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NEW POD ERROR EXPRESSIONS, ERROR BOUNDS, AND
ASYMPTOTIC RESULTS FOR REDUCED ORDER MODELS OF
PARABOLIC PDEs*

JOHN R. SINGLERT

Abstract. The derivations of existing error bounds for reduced order models of time varying
partial differential equations (PDEs) constructed using proper orthogonal decomposition (POD)
have relied on bounding the error between the POD data and various POD projections of that
data. Furthermore, the asymptotic behavior of the model reduction error bounds depends on the
asymptotic behavior of the POD data approximation error bounds. We consider time varying data
taking values in two different Hilbert spaces H and V', with V' C H, and prove exact expressions for
the POD data approximation errors considering four different POD projections and the two different
Hilbert space error norms. Furthermore, the exact error expressions can be computed using only
the POD eigenvalues and modes, and we prove the errors converge to zero as the number of POD
modes increases. We consider the POD error estimation approaches of Kunisch and Volkwein [STAM
J. Numer. Anal., 40 (2002), pp. 492-515] and Chapelle, Gariah, and Sainte-Marie [ESAIM Math.
Model. Numer. Anal., 46 (2012), pp. 731-757] and apply our results to derive new POD model
reduction error bounds and convergence results for the two-dimensional Navier—Stokes equations.
We prove the new error bounds tend to zero as the number of POD modes increases for POD space
X = H in both approaches; the asymptotic behavior of existing error bounds was unknown for this
case. Also, for X = H, we prove one new error bound tends to zero without requiring time derivative
data in the POD data set.

Key words. proper orthogonal decomposition, reduced order models, parabolic equations,
Navier—Stokes equations, data approximation

AMS subject classifications. 65M, 41A25
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1. Introduction. Proper orthogonal decomposition (POD) is a well-known and
widely used model reduction method for partial differential equations (PDEs) and
other dynamical systems. POD takes simulation data or experimental data and pro-
duces modes that can be used to reduce the model via a Galerkin projection. These
reduced order POD models are not well understood—when initial conditions or pa-
rameters are changed in the reduced model, the solution of the reduced model can be
either surprisingly accurate or completely unrelated to the solution of the full model.
Understanding and predicting the accuracy of the reduced model is an extremely
important problem.

As a first step toward this goal, Kunisch and Volkwein in [20, 21] proved error
bounds for the POD reduced order model of various linear and nonlinear parabolic
PDESs under the assumption that the initial conditions and parameters in the reduced
model were not varied from the original PDE model. Since these works, other re-
searchers have considered various scenarios (different PDEs, numerical methods, etc.)
and modified POD model reduction schemes and have proved related error bounds;
see, e.g., [2, 3, 4, 8, 13, 15, 18, 19, 23, 24, 25, 26, 27]. Also, see the many references
in these works for more information about POD and applications of POD to many
different fields.

*Received by the editors August 3, 2012; accepted for publication (in revised form) January 6,
2014; published electronically April 8, 2014.
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NEW POD ERROR BOUNDS FOR PARABOLIC PDEs 853

A distinguishing feature of parabolic PDEs is that the solution is square integrable
in time when taking values in two different Hilbert spaces, H and V. For example, for
the diffusion equation with zero Dirichlet boundary conditions on a bounded domain
Q C R", the usual choices are H = L*(Q) and V = H}(2). The inner product of
two functions f and g on H is the integral of the product fg over 2, while the inner
product on V is the integral of the dot product of the gradients Vf - Vg over (2. The
POD eigenvalues and modes depend on the Hilbert space X chosen, and therefore
different reduced order models arise for X = H and X = V.

In [21], Kunisch and Volkwein gave an error bound for the two-dimensional (2D)
Navier—Stokes equations for the case X = V that converges to zero as the time step
is refined and the number of POD modes is increased. However, they did not obtain
a similar asymptotic result for X = H due to a factor in the error bound that tends
to infinity as the number of POD modes increases. Also, in many of the recent POD
error estimate works listed above, the case X = H is not considered even though
numerical results in many works indicate the error converges to zero for this case.

Furthermore, in order to obtain the asymptotic result for the case X = V', Kunisch
and Volkwein required that solution time derivative data be included in the POD
computation. They noted in [20] that including this extra data did not improve the
accuracy of the reduced model in numerical experiments unless the time step was
coarse. However, the time derivative data was found to increase the accuracy of the
reduced model in [15].

In a recent paper [3], Chapelle, Gariah, and Sainte-Marie used a different error
estimation technique and produced a new error bound for the case X = V (they
did not consider the case X = H) that does not depend on the time derivative of
the solution. In addition, they proved that the error bound converges to zero under
the assumption that the V' operator norm of a certain POD projection is bounded
as the number of POD modes increases. They noted that it was possible for this
quantity to be unbounded; however, they produced analytical and numerical evi-
dence that strongly suggests that this quantity is bounded for the problems they
considered.

The main roadblock in the analysis in the works discussed above is the estima-
tion of the error between the solution data used to construct the POD modes and
different POD projections of that data. In this work, we consider time varying data
taking values in two different Hilbert spaces and we prove ezact expressions for these
POD data approximation errors for four different POD projections and two error
norms (H and V). These error expressions can be computed using only the POD
eigenvalues and modes. We illustrate these new exact error expression results in sec-
tion 4 with a numerical example. We also prove that the errors converge to zero
as the number of POD modes in the projections increases. However, for one case
we must make the same additional assumption that was made in [3] for the case
X=V.

We show how to use these results with the error estimation approaches of [20, 21]
and [3] to prove new POD model reduction error bounds and convergence results (as
the number of POD modes increases) for the 2D Navier—Stokes equations in section
6. We prove the new error bounds tend to zero for POD space X = H in both error
estimation approaches. Moreover, for X = H, we use our new results along with the
technique of [3] to prove a new error bound that tends to zero without including time
derivative data in the POD data set.

Our results can be applied to derive new error bounds for standard POD Galerkin
reduced order models of other parabolic PDEs, and our results should also be
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854 JOHN R. SINGLER

applicable to error bounds for nonstandard POD reduced order models such as those
considered in [2, 4, 18].

2. POD. We begin with a brief overview of the continuous POD theory for
a collection of time varying functions taking values in a Hilbert space. For more
details and for the proof of the main POD theory (for both discrete and time varying
data), see, e.g., [14, 31, 21, 9, 32]. We also highlight the POD properties that will be
important to the proofs of the main results in section 5.

Before we describe the continuous POD, we introduce some notation and back-
ground.

2.1. Notation. Let X be a Hilbert space with inner product® (-,-)x and corre-

sponding norm ||z||x = (z, x)%z For X = C¥, the dot product can be taken as the
standard dot product (z,y)x = y*x or a weighted product (z,y)x = y* Mz, where
M is a Hermitian positive definite matrix.

Let I = (a,b) with —oo < a < b < co. Let the inner product on L?(I) be given by

(f,9)L2(n) =/If(t)ﬁ)dt

with norm ||h|| 2y = (h,h)lL/f(I). Also let I; be open intervals for j = 1,...,m, and

let L?(I)™ denote the Hilbert space L?(I1) x L?(I3) x - - - x L?(I,,) with inner product

m

(f9) 2y = > _(Fir95)121,)

Jj=1

for f = [fla' "7fm]T and 9= [gla' e 7gm]T~
Let L?(I; X) be the Hilbert space of functions w(t) such that w(t) € X for t € I

and
1/2
wumm=(ﬁw@&ﬁ) e

The inner product on L?(I; X) is
(w,2) 12000 = [ (w(t)2(0) .
I

2.2. The singular value decomposition and Hilbert—Schmidt operators.
Let K : X — Y be a compact linear operator, where X and Y are separable Hilbert
spaces. Let {1} C X and {yx} C Y be orthonormal bases of eigenvectors of K*K :
X - Xand KK*:Y — Y, where K* : Y — X is the Hilbert adjoint operator. The
nonzero (positive) eigenvalues {\;} of K*K and K K* are the same, and we have

Ka:k:crkyk, K*ykZkak,

where o} = /\,1/ 2. Furthermore, zero is an eigenvalue of K*K with eigenvector zy, if
and only if Kxj = 0 since

KKz, =0 = (K*Kap,7v5)x =0 = |[|[Kap||3 =0 = Ky =0,

and Kz = 0 implies K*Kz, = 0. Similarly, zero is an eigenvalue of K K* with
eigenvector yy, if and only if K*y, = 0.

