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Abstract

In this paper, we propose a novel second-order dynamical low-rank mass-lumped finite
element method for solving the Allen-Cahn equation, a semilinear parabolic partial dif-
ferential equation. The matrix differential equation of the semi-discrete mass-lumped
finite element scheme is decomposed into linear and nonlinear components using
the second-order Strang splitting method. The linear component is solved analyti-
cally within a low-rank manifold, while the nonlinear component is discretized using
a second-order augmented basis update & Galerkin integrator, in which the S-step
matrix equation is solved by the explicit 2-stage strong stability-preserving Runge-
Kutta method. The algorithm has lower computational complexity than the full-rank
mass-lump finite element method. The dynamical low-rank finite element solution is
shown to conserve mass up to a truncation tolerance at each time step for the con-
servative Allen-Cahn equation. Meanwhile, the modified energy is dissipative up to a
high-order error and is hence stable. Numerical experiments validate the theoretical
results. Symmetry-preserving tests highlight the robustness of the proposed method for
long-time simulations and demonstrate its superior performance compared to existing
methods.
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1 Introduction

We are interested in developing high-order numerical methods for solving gradient
flows using low-dimensional surrogates that effectively capture their essential features.
Dynamical low-rank approximation (DLRA) [30] is an emerging method that provides
significant computational savings for solving many high-dimensional dynamical sys-
tems (e.g., [23]). Gradient flows are inherently high-dimensional but typically evolve
toward an equilibrium exhibiting a low-rank structure, such as phase separations or
the disappearance of patterns. In this paper, we propose a dynamical low-rank finite
element method for solving the Allen-Cahn (AC) equation, a typical L?-gradient flow
of the associated energy functional.

The AC equation [1] was originally developed to model the motion of anti-phase
boundaries in crystalline solids, and the classical AC equation is given by

(1.1)
w(x,0) = wo, x € Q,

! wy = 2Aw+ f(w), xeQ, te(,T],
subject to periodic or homogeneous Neumann boundary condition, d,w = 0, on 9€2.
For simplicity of the presentation, we take  C R? to be a convex, bounded domain.
Here, w represents the concentration of one of the two metallic components of an
alloy, and the parameter € denotes the interfacial width, which is typically small. The
nonlinear function f(w) is given by f(w) = —F'(w), where F(w) = % (1 — w2)2
is the double-well potential function.

The mass of solution in (1.1) is not conserved, i.e., % fQ wdx # 0. A nonlocal
Lagrange multiplier was introduced in [42] to construct the conservative AC equation

w, = €2Aw + f(w), (1.2)

where the modified nonlinear term f (w) in (1.2) is defined as f(w) := f(w) — A(w),
and A (w) is the Lagrange multiplier enforcing mass conservation. Two primary forms
of A(w) have been proposed, as described by Rubinstein and Sternberg [42]:

RSLM: x(w)=i/ f(w)dx, (1.3)
2] Jo

and the nonlocal multiplier proposed by Brassel and Bretin [4]:

. _ Jo f(w)dx

Both nonlocal Lagrange multipliers have been widely used in conservative AC equa-
tions [29, 33, 47, 52, 57]. Since the RSLM multiplier depends only on time, it has
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limitations in preserving small features. Brassel and Bretin suggested that the space-
time dependent Lagrange multiplier (1.4) offered better mass conservation properties.

The AC equation (1.1) can be viewed as the L?-gradient flow of the following
Ginzburg-Landau energy functional:

2
E(w):/ (6—|Vu)|2+F(u)))dx. (1.5)
o\ 2

Meanwhile, the conservative AC equation (1.2) can be interpreted as the L2-gradient
flow of the reformulated energy functional:

2 w
E(w):/ <6—|Vw|2+F(w)+/ A(s)ds) dx. (1.6)
o\ 2 0

The solutions of both AC equation (1.1) and its conservative AC equation (1.2) satisfy
the energy dissipation law,

d C(SEw) \ _[aw
b (52) |

2
<0, Vvt>0, 1.7)
dt 8

where E(w) is given by (1.5) for the classical AC equation (1.1), and by (1.6) for
the conservative AC equation (1.2). Moreover, the conservative form (1.2) conserves

mass, i.€., J
—/ wdx = 0. (1.8)
dt Jq

Preserving the physical properties, (1.7), and (1.8) in the conservative case, at the
discrete level for the AC equation (1.1) and its conservative form (1.2), is a chal-
lenging and compelling research topic. Many efficient numerical methods have been
developed to preserve these properties, including the invariant energy quadratization
(IEQ) methods [10, 53, 54], scalar auxiliary variable (SAV) methods [22, 44, 45],
splitting methods [36, 37], integrating factor Runge-Kutta (IFRK) methods [27, 28,
56], and exponential time differencing (ETD) methods [12, 14, 15, 46]. However,
preserving the physical properties, even within acceptable tolerances, while reducing
the computational complexity of these methods is a worthwhile endeavor.

The DLRA methods [30], which can be traced back to the Dirac—Frenkel-McLach-
lan variational principle from the 1930s [13, 21], have emerged as powerful tools
for efficiently modeling high-dimensional systems whose dynamics evolve on lower-
dimensional manifolds. More recently, the methods have been widely used in various
fields, including weakly compressible flows [16], radiation transport equations [17, 20,
41], hyperbolic problems [32], advection-diffusion equations [39], and neural network
applications [43]. Further reviews can be found in [18] and the references therein.

The DLRA methods evolve a dynamical system on the Riemannian manifold of
fixed-rank matrices by projecting the right-hand side of a matrix differential equation
onto the tangent space of the manifold, resulting in a set of differential equations that
govern the factors of an SVD-type decomposition. A projector-splitting integrator for
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factorized differential equations in DLRA was introduced in [38]. Later on, Ceruti and
Lubich proposed a robust, basis-update & Galerkin (BUG) integrator, also known as
an unconventional integrator [8]. This alternative integrator eliminates the backward
time integration substep inherent in the projector-splitting approach, which can be
unstable for dissipative problems. Additionally, the BUG integrator facilitates greater
parallelism in its substeps [7]. However, the BUG integrator relies on a fixed rank,
which limits its applicability when the optimal rank is either unknown or evolves
dynamically during the computation. To overcome this limitation and enhance the
efficiency of solving sub-differential equations in DLRA, Ceruti et al. introduced a
rank-adaptive integrator [6], which mitigates unwanted projection errors in the S-step
of the BUG integrator by employing augmented bases. More recently, the second-
order augmented BUG integrator [5, 31] and high-order BUG integrator [40] were
introduced, offering improved accuracy and robustness.

Both the finite element method (FEM) and the discontinuous Galerkin (DG) method
are high-order numerical approaches offering significant advantages, including high-
order accuracy on compact stencils, compatibility with hp-adaptivity, and flexibility in
handling complex geometries. The integration of dynamical low-rank approximation
(DLRA) with the DG method was explored for a homogeneous kinetic equation in
[55], a solid-body rotation problem [24]. However, applying DLRA to the DG bilin-
ear form for the Laplace term in the AC equations introduces additional complexity.
The formulation on cell interfaces leads to an approximation involving a sum of four
additional SVD-like matrices with differing bases, necessitating the development of
specialized solvers for the resulting DLRA system. To address this complexity, we
adopt FEM in the DLRA framework, where the bilinear form is approximated using a
single SVD-like matrix. This approach significantly reduces the computational com-
plexity of solving the DLRA while maintaining the high-order accuracy of FEM.
Besides, it could be extended to nonuniform meshes with rectangular elements.

Integrating DLRA with numerical methods typically requires the basis functions in
different directions to be orthogonal. Unlike the discontinuous Galerkin (DG) method
[55], this orthogonality condition is not inherently satisfied by the FEM. To address
this, we employ the mass-lumped finite element method [9], which substitutes the >
inner products in the variational formulation with piecewise fixed-point Gauss-Lobatto
quadratures. While this approach introduces a numerical integration error relative to
the original variational formulation, it does not compromise the accuracy of the finite
element approximation. Moreover, the mass-lumped finite element formulation pro-
vides essential benefits for integration with DLRA: (i) The basis functions in different
directions are orthogonal, making it well-suited for the integration. (ii) The coefficient
matrices for polynomial-type nonlinear terms can be explicitly expressed using the
Hadamard product, facilitating the low-rank approximation of the nonlinear terms.

To accurately approximate the solution to the AC problems, we primarily focus on
second-order time discretization, with only a brief remark on the first-order discretiza-
tion. Specifically, we employ the second-order Strang splitting method to decouple
the linear and nonlinear components of the AC equations. For the linear part, we
solve it analytically within a low-rank manifold. For the nonlinear part, we design
a second-order augmented BUG integrator, inspired by the approach in [5]. Specif-
ically, we will employ the explicit 2-stage strong stability preserving Runge-Kutta
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method for the S-step matrix differential equation. Building on these techniques, we
develop the BUG mass-lumped finite element method (BUG-MLFEM). This method
employs the same formulation as the full-rank mass-lumped finite element method
(FR-MLFEM) while computing solutions within low-rank subspaces of the finite ele-
ment space. The computational complexity of both FR-MLFEM and BUG-MLFEM
is dominated by the linear component. Specifically, FR-MLFEM has a complexity
of O((m?* + n?) min{m, n}), whereas BUG-MLFEM reduces this to O((m? + n?)r),
where m and n denote the number of unknowns in each direction, and r is the rank of
the manifold. The dynamical low-rank finite element solution is shown to conserve the
mass up to a truncation tolerance at each time step. The modified energy is dissipative
up to a high-order error of O(z(t? + h**t1y), where 7 is the time step, & is the mesh
size, and k is the degree of the polynomials. Consequently, the energy remains stable.
Numerical examples are provided to validate the theoretical findings, with symmetry-
preserving tests underscoring the robustness of the proposed method for long-time
simulations.

