) + Aju; = Fj(t) ae. in (0,T),

whose solution can be written as

ti ) ti '
(3.13) uj(t') = / NI (s)ds = / e MR (T — t)dt.
0 0
Similarly, we write u, = Y200, Ulg;, where Ul = (uj,¢;), i = 1,2,--- ,N,j =
1,2,---, M. From (3.8) we know that
1 1 i— 1 7 i . .
;(Uj—Uj W+ NU =F) =F(t"), i=1,2,--- ,N,j=1,2,--- | M.

This implies that U} = r(A;)U;~" 4 7r(X;7)F}, where r(t) = (141t)~! Vt > 0, hence

i
(3.14) Ul = Z TT()\jT)kF;—k-&-l.
k=1

For any j = 1,--- , M, we distinguish two cases. If \;7 > 1, we know from (3.13) that

t )
;i ()] < ||Fj||C[O,T]/O e Ntdt = A7 (1 — e M) | Fyllcpo.ry < Tl Fillero.n-

On the other hand, we obtain from (3.14) that

Uj| < (22_k)7—”Fj||C[O,T] < 27(|F}llcpo,1)-
k=1
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Therefore, we derive for A\;7 > 1 that
(3.15) |uj(t') = Uj| < C7||Fjllcpo,m-

Now we consider the case when A;7 < 1. By (3.13) we have

i o
U,j(ti) = Z /tki1 e—Ajt(Fj(ti _ t) _ F(ti _ tk—l))dt + Z/t e—)\jtF;—k—i-ldt
k=1

=1t
i t* . . U e)‘jT —1 .
=§1/ EVUEF (=) = F(t =" )dt + 7 TR,
=1 th—1 1 )\]T J

which, together with (3.14), yields

%

i i NT =1 g i—
u;(t') —Uj = ZT <)\j7_e kAT r()\jT)k> F; kel
k=1

(3.16) + ; /t

k—1

tk
e MUF(t —t) — F(t' —t"1)dt == 1+ 1L
Recalling the following elementary estimate in [43, (7.22)],
le ™ —r(t)*| <Ck™' Vt>0, Vk=1,2,-,

and using the fact that (t71(e? — 1) —1)/(1—e~?) is bounded for 0 < t < 1, we obtain

i eNT —1 —kAjT —knT ky| | iek
1= 3or| (S = ) T =) B
k=1
<C eNiT 1 1 1 n i . X
=7 T L—ehr T2 jllefo,T]

< C(1+Wi)7||Fllcpo,r -

The term II can be bounded by the standard argument as follows:

ti
I < O7)|0¢Fjllcpo,m) / e Mtdt < C/\j_lTHatFj”C[O,T] < CT)|0:Fjllco,1)5
0

where we have used the fact that A\; > C for some constant C' independent of h.
Combining (3.15), (3.16) and the above two estimates we obtain

lu; (t') = Uj| < C(1 + W N) (| Fjllcpo,ry + 10:F | cfo,m)-

This completes the proof. 0
By Lemmata 3.7-3.9, we know that under the condition g € H?(0,T),

(3.17) I18rnf = SfllLay < C(h* + rlIn )| fllL2(e),

for some constant C' which depends possibly on T', ||g||z2(0,7) but is independent of
h and 7.
Assumption 2.3 (1) is now a consequence of the following lemma.