IWe assume all inner products are linear in the first argument and conjugate linear in the second
argument so that (az,y)x = a(z,y)x and (z,ay)x = a(z,y)x for a € C.
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The singular value decomposition of K consists of the singular vectors {xz\} and
{yx} and the singular values {o\}, where we include zero in the list of singular values
if either K*K or KK* has a zero eigenvalue. Furthermore, we order the singular
values (and corresponding singular vectors) so that o1 > o9 > --- > 0. In general,
it is possible for K to have infinitely many positive singular values and also a zero
singular value.

Also, the operator K above is Hilbert-Schmidt (see, e.g., [1]) if

1/2
(2.1) |Kllms = <ZIIKZkII2y> < o0,

k>1

where {z;} C X is any orthonormal basis. The above sum is independent of the
choice of orthornormal basis, and also

1/2
K| zs = (Zcﬁ) < 0.

k>1

Furthermore, if Z is another separable Hilbert space and L : Y — Z is bounded, then
it follows from (2.1) that LK : X — Z is also Hilbert—Schmidt.

2.3. Continuous POD of one function. Let data w € L?(I; X) be given. The
POD problem for the data w € L?(I; X) looks for an orthonormal basis {p;} C X
(the POD modes) minimizing the data approximation error

B = Jw— P2,y = / leo(t) — Brw(t)|% dt

for the data approximation

T

(2.2) Paw(t) =Y (w(t), @i)  @i-

i=1
To solve this data approximation problem, introduce the linear operator K :
L?(I) — X defined by

Ku = /Iu(t) w(t) dt.

It can be shown that K is a compact linear operator, and therefore it has a singular

value decomposition: there exist singular values o1 > o9 > -+ > 0 and singular
vectors {f;} C L?(I) and {y¢;} C X such that
(2.3) Kfi=oipi, K'pi=o0ifi,

where the Hilbert adjoint operator K* : X — L2(I) is given by
[K*z](t) = (=, w(t))X.

The singular vectors are orthonormal bases for each space. Furthermore, K is known
to be Hilbert—Schmidt (see, e.g., [28, Proposition 4.3]), and so the sum of the squares
of the singular values is finite:

Z 0? < 00.

i>1

The squares of the singular values, \; = o7, are often called the POD eigenvalues of
the data.
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856 JOHN R. SINGLER

It can be shown that the POD modes {p;} C X are the above singular vectors of
K, and the approximation error is given by the sum of the squares of the neglected
singular values, i.e.,

B = w— P2y = / () — Pw(t) % dt = 3o,

i>r

Furthermore, from the SVD equations (2.3) for K and the definition of K*, we have
(w(t), i) x = [K*@i](t) = i fi(t)-

Therefore, the data approximation can be rewritten as

- Z Uifi—(t)%
i=1

The Hilbert—Schmidt property of K and the above form of P,w play crucial roles in
the proofs of the main results in section 5.

2.4. Continuous POD of multiple functions. In model reduction applica-
tions, the POD of more than one function is often considered. We consider the case
where all functions take values in the same Hilbert space, but they may be defined
on different time intervals.?

Assume we are given multiple functions w; € L?(I;; X) for j = 1,...,m. The
POD problem is again to find an orthonormal basis {;} C X minimizing the approx-
imation error

(2.4) E, = Z [Jw; — Prwj||2L2(1j;X)
j=1

with data approximations P,w; defined analogously to (2.2) above. The linear oper-
ator K : L>(I)™ — X and its adjoint K* : X — L2(I)™ are now given by

(2.5) KUZZ/I wi(t)wi(t)dt, Kz = [(z,w01(8) g (@ wm(t) ]
=171

The singular value decomposition {o;, f;, p;} of K again gives the solution. We have

again that K is Hilbert-Schmidt, E, =3, o2, and

Powj(t) = (w; (1), @1) y 0i = Y _ 03 fii () @i,
i=1

i=1
where f; ; is the jth component of the singular vector f; € L*(I)™

3. POD projections: Basic properties and new results. The POD Galerkin
model reduction error bounds and our main results all center around POD projec-
tions. In this section, we define four POD projections, give their basic properties, and
present new POD data approximation errors involving these projections. As in the
previous section, we consider the POD of multiple functions. To begin, we make a
basic assumption that the data takes values in two Hilbert spaces and we fix notation
for the POD singular values and singular vectors.

2The theory for the case of different time intervals is similar to the case of one time interval.
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Main assumption. Let H and V be two Hilbert spaces with V' C H, and let
wj € L*(I;; H) N L?(1;;V) for j = 1,...,m be given data, where I; = (aj,b;) with
—o00 < aj < bj < oo.

At times, we assume V is dense in H or V is continuously embedded in H, i.e.,
there exists a constant Cy > 0 (called the embedding constant) such that ||v||g <
Cy||v||y for all v € V. We do not make either of these assumptions unless specified
otherwise.

Since the data satisfies w; € L?(I;; X) for X = H and X = V, we can consider
two different POD problems with error norm X = H or X = V in (2.4). The solution
of the POD problem in each case leads to the operators K : L*(I)™ — X, where
X = H or X = V. Since the adjoint operator K* depends on the X inner product,
the singular value decomposition of K is different in each case.

Notation. Let {0, fi,pr} C R x L*(I)™ x H denote the singular values and
singular vectors of K, where K : L2(I)™ — H, and let {u, gk, ¥r} C Rx L2(1)™ x V
denote the singular values and singular vectors of K, where now K is viewed as a
mapping from L2(I)™ to V. We assume throughout that the singular values are
ordered so that 0y > 09 > - >0 and g1 > e > --- > 0.

The following lemma is important to keep in mind in this work.

LEMMA 3.1. Let the main assumption hold.

1. If 0, > 0, then p; € V.

2. For 0 < M < o0, p; =0 fori> M if and only if o, =0 for all 1 > M.

3. g; > 0 for infinitely many i if and only if p; > 0 for infinitely many .

4. If V is densely and continuously embedded in H and p; > 0 for all i, then
o >0 for all i.

Proof. To prove the first item, recall that ¢; satisfies K f; = o;p;, where the
operator K is viewed as a mapping from L*(I)™ to H. Since w; € L?(I;; V'), we have
that K maps into V. This gives p; € V.

For the second item, assume that pu; = 0 for ¢ > M with 0 < M < oo. Since the
approximation error (2.4) for X =V is given by

M
Be=Y =Y ul,

i>r i=r+1

we have Ejp = 0 and therefore w;(t) = S0, (w;(t), i), i for each j. Therefore
K : L*(I)™ — H has rank at most M for both X =V and X = H by the definition
of K in (2.5). Since K : L?(I)™ — H has rank at most M, we have o; = 0 for all
i > M. The same argument shows that o; = 0 for ¢ > M implies p; = 0 for i > M.
This also proves o; > 0 for infinitely many i if and only if ; > 0 for infinitely many .