The remainder of the paper is organized as follows. In Sect. 2, we introduce the for-
mulation of the matrix differential equations and propose a second-order FR-MLFEM.
In Sect. 3, we develop a second-order BUG-MLFEM based on the Strang-splitting
method, incorporating an exact integrator for the linear component and a second-order
augmented BUG integrator for the nonlinear component. Additionally, we analyze the
conservation properties of the proposed method. Numerical examples are provided in
Sect. 4, and concluding remarks are presented in Sect. 5.

2 Matrix differential equation

Consider the AC-type semilinear parabolic equation

w, = 2Aw + N(w), inQx(0,7),
wx,t =0) = wp(x), inQ x {0}, 2.1
opw =0, ond2 x (0,7),

where the N'(w) = f(w) for the classical AC equation (1.1), and N'(w) = f(w) for
the conservative AC equation (1.2).

2.1 1D semi-discrete finite element scheme

To derive the matrix ODE of (2.1), we illustrate the idea of the mass-lumped finite
element method using its one-dimensional formulation. Let 2 = I = [a,b] and a =
X] < X2 < ... < xpr+1 = bbethe Gauss-Lobatto points, where xjx4+1,i =0, ..., M
are the nodal points. Consider auniform mesh size h = x;x+1—x—1)k+1 = (b—a)/M.
We define the finite element space

V,f‘:{veHl(I):vhi eIP’k,izl,...,M}, (2.2
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where I; = [X(—1)k+1, Xik+1] and P* denotes the space of polynomials of degree no
more than k. Let x;_1k+; and wj, j = 1,...,k + 1 be the quadrature points and
weights of (k + 1)-point Gauss-Lobatto quadrature on the subinterval /;, and denote

wj, 2=<j<k,

2.3
2a)j, j=1Lk+1. 2.3)

Wi—Dk+j = :
Given functions f, g, the L? inner product (f, g) = fQ fgdx is approximated by the
piecewise Gauss-Lobatto quadrature
Mk+1
(fr =Y @jf(x)glx)). (2.4)

j=1

The norm associated with the inner product in (2.4) is defined by

Il =/ (f, Hn,  VfeVE

Note that the (k 4+ 1)-point Gauss-Lobatto quadrature is exact for polynomials of
degree up to 2k — 1. Then for any wy,, v, € V¥, it holds

(Oxwp, 0xvp) = (OxWh, Ox V). (2.5

The variational formulation of the AC equation (2.1) is to find w € Lz((O, T); H'
(£2)) such that:

(W, v) = —€*(Byw, 3,v) + W(w),v), Vv e H (). (2.6)
Taking v = vy, € V,{‘ and approximating the L? inner products in (2.6) using the
Gauss-Lobatto quadrature (2.4), the variational formulation (2.6) can be formulated
as

(we, vi)n = —€2 @ Tpw, dyvp) + N (W), v + Er), Yo € VE,  (2.7)

I, : C(Q) — V,f‘ denotes the Lagrange interpolation operator at the Gauss-Lobatto
points and & (vy) represents both quadrature and interpolation errors satisfying [34]

€W < CUwl g+ lwl ity + IN @) gy Qlvalln + 18xvmll 2.

The spatially semi-discrete mass-lumped finite element method for (2.1) in 1D, derived
using (2.7) and (2.5), is to find wy, € L2((0, T1; V,f‘) such that

(Wh.t, h = —€> @y wp, xvpn + N (wp), v,  You € VE, (2.8a)
(Wi (x,0), v) = (wo, vy), Yy € V. (2.8b)
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2.2 Matrix differential equation in 2D

We extend the implementation using the same setting as one dimension to describe the
proposed spatially semi-discrete scheme on a 2D rectangular domain Q = [a, b] x
[c, d]. To simplify the notation, we denote

m=Mk+1, n=Nk+1. 2.9)
Leta = x1 < xp < --- < x;;, = b represent the Gauss-Lobatto points on the interval
Qy = [a, b], where xj;4+1,1 = 0,..., M, are the nodal points. The uniform mesh
size in the x-direction is hy = Xjk41 — X(i—1)k+1 = b —a)/M fori =1,..., M.
Similarly, letc = y; < y2 < --- < y, = d be the Gauss-Lobatto points on the interval
Qy =[c,d], where yjr11, j =0, ..., N, are the nodal points. The uniform mesh size

in the y-direction is by = yjr11 — y(j—k+1 = (d —c¢)/N for j = 1,..., N. The
domain 2 = €, x 2, is now divided into M x N subrectangles, collectively denoted
by by K, using the grid points (X;jk41, yjk+1), withO <i < M and0 < j < N. The
mesh size of the partition X is given by & = max{h,, h,}. We define the finite element
method space in each direction as:

vE, = {¢> e H' () pla, ePri=1, .. M],

Vin= {%” e H'(Qy) : Yla,, ePrj=1, .. N},

where Qx,,' = [x(i—l)k—H s x,'k_H] and Qy,j = [y(j_1)k+1 s yjk_H]. The Hl-conforming
tensor-product finite element space for €2 is given by

0y =V, ®Vy,={ve H(Q) :v|x € %, VK €K}

where Oy be space of polynomials in the variables x, y with real coefficients, and of
degree at most k in each direction on K. Similar to the 1D case, the L? inner product
in 2D is approximated using the tensor product of the 1D Gauss-Lobatto quadrature,
i.e., note that both f and g are separable functions, say f(x,y) = fi1(x)f2(y) and
g(x,y) = g1(x)g2(y), then the 2D L? inner product reduces to

(fs &n = (f1. 80n (f2, 82)n>
where each one-dimensional inner product (-, -), is defined as in (2.4). With this Gauss-

Lobatto quadrature approximation, the 2D spatially semi-discrete mass-lumped finite
element method for (2.2) is to find wy, € L2((0, T1; Q',‘l) such that

(Wh,e, v = —€>(Vwp, Vop)y + N (wp), vi)n, Yoy € OF, (2.10a)

(Whli=0, v)n = (Wo, v)n, You € Of. (2.10b)

Let {¢; (x)}/"_; and {v;(y)}?_, be basis functions for the finite elements spaces in
the x- and y- directions, respectively. Forany 1 < p <m, 1 < q < n,letx, and y,
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represent the corresponding Gauss-Lobatto quadrature points. Then it follows
Gi(xp) =38ip, Vj(yg) =3jq, (2.11)
where §;; is Kronecker delta function. Moreover, for any s > 0, it holds
(9i(xp))’ = ¢i(xp) =38ip, and  (Y;(¥g)’ = ¥;(yg) = éjq- (2.12)
Denoted by

D(x) = [P1(x), p2(x), -+, ¢ ()] and W(y) = [Y1(»), Y2 (), -+, Y]

(2.13)
Then we can define the lumped mass matrices
My = (®(x), D(x) D, = (@i, ¢))nlmxm.
My = (W), YO Da, = (Wi, ¥)hlnxn, (2.14)

which are sparse and diagonal owing to the orthogonal property (2.11). We can simi-
larly introduce the stiff matrices

Ax
Ay

(3D (x), 3P (x) D, = [@0xis 3xPj ) nlmxms

(2.15)
(3y¢(y), ayq)(}’)T)Qy = [(ayWia ayI/fj)h]nxnv

which are sparse, symmetric, and banded with a bandwidth 2k + 1.
Given a function wy, € Q’;l, its expansion in terms of these bases can be written as:

wh =YY Wi j(0gi(0)¥;(y) = D) WO (), (2.16)

i=1 j=1

The matrix W = [W; ;] € R™*" is called the coefficient matrix of wy, with respect
to the bases {¢; (x)}/_; and {/;(y)}}_,.

i=1
Definition 2.1 Given matrices A, B € R™*" with entries A;; and B,;, their Frobe-
nius inner product is defined as (A, B)p = tr((ATB) = Y I, 31 AijBij. The
Frobenius norm of A is [|A|lp = +/(A, A)r. The M-weighted Frobenius inner prod-
uctis (A, B)m = (MyAMy, B)g with M, and M, given in (2.14). The M-weighted
Frobenius norm of A is ||A||m := V (A, A)Mm.

Definition 2.2 Given matrices A, B € R™*" with entries A;; and B;;, the Hadamard
product is defined as

Ax B eR"",  withentries (A x B);j = A;jBij.
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For any integer s > 1, the Hadamard power A°® € R™*" is defined as

A” =AxAx---x A, withentries (A%);; = Aj;.
—_

s times

Additionally, for C € R™*", the distributive property of the Hadamard product holds:
Ax(B+C)=AxB+ AxC.

Then the following result holds.

Lemma 2.1 For any z;,, w, € Qz, let Z, W € R"™" be their coefficient matrices,
respectively. Then,

(zh, wp)n = (MxZMy, W)g = (Z, W)m, (2.17)
and for any integer s > 0,
(2, wpp = M Z¥My, W)g = (Z°°, W)m. (2.18)
Moreover,

(Vzn, Vun)y =(AxZMy + My ZA], W)p = —(LxZ + ZL] , W), (2.19)

where the matrices L, = —Mx_le eR™M L, = —My_lAy e R"*71,

Proof Note that z;, = ®(x) " ZW(y), wj, = ®(x)T WW(y). Then,

Growndn = | DD Ziji Y3, YD Wudn () ¥ (y)

i=1 j=1 v=1 =1 "
=" ZijWor(¢i. d)n Wy Y (2.20)
ijvl
=D (M ZM )Wy = (M ZM [, W)g = (McZMy, W)E.
vl
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where M, and M, are defined by (2.14). Forany 1 < p <m, 1 < q < n, let x,, and
¥4 represent the Gauss-Lobatto quadrature points in x- and y- directions, respectively,

(@, wn = ((Z > Zijbi()v, (y)) YD W) (y))
=1

i=1j=1 v=1

=YD wpwg (Z D Zijhip)V; (yq>) > Z Wity (xp) ¥ (vg)
p=1g=1 i=1j=1 v=11[=1

m n m

=) Y wpwy Z Z Z5 @i ep) W (7g)* Y D Waru(xp)vin ()

p=1g=1 i=1j=1 v=1I[=1
m

=D Y wpwg ) D ZEGixp Vi) Y D Waru(xp)vi ()

p=lg=1 i=1j=1 v=11=1

(Z Z Zf] ¢ ()Y (), Z Z Wyidv ()Y (Y))

i=1j=1 v=1[=1
= (MxZ* My, W)E = (Z°°, WM,

where (2.12) has been applied in the third and fourth equalities. Similarly,

Ve, V= [ V[ YD Zijgiow; 0 |V (Z > Wm(xm(y))
v=l I=1

i=1j=1

h
=) ZijWu @i, ) (W), Y
ijvl
+ ) Zig W (¥, 0 ¥Dn (i $udn
ijvl
_ T
= (A ZM,, W), + (MXZA),, W)F
where A, and A, are defined by (2.15). O

We introduce the coefficient matrix associated with the function 1 € Q];l, which is
the all-ones matrix I = ¢, q;— € R™*" where each entry is equal to 1. Here, g, € R™
and ¢, € R" are all-ones vectors.