22 Z. CHEN, W. ZHANG, AND J. ZOU

LEMMA 3.10. If g € H?(0,T), S.pnf = uly with ul) being the solution of the
problem (3.8), then for any f € L?(Q), there exists a constant C independent of h
and T such that

1S5 = S nflla < O + 77| 20y

Proof. Let I}, : C(Q) — V}, be the canonical finite element interpolant, then we
know from the standard interpolation theory of finite element methods [13] that

1SS = Ta(SHllL ) < CR*2|S fllwzcrey) VK € My,
ISf = Th(S )2y < CR*|ISfllz (i) VK € M.
Let Tx = {z; : 2; € K,1 < i < n}. By the assumption that {z;}? , is quasi-

uniformly distributed and the mesh My, is quasi-uniform, we know that the cardinal
#Tx < Cnh®. Thus we have

1
1Sf =T (SHIE < - > H#T|SF = T(SH ey < CRHISFI32 (-
KeMy,
On the other hand, we can derive by making use of inverse estimates that

1
1Senf =TW(SHIE <~ > #TxcllSraf —Ta(SH7(x)
KeMy

1 _
< Z #T x| K|~ ISrnf — T (SH)172x)
KeMy

< C|Srnf = Tn(SH)720)
< CSrnf = Sfl72) + CITA(SF) = Sfll72(q)
< C|Srnf = Sz + CRUIS fll3r2 -

Therefore,

1Sf = Senflln < ClSrnf = Sfllz2) + CR2IfllL2 ()
This completes the proof by (3.17). d

After the verification of Assumption 2.3, the following stochastic convergence of
the finite element method to the inverse heat source problem follows readily from
Theorem 2.10 and Corollary 2.11.

THEOREM 3.11. Let g € H%(0,T) and the measurement data (2.1) be of the type
(R1). Then there exist constants A\g > 0 and C > 0 such that for any A, < A\g and
7|In7| = O(h?), the following estimates hold for the solutions f, € L*(Q) to (3.3)
and fn, € V3, to (3.9):

B{IS1" = Soafull) £ COw+ IO ey + € (145 ) T

. 2 hEN | pep2 ht o
E[Ilf* = full2) SC(H'E)W 122y +C 1+E Tz
Moreover, if A, > n~*% and g > 0 in [0, T, we have
h4 4 0.2
An

* * h’
B[ = full o] < COVZ +12) (1 )1 ooy + OOV + 1) (14 5 )~
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Proof. Since the mesh is assumed to be quasi-uniform, the dimension NV, of the
linear finite element space V}, is bounded by Nj, < Ch~¢. By Theorem 3.2, we know
that a = 4/d. Take 7|In7| = O(h?), then we know from Theorem 2.10 that

h4 2

* 2 N ht\1-4 g
E[IISf* = Senfulln] < COw +hOI 720 +C +1 <E) BN

We can easily check that (% /A, )% < 1 for h*/A, <1, and (h*/A,) "% < h*/A, for
h* /A, > 1. Therefore, we have (h*/)\,)' =% < 1+h*/\,. This leads to the conclusions
of Theorem 3.11. d

We end this section with the following convergence of the finite element method
to the inverse heat source problem (TIP), directly following from Theorem 2.14 by

noticing that N, < Ch~% < C)\;WZ with v = d/2.

THEOREM 3.12. Let g € H?*(0,T), the measurement data (2.1) is of the type
(R2) and po = || f*||z2() + on~ V2. If we take h = O( }/4>,THDT| = O( %/2), and
)\71,/2+d/8 = O(Jnfl/zpal), then there exists a constant C' > 0 such that for any z > 0,

2

B8, fi — 5%l > N2002) < 26707, B(lfulzacay > o) < 27O
Moreover, if A, > n~*% and g > 0 in [0,T], it holds that
P(|fn — F*lli-1(0) > AY4poz) < 27",

4. Numerical examples. In this section, we present several numerical examples
to confirm the theoretical results in previous sections. We take the domain 2 =
(0,1) x (0,1) and a set of uniformly distributed measurement locations {z;}? ; in
Q. In all examples below, we take the coefficients a(xz) = 1,¢(x) = 0, which fullfils
the uniform ellipticity condition, and g(¢t) = 1, T = 1. The finite element mesh My,
of Q is constructed by first dividing €2 into h~! x h~! uniform rectangles and then
connecting the lower left and upper right vertices of each rectangle. We set the noise
e1, -+, e, in the dataset (2.1) to be the normal random variables with variance o.