For the final part, since p; > 0 for all 4, the null space of K : L2(I)™ — V
and its adjoint K*V : V — L2(I)™ consist of only zero. We show the null space of
K : L?>(I)™ — H and its adjoint K*# : H — L?(I)™ also consist of only zero. First,
note that K : L2(I)™ — H and K : L?>(I)™ — V have the same null space. Therefore,
we need only show K*# has zero null space.

For X = H or X =V, let N(K*X) and R(K) denote the null space of K** :

X — L?(I)™ and the range of K : L?(I)™ — X. Then we have X = N(K*X)®R(K),
where the bar denotes the closure in X. Since the null space of K*V is only zero, the
closure in V of R(K) is all of V.

Let x € H and let € > 0. Since V' is dense in H, thereis a v € V with ||z —v|g <
£/2. Also, there exists r € R(K) such that v — 7|y < &/(2Cy), where Cy is the

embedding constant. Then
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858 JOHN R. SINGLER

e —rllm < llz =vlla +llv=rlla <llz—vla+Cviv—rllv <e,

and so the closure in H of R(K) is all of H. Therefore, the null space of K*# consists
of only zero. d
Our analysis is centered around the following four orthogonal projections.
DEFINITION 3.2. Define the sets H,. and V,. by

H’r :spa’n{(plv'-'atpr}a ‘/'r :span{wlv"'a¢r}'

Also define the orthogonal projections P2 QH : H — H and PY,QY : V — V by
1. PH:H — H,, and for x € H, P2z minimizes inf, cu, |z — 2, ||n.
2. PY .V — H,, and for v € V, PYv minimizes inf, cp, ||v—z.||v.
3. QF - H - V,, and for x € H, Q" x minimizes inf, cv_ ||z — v, q.
4. QY 1V = V,, and for v € V, QY v minimizes inf, cv, ||v —v.||v.
If 0; > 0 for i = 1,...,r, the lemma above gives that H, C V and so P is well
defined and also P maps into V.
These projections can be computed using the following expressions:

T T
Pflw=2($,<pk)m0k, PTVU:ZCk YK, Src=y,
=1 h=1
T T
Qfw=> dypy, Mud=z, Q v =" (v,¥%)vir,
=1 =1
where ¢ = [e1, ..., ¢ )T, d = [dy,...,d,]T, and the matrices S,, M,, € C"*" and vectors

y, 2z € C" have entries

(3.1) Srij = (¢j,0i)v, Mg = W50, vi=W0)v, 2z =("%)u.

The orthogonal projections P and QX are bounded operators on H; however,
we can also view PH and QF as operators from H to V or from V to V. Lemma 2
in [20] essentially shows these operators are bounded; in the latter case, we make the
additional assumption that V is continuously embedded in H.

LEMMA 3.3. If the main assumption holds, then QY : H — V is bounded. If, in

addition, o; >0 fori=1,...,r, then PH : H — V is bounded. Furthermore,
—1)1/2 1/2
1Q vllv < IM7 M Nollz, 1P vllv < 15115 o]l
where || - ||2 denotes the spectral norm of a matriz, and M,,S, € C™*" are defined in
(3.1).

If also V is continuously embedded in H with embedding constant Cy, then QF :
V =V and P .V — V are bounded and

—111/2 1/2
IQF vlly < Cv IMM 2 ellv, 1P vlly < Cv (1815 Jollv-

Proof. Let v € V. Since 0; > 0 fori =1,...,r, Lemma 3.1 gives that H, C V so
that P maps into V. The proof now follows the proof of Lemma 2 in [20]. We also
use that since P and QF are orthogonal projections on H, we have ||PH ||z < ||v||
and [QFolg < o]l O

Note that we have not proved that the operator norms || PH| 2y and ||QF | z(v)

can be bounded independent of r.
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Next, the orthogonal projections PY and QY are bounded operators on V; how-
ever, we can also view PY and QY as operators from V to H. Again, Lemma 2 in
[20] shows that these operators are bounded.

LEMMA 3.4. If the main assumption holds, then PY :V — H and QY : V — H

are bounded and
1/2 1/2
IBY vlla < IS, lwllv,  1QY vl < |IM.13% o]y

3.1. New results. Our new results give exact expressions for various POD data
approximation errors ||w—m,w|| 127,y involving the four different POD projections 7.
and different error norms W = H and W = V. The error expressions are computable
using only the POD singular values and modes. We also give convergence results for
the errors as r — oo.

We give an overview of the results here and give detailed statements of the results,
along with the proofs, in section 5. For some of the results, we must assume V is
continuously embedded in H.

Recall the well-known POD data approximation error expressions (from section
2 with X = H and X =V, respectively):

(32) > lwj = PHwi| G, = Z/ lw; () = P w;()|3rdt =07 < o,
j=1 j=1"1; i>r

(33) Y llw; — QL wjll7e,0) = Z/I l[w; () = QY w; (D3 dt = i} < oo.
j=1 =171 i>r

Here, the errors tend to zero as r — oo.
Our results are as follows: If the main assumption on the data holds, then the
data approximation errors for the H error norm are

m
> llws = Pl wjli e,y = Y 0f llei = PY @iy < oo,

7j=1 >r

m

> lwy — QFwjlFa, e = D 12 1 — Qi3 < oo,
7j=1 >r

m

> llws = QY willFaqrmy = > 12 il < oo,

7j=1 >r

and for the V error norm the error expressions are

m
Z [wj — Qﬁ“’j”%z(lj;v) = Zﬂf i — QFsll} < oo,

7j=1 i>r

m

D llwy = PYwglliz,0n = D 0f llps — PY @illy < oo,
j=1 i>r

lws = B wjl|Zecrvy = Y ot lleilliy < oo
i>r

RNGER

In addition, all the above errors tend to zero as r — oo. However, for the case
of QF with V error norm, we must make an additional assumption to guarantee
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860 JOHN R. SINGLER

convergence of the error to zero as r — oo. (See Remark 1 below.) As we mentioned
in the introduction, this convergence result for QX and the V norm was obtained in
[3]. As far as we are aware, all the other results are new.?

4. Numerical example. Before we prove the main results, we give a numerical
example illustrating the exact expressions for the approximation errors. Consider a
2D scalar Burgers’ equation

W + W Wz + W Wy Zu(wm"‘wyy)v

on the unit square €2 with zero Dirichlet boundary conditions and piecewise constant
initial condition w(0,z,y) = 1 if # < 1/2 and w(0, x,y) = 0 otherwise. The solution is
square integrable in time with values in the Hilbert spaces H = L*(Q2) and V = H} (),
where the latter space is given the inner product (u,v)v = [, Us Ve +uy vy. Also, due
to the Poincaré inequality, V' is continuously embedded in H.

We take pn = 1/100 and approximate the solution for 0 < ¢ < 1 using the group
finite element method (see, e.g., [5, 6, 7]) with continuous piecewise bilinear basis
functions and ode23s of MATLAB for the time stepping scheme.

For the POD computations, we take the approximate solution values at each time
step, w(t), and form a piecewise constant function in time; we set the value on the
kth time interval as the average (w(tx41) + w(tx))/2 of the approximate solution at
the endpoints of the interval. As is well known, the POD eigenvalues and modes can
be found exactly in this case [29]. Also, the approximation errors can be computed
exactly for this piecewise constant in time function so that we can compare the actual
approximation errors with the error formulas.

Due to round-off errors in the POD eigenvalue computation, some of the computed
error formulas have extremely small imaginary parts; we report the absolute value of
the computed error formulas below. Also, the two POD error formulas (3.2) and (3.3)
are of course already known; however, we also present computational results for these
formulas below to give a point of comparison for the other error formulas.