Corollary 2.1 For any wy,, v, € Q’;l, let W,V € R™" be their coefficient matrices.
Then,
N (wp), vi)n = N (W), V)m, (2.21)

@ Springer



BIT Numerical Mathematics (2026) 66:6 Page 11 of 43 6

where the nonlinear matrix operator

NW) =W — W3, (for (1.1)), (2.22a)
NW) =W — w3 — I%I(W — WD), (for (1.2) with RSLM),
(2.22b)

(W — W3, Iy

Wy=W-—WwS3 - —— "%
N (T =We2),Dm

(I —W°%), (for (1.2) with BBLM),
(2.22¢)

with I € R™*" denoting the all-ones matrix.
Moreover, the conservative AC equation (1.2) with RSLM and BBLM holds

WN(wp), Dp = N (W), Dnm = 0. (2.23)

By Lemma 2.1 and Corollary 2.1, we have the following result.

Corollary 2.2 Let W € R™*" be the coefficient matrix of the finite element solution
wy € Q];l, and V € R™*" be the coefficient matrix of any function vy, € Qz. Then,
the semi-discrete (2.10) is equivalent to the following problem: Find W (t) € R™*"
such that

@W @), VIm = (LW(@)), VIM+ N (WD), VM. (2.24a)
W(tg) = W, (2.24b)

where Wy € R™*" is the coefficient matrix of wy(x, v, 0) in (2.10b). Here, the linear
term L(W) = €2(L, W + WLyT) and the nonlinear term N'(W (t)) is given by (2.22).

By the arbitrariness of V in (2.24), the 2D semi-discrete finite element scheme
(2.10) can be rewritten as the matrix differential equation

W =LW@®) +NW@®)),

2.25
Wi(ty) = Wp. ( )

2.3 Second-order FR-MLFEM

Before presenting the dynamical low-rank approximation for solving the matrix dif-
ferential equation (2.25), we introduce a second order full-rank mass-lumped finite
element method (FR-MLFEM).

Forn > 0, let wz =wp(x,y,ty) € Q';l be an approximation of w(x, y, t,), where
tn = nt and 7 > 0 is a specified time step. We further denote the coefficient matrix
of wl by Wy, € R™" namely, w}! = ®(x) WoaW ().

Given w;; or its coefficient matrix W,‘;, to design a second-order numerical inte-
grator that computes Wy from the nonlinear matrix differential equation (2.25), we
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consider splitting the matrix equation in (2.25) into two sub-equations associated with
its linear and nonlinear terms,

Xr = L(X), (2.26a)
Zi =N(2). (2.26b)

We first solve the linear equation (2.26a). For any integer ¥ > 0 and matrix Z €
R“*¥ | the matrix exponential is defined by

A

> 7! > 7!

zZ .__ _ K XK

e ._E ——I,(+E _I!ER .
1=0 =1

Here and throughout what follows, I, represents the identity matrix of dimension k.
For any matrix W € R™*" and s € R, we define the operator ¢* £ by

-
SEW = sl wesly

where L and L, are defined in (2.17). It can be verified that the inverse operator of
L is given by e~*£, namely,
esCe—SEW — e_S[:eS['W _ e_SLX€SL" WesL;,refo;r - W.

The linear equation (2.26a), which a linear ordinary differential equation in matrix
form, could be solved analytically, and the solution is given by

Xus1 = SEXy = 7L X,,. (2.27)

Next, for the nonlinear problem (2.26b), we use the explicit 2-stage strong stability
preserving Runge-Kutta (SSP-RK?2) to approximate the solution at ¢, | with the initial
condition Z, by

Zng=2Zn+ TN(Zn),

T T (2.28)
Zn+1 = Zn + EN(Zn) + EN(Zn,l)v
which can be represented in an abstract form as:
Zor1 = SN Z,. (2.29)

The FR-MLFEM for (2.25) formulated in matrix form proceeds as follows: Given
Wy € R™*", we find Wy € R™*" using a second-order Strang splitting approach,
relying on the solvers outlined in (2.27) and (2.29),
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Wn,l = e%ezcw’ns
Wi = Wai + N Wy ),

1 1 1 (2.30)
Wn,3 = 5 n,1+ EWn,Z + ng(WnJ):

Wn+1 = 3562£Wn,3»
which can be written in the abstract form:
Wit = ¢ o Mo S Wa. (2.31)
The FR-MLFEM (2.30) or (2.31) can be reformulated in the finite element form:

Given w!' = ®(x) WoW(y) € 0F, we find w)™ = @) Wop 1 W(y) € OF
following

2
w;:’l _ 676 Ehwn
n,2 n,1 n,1 k
(wy " v = (W, v)n + TN (W), v, Yup € Q).

i I .
(i v = i v+ 3 )+ SN ). un. Yo € Of

n+1

— lezﬁh n,3
wh =e2 wh

’ 2.32)
where e%ezﬁhwh = CD(x)Te%EzEW\I'(y), and w;:’l = dx) "Wy W (y) € Q’;l for
[=1,23.

Remark 2.1 We note that the nonlinear problem (2.28) has a computational complexity
of O(mn), due to its explicit formulation. However, the computational cost of the FR-
MLFEM scheme (2.31) or (2.32) is dominated by the two linear steps, resulting in a
total complexity of O((m? + n?) min{m, n}) floating-point operations.

To present the main properties of the solution obtained from the system (2.27), we
introduce the following result.

Lemma 2.2 Forany t > 0, it holds
@ L7 Dy = (Z, Dy, VZ € R,

The proof of Lemma 2.2 is presented in Appendix Al. Then, we have the following
results.

Lemma2.3 Let Wy, € R"*" be the solution to the system (2.30) corresponding to
the conservative AC equation, and wz = CD(x)TWn\I/(y) € Qﬁ be the finite element
solution. Then the solution conserves the mass

W], Dy = (Wn, Dm = (Wo, Dp = (w)), Dy
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Proof We prove this by mathematical induction. Assume that (w;:‘, Dy = (wg, D).
Next, we take the M-weighted Frobenius inner product on both sides of (2.30) with L.
Using (2.23) and Lemma 2.2 yield

T, 2
P Dy = Wast, Dv = (€2€ £ Wa 3, Dv = (Wa 3, D
1 1 1
= 5 W1, Dy + 5 (Wa2, Dyt + STV (Wa2), D
1

= (Wa1. Dyt + 57V (Wa 1), D
7,2

= (Wa1, D = (€2 Wy, Dy = (Wa, Dy = ft, Dy

This completes the proof. O

Similar to [36, 37], we introduce an O (7) modification to the original energy (1.5),
leading to the following modified energy

~ 1
E™ = — (e — D™ wh, + (G, D, (2.33)
2t

n,1
where G(w]"") = F(0) + [y" g(s)ds with

1 1
g(s) = —EN(S) — EN(S + TN (5)). (2.34)
We assume that there exists a constant C ¢ such that

Ig/(s)| = Cg~

More discussions on the bound Cy for different types of AC equations can be found
in [36, 37, 48].

Lemma 2.4 For both the classical AC equation (1.1) and the conservative AC equation
(1.2), if the time step T satisfies 0 < T < 1/Cy, the solution of system (2.27) or (2.32)
satisfies the following energy law

EMtl < En,

The proof of Lemma 2.4 is presented in Appendix A2.

3 Dynamical low-rank mass-lumped finite element method

Let M, C R™*" be the manifold of rank-r matrices (+ < min{m, n}). For conve-
nience, let Z € R™*" represent the coefficient matrix of z;, € Qﬁ. In the following,
we use script letters to denote low-rank matrix approximations (e.g., Z represents the
low-rank approximation of Z). Similar to the full-rank strategy, we continue to use the
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spitting (2.26) to solve the matrix differential equation (2.25) in the low-rank approx-
imation. We begin with the low-rank approximation for the linear matrix differential
equation (2.26a).