Motivated by Theorem 3.5, we propose a self-consistent algorithm to determine
the regularization parameter A, in (3.9) based on the following heuristic rule:

(4.1) MPHE = an = 2| £
which balances the two terms in the error due to bias and variance, and also balances
the error between the exact solution and the reconstructed one in the H~! norm.
This choice requires the knowledge of the true source function f* and the noise level o.
We propose now a self-consistent algorithm to determine the parameter \,, without
knowing the true source function f* and the noise level 0. To do so, we estimate
1f*lz2(0) by [Ifnllr2(@ and o by [[Srnfa — m|l, since [|Sf* —mll, = [le|[». This is
expected to yield a good estimate of the variance by the law of large numbers.

ALGORITHM 4.1 (Computing an estimate of the regularization parameter A;).
1° Given an initial guess of Ano; for j =0,1,---, do the following
2° Solve (3.9) for fr with X\, replaced by Ay, ; over the mesh My;
o 1/2+d/8 — _
3° Update Anjer: N = 072 Sen i —mll il 24y

A natural choice of the initial guess is A\, o = n~* (4% since f* and o are
unknown, which is used in our numerical examples. In the following examples, the
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Fia. 4.1. The surface plot of the exact solution f*.

negative norm ||f* — fx|[g-1(q) is estimated using the same technique as developed
in [28, Section 6] which estimates | f* — fullz-1(q) by [|Pnf* — frlla-1(q), where Py
is the L?-projection to the finite element space Vj,.

EXAMPLE 4.1. This example is used to verify the nearly optimality of the choice
of the smoothing parameter \, suggested by (4.1). We choose n = 10*, ¢ = 0.1 or
o = 0.01, and the mesh size h = 0.05 and the time step size T = 0.01, which are
sufficiently small so that the finite element errors are negligible. We take the true
source f* to be the function whose surface is given as in Fig. /.1.

Example 4.1 demonstrates the nearly optimality of the choice of the smoothing
parameter )\, suggested by (4.1). In fact, we have [|f*||12() =~ 0.54, then (4.1)
suggests A, ~ 2.3 x 107* (for 0 = 0.1) and \,, =~ 1.1 x 10~° (for ¢ = 0.01). These two
approximate \,’s are indeed very close to the optimal A, = 1 x 107* (for o = 0.1)
and \, = 1 x 107° (for ¢ = 0.01), which we have estimated by computing the
errors || S f* —Sr pfrlln and || fo — f*[| -1(q) with 10 different choices of regularization
parameter: A, = 107% (k =1,2,---,10). In order to show the nearly optimality of
the choice (4.1) more clearly, we take partial data around the global minimum to plot
the dependence of the errors on k; see Fig. 4.2.

ExaMPLE 4.2. This example is presented to verify if the probability density func-
tions of the empirical error ||Sf* — S;pfulln and the error || fan — f*||g-1(q) have
exponentially decaying tails. ~ We set the variance o = 0.001, n = 25 x 10%, and
choose the mesh size h and time step size T to be small enough so that the finite ele-
ment errors are negligible. We take 10,000 samples and compute the empirical error
ISf* = Srnfulln and the error ||fr, — f*||g-1(q) for each sampling.

In Example 4.2, we can compute that [|Sf*[|zq) = 0.04, so the relative noise
level o /||Sf*| L (q) is about 2.5% for this example. Figures 4.3(a) and (c) show the
histogram plot of the corresponding errors, while Figures 4.3(b) and (d) show the
quantile-quantile (Q-Q) plot to compare the sample distribution of the error with the
standard normal distribution. The Q-Q plot is a standard graphic tool in statistics to
check the data distribution [48]. If the sample distribution is indeed normal, the Q-Q
plot should give a scattered plot, where the points show a linear relationship between
the sample and the theoretical quantiles. We can observe from Figure 4.3 (right) that
almost all the points are concentrated around the dotted line, which implies that the
overall distribution of the error is very close to a normal distribution. Moreover, the
points around the two ends are also not far from the line, which indicates that the tail
distribution of the error is also close to a Gaussian tail, as indicated in Theorem 3.12.
The probability density function is computed by the Matlab function ’qqplot’.