Table 1 shows the actual approximation errors and the computed error formulas
for all eight scenarios with » = 5 and 201 equally spaced finite element nodes in each
coordinate direction. To give an example of the notation in the table, the last line in
the table gives the values

computed actual error = / lw(t) — PHw(t)||? dt,
I

computed error formula = Z o? |lill¥.
P>

Also, line 1 and line 5 in the table correspond to the two known POD error formulas
(3.2) and (3.3). The table shows excellent agreement between all eight actual errors
and the error formulas. Rounding error in the POD computations led to small dif-
ferences in the computed values, but the numerical results illustrate the theoretical
findings.

Table 2 again shows excellent agreement between the actual approximation errors
and the computed error formulas for all eight scenarios with » = 15. We also see all
the errors tending to zero as r becomes larger in accordance with the theory. Of

30f course, the convergence of the error for QY and the H error norm follows directly from V'
being continuously embedded in H and (3.3).
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TABLE 1

Projection | Error norm Actual error | Error formula
pH H norm 1.084 x 1075 | 1.148 x 1075
pPY H norm 3.867 x 107° | 3.952 x 107°
QH H norm 2.040 x 1075 | 2.159 x 10~°
QY H norm 6.754 x 1075 | 6.949 x 10~°
QY V norm 1.848 x 1072 | 1.862 x 102

H V norm 1.017 x 1071 | 1.034 x 107!
pPY V norm 3.340 x 1072 | 3.345 x 1072
pH V norm 5.589 x 1072 | 5.614 x 102

TABLE 2

Projection | Error norm Actual error Error formula
PH H norm 9.611 x 10719 | 1.031 x 10~°
PY H norm 6.720 x 1079 | 6.826 x 10~?

H H norm 2.377 x 1072 | 2.603 x 10~°
v H norm 6.915 x 1072 | 7.354 x 107
QY V norm 5.421 x 1076 | 5.530 x 106
QH V norm 5.429 x 105 | 5.688 x 102
PY V norm 1.682 x 1075 | 1.684 x 107°
PH V norm 6.140 x 10=° | 6.191 x 10~°

861

Comparison of actual approzimation errors and error formulas with r = 5 using 201 equally
spaced finite element nodes in each coordinate direction.

Comparison of actual approximation errors and error formulas with r = 15 using 201 equally
spaced finite element nodes in each coordinate direction.

course, as mentioned above, we have not proved the error will tend to zero for QX
in the V norm. Further increasing r gives even smaller errors. Also, increasing the
number of finite element nodes gives similar results.

As we discuss in Remark 1 below, we can prove QHw converges to w in L2(I; V)
as r — oo if the quantity ||QX1;||? is bounded for all 7 and i > r. Figure 1 shows
the values ||QZv, 4|3 for k = 1,...,40 and various values of r. We see that these
values remain bounded as r increases. Therefore, we expect convergence as r — oo,
as we have already seen above.

5. Proofs of main results. We now prove the main results: for all four POD
projections, we give exact expressions for the data approximation errors in different
error norms and prove the errors tend to zero as the number of POD modes tends to
infinity. We also consider the convergence of the approximation errors for individual
elements of the Hilbert spaces H and V below.

In this section, we assume the general framework of sections 2 and 3 holds. Let
V and H be (possibly complex) Hilbert spaces with V' C H. We do not assume the
embedding is dense or continuous unless specified otherwise. Assume the given data
wj satisfies w; € L*(I;; H) N L*(1;; V), with V C H, for j =1,...,m.

We begin by approximating w; by PYw; in the L?(I;; V) norm and by QX w; in
the LQ(Ij; H) norm. The following lemma plays a crucial role in the proof.
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Fi1c. 1. The values ||QH 4 x||2, for k=1,...,40 and various values of r computed using 201
equally spaced finite element nodes in each coordinate direction.

LEMMA 5.1. Let 1 <r,;s < oco. If the main assumption holds, then

(5.1) DI = QP wil e, my = Y ok llor — QFF oxlli,
j=1 k=1
(5.2) ST =QNQY williemy = Y, 1 Ik — QFvrllF

<.
I
—

k=r+1

In addition, if o; > 0 fori=1,...,r, then

(5.3) ST = PRy willa, vy = D w1 — PY vkl
j=1 k=1
(5.4) ST = PP willie0y = Y. orlier — PY el

<.
Il
-

k=r+1

Proof. We prove the results (5.3) and (5.4) involving PY. The remaining proofs
are similar.

We start with (5.3). First, since o; > 0 for i = 1,...,r, Lemma 3.1 gives that
H, C V so that P is well defined. Recall from section 2 that

(wi(t), i)y = mi 9ij (1),

where g; ; is the jth component of g; € L?(I)™, which is the ith singular vector of
the operator K : L*(I)™ — V. Therefore,

S

Q;/wj (t) = Z ( ( s Yi sz Z Hi gu] wza PTYQZ’U}J (t) = Zﬂi 9i,j (t) P’rvwza
i=1 i=1

which gives

(5.5) (I —PQYw;(t) Z 11 9. (t) (Vi — PY ).
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Next, use the orthonormality of {g;} in L?(I)™ and this separated form to directly
compute the approximation error:

Z (I — P Q wJHL?(I],

=Y (I =PQYw;, (I - PY)QY W5) L2ty

1 e (e, Grj) 21y Wk — PY b, vbe — PY o) v
=1
= Z 1 1t (9es i) 2 (rym (W — PY g, the — PY abe)y

pic 1w — P il

I
Mm

This proves the error expression (5.3).

The proof of the error expression (5.4) is similar; the main difference is that for
k=1,...,7, PY . = ¢y since ¢, € H,. O

THEOREM 5.2. Let the main assumption hold and let r > 1. Then

(5.6) D llwy = QFw;|Fey ) = D 17 1 — QEFhill 3y < oo,
7j=1 i>r

If o; >0 fori=1,...,r, then

(5.7) D Mwy = PYwjllZagn = D07 llvi — PY @il < oc.
Jj=1 i>r

Furthermore, QHw; — w; in L2(I;; H) and PYw; — w; in L*(I;;V) as r — oo for
each j.

Proof. We prove the results involving PY. The proofs involving Q are similar.
Again, since o; > 0 for i = 1,...,7, Lemma 3.1 gives that H, C V so that P is well
defined.

To begin, assume o; = 0 for ¢ > s for some s € N. In this case, the known
POD data approximation error expression (3.2) gives that w; = PHw; for each j.
Therefore, the error expression (5.4) in Lemma 5.1 proves the main error expression
(5.7). Furthermore, this error expression shows that w; = PYw; since o; = 0 for
1> 8.

Next, assume o; > 0 for infinitely many i, or equivalently p; > 0 for infinitely
many ¢ (see Lemma 3.1). We cannot extend the above argument to the case s = 0o
since we do not know if P#w; converges to w; in L?(I;; V) for each j. Instead, we
approximate w; by Qg/wj and derive an alternate expression for the approximation
error. Then we use the Hilbert—Schmidt property of K to prove that the alternate
error expression actually equals the main error expression (5.7).

To begin, recall I — P} is an orthogonal projection on V, and so [|[I—PBY || z(v) = 1.
Also recall Q¥w; — w; in L*(1;;V) as s — oo for each j by the known POD data
approximation error expression (3.3). This gives
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m m
ST =P (w; = QYwi)2a 4, }:me—QXwﬂEany%O as s — oo.
— =

Therefore, (I — PY)QYw; — (I — PY)w; in L*(1;;V) as s — oo for each j. Now use
(5.3) in Lemma 5.1 above to give an alternate error expression:

Z [[w; —wajﬂi%lj;v) SIE{}OZH (I - PV)QVwJ||L2(IJ,V)

_ _ pV _ _ pV
—giwmfwm S il — BY il

kel,

where J, = {k : u, > 0}. Since ||[I — PY||zqv) =1 and 4|y = 1, this sum is finite
since .o, pf < oc.