3.1 An exact low-rank integrator for the linear problem (2.26a)

Given t > 0 and a rank-r approximation X}, = U, Sy Vl;r at t, with the factors
U, € R and V,, € R™ satisfying

Ul MUy =V MV, =1,

then the linear matrix differential equation (2.26a) at t,+] = f,, + T can be solved
analytically by (2.27) as the rank-r matrix

Xn-i—l — eTeZLX XnerezL;— — eT€2Lx UnSn VJeTEzL;r _ Un+1Sn+l V]IH i (31)
where the last equality is obtained by Algorithm 1, and

Ug i MiUny1 = V) \MyVaiy = I, (3.2)

n

Algorithm 1 An exact low-rank integrator to the linear matrix differential equation
(2.26a).
Input: Uy, Su, Vi, €, 7, My, M.
Output: Uy 1, Snt1, Vot
e Step 1: Update U™ — U™l e R™ and Vy, — Vapr € R in parallel:

perform a generalized QR (GQR) decomposition [55] with weight M and M,
respectively,

[Uns1, R] = GQR (e F<Up, M)

n+1, = sz ns ’
[Var1, P] = GQR (5 Vi, b1, )

where Uy 41 and Vi 4 satisfy (3.2).
e Step 2: Update S, — Sp41 € R by

Sni1 = RS, P . (3.3)

Remark 3.1 The solutions of both the FR-MLFEM scheme (2.31) and Algorithm 1 are
obtained analytically. Therefore, the value of ¢ in the linear equation (2.26a) does not
impose any restriction on the time step size. For the FR-MLFEM scheme (2.31), the

. .2 1.2 T . .
matrix product e2¢ L Wez€ Ly mustbe computed sequentially. In contrast, the matrix
2 2 . . .
products "¢ LUy and ™€ Ly V,, in Algorithm 1 not only have lower computational
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complexity, but can also be computed in parallel. The overall computational cost of
Algorithm 1 is O((m? + n?)r).

Remark 3.2 The computational complexity of computing the exponential of an m x m
matrix is O (m>) in the general case [3, 25]. Several fast algorithms have been devel-
oped that reduce the complexity to O (m?) with2 < y < 3 [26]. For more specialized
cases, such as the computation of the matrix exponential for sparse matrices, the com-
plexity is even lower [2]. In AC equation, ¢ is constant, so the exponential of an m x m
matrix needs to be computed only once, prior to the first time step, in both the FR-
MLFEM scheme (2.31) and Algorithm 1. Thus, its cost does not affect the overall
computational complexity of the proposed algorithms.

Lemma 3.1 For any t > 0, given low-rank matrix X, = UnSnVJ at ty, the low-

rank approximation Xn41 = Un41Sn41 VL_], obtained in (3.1) for the linear matrix

differential equation (2.26a) at tw+1, satisfies (i) the rank of matrix Xy+1 is no more
than that of Xy, and (ii) (Unt1Sas1Vy, . DM = (UnSa V|, Du.

Proof (i) follows from (3.3). For (ii), it holds

(Un1Sut1Ve 1, DM = (Uns1(RSy PV, |, Dy
= (@ UnSa(e V)T, Dy
= (UnSuVy , Du,

where we have used Lemma 2.2 for the last equality. O

3.2 DLRA for nonlinear problem (2.26b)

The Dynamical Low-Rank Approximation (DLRA) is traditionally formulated by
evolving the matrix differential equation through a minimization problem using the
Frobenius norm on the tangent space of M, at Z [30]. In the following, to maintain
formulation equivalence between the Galerkin equation of the DLRA and the matrix
variational problem (2.24), we introduce a weighted DLRA, in which the minimization
problem is formulated using the M-weighted Frobenius norm in Definition 2.1. A
similar weighted DLRA was investigated in [55].

Definition 3.1 The weighted DLRA to (2.26b) is defined as the solution Z € M,
(where Z is a rank-r approximation of Z) to the differential equation

0,Z = argmin [6Z — N(2)|m, (3.4)
8ZeT=M,

where V' (Z) is the nonlinear term defined in (2.26b), with the initial condition Z(t,) =
Z, being a rank-r approximation of Zy,. 7z M, is the tangent space of M, at Z.

Assume that matrix Z € M, has a rank-r decomposition
Z=USV', where U 'M,U =V M,V =1, (3.5)
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withU € R™*" § € R"™*"and V € R"*". Then the tangent space of M, at Z is given
by [30]:

TzM, = {8USVT +USSVT +USSVT : UTM8U =0, VT M8V =0}, (3.6)

where U € R™,§S € R"™and §V € R™. Under the gauge conditions
UTM8U = VT M8V = 0, each matrix 2 € 7zM, has a unique decomposi-
tion
8Z=8USV' +USSV' +USSV" = PFM8ZMyPy + PyM,8ZM,Py
+ PyM 82" M, Py, (3.7)

where

8U = Py M 8ZM,VS™', 88
=U"M82ZM,V, and 8V = Py M8 2" M, US™ T, (3.8)

with the symmetric matrices

Py=UU", Pr=M."—- Py,

(3.9)
Py =VV' Pyr=M;"-Py.

Here, the matrix Py M, (resp. Py My) is the orthogonal projection onto the column
space of U (resp. V) with respect to the inner product on R” (resp. R") with weight
M, (resp. My).

Similar to [30, 55], the following results hold.

Proposition 3.1 Suppose the solution Z = USV " € M, satisfies Definition 3.1, with
initial data Z(0) = UoSoV,, € M, where Uy M Uy = V| MyVy = I,. Then, the
following formulations are equivalent to the weighed DLRA defined in Definition 3.1.

(i) Galerkin condition: 3, Z € Tz M, is the solution of the Galerkin condition

(2 —-N(2),8Z2)m=0, V6Z € TzM,,

(3.10)
Z(0) = UpSoV, -
(ii) Equations of motion: the factors of Z satisfy

U=PrMNEZ)MVS', §S=U"MN(2Z)M,V,
V =PyMN(2) M UST, G.11)
U(0) = Uy, S©O)=So, V(0) =V,

where Py and Py are defined in (3.9).
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(iii) Coupled ordinary differential equations (ODEs), referred to as the KLS system:
the matrices K = US e R™", L = VST € R™, and S € R™*" satisfy

K=NEKVMV, L=NUL"Y MU, §=U"MNUSV"M,V,

K(0) = UpSo, L(0) = VOS(—)I—, S(0) = So.
(3.12)

The proof of Proposition 3.1 is similar to that of [55, Proposition 3.5].

3.3 Strategies for the nonlinear and nonlocal terms

To integrate the differential equation (3.4) in DLRA, or its equivalent formulations
(3.10)-(3.12), for the nonlinear matrix differential equation (2.26b), it is essential to
adopt efficient strategies for treating both the nonlinear terms and potential nonlocal
terms appearing in A/ (W). In particular, the computational cost in (3.12) arises from
evaluating the matrix products on the right hand side terms of the system:

NEKVYMV, NUL"Y MU, and UT M, NUSV )M, V. (3.13)

Additional overhead may result from nonlocal terms, (WS, Iy, s = 2, 3, as shown
in (2.22).

A direct strategy (Strategy 1) is to recover the m x n matrix W in the nonlinear
operator AV, and then compute the matrix products and inner products. The total com-
putational complexity to compute the matrix products is O(mnr). Next, we consider
the low-rank strategy for the nonlocal term (W, )y, s = 2,3 in (2.22¢). Recall
that the all-ones matrix I = g,,q, € R™ ", where ¢,, € R" and ¢, € R" are
all-ones vectors. We can reduce its computational complexity by using the following
reformulation:

(W, Dy = (MxWOSMya quy—,r)F = (MxWOSMans qm)r, §=2,3. (3.14)

Then the computational complexity in computing these nonlocal terms is O(mn).

An alternative strategy (Strategy 2) is to evaluate the matrix products and nonlocal
terms without recovering the m x n matrix W explicitly. The coupled ODE system
(3.12) implies that we can compute the product involving A'(W) without explicitly
computing A/ (W) itself. For example, in the differential equation of K, we can compute
the product N'(W)M, V for any V € R"*" without explicitly computing the elements
of W. We only consider its nonlinear component W°3 M yV for simplicity. Recall that
K =US € R™ " Then, it holds

.
W=Usv =kvI =) KV, (3.15)
i=1

where K;, V; are the i-th column of K and V, respectively. In addition to the properties
in Definition 2.2, the following property holds for the Hadamard product,
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Table 1 Computational complexity of the nonlinear and nonlocal terms

Strategies Criteria Nonlinear terms in (3.13) (WS, Dm
Strategy 1 r > Y/min{m, n} O(mnr) O(mn)
Strategy 2 r < 3/min{m, n} O((m + n)r*) O((m +n)r*)

(KiV;D) % (K; V1) = (Kix Kp(Vix V)T, for 1 <i, j<r.

Hence, the cubic nonlinearity which appears in the nonlinear term and V € R"*" it
holds:

r r r
(WM, V = (Z K; Vf) * ZKJ-VJT * (Z K[VIT> M,V
i=1 j=1 =1

.
S (KixKjxKp) (Vi Vix Vi) | Myv (3.16)
i,j, =1

;
> (Kiw Kyx k) (Vs vy vi) T My V).
i ji=1

Therefore, the computation of (W°3)My V, when implemented following (3.16),
results in a computational complexity of O((m + n)r*). Analogously, the compu-
tational complexity of (W) T M, U with U € R™*" is also O((m +n)r*). By (3.16),
the dominant term in the product U " M, N (USV TYM yV has the following reformu-
lation

,

UTMWHMY = 3 (UMK K5 KD) (Vi Vi Vi) My V),

i,jl=1
(3.17)
which has the computational complexity O((m + n)r#).

Since M, is a diagonal matrix, the computational complexity of computing
M, WM yqn» which dominates the computational complexity of (W3, T, is equiv-
alent to that of computing WM yqn. The decomposition of We3M yqn follows
the same as (3.16), with V replaced by ¢g,, and its computational complexity is
O((m+n)r3), which is also the computational complexity of (W3, I)y;. Similarly, the
computational complexity for the nonlocal term ( W2 Dy in (2.22¢) is O((m~+n)r?).