ExaMPLE 4.3. This example is to confirm Theorems 3.11 and 3.12, namely, to
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FIG. 4.2. (a) and (b) are the empirical errors ||Sf* — Sy p frlln With Ap =107 (k=1,---,7)
for o = 0.1 (left) and with A\, = 10=% (k=3,---,8) for o = 0.01 (right). (c) and (d) are the errors
1% = fullzr—1(0y with Ap = 107F (k = 1,---,7) for o = 0.1 (left) and with A, = 10F (k=3,-- ,8)
for o = 0.01 (right).

verify if the empirical error ||Sf* — Sy fulln and the error ||f* — fullm-1(q) depend

linearly on )\:L/Q when the regularization parameter \, is taken by the optimal choice
(4.1). The mesh size h = A1 and the time step size T|lnT| = /2 are chosen
according to Theorems 3.11 and 3.12. We take the true source f* to be the function

given in Figure 4.1, and n to change from 25 x 102 to 25 x 10%.

We can see from Figure 4.4 clearly the linear dependences of the empirical error
ISf* = Srnfnlln and the error [|f* — fullg-1(q) on A2 for o = 0.01 and 0.04. We
can compute that ||Sf*||L-~(q) =~ 0.04, so the relative noise levels o/||.Sf*| 1) are
about 25% and 100% for ¢ = 0.01 and 0.04, respectively.

Through the previous 3 examples, we have verified the optimality of the choice
rule (4.1) for \,, the stochastic convergence (Theorem 3.12), and the convergence
order of the finite element method. But we do not know the exact solution and
the variance of the noise in most applications, so we use the next example to show
the efficiency of Algorithm 4.1 to determine an optimal regularization parameter \,
iteratively, without the knowledge of f* and o.

EXAMPLE 4.4. We choose n = 25x10* and set the noise ey, - -, e, in the dataset
(2.1) to be independent normal random variables with variance o = 0.001. Algorithm
4.1 1s terminated when the absolute difference between two consecutive iterates A, i
and Ay 41 is less than 10719,

We can compute that ||Sf*| o) = 0.04, so the relative noise level o/||S f*|| L (q)
is about 2.5% in this example. Figure 4.5 shows clearly the convergence of the se-
quence {A, i} generated by Algorithm 4.1. The numerical computation gives A, 4 =
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Fic. 4.3. (a) and (b) are the histogram (left) and quantile-quantile (right) plots of the empirical
error || Sy, fr —Sf*||n with 10,000 samples. (c) and (d) are the histogram (left) and quantile-quantile
(right) plots of the error || fo — f*||g—1(q) with 10,000 samples.

5.53 x 1078 that agrees very well with the optimal choice 5.33 x 1078 given by (4.1).
Furthermore, |[m — Sy pnfulln = 9.99 x 107* provides also a good estimate of the
variance o.

EXAMPLE 4.5. In this example, we show the influence of T on the ill-posedness
of the inverse problem. We take T = 1, 0.1, 0.01, 0.001, choose n = 25 x 10* and
set the variance o = 0.01. We choose the regularization parameter X\, by the optimal
rule (4.1).

We observe from Fig.4.6 that the numerical reconstruction deteriorates as T’
decreases. This fact can be interpreted by using the notation in Theorem 3.2 as
follows: the singular value of S : L?(Q) — L?(Q), which is the eigenvalue of (5*S)'/2,

approaches 0 as T' — 0, i.e., p;1/2 =ap < ppt(1— e ") ||gllcio,r) — 0 for all k& > 1.
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