Next, we prove the main error expression (5.7). Since pxtp = Kgy for k € J,
and K g, =0 for k ¢ J,,, the alternate error expression above can be rewritten as

D lwy = B will ey = Y I = PY)Kgly =Y I = PY)Kgilly-
j= k€T, k=1

Since I — PY : V — V is bounded and K : L*(I)™ — V is Hilbert—Schmidt, we have
(I-PY)K : L3(I)™ — V is also Hilbert—Schmidt. Also, since {gx} is an orthonormal
basis for L2(I)™, the right-hand side of the above equation equals the square of the
Hilbert-Schmidt norm of (I — PY)K. The Hilbert-Schmidt norm is independent of
the choice of orthonormal basis, so we can replace {gx} with {fx} to obtain

Do lwy = PYwjlZa0 = ZIII POK il = Y I = B )E fillf,

j=1 k=1 S

where J, = {k: o > 0} and we used K f, = 0 for k ¢ J,. This gives

D lwy = PYwilfegn = D oi I = P)eelly = Yo I = PV )erll3,
j=1 kel, k>r

where we used K fi = oppp for k € J, and PV, = o for k = 1,...,r (since
¢ € H,). Note in the right-hand side of the above equation we suppressed that
k € J, for ease of notation; we continue to use the simpler notation throughout this
work. This proves the main error expression (5.7).

Next, we show PYw; — w; in L*(I;;V) as r — oo for each j. Since [|I —
PTVH,C(V) = 1, the right-hand side of the main error expression (5.7) can be bounded

as
Y ot llei = PYailly <3 of lwilly =D IKfill}-

i>r i>r 1>r

Since the Hilbert-Schmidt norm of K : L*(I)™ — V equals the square root of
>isi IKfill}, the right-hand side of the above bound tends to zero as
T — 00. O

Next, we consider approximating w; by PTij and Qfle in the L? (Z;; V) norm.
When infinitely many of the singular values of K are positive, we make an additional
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assumption that V is continuously embedded in H in order to guarantee P and QH
are bounded when viewed as linear operators on V' (see Lemma 3.3). As before, we
prove that the errors converge to zero as r — 0o; however, for QX we must make the
additional assumption that ||QF |z is bounded independent of r.

THEOREM 5.3. Let the main assumption hold and let r,s € N. If u; = 0 for
i> s, then

(5.8) > lwy = QF w7z s,y = Y 2 I — Qi3 < o
j=1 i>r
If also 0; >0 fori=1,...,r, then
(5.9) > llws = PHwjlliz,y = > 0 el < oo
7j=1 i>r

If p; > 0 for infinitely many i and V is continuously embedded in H, then (5.8) and
(5.9) hold and also P w; — w; in L*(1;; V) as r — oo for each j. If, in addition,
Q| z(vy is bounded independent of r, then QFw; — w; in L*(I;;V) as r — oo for
each j.

Remark 1. As mentioned in the introduction, the bound

D llws = Qs sy < (14 1QF lew))” Do u?

j=1 i>r

was obtained in [3] for the case m = 1. This bound can be obtained directly from
the exact expression for the error in (5.8). The convergence result for Q7 as r — oo
assuming [|Q || z(v is bounded independent of r was also obtained in [3].

Also, since (v;, QH1p;)y = 0 for i > r, we have |[v; — Q|13 = 1+ || QH ;|3
for i > r. Therefore, (5.8) shows that if ||Q1;||? is bounded for all 7 and i > r, then
QHw; — wj in L2(I;; V) for each j.

Proof. The proof is similar to the proof of Theorem 5.2. We only indicate the
main differences.

We begin with PH. First consider the case o; = 0 for i > s. An argument similar
to the proof of Lemma 5.1 gives

S

m
Zij _PT{{ij%Q(Ij;V) = Z a; | _Pf{%”%ﬁ
Jj=1 i=r+1

where we used PHp; = ¢; for i = 1,...,r. We also have PHp; = 0 for i > r, and
this proves the main error expression (5.9) when o; = 0 for 7 > s.

Now assume p; > 0 for infinitely many 4, and also assume V is continuously
embedded in H. Since the operator P : V — V is bounded (by Lemma 3.3) and
PHp; =0 for i > r, the proof is nearly identical.

Next, consider Q. The proof is similar except for the convergence as r — oo.
A main difference in this case is that Q); does not necessarily equal zero for i > 7.
However, if | Q|| z() is bounded independent of r, then ||[I—Q[ || (v is also bounded
independent of r and the approximation error is bounded as

Sl = QFwilly < 11— Qf 2wy > 12

i>r 1>r
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since [|1);]lv = 1. The convergence as r — oo follows. O

Last, we consider approximating w; by Prij and Q,ij in the L? (I;; H) norm.
When V is continuously embedded in H, we can simply bound the approximation er-
rors by the errors in the L?(1;; V) norm. However, we give the exact error expressions
for completeness.

THEOREM 5.4. Let the main assumption hold and let r,s € N. If o; = 0 for
i > s, then

(5.10) Z |w; — Qywj”%%lj;H) = ZM% [l 3 < oo

j=1 i>r

If also 0; >0 fori=1,...,r, then

(5.11) Z llw; — PrijHiz(lj;H) = ZU? los = BY @il < oo
j=1

i>T

If p; > 0 for infinitely many i and V' is continuously embedded in H, then (5.10) and
(5.11) hold and also QY w; — w; and PYw; — w; in L*(I;; H) as m — oo for each j.
Proof. Again, the proof is similar to the proofs of Theorems 5.2 and 5.3, and we
only indicate the main differences.
First, consider the case of PY. Since V is continuously embedded in H, we have

Z (1 — PTV)(wj - Pusj)”%Q(Ij;H) <Cy Z llw; — PusjH%%Ij;v)a
j=1 Jj=1

where Cy is the embedding constant and we used ||I — PY||z() = 1. By Theorem
5.3, the right-hand side tends to zero as s — oo and so (I — PY)PHw; — (I — PY)w,
in L2(I;; H) as s — oo for each j. The main error expression (5.11) follows by proving
a result similar to Lemma 5.1.

Next, consider @Y. Similar to above, it can be shown that (I — QY )PHw; —
(I —QY)w; in L*(I;; H) as s — oo for each j. An alternate error expression can
be shown by proving a similar result to Lemma 5.1. Then, Lemma 3.4 gives that
QY : V — H is bounded. Since V is continuously embedded in H, the identity
operator I : V. — H is bounded, and so I — QY : V — H is bounded. Since
K : L*(I)™ — V is Hilbert-Schmidt and I — QY : V — H is bounded, we have
(I —QY)K : L*>(I)™ — H is Hilbert-Schmidt. This can be used to prove the main
error expression (5.10) when p; > 0 for infinitely many 1.

To show the convergence as r — 0o, use the continuous embedding to bound the
approximation errors by the errors in the L?(I ;3 V) norm. These errors tend to zero
by (3.3) and Theorem 5.2. |

We also consider the approximation capability of the POD projections for indi-
vidual elements of the Hilbert spaces H and V. We know ||PHz — z||g — 0 for all
x € H since {py} is an orthonormal basis for H, and similarly ||QYw — w||y — 0 for
all w € V. Below, we show other convergence results for different POD projections
and error norms.