We summarize the computational complexity of the nonlinear and nonlocal terms
for Strategy 1 and Strategy 2 in Table 1. In typical applications, the relation r> <
min{m, n} usually holds. Based on this, we adopt the following guideline for selecting
the strategy: if » < &/min{m, n}, we choose Strategy 2; otherwise, we choose Strat-
egy 1. Following this principle, the computational complexity for solving the nonlinear
problem (2.26b) is bounded by O(mnr).
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3.4 Second-order integrator

Similar to the Strang splitting approach for the FR-MLFEM (2.31), we propose a
second-order low-rank integrator for the matrix differential equation (2.25) by solving
the split linear and nonlinear matrix differential equations (2.26a) and (2.26b). For the
linear component (2.26a), we use the exact low-rank integrator in Algorithm 1.

For the nonlinear component (2.26b), we employ the augmented BUG integrator
[5, 6] for the KLS system (3.12), an equivalent formulation of DLRA to the nonlinear
matrix differential equation (2.26b). This method extends the bases used in the S-
step of the BUG integrator [6, 7] to eliminate unwanted projection errors. The BUG
integrator, viewed as a splitting method, is applied to the KLS system (3.12), where
the K and L equations are updated in parallel, followed by an update of the S equation.

The second-order augmented BUG integrator [5] builds upon the first-order aug-
mented BUG integrator [8]. We start by outlining the key aspects of the first-order
integrator for the matrix differential equation (2.26b). Given a factored rank-r matrix
Zy=UnSh VJ at t,,, with factors U, € R™*" and V,, € R"*" satisfying

Ul MUy =V MV, =1,

the one-step first-order augmented BUG integrator gives a low-rank approximation at
the next time step fn41 = tn + T, namely,

Znt1 = Unt1Sa41Vi 1 (3.18)
where the updated bases Un 1 € R™*" and Vi € R satisfy

T T A
Uy MyUnyy =V (MyVayy =1, wherer <2r.

The specifics of the first-order augmented BUG integrator are outlined in Algorithm
2.

Algorithm 2 One-step first-order augmented BUG integrator for (2.26b).
Input: Uy, Su, Vi, T, My, M,.
Olltpllt: Un_H, Sn+1, Vn+1.

e Step 1: Update Up, — Uny; € R™* and Vg — Vyuyy € R in parallel, with
(F <2r):

- K-step:

e Solve K,y from the m x r matrix equation

Knt1 — K
2ol TN N(Kn VMV, Ky = UnSy. (3.19)

- L-step:
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e Solve L4 from the n x r matrix equation

L —L
S T N(UGLD) MUy, Ly =V, S/ (3.20)
T
— Update the basis:

o Set Knt1 = [Kny1. Unland Logy = [Luy1. Val.
e Compute Unt+1 € R™, Vip1 € R™ following generalizing QR
(GQR) decomposition in [55],

[Uni1, ~] = GQR(Kni1, My),  [Var1, ~] = GQR(Lnt1, My).

e Compute the matrix M = UnTHMxUn, and N = VnTHMyVn.
e Step 2: Update S, — Sp41 € RA*7:
- S-step:
o SetSyo=MS,NT.
e Solve the 7 x 7 matrix equation
Sn+1 - Sn,* T T
f = Un+1MXN(Un+ISn,*Vn+1)MyVn+1~ (3.21)

Remark 3.3 Since the first-order augmented BUG integrator in Algorithm 2 is a com-
ponent of the second-order integrator for the nonlinear matrix differential equation
(2.26b), the truncation step is deferred to the main algorithm for the matrix differen-
tial equation (2.26b).

With the preparation above, we present the second-order integrator for the matrix
differential equations in (2.26). The exact low-rank integrator from Algorithm 1 is
employed for the linear matrix differential equation (2.26a), while the second-order
augmented BUG integrator [5] is applied to solve the nonlinear matrix differential
equation (2.26b). In particular, we will use SSP-RK2 to solve the matrix equation in
the S-step. This approach utilizes a second-order Strang splitting method, similar to
(2.31) or (2.30), as implemented in FR-MLFEM, to integrate the linear and nonlinear
integrators. The details are outlined in Algorithm 3.

Algorithm 3 A second-order integrator for the split matrix differential equations in
(2.26).

Input: Uy, Su, Vi, T, My, M,.

Output: Uy11, Snt1, Vati.

e Linear Step: Perform Algorithm 1 with a time step 5 and initial values
U,, Sh, Vi to obtain

T
Wn,l = Un,ISn,IVn,l'
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e Nonlinear Step:
— Trapezoidal Approximation:
e Perform Algorithm 2 with a time step t and initial values Uy, 1, Sn.1, Va1
to obtain the approximation of rank 7 = 2r,

Wi = Un28n2 VlIz- (3.22)

— Galerkin Step:

e Assemble the augmented matrices U and V,

U = [gm, Un1, TN(Wn,l)MyVn,l, TN(Wn,2)MyVn‘2],
V = [gn, Va1, tNWa1)) " MyUn 1, tN Wa2) T My Uy 2]

e Compute the new bases:

[Un3,~]=GQR(U, My), [Va3,~]=GQR(V,M,y). (3.23)

_ . —T —T
e Compute the 7 x r matrices M = UnsMcUn and N = ViaisMyVa i,
and ¥ X r matrix

Sn1=MS, NT. (3.24)
e Solve the 7 x r matrix equations by the SSP-RK2:

Sn2=38n1+ TUn’3MxN(Un,3Sn’1 Vn’3)My Va3, (3.25a)

1- T—T e — —
ESn,Z + —Un,3Mx-N'(Un,SSn,2Vn,3)MyVn,3~

— 1—
Sn,3 = ESn,l + B
(3.25b)

— Truncation Step:

e Compute the SVD decomposition of S,3 = R X P
diag(o;).

e Truncate % to Sn,3 with either the original rank » or a new rank r = 7,
determined by prescribed a truncation tolerance 7, such that

T with T =

r 2
( > o,.2> <. (3.26)

i=r+1

e Set R € R"™*" and P € R™*" containing the first 7 columns of R and P,
respectively.
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e SetUp3=Un3R€R™ and Vy 3 = V3P € RV,

e Linear Step: Perform Algorithm 1 with a time step 5 and initial values
U!‘l,37 S!‘l,37 Vn,3
to obtain
Wn+1 = Un+ISn+1VnT+]~

Remark 3.4 The nonlinear step in Algorithm 3 has a computational complexity of at
most O(mnr). Since the linear steps remain the dominant cost in the second-order
integrator Algorithm 3, the overall computational complexity is O((m? + n)r).

Remark 3.5 In practice, the GQR method in Algorithm 2 and Algorithm 3 can be
replaced with the RGQR method ( Algorithm 4), which substantially improves com-
putational efficiency while maintaining accuracy.

Remark 3.6 A first-order integrator can also be proposed by using the Lie-Trotter
splitting [49], which combines Algorithm 1 and Algorithm 2 analogous to Algorithm
3. We omit the details.

3.5 Properties of the dynamical low-rank finite element solution

In this section, we explore the properties of the solution from Algorithm 3. Recall that
script letters denote low-rank matrix approximations (e.g., Z represents the low-rank
approximation of the matrix Z). From this subsection, we adopt a bold italic font,
suchasz, = ®(x) T ZW(y) € Ql,‘l, to represent the low-rank function associated with
the low-rank matrix Z. First, we defined the following subspaces of the finite element

space Q;‘l,

ok = {v | v(x,y) = ®(x) UpSV,] W(y), VS e R’X’} , (3.272)
oMk = {v lv(x,y) = @) Un 1SV W(y), VS e R’X’}, (3.27b)
ok = {v |v(x,y) = @) Tn 38V, ;W (y), V¥Se RM] , (3.27¢)
ok = {v |u(x,y) = &) Un 38V, 3W(y), VS e fof] , (3.27d)

where r, r, and 7 are given in Algorithm 3.

Remark 3.7 We have used the adaptive rank 7 for S matrix in the subspace Q;*k in
(3.27d), and it can be changed to fixed rank r as stated in Truncation Step in Algorithm
3.

By (3.23) in Algorithm 3, it can be observed that

oM c vt (3.28)
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Similar to the full-rank finite element method, Algorithm 3 provides a second-
order low-rank finite element approximation for the matrix differential equations in
(2.26). Notably, the low-rank finite element formulations in Algorithm 3 are mathe-
matically equivalent to the full-rank finite element scheme (2.32), differing only in
that the approximations are computed in subspaces of the original finite element space.
Specifically, the following statement holds.

Lemma 3.2 Algorithm 3 can be reformulated as the BUG-MLFEM: Given w) =
() UnSaVd @) € 0, we find wit' = @) Uny1Sar1V,, @(y) €
Q8+l’k such that

Wil = e3¢ Lngyn (3.292)
—n.k
W2, wa)y = W, wa)y + TW(w§h), won, Ywr €037, (3.29b)
1 1 . .
93 ,1 ’2 ’2 n,

(W™, w3)y = E(wg , W3 + E(w% L, W3)p + E(N(wg ), w3)p, Ywse 0y,
(3.29¢)

wit! = 3L, (3.29d)

Here, the operator e3€°Ln g defined in (2.32), and the low-rank finite element approx-
imations | - T «
wy' = &) UniSu,1 Vi 1 @) € O,
2 TS V" ot
wg = @(X)TUn,3Sn,2Vn,3q>(y) € Q; ’

- = =T —n.k
Wi = @) Un 383V, @) € 05,

n3 T T n,k
We = D (x) Un,3Sn,3Vn,3q)()’) € Q3 s
where wg‘3 is the truncated low-rank finite element approximations of w%‘3.

Proof 1t can be verified that the (3.29a) and (3.29d) are equivalent to the two linear
steps in Algorithm 3, respectively. Below, we demonstrate the equivalence for (3.29a);
the proof for (3.29d) follows a similar argument. By Algorithm 1, it holds

W' = @) Un 1Su1 V| @) = @) Uy i RSPV, @ ()

! . ] (3.30)
= o(x) eIl U, S, VT e3€H d(y) = e3¢ Lh?,

In this following, we focus on (3.29b) and (3.29¢). Let
- < =T —nk
! = 00 Un3Su1 Vo s%0) € 05
. . n,l nk —n,k
be the projection of wg'™ € Q™" onto Q3" , namely,

n,1 n,1 —n.k
(w3, wp)p = (wg, wp)n, Ywp € 037,
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which, by Lemma 2.1, is equivalent to the matrix equation

— = =T — =T
(MT03501VasMy TnsSV )
= (MxUann,lVIjMy,ﬁn,3SVI’3>F, VS e RP. (3.31)

From (3.28), it also holds

nl __ _nl _Ank
e = wg € 03,

By Lemma 2.1 and Corollary 2.1, the low-rank finite element formulation (3.29b) is
equivalent to

_ —T S —
(MxUn,3(Sn,2 - Sn,l)vn,3M}” U“v3SVn»3)F

— (MXN(UMSH,] ARV UMSVIﬁ)F, VS e R,
Using (3.31) and the properties of the Frobenius inner product gives

(En,Za S)F = (En,l, S)F+'L’ (UI,3MXN(U“»1S11,1V;I])Myvnj, S)F . VSe fof.
(3.32)

From (3.23), ﬁnjﬁl 3 M, is the orthogonal projection onto the range of Un, 3, which
by definition equals the range of U. In particular, the columns of Uy 1 lie in range of

Un,3, and henceUnjUIﬁMx Un1 = Un,3M = Upy,1. Similarly, Vn,3VI’3My Vail =
Vn,3N = Vn.1. Here, M and N were given in Algorithm 3. Therefore, it holds
T _77 v 77 .5 v
Un,lsn,lvn’l =Un3MSy 1N Vn)3 = Un,3Sn,1Vn’3. (3.33)

Then, (3.32) can be written as
3 Tl T 25 V) v FxF
(Sn2e e = ute g+ 7 (Un sMeN U350, 1 Vo )My Vi 3.S) . VS € BV,

which gives (3.25a) by the arbitrariness of S. Similarly, (3.29¢) is equivalent to (3.25b).
O

Remark 3.8 In Lemma 3.2, we presented the finite element formulations for the S-
step but omitted those for the K -step and L-step, as the finite element solution for the
S-step is equivalent to the low-rank finite element solution.

Theorem 3.1 Givenwj; € Qg’k, the BUG-MLFEM solution w;“ € QSH’k obtained
from Algorithm 3 for the conservative AC equation (1.2) conserves the mass up to the
truncation the tolerance n specified in (3.26), i.e.,

WM — w1yl = |Wast Dy — Wa, Dyl
= |(Unt1S041 V1. DM — (Un SVl . Dl < Cy .
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Proof The matrices Uy 1, Su.1, Va1 are obtained from Algorithm 1 with initial values
{Un, Sy, Vu} and the time step % Then, by Lemma 3.1, it follows

(Un, 1801V 1. DM = (UnSu Vo, Dt (3.34)

Recall that the all-ones matrix I = g,,q,] € R"*", where g,, € R" and g,, € R" are

all-ones vectors. Similar to (3.33), ﬁn,gﬁ—nrjqum = gm, and VmgVIjMyqn =qn.
Then, for any matrix W € R"™*",

— T — =T — T — =T
(Un3Un sMN (WIM Vi 3V 5, I)M = (MU0 3T s Mo N WM,V 3V 3 My, I)F

= (Mo N(W)My, I)p = N(W), Dy .
L (3.35)
Therefore, Uy 3, Sn.3, V3 obtained from Algorithm 3 with initial values Uy, 1, Su,1,
Vi1 satisfy

— < =T
(Un,3Sn,3Vn,3sI)M
I — 15 < =T - < =T = 15T
= 5 (Un,3 [Sn,l + Sn,2 + TUn,3MxN(Un,3 Sn,zvn,3)MyVn,3] Vn,3a I)M
- < =T T - < =T T - < =T
= (Un3 Sua VD) + 5 (N0 Saa Ve 1) + 3 (VT Sa2Va 1)

T~V TV vV T
= (Un3 UnaUn 1SVl 1 Va3 Vs 1), = (UnaSua Vi1 1),
(3.36)
where we have used (2.23). The Truncation step in Algorithm 3 implies

— = =T
|Un380.3Vi 3 Dv = @380V 3. D
. (3.37)
< H Un3Sn3Vys — Un,3Sn,3Vn,3HM TIm < Cn.

Similar to (3.34), the second linear step implies

(Unt1Sn41 Vart, Dv = (Un 3503V, 3. D

Therefore, it holds
(Un1Sn+1Vy 1. DM — (UnSaV,) , Du| < C.

which implies the conclusion. O

Remark 3.9 The proposed method is modified to improve mass conservation. In partic-
ular, the inclusion of g,, and g,, in Algorithm 3 in the basis ensures that the augmented
solution exactly conserves mass. After truncation, however, this property is no longer
strictly satisfied; as implied by Theorem 3.1, the resulting mass error is proportional to
the truncation tolerance at each time step. We also note that this error may accumulate
over time. Addressing the removal of this error will be left for future work.
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To give the discrete energy law for the low-rank solution, we introduce the following
assumptions.

Assumption 3.1 (i) \V is Lipschitz-continuous and bounded [15]: forall X, Y € R™*",
IN(X) =N(@)lm = ChlIX =Y.

(ii) For coefficient matrix W(t) € M; to the low rank solution wy, € Q; ,itholds that
projection error is more accurate than the tangent-space projection for approximating

N (W) (see [40] Proposition.3)
[NOV) = T3 Tl sMNONIM Va3V 5| = INOV) = PV OV |y = 1

where the bases are given in Algorithm 3 and

p= sup sup [NOV)=PpWNOV)|y-
[fn,tn41] WEMF

Then we are ready to state the following modified energy law.

Theorem 3.2 Assume the Assumption 3.1 hold. For both the classical AC equation (1.1)
and the conservative AC equation (1.2), if the time step t satisfies the conditions stated
in Lemma2.4, the BUG-MLFEM solution w}™" = ®(x) Unt1Sa41V,], YO,
obtained via Algorithm 3 or (3.29), satisfies the following modified energy law

~ ~ 1+C
E" <E" - g7+ (g + %) B, (3.38)
where B = szﬂ’l - wZ’l . and the modified energy

~

~ 1
A > [ = Dy wi ] + G, Da, (3.39)
with G being defined in (2.33).
Proof From (3.25), it holds
— = =T = = =T — =T — = =T — =T
Un,3Sn,2Vn,3 = Un,3Sn,l Vn,3 + TUn,3Un,3MxN(Un,3Sn,1 Vn,3)My Va3 Vn,3-
— = =T 1— — —7 1— — —7
Un3Sn3Vy3= EUﬂ,3Sﬂ,1Vn,3 + EU"v3S“»2Vﬂ,3
T— —T — = =T = =T
+ EUnj Un’3MxN(Un,3Sn,2Vn’3)My Vs Vn,3'

(3.40)
Based on (3.33), we define

— — = =T
W3 =Un353V 3. (3.41)
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and

— S —
Wn,Z = Un,3Sn,2Vn73

— = =T E— — = =T = =T

= Un,3Sn,1Vn’3 + ‘L’Un,3Un’3Mx./\/'(Un,3Sn,1Vn,3)MyVn,3Vn’3

. T - T (3.42)
= Un,lsn,lvn’l + 7:Un,3Un,3lwx-/\[(Urt,ISn,1Vn,l)]wyvnﬂ Vn,3
— =T = =T
== Wn’] + TUn’3Un’3MxN(Wn’])My Vn,3 Vﬂ,3'
Thus, it can be concluded from (3.40), (3.41) and (3.42):
byl T— — T— — —
Wn,S - Wn,l = EUpN(Wn,I)Vp + EUpN(Wn,Z)va (3'43)

where ﬁp = ﬁn’3ﬁl3M + and Vp = Vn,3VI3M y denote the orthogonal projector
on to the range of Un,3 and Vn,g, respectively. (3.43) can be reformulated as

1 — 1 1— — 1— —
;(an —Whayi,1) + ;(WnJrl,l —Wh1) = EUpN(Wn,l)Vp + EUpN(Wnl)Vp-
(3.44)
The first term of the left side of (3.44), taking M-weighted inner product with
Wha+1,1 — Wh,1, gives

1
;(Wns —Wht1,1 Wht1,1 = Wh, 1M

1 — 1
= ;(Wnﬁ = W3 Wari1 = Wa DM + ;(Wn,3 ~Wht1,1: Wht1,1 = Wh,1)M-

(3.45)
By (3.26), the first term on the right hand side of (3.45) implies

1 —
;(Wnﬁ - Wn,S, Wn+1,1 - Wn,l)M

1, —
=7 W3 = Was |y [Watt1 = Waiy < g Wast.1 = Wai |y -
For linear step in Algorithm 3,

—1e2L
Waz=e" "Wt

Then the second term on the right hand side of (3.45) holds

1
;(Wn,3 — Wi, 1, Wati1,1 — Wa M
1 —1e2L
= ;(6 Watt,1 = Wast, 1 Wt — WM

1 ) 2
= E [(6 e £Wn+1,l - Wn+1,1, Wn+1,1)M — (e e £Wn,1 — Wn,l, Wn,l)M
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+ @ E Wit — W), Wit — WaDu — [Wart = Waa ”12\’1] '
(3.46)

where we use the identity
(A= B,24)y = | Aly; — 1 BI, + 114 = Bll3;.
The right side of (3.44), taking M-weighted inner product with Wy 1.1 — Wh 1,
gives
1 o
3 (UpNOWa, DV + UpNWa )V Was,1 = Wa i)y
1 — R
=3 (UpNWo )Vp + UpN Wy 2)Vp
- (N(Wn,l) +N(Un,3§n.2vl—,3)) Wil — Wn,l)M

+ l ((N(Wn,l) +N(Un,3§n,2vz,3)> sWht11 — Wn,l)

—_

“NWy,1) + N(Un 350, an D Watt 1 = Wa M+ = |}Wn+1 1= Whaillu

—_— N

SN Wh 1) + NOWn 1 + TN OWa 1), Wagil — Wa M + = ”Wn+1 1= Whaillu

[\J

+ —<N<Un,3§n,zVI,3> — N Wa 1 + TN OWa, 1) Wart1 = Wa,u.
1
< *(N(er D+HNWht + tNWa 1) Wagi,1 = Wa, DM + E [Was1.1 = Wailu
+ =N HUn 3Un 3MN Wy, 1)MyVn 3Vn 3 = NWy, 1)” [Whs1,1 = Wat|u

Wa,t[m + 3 B Wttt = Wat

< —(€Wn 1), Wny11 —

(1+Cyt)
< —=(EWn, 1), Wht1,1 = Wa, M + + [Wast1,1 = Wat |y -

where g is defined in (2.34), and Assumption 3.1 has been applied in the first, third,
and fourth inequalities.