PROPOSITION 5.5. Let the main assumption hold. If V is densely and continu-
ously embedded in H and p; > 0 for all i, then

(a) 0; >0 and p; € V for all i, and so H. CV for all r;

(b) for any w € R(K) (the range of K ), |PHw — w|lv — 0 as r — oo;
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(c) for anyw €V, ||PYw —wl|ly — 0 as r — o0o.
If 0; > 0 for all 7, then

(d) for any x € R(K), [|QYx — x|z — 0 as r — oo;

(e) foranyxz € H, |QHz — x||g — 0 as r — .

Proof. First, part (a) follows immediately from Lemma 3.1.

Next, note that w € R(K) implies that there is a unique ¢ € L?(I)™ such that
w = Kq. To see this, let w = K¢; and w = Kqga. Then K(q; — ¢2) = 0. However,
since zero is not a singular value of K, we must have that ¢; — g2 =0 or ¢1 = ¢o.

To prove (b), let w be in the range of K with w = K¢q. We have

Plw=> (w,on)ner =Y (Kq,ox)uer = > (@, K" 0k)L2(1ymor
= (@ ) r2ymoker = Y (@ F) 2 K fr = K> (@, i) 2y fi-
k=1 k=1 k=1

Therefore, we have

T

Pflw=Kq, ¢-= (a0 f)ezmmfi
k=1

This gives
|1Pfw—wlv = |Kqr — Kqllv < Kl 2crzym vy lar = allz2ym-

Since w; € L*(I;; V) for j = 1,...,m, we have that | K||zz2(ym vy < oo. Also, since
{fx} is an orthonormal basis for L?(1)™, this gives that ||¢, — || L2(1ym — 0 as r — oc.
Therefore, ||PHw — w||y — 0 for all w in the range of K.

For (c), first note that Q¥ w is in the range of K for w € V since Kgi = pugiy
and py # 0 for all k gives

N

N
Qrw =Y (w,¥x)voe = K> i (w, ¥r)v .
k=1

k=1 =

Then for fixed N, ||PEQYw — Q¥ wl|ly — 0 as r — oo by part (b).
Let w € V and let ¢ > 0. We have

1PYw—wly = it o —wly
<P QYw — wilv < IPHQKw — QKwlly + [Qkw — wllv.

Since {4} is an orthonormal basis for V, the second term can be made less than /2
for N large enough; then for N fixed, the first term can made less than ¢/2 for r large
enough. This proves (c) since PZQYw is in H, for all w € V.

The proofs of (d)—(e) are similar to (b)—(c). O

6. New model reduction error bounds for the 2D Navier—Stokes equa-
tions. We now apply the new POD data approximation error expressions to give
new error bounds for the 2D Navier—Stokes equations and other fluid dynamics equa-
tions. POD model reduction error bounds have been considered for this problem in
[21, 8]. We prove error bounds and convergence results using Kunisch and Volkwein’s
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approach [20, 21] in section 6.2 and using the approach of Chapelle, Gariah, and
Sainte-Marie [3] in section 6.3.

As mentioned in the introduction, numerical examples have shown that including
the time derivative data may or may not increase the accuracy of the reduced order
model. This is why we consider both error estimation approaches in this work.

It is possible that one approach could yield better error bounds than the other
approach for certain problems. In this work, we do not attempt to closely track all
the constants appearing in the error bounds. It may be interesting to give thorough
comparisons of the error bounds for various problems. Also, we do not attempt to give
the sharpest error bounds possible. We leave these issues to be considered elsewhere.

We assume the POD eigenvalues and modes are computed exactly using exact
solution data. We do not consider errors due to time stepping and space discretization.
These errors can be treated as in other works; for the 2D Navier—Stokes equations
considered here, errors due to discretization in time are considered in [21] and errors
in the solution data are treated in [8]. We focus on applying the new error expressions.
Some of the error estimation methods below are standard, and we only sketch proofs
in those cases.

We obtain error bounds with constants that depend exponentially on the quantity
Hw||2L2(O)T;V), where w is the solution of the problem. This is similar to known results
for other numerical methods; see, e.g., [11, 22]. For sufficiently small problem data,
this quantity can be bounded independent of T'. In general however, as Heywood and
Rannacher explain in [11], this exponential dependence on the solution magnitude is
expected since the true solution may be unstable and therefore nearby approximate
solutions can diverge exponentially fast (with T") from the true solution. Error bounds
that do not grow with the final time 7" have been obtained for various numerical
methods under a stability assumption on the solution that is to be approximated
[10, 12]. Tt is possible that similar results could be obtained for the reduced order
models considered here. We leave this to be investigated elsewhere.

6.1. Problem formulation. The 2D Navier-Stokes equations and other fluid
dynamics equations can be placed in the following abstract formulation [30]. Let H
and V be two real separable Hilbert spaces with inner products (-,-)g and (-, )y and
corresponding norms | - ||g = (-, -)1/2 and || - |lv = (-, )%//2 such that V is densely and
compactly embedded in H. Due to this embedding, there is a positive constant Cy
so that ||v||g < Cy||v]ly for all v € V. Also let V’ be the dual space of V', and denote
the action of a functional f € V' on v € V by (f,v).

Let a : V x V — C be a symmetric bilinear form that is bounded and coercive,
ie.,

a(u,v) < CaHUHVHU”V, a(“?“) > CGHU”%/W

for some constants c,, C, > 0, and all vectors u and v in V. The bilinear form a can
be used to define an unbounded linear operator A : D(A) C H — H defined by

(Au,v) g = a(u,v)

for all v € V and all uw € D(A), where D(A) is the set of all u € V' such that there
exists h € H with a(u,v) = (h,v)g for allv e V.

Next, consider another linear term given by a bounded linear operator @ : V. — V'
such that @ : D(A) — H and
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[(Qu, )| < CollwlE ol ™ forall ve V,
|Qullar < Cq llvlly 7 |Av||3;  for all v € D(A)

for some constants Cg > 0 and 71,72 € [0,1). For ease of notation, set
ag(u,v) :== a(u,v) + (Qu,v).

Also assume A + @ is coercive:

(6.1) aq(v,v) > caq [0l

for some constant c, > 0 and for all v € V.

Finally, for the quadratic nonlinear term, let B : V x V' — V' be bilinear and
continuous such that B : D(A) x D(A) — H. For u,v,w € V, let b(u,v,w) =
(B(u,v),w), and assume B satisfies
(6.2) b(u,v,v) =0,

[b(u, v,w)| < Cp [lullF llully™? [[vllv w]|3? w5,
1—
[B(u, )| + |1 B(z,u)llg < C ||ullv Izl | Azl
1B, 2) || < C |[ull3f lully 127" 142]1 %
for all u,v,w € V, z € D(A), and some constants Cp > 0 and v3,74,75 € [0,1). The
first two conditions in (6.2) give
b(u,v,w) = =b(u, w,v), [b(u,v,w)| < CpCy [ullv [[v]lv lwllv,
b(w, v, u)| < Cp [ulla lullv ||v]lv
for all u,v,w € V.

For a given forcing f € L?(0,T;V’) and initial data wy € H, the nonlinear
evolution equation is given by

(6.3) %(w(t), V) + ag(w(t),v) + b(w(t),w(t),v) = (f(t),v) forallveV,
w(0) = wy,

where the differential equation holds for almost every ¢ € (0,7"). This problem is
known to be well posed.

THEOREM 6.1 (see [30]). Let T > 0 and let the above assumptions hold. If
f€L?0,T;V') and wy € H, then there exists a unique solution w of (6.3) satisfying

we C([0,T); H)NL*0,T;V), e L*0,T;V").
If f € L*(0,T; H) and wo € V, then the unique solution satisfies
w € C([0,T); V)N L3(0,T; D(A)), € L*0,T; H).
For a given finite-dimensional space W,. C V, the Galerkin reduced order model is

(6.4)
i(wr(t),vr)H + aq(wy(t),vy) + b(w, (1), wy(t),v,) = (f(t),v,) for all v, € Wy,

dt
wy(0) = wr o € Wy,
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and this equation is known to have a unique solution w, € H'(0,T;V) satisfying
wy(t) € W, for all t. Below, we consider W, to be the span of the POD modes
constructed from exact solution data.