Combining the results above, we obtain
E(wn+l 1) E(wz,l)

1
= o[ = Dt wp = @ = Dwp ! wp

+(G @, Dy = Ga), D
1 ! 2
< (e S ot

2T h
(3.47)

n,l1

14+ Cnt
h Hh ( NT)I sz-i-l,l _wn,l

h Hh

which yields the energy dissipation law (3.38). O
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Remark 3.10 The energy dissipation law (3.38) for the BUG-MLFEM solution has an
additional term, (g +{1+Cr)u)p — ,32, which accounts for the truncation error and
projection error in Assumption 3.1. To ensure that Algorithm 3 achieves second-order
accuracy in time, it is reasonable to assume

n=0(t?), and B~ ||w;:'H —wplp = O(z (22 + hFthy).
Under these assumptions, (3.38) reduces to
ErH < B 4 O( (2 + hF YY),

which implies that the last two terms in (3.38) are higher-order error terms. Conse-
quently, the energy dissipation property is preserved up to an error significantly smaller
than the overall approximation accuracy.

Remark 3.11 In algorithm implementation, the choice of the truncation threshold 7 is
flexible. In this paper, we set n = «| X ||2, with an approximate « to retain sufficient
accuracy of En,g. Numerical experiments demonstrate that this choice allows the low-
rank solution to preserve the essential structure of the full-rank solution, including
comparable energy dissipation behavior and mass conservation.

4 Numerical experiment

In this section, we present some numerical experiments to demonstrate the advantages
of the proposed method.

4.1 Convergence test

Example 4.1 We first verify the spatial and temporal convergence of the proposed
schemes on classical Allen-Cahn equation with a smooth initial condition

u(x,y,t =0) =sin(wx)sin(ry), (x,y) €0, 1] x [0, 1]. “4.1)

We set e = 0.01 and terminal time 7 = 1.0. Since the exact solution is unavailable, the
temporal error is computed by fixing the spatial mesh size A = 1/256 and comparing
the numerical solutions with a reference solution obtained using a very small time
step (z = 0.0001). Similarly, the spatial error is computed by fixing T = 0.0001 and
comparing the numerical solutions with a reference solution obtained using a refined
mesh (with 2z = 1/512). The numerical errors are computed as:

2
L~ error = ||wret — wp |5
where wrer is the reference solution.

The spatial errors at the final time 7', computed using the FR-MLFEM and BUG-
MLFEM for the classical AC equation, are presented in Figure 1. As expected, the
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Error
Error
Error

(a) FR-MLFEM (b) BUG-MLFEM, k=1 (c) BUG-MLFEM, k=2 (d) BUG-MLFEM, k = 3

Fig.1 Spatial accuracy tests of the BUG-MLFEM at T = 1

Error

108 F ——Rank =114 108, ——Rank =114
Rank =2 Rank =2
—+*—Rank =3 —+*—Rank = 4
109 —&—Rank = 4|4 109 F —e—Rank = 6 |
—9—Rank=5 —6—Rank=8
= = =slope =1 - = =slope =2
10710 . 10710 .
102 10° 102 10°
r T
(a) Lie-Trotter (b) BUG-MLFEM

Fig.2 Temporal accuracy tests of the BUG-MLFEM at T = 1

FR-MLFEM achieves (k + 1)-th order accuracy in space ( Figure 1(a)). Figure 1(b)-
(d) report the report the errors and spatial convergence rates for the BUG-MLFEM
with different rank r. We observe that when r is small, the truncation error dominates.
However, for a moderately large rank (r = 8 for this example), the same errors and
convergence rates as the full-rank solution are achieved.

The temporal errors are presented in Figure 2. In Figure 2(a), we additionally pro-
vide the errors and convergence rates computed by the first order Lie-Trotter integrator
(see Remark 3.6).

The results demonstrate that the Lie-Trotter dynamical low-rank finite element
solution achieves first-order accuracy in time, while the proposed Algorithm 3 attains
second-order accuracy in time.
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—— Standard Energy —— Standard Energy
- = = Modified
Modified

<
4
¢

(a) AC, FR-MLFEM (b) AC, BUG-MLFEM.

Fig.3 Evolution of Energy and modified energy calculated by different methods; Left: FR-MLFEM. Mid-
dle: BUG-MLFEM. Right: Rank. Parameters: Ny = Ny = 513, tolerance n = 0.01[ X ||

4.2 Modified energy

Example 4.2 In this example, we consider the classical AC equation with domain
Q = [0, 27] x [0, 27r] and the initial data choose as

u(x,y,t =0) =0.05sin x sin y. “4.2)

We solve this problem using the FR-MLFEM and the BUG-MLFEM, with parameters
setto e = 0.01,k = 1, Ny = Ny = 512. The rank adaptive tolerance is chosen as
0.01]|Z]|2. In Figure 3, we plot the standard energy (computed by the FR-MLFEM
with T = 0.01) and the modified energy of the numerical solutions. Figure 3(a) shows
that as 7 increases from 0.1 to 2, the modified energy curve gradually deviates from
the standard energy curve, eventually becoming oscillatory at T = 2. However, when
T is small (z = 0.1), there is no significant difference between the modified energy
and standard energy curves. The energy curves of the low-rank solutions are similar
to those of the full-rank solution, consistent with the theoretical results in Lemma 2.4
for the full-rank scheme and Theorem 3.2 for the low-rank scheme. In Figure 3, it can
also be seen that the energy becomes oscillatory when t = 2, which is consistent with
the result in Lemma 2.4 and Theorem 3.2 stating that the modified energy is stable
only for < 1/C, for some constant C,.

Moreover, in this example, we fix T = 0.1 and set the final time 7" = 100, and com-
pare the CPU time of the FR-MLFEM and BUG-MLFEM while achieving comparable
numerical results across varying parameters, as shown in Table 2. The evolution of
the rank is illustrated in Figure 4. The results indicate that the BUG-MLFEM is sub-
stantially faster than the FR-MLFEM as expteced, owing to its lower computational
complexity.
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Table 2 CPU time of the numerical methods.

Method h k m(=n) CPU/s Rate
FR-MLFEM 2 /512 1 513 10.831
2 /512 2 1025 53.597 2.3070
2 /1024 2 2049 285.765 2.4146
27 /2048 2 4096 1891.932 2.7270
BUG-MLFEM(n = 0.001[|Z[2) 21 /512 1 513 2.8465
2 /512 2 1025 4.0354 0.9676
27 /1024 2 2049 7.3826 1.2459
2 /2048 2 4096 80.423 1.9347

4.3 Mass-conservation

Example 4.3 Consider the classical AC equation (1.1) and the conservative AC equa-
tion (1.2). The initial function is taken as an unequal barbell in 2 € [—0.5,0.5] x
[—0.5,0.5],

3

tanh <; ((x — %)2 2 (0.195a)2)> . x =007,
3

o = { tanh (— (y2 - (0.075a)2)> : —0.15<x <007, (43)

€
3

tanh (- ((x I (0.195a)2)> . x < —0.15,
€ 4

The parameters are chosen as € = 0.01, o = % In addition, the parameters for both
FR-MLFEM and BUG-MLFEM are chosenas k =1, Ny = N, =512, 7 =0.1.

We first solve the classical AC equation. The snapshots of the solutions computed
by FR-MLFEM and BUG-MLFEM at different times are presented in Figure 5. As
time evolves, the small bell begin to be absorbed by the bigger bell, coalescing into
a single shrinking bubble, which eventually disappears. There is no visible difference
between the full-rank and low-rank solutions. The evolutions of the mass changes,
original energy, and rank are presented in Figure 7. From these results, we observe
that: (a) the solution of the classical AC equation does not conserve mass, (b) both the
full-rank and low-rank solutions satisfy the energy dissipation law, and (c) the rank in
the low-rank algorithm decreases as the solution evolves toward the steady state.

Next, we solve the conservative AC equation with RSLM using the same initial con-
dition. The snapshots of the solutions computed by FR-MLFEM and BUG-MLFEM
are presented in Figure 6. In this case, the two bells coalesce into a larger, increasingly
round bubble. Compared to the classical Allen-Cahn equation, the bubble does not
disappear. From Figure 7, we can observe that (a) both the full-rank and low-rank
solutions conserve mass very well, (b) both the full-rank and low-rank solutions sat-
isfy the energy dissipation law, and (c) the rank in the low-rank algorithm is no more
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Fig.4 Rank 6
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Fig.5 Snapshots of solutions of AC equation computed using FR-MLFEM (first row) and BUG-MLFEM
(second row). Parameters: Ny = Ny =513, 7 = 0.1, = 0.01[| Z||»

than » = 9. The result of AC equation with BBLM is similarly to the RSLM, to save
place, we omit here.

4.4 Symmetry breaking

Symmetry-breaking phenomena are commonly observed in phase field simulations.
Theoretically, for a given initial odd function in a square domain centered at the
origin, the exact solution should always maintain odd symmetry. In applications and
numerical simulations, numerical schemes are expected to preserve this symmetry over
time. However, in practice, this symmetry is often broken in long simulations [35].
Among existing algorithms, IMEX [11], operator splitting methods [51], BDF2 [50],
and ETDRK [15, 46] fail to preserve this symmetry, including the recently popular
SAV approach [44, 45].
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Fig. 6 Snapshots of solutions of AC equation with RSLM, computed using FR-MLFEM(first row) and
BUG-MLFEM(second row). Parameters: Ny = Ny =513, 7 = 0.1, 7 = 0.001][2l>.
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Fig.7 Evolution of numerical solution properties. Left: energy; middle: mass error; right: Rank

Example 4.4 We consider the classical Allen-Cahn equationindomain 2 € [—0.5, 0.5]
x [—0.5, 0.5] with different initial values

uy = sinQux)sin(2wy),

. . (4.4)
uy = sin(2rex)sin(4my).

We also consider a shifted initial value

i3 = sin (27r <x + %)) sin (47‘[ <y + %)) . (4.5)

The snapshots of solutions for different initial values are shown in Figure 8. Since the
initial values in (4.4) and (4.5) are odd and smooth, the solutions should preserve odd
symmetry over time, i.e., u(—x, y,t) = —u(x,y,t) and u(x, —y,t) = —u(x, y, ).
Figure 9 and Figure 10 compare the numerical solutions of FR-MLFEM and BUG-
MLFEM. From the results, it is observed that the odd symmetry of the solution
computed by FR-MLFEM is broken, whereas the BUG-MLFEM preserves symmetry
throughout the simulation.
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1

05

(a) w1 (b) u2 (c) ug

Fig. 8 Snapshots of different initial values

A similar numerical result for the case with the initial value #; was presented in
[35], where symmetry-breaking, similar to that observed with the FR-MLFEM, was
reported. To address this issue, a symmetry-preserving filter was introduced in [35]
to maintain the odd symmetry of the solution. Notably, the proposed BUG-MLFEM
method achieves consistent results by inherently preserving the symmetry without
requiring any such filter.

For the case with the shifted initial value u3, snapshots of the full-rank and low-
rank solutions are presented in Figure 11, where it is evident that the FR-MLFEM
fails to preserve the symmetry at ¢+ &~ 100. The symmetry-preserving filter introduced
in [35] may not be applicable to improve it. In contrast, the BUG-MLFEM method
successfully maintains the symmetry structure. Figure 12 presents the evolution of
energy, mass, and rank. We observe that the energy is non-increasing, and the rank
remains 1 in all cases. Since this is the classical AC equation, which does not preserve
mass, the masses of the full-rank solutions vary over time. In contrast, the low-rank
solutions appear to conserve mass, in a certain sense, due to their symmetry-preserving
behavior near steady state.

Remark 4.1 Symmetry breaking may arise from various sources, such as machine
round-off errors, non-symmetric domain partitioning, or errors in numerical integra-
tion. Although these errors are typically small at each time step, they can accumulate
during long-time simulations. When manifested in the coefficient matrices, such errors
correspond to very small singular values. The truncation mechanism in BUG-MLFEM
automatically removes these small singular values, thereby preventing their accumu-
lation and preserving the pattern symmetry.

5 Concluding remarks

A second-order BUG-MLFEM was proposed to solve both the classical and conser-
vative AC equations. The matrix differential equation arising from the semi-discrete
mass-lumped finite element method is decomposed into linear and nonlinear compo-
nents. The linear component is solved analytically, while the nonlinear component
is addressed using the second-order augmented BUG integrator. The computational
complexity of the proposed algorithm is O((m? + n?)r). The mass is conserved up
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Fig. 9 Snapshots of solutions to the AC equation at different times with initial value u 1, computed using

the FR-MLFEM (first row) and the BUG-MLFEM (second row)
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Fig. 10 Snapshots of solutions to the AC equation at different times with initial value u,, computed using
the FR-MLFEM (first row) and the BUG-MLFEM (second row)

(a) t =20 (b) t=80 (c) t =150 (d) t = 300 (e) t = 5000

Fig. 11 Snapshots of solutions to the AC equation at different times with initial value u3, computed using
the FR-MLFEM (first row) and the BUG-MLFEM (second row)
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Fig. 12 Evolution of numerical solution properties. Left: Energy; middle: Mass; right: Rank

to the truncation tolerance in the conservative Allen-Cahn equation. The modified
energy is dissipative up to a high-order error of O(z(t? + h**1)). Hence, the energy
stability property remains valid. Although some conservative BUG integrators have
been developed in the literature (see, e.g., [19]), implementing them for the proposed
method in the nonlinear problems is challenging, which will be addressed in future
work. Numerical experiments demonstrate that the BUG-MLFEM solution preserves
mass for the conservative AC equation and ensures energy dissipation. Additionally,
the tests reveal that the BUG-MLFEM solution maintains symmetrical phenomena,
highlighting its robustness for long-time simulations. Extending these results to three
dimensions and exploring more general nonlinear terms, such as the logarithmic Flory-
Huggins potential, would also be interesting directions for future research.

Appendix A Proofs and algorithms

In this section, we present some necessary proofs, and provide some useful algorithms.

A1 Proof of Lemma 2.2

Proof Letg,, =[1,---, 117 € R™ be a vector of ones. It can be verified that 0, gm)
is an eigenpair of the matrix Ly = —M;] Ay, i.e., Lygm = 0g;,. Then, it follows
0 o0 l
2 T (071)
gy =Y (@L) an =Y = = Indm =,
=0 =0

which implies that (0, g,,) is an eigenpair of the matrix ev€’Lx, Similarly, (0, g,) is an

. . . 2 . 2 .
eigenpair of the matrix ¢ L7, i.e., e’ Lvg, = g,, where g, is also a vector of ones.
. 2 2 . .
Next, we state that the matrices Mye™€ Lv and Mye™ Ly are symmetric. We will
2 ..
el Ly can be shown similarly.

. 2
prove this for M,e*€ =+; the case for Mye*€
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T _ T -
(MxerezLx> — (e—eerX 'Ax> M;— — e(—eerX IAX)TM;I'
_ efe2rA_I(M;l)TM;I' _ efeerXM;lMx

.2 -1 2 -1 -1 2
— MxMx le €“TAYM; Mx — Mxe €e“TM T Ax M M,y — Mxere LX'

Then, using the cyclic property of the Frobenius inner product gives

@20 = (Mee™ L 26T E My D = (Z, (M2 L) T1EE L My) T
= (Z, Mxe™ L g Mye <l

= (Z, My L5 gy (My ™ 1) Tg)

= (Z, Mee™ L5 g (Mye™ Ly ) D

= (Z, Mxgm(Mygn) E = (MyZMy, DE = (Z, Dy

A2 Proof of Lemma 2.4

Proof Recall that W41 1 = e%ezﬂWnH = SanH. Using (2.31), it can be written
2
as
Wasl1 = Sgsgsﬁfwn,l = SESN Wy 1.

which is equivalent to
Sfrwn-HJ = S?/Wn,l-

Then it holds

(v 1 Y
(S5 W = W) + —Wagn = Wa) = —(SM Wat = Wan). (A

By (2.31), it can show

SNWyt — Way = % (N (Wa1) + N (W)

Thus,

(N(Wn,l) +N(Wn,2)) .
(A.2)

N =

1 1
; (SE-[WH+1,] - Wn+1,l) + ;(WnJr],l - Wn,l) =

The equation (A.2) can be reformulated in finite element form as

1 1 1
- (e—rezﬁhw;:-HJ _ w2+1,1) n ;(w;ﬂ,l _ w;,l) = (N(w;,l) +N(w,‘:’2)>.

By taking the inner product with w" "' — w™! and using the identity

(@ —b,2a), = llal; — bl + lla — bl
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it follows

1 2 2
—te Ly n+l,1 - n+l 1) —te Ly _ nl  nl
[((e Dw, , Wy )h ((e Dw,", w, )h

2t
12 2
+ (e T€ Eh(w2+l,1 —w;’l),w;+l’1 _w;:,l)h _ Hw;l1+1,l _wz,IHh (A3)
L ngr n1 2 iy ondl,l 1
+ = |w, —w, +(g(wy, ), wy, —wy, =0.
T h h
Expanding G(w,?“’l) in Taylor series yields

Gt — G, 1y
(A.4)

1 1,1 1 1 1,1 1
= (gD w = w2 E), (T =y

1 and wph!. Given |g/(§)] < Coand T < &, it

where & is a function between w;: o
g

holds

~ ~ 1 1
EQuy™h = Euph) < — <; - Eg’@)) oyt —wi i < 0.

A3 Reduced generalized QR decomposition

We introduce a reduced generalized QR (RGQR) decomposition to generate new bases
U e R™" and V € R from matrices K € R™*" and L € R"*", respectively,

[U,V]=RGQR(K, L, My, My), (AS)

where UT M, U = I;, and VTMy V = I. This method can reduce the computational
cost while maintaining the accuracy.

Algorithm 4 RGQR decomposition
Input: Marices K € R™*", L € R"™", M, € R"*" and M, € R"*".
Output: Bases U € R™*7| V € R with 7 < r.

e Step 1: Perform generalized QR (GQR) decompositions [55] and obtain:

where U' M U| = I, and V| M,V = I,.
e Step 2: Perform singular value decomposition (SVD) on R; and P;:

[Qua EM’ N] = SVd(R])7 [QU7 Evv N] = SVd(P1)°
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Determine the numerical ranks r, and r, by identifying the number of singular
values greater than 1072 in ©, and T, respectively, and set 7 = max(ry, ry).
e Step 3: Construct the reduced bases:

U=U0,G1:7), V=Vi0,(, L:F).
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