Before we bound the error using the two approaches, we give one elementary
property of the approximate solution w, that will be useful later.

LEMMA 6.2. Let T > 0 and let the above assumptions hold. If f € L*(0,T; V"),
wo € H, and ||wy 0|z is bounded independent of r, then there exists a constant C' > 0
such that

lwr|| Lo 0,71y < C

for allr > 1.

This result can be proved using well-known energy estimates: take v, = w,(t) in
(6.4) and use the inequality (6.1) for A + @ and the property b(u,u,u) = 0 for all
ueV.

In the error bounds below, we use C' to denote a positive constant that does not
depend on r. The value of C' may change from one line to the next; we do not attempt
to give the most precise values of the bounding constants. Also, we repeatedly use
Young’s inequality: for any a,b,e > 0,

€ o5, 1.y
ab < 5 a“ + e b*.
6.2. Error estimate approach 1: V-orthogonal projections. First, we
consider Kunisch and Volkwein’s error bounding approach from [20, 21]. For f €
L?(0,T; H) and wg € V, let w be the exact solution of the nonlinear evolution equation
(6.3) and let w denote the time derivative of w. We further assume that f and wg
are regular enough so that 1 satisfies w € L?(0,T;V). Also, we assume throughout
that the assumptions of section 6.1 above hold.
For w; = w and wq = 1, let {ok, fr, ox} C Rx L2(0,T)? x H and {uk, gr, Yr} C
R x L%(0,7)? x V be the singular values and singular vectors of the operator K :
L?(0,T)?> — X for X = H and X = V, respectively. Also as before, define H, =
span{p1,...,p.} and V. = span{iq, ..., ¢, }. We set W, = H,. if X = H, and we set
W,=V,.if X =V. When X = H, assume 0; >0 for i =1,...,r so that H,. C V.
To bound the error, we split the error as

_ _ v .V
W—Wp=pr+0p, pr=w—m,w, 6O,=mu w—w,,

where 7V : V' — V is the orthogonal projection onto W, i.e., 7V = PV when X = H
and 7V = QY when X = V. We prove the following result below.

THEOREM 6.3. Let T >0, f € L2(0,T; H), and wo € V, and let w and w, be the
exact solutions of the nonlinear evolution equation (6.3) and the reduced order model
(6.4), respectively, for the set W,. as defined above. If i € L*(0,T; V) and ||wy ol is
bounded independent of r, then there exists a constant C, independent of r, such that

1/2
lw = wellz20,mv) < C1(T) lwro — PYwollm + Ca(T) (Z o7 i — PTV%H%/)

i>r

if X = H and

1/2
flw — wr||L2(0,T;V) < Ci(T) ||wr,0 - QywOHH + Co(T) (Z #?)

i>r
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if X =V, where
_ 12 -1 2 2 —
CUT) = cy/* exp (2625 Ch Iullfeora ) s Ca(T) = 1+ CCy(T),

Furthermore, if |wyo — 7Y wollw — 0 as r — oo, then w, — w in L*(0,T;V) as
r— oo for both X = H and X = V.
Before we prove the result, we note the following:

e The result for the case X = V can be obtained without using the new results
from this work as it relies on the known POD data approximation error
expression (3.3). This result was included for completeness.

e For the initial condition w, o = 7/ wp, the first term in each error bound
equals zero. However, other choices of w, o € W, are possible. For example,
for wyo = Pf{wo € H, in the case X = H we have

lwro — PYwollg < |PFwo — wollg + lwo — PYwol &

The first term tends to zero as r — oo since {px} is an orthonormal basis
for H. Proposition 5.5 above gives that the second term also tends to zero
as r — oo (since wg € V and V is continuously embedded in H) assuming
i > 0 for all k.

e The error can also be split using the Ritz projection as in [20, 21]. Another
variation is to construct the POD modes using the Hilbert space X = V,
where V, = V with alternate inner product (u,v)y, = a(u,v) for u,v € V.
Similar error bounds and convergence results can be obtained for both cases.

To begin, we give a preliminary lemma where we prove an error bound for the
nonlinear term. The proof is similar to part of the proof of [8, Theorem 6].

LEMMA 6.4. Let f € L*(0,T;H) and wo € V, and let w and w, be the exact
solutions of the nonlinear evolution equation (6.3) and the reduced order model (6.4),
respectively. If w € L?(0,T;V) and ||wyo|lg is bounded independent of v, then for
any € > 0 there exists a constant C, independent of r, such that

[b(wr (1), wr (2), 0 (£)) — blw(t), w(t), 0: ()] < C o OF + e 0B

+ B w2 16,0112
2¢ v AIErARALH

for allt € (0,T).
Proof. We sketch the proof. First, recall the exact solution w satisfies w €
C([0,T]; V). We have

||Pr||Loo(0,T;H) <Cv|I- 7"7"/”£(V) Hw”LOO(O,T;V) =Cy Hw”LOO(O,T;V)a

where we used the continuous embedding of V' C H and ||[I —) || z(vy = 1. Therefore,
pr is uniformly bounded in L*°(0,7; H). Also,

01| o< 0,751y < Hﬂ'r"/w”L"O(O,T;H) + [lwr || Lo 0,7: 1)
< Cv |lwl|pee(0,75v) + [[well oo (0,7; 1)

Lemma 6.2 gives that w, is uniformly bounded in L*>°(0,7"; H), and so 6, is uniformly
bounded in L*>(0,T; H).
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Next, use the properties of B to show (suppressing the dependence on ¢ for ease)

b(wy, wy, 0r) — b(w, w, 0,.)| < |b(w, pr, 0r)] + [b(pr, w, 0;)] + [b(0, w, 0,.)]
+ [b(prs Or, pr)| + 16(0r, pr, 0r)]
<2CBCv [[wlL=r;v) 10rllv lorllv

+ Callwllv 10|l & [[6:]v

+Cg (HPT”L‘”(QT;H) =+ ||07’||L°°(O,T;H)) 1011 {17l v-
The result now follows from Young’s inequality. d

In the proof of [8, Theorem 6], it appears the coefficient multiplying ||6,.(¢)||% in

the above result is taken as an arbitrary constant; we are unable to follow the proof
of this.

Now we prove the error bounds and convergence results of Theorem 6.3.
Proof. As above, split the error as

w_wr:pr+9r7 pr:w_ﬂ—f‘,/w, 9r=7r7‘,/w—wr.
For any v, € W,., subtract the two equations (6.3) and (6.4) to give
(65) (éra UT)H + GQ(GT,UT) = _(pravr)H - aQ(ﬂr, vr) + b(wrawra vr) - b(wawavr)'

Take v, = 6, and estimate (using Lemma 6.4 with ¢ = ¢, /4)

1d
5 10Ol + caq 10-(1) 1

< or@lm 10Ol + (Ca + 1Rl cviv) lor @)l 110-E) v

20% Ca
+Cllpr @) + - 5 lw @13 (16011 + 4Q [EAGI
) Ca 202

< C(lor @I + eI + 2Q 16, ()11 + 6—5 lw ()7 18- ()17

This gives

102,
CaQ

% 10-ON7r + cag 10-@IF < C (Ior @I + oI + w1 116 (6) -

Gronwall’s inequality yields
T
16T+ g e®® [0 0, ()] ds
0

T
< 9D [16,(0)|% + C D) / eSO (5,12 + lor()]2) ds,
where
t
G(t) = 4¢3 C3 / ()2 ds = 4¢;8 C3 0] 220001,

Neglect the ||0,.(T)||% term and use that the function G(-) is increasing to obtain

CaQ ||9r||2L2(0,T;V) <D 16,(0)[13 + C D (||/5r||2L2(0,T;V) + ||PTH%2(0,T;V))'
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The error bounds follow from the triangle inequality
|w —wy | L20,75v) < llorllzo,rv) + 110l 20,7579

the inequality (a+b)"/? < a'/2+b/2 and the exact error expressions and convergence
results from (3.3) for X =V and Theorem 5.2 for X = H. O

6.3. Error estimate approach 2: H-orthogonal projections. Next, we use
the approach of Chapelle, Gariah, and Sainte-Marie [3] to bound the error. We do
not need to include the time derivative of the solution in the POD data; however,
we are unable to conclude convergence of the error as r — oo if X = V without
assuming || Q|| £(v) is bounded independent of 7. We prove convergence of the error
as r — oo if X = H without making additional assumptions. Also, we eliminate the
regularity assumption w € L?(0,T;V) required in the approach above. However, we
do require f € L?(0,7; H) and wy € V in order to guarantee the solution satisfies
w € C([0,T]; V). We use this fact to bound the nonlinear term.

As before, assume throughout that the assumptions of section 6.1 above hold. For
f € L?0,T;H) and wy € V, let w be the exact solution of the nonlinear evolution
equation (6.3). For wy = w, let {0, fx, px} C RxL?*(0,T)x H and {pk, gk, ¥x} C Rx
L?(0,T) xV be the singular values and singular vectors of the operator K : L(0,T) —
X for X = H and X =V, respectively. As before, define H, = span{1,...,p,} and
V, = span{t, ..., }. Set W,. = H,. it X = H, and set W,. = V. if X = V. When
X =H, assume 0; >0 fori=1,...,r so that H. C V.

THEOREM 6.5. Let T >0, f € L?>(0,T; H), and wo €V, and let w and w, be the
exact solutions of the nonlinear evolution equation (6.3) and the reduced order model
(6.4), respectively, for the set W,. as defined above. If ||wyo||m is bounded independent
of r, then there exists a constant C, independent of r, such that

1/2
lw = w, || 20,73v) < C1(T) w0 — P wollu + Co(T) <Z o} II%II%/>

i>r

if X = H and

1/2
Jw = wy | 20,7:v) < C1(T) lwro — @ wollg + Ca(T) (Z 17 i — Qf%ll’é)

i>T

if X =V, where
CU(T) = cy/* exp (2625 CE Iwllfeo ) s Ca(T) = 1+ C Cy(T),

Furthermore, if |w,.o — PHwg||lg — 0 as r — oo, then w, — w in L*(0,T;V) as
r — oo for X = H. Also, if ||wy0 — QFwollz — 0 as v — oo and ||QF |z is
bounded independent of r, then w, — w in L*(0,T;V) asr — oo for X = V.

The error bounds are very similar to the bounds obtained in approach 1. In fact,
even though we have not carefully tracked the values of the constant C' appearing in
both results, it is not hard to see that the values are comparable in both approaches.
Therefore, it appears the primary difference in the error bounds is the values of the
POD data approximation errors.

Proof. Let wf : H — H be the orthogonal projection onto W,, i.e., 7 = PH
when X = H and 71 = QF when X = V. Split the error as

H H
W—Wp =pr+0p, pr=w—mlw, 0O.=m w—w,.
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Similar to the proof of Lemma 6.4, we can show p, and 6, are uniformly bounded
in L>=(0,T; H) since w € C([0,T};H), |1 — 78l zcry = 17 ey = 1, and wy is
uniformly bounded in L*°(0,T'; H) (by Lemma 6.2). Therefore, the error bound result
for the nonlinear term of Lemma 6.4 can be proved for this case using w € C([0,717; V),
but without the requirement w € L?(0,T; V).

Next, for any v, € W,., use w, = 7w — 6, in the reduced order model (6.4) to
give

d d
a(era UT)H + aQ(aravr) = _(f7 UT)H + a(ﬂ',{{w, 'UT)H + GQ(W:—I’UJ, ’Ur) + b(wr, ’U}T,UT).
Since w2 : H — H is self-adjoint, we have

— (7w, v, (w, m o) = — (w,vr)

dt T dt dt

since v, € W, implies v, = v,. Use the nonlinear evolution equation (6.3) in the

above equation to give
(éra UT)H + aQ (9r7 Ur) = —GQ(pr, vr) + b(wra Wy, Ur) - b(wa w, UT‘)

for any v, € W.,..

This equation is similar to (6.5) obtained in approach 1, but now we do not have
the term containing p,.. The remainder of the proof is similar to approach 1, except
we use Theorem 5.3 for the POD error expressions and convergence results. O

7. Conclusion. We considered POD data approximation errors of time varying
functions taking values in two different Hilbert spaces H and V with V. C H. We
considered four different POD projections and both error norms. In all cases we
proved exact expressions for the errors that are computable using only the POD
eigenvalues and modes. Furthermore, we proved all the data approximation errors
tend to zero as the number of POD modes in the projections increases. For the case
of the POD projection QF with the V error norm, we made the additional assumption
that |QF | z(v) is bounded independent of r to prove the convergence. As far as the
author is aware, all these results are new except this last case, which was proved in [3].

We applied these results to give new error bounds and convergence results for POD
reduced order models of the 2D Navier—Stokes equations. We considered two differ-
ent error estimation approaches: the first approach from [20, 21] used V-orthogonal
projections, and the second approach from [3] used H-orthogonal projections. The
first approach requires including the time derivative of the solution in the POD data
for the most complete results and it also requires the solution has sufficient regularity.
The second approach eliminates the time derivative requirement and lessens the regu-
larity requirement; however, for the POD space X = V' we can only conclude the error
converges to zero as the number of POD modes increases under the above assumption
on Q. For both approaches with POD space X = H, we proved error bounds and
convergence without making any additional assumptions. This convergence has been
observed numerically for many problems in many papers; however, we believe this is
the first work to prove computable error bounds that tend to zero as the number of
POD modes increases.

We proved error bounds for different POD reduced order models constructed using
different POD techniques. It does not appear that our results directly indicate which
of these reduced order models is the most accurate. It is possible that further analysis
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will indicate which inner product (H or V') is more desirable and also whether it is
advantageous to include the time derivative data in the POD computation. Recent
work analyzing some of the different techniques can be found in [17].

We did not consider estimating errors due to time and space discretization as has
been done in other works. However, our results (possibly in a discrete form) should be
applicable when considering these additional sources of error to give improved error
bounds and convergence results for these cases.

It is likely that our results are also applicable to POD model reduction error
bounds for other types of PDEs. For POD error bounds for hyperbolic PDEs, see
[19, 3].

Also, we have only considered approximation errors for the POD projections for
one-dimensional time intervals. Similar arguments can give error expressions for POD
projections arising from a discrete POD setting with a (possibly weighted) sum replac-
ing the time integrals. Furthermore, it is possible that similar error expressions can
be derived for multidimensional parameter domains in place of the one-dimensional
time interval.

Our work does not give error estimates or error indicators for the POD reduced
order model when model parameters or initial conditions are varied from those used
to construct the POD basis. (Some work in this direction can be found in [16].)
However, our work gives further insight into the behavior of POD reduced order
models for PDEs in the case where the model is not varied. Hopefully, an increased
understanding of this case will lead to additional progress in analyzing the effects of
problem variations on reduced order models.

Acknowledgment. The author would like to thank Mark Opmeer for very help-
ful discussions and also for the proof of Lemma 3.1, part 4 (which is simpler than the
author’s original proof).
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