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Abstract

In this work, we introduce a variational multi-scale (VMS) method for the numerical approx-
imation of parabolic problems, where sub-grid scales are approximated from the eigenpairs
of associated elliptic operator. The abstract method is particularized to the one-dimensional
advection-diffusion equations, for which the sub-grid components are exactly calculated in
terms of a spectral expansion when the advection velocity is approximated by piecewise
constant velocities on the grid elements. We prove error estimates that in particular imply that
when Lagrange finite element discretisations in space are used, the spectral VMS method
coincides with the exact solution of the implicit Euler semi-discretisation of the advection-
diffusion problem at the Lagrange interpolation nodes. We also build a feasible method to
solve the evolutive advection-diffusion problems by means of an offline/online strategy with
reduced computational complexity. We perform some numerical tests in good agreement with
the theoretical expectations, that show an improved accuracy with respect to several stabilised
methods.
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1 Introduction

The variational multi-scale is a general methodology to deal with the instabilities arising in
the Galerkin discretisation of PDEs (partial differential equations) with terms of different
derivation orders (see cf. Hughes 1995; Hughes and Stewart 1995; Hughes et al. 1998)).

The VMS formulation is based upon the formulation of the Galerkin method as two
variational problems, one satisfied by the resolved scales and another satisfied by the sub-
grid scales of the solution. To build a feasible VMS method, the sub-grid scales problem is
approximately solved by some analytic or computational procedure. In particular, an element-
wise diagonalisation of the PDE operator leads to the Adjoint Stabilised Method, as well
as to the Orthogonal Sub-Scales (OSS) method, introduced by Codina in Codina (2000).
Within these methods, the effect of the sub-grid scales is modelled by means of a dissipative
interaction of operator terms acting on the resolved scales. The VMS methods have been
successfully applied to many flow problems, and in particular to Large Eddy Simulation
(LES) models of turbulent flows (cf. Hughes et al. 2000; John 2006; Chacén Rebollo and
Lewandowski 2014).

The application of VMS method to evolution PDEs dates back to the 1990s, when the
results from Hughes (1995) were extended to nonsymmetric linear evolution operators, see
(Hughes and Stewart 1995). The papers (Harari 2004; Harari and Hauke 2007) deal with
the spurious oscillations generated in the Galerkin method for parabolic problems due to
very small time steps. The series of articles (Hauke and Doweidar 2005a, b, 2006) deal with
transient Galerkin and SUPG methods, transient subgrid scale (SGS) stabilized methods and
transient subgrid scale/gradient subgrid scale (SGS/GSGS), making a Fourier analysis for
the one-dimensional advection-diffusion-reaction equation.

A stabilised finite element method for the transient Navier—Stokes equations based on the
decomposition of the unknowns into resolvable and subgrid scales is considered in Codina
(2002); Codina et al. (2007). Further, (Asensio et al. 2007) compares the Rothe method with
the so-called Method of Lines, which consists on first, discretise in space by means of a
stabilized finite element method, and then use a finite difference scheme to approximate the
solution.

More recently, (Chacén Rebollo and Dia 2015) introduced the use of spectral techniques to
model the sub-grid scales for 1D steady advection-diffusion equations. The basic observation
is that the eigenpairs of the advection-diffusion operator may be calculated analytically on
each grid element. A feasible VMS-spectral discretization is then built by truncation of
this spectral expansion to a finite number of modes. An enhanced accuracy with respect to
preceding VMS methods is achieved.

In Chacén Rebollo et al. (2020), the spectral VMS method is extended to 2D steady
advection-diffusion problems. It is cast for low-order elements as a standard VMS method
with specific stabilised coefficients, that are anisotropic in the sense that they depend on
two grid Péclet numbers. To reduce the computing time, the stabilised coefficients are pre-
computed at the nodes of a grid in an offline step, and then interpolated by a fast procedure
in the online computation.

The present paper deals with the building of the spectral VMS numerical approximation
to evolution advection-diffusion equations. We construct an abstract spectral VMS discreti-
sation of parabolic equations, that is particularised to 1D advection-diffusion equations. The
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sub-grid components are exactly calculated in terms of spectral expansions when the driving
velocity is approximated by piecewise constant velocities on the grid elements. We prove
error estimates that in particular imply that when Lagrange finite element discretisations in
space are used, the solution provided by the spectral VMS method coincides with the exact
solution of the implicit Euler semi-discretisation at the Lagrange interpolation nodes. We
also build a feasible method to solve the evolutive advection-diffusion problem by means of
an offline/online strategy that pre-computes the action of the sub-grid scales on the resolved
scales. This allows to dramatically reduce the computing times required by the method. We
further perform some numerical tests for strongly advection dominated flows. The spec-
tral VMS method is found to satisfy the discrete maximum principle, even for very small
time steps. A remarkable increase of accuracy with respect to several stabilised methods is
achieved.

The outline of the paper is as follows. In Sect. 2, we describe the abstract spectral VMS
discretisation to linear parabolic problems, which is applied to transient advection-diffusion
problems in Sect. 3. A feasible method is builtin Sect. 4, based upon an offline/online strategy.
We present in Sect. 5 our numerical results, and address some conclusions in Sect. 6.

2 Spectral VMS method

In this section, we build the spectral VMS discretisation to abstract linear parabolic equation.

Let Q a bounded domain in R and T > 0 a final time. Let us consider two separable
Hilbert spaces on €2, X and H, so that X C H with dense and continuous embedding. We
denote (-, -) the scalar product in X; X’ and H’ are the dual topological spaces of X and
H, respectively, and (-, -) is the duality pairing between X’ and X. We identify H with its
topological dual H' so that X ¢ H = H' C X'. Denote by £(X) the space of bilinear
bounded forms on X and consider b € L'(0, T; £(X)) uniformly bounded and X-elliptic
with respectto ¢ € (0, T).

Given the data f € L2, T; X') and ug € H, we consider the following variational
parabolic problem:

Find u € L2((0, T); X) N CY([0, T]; H) such that,

%(u(r), v) + b(t;u(t),v) = (f(),v) YveX, inD(,T), ey
u0) = up in H.

It is well known that this problem is well posed and, in particular, admits a unique solution
(Dautray and Lions 1992). To discretize this problem, we proceed through the so-called
Horizontal Method of Lines (Asensio et al. 2007; Bernardi et al. 2004; Harari and Hauke
2007). First, we discretise in time by the Backward Euler scheme and then we apply a steady
spectral VMS method to the elliptic equations appearing at each time step.

Consider a uniform partition of the interval [0, T], {0 =1t < t; < ... <ty = T}, with
time-step size At = T /N. The time discretization of problem (1) by the Backward Euler

scheme gives the following family of stationary problems: given the initialization u® = uq,
Find u"*! € X such that,
n+l _ ,n
<%,v)+b"+l(u”+],v) = At (f"v) YveX, 2

Vn=0,1,...,N—1,
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where b"*! and f"*! are some approximations of b(¢; -, -) and f (¢), respectively, atf = f,,,1.
To discretise in space problem (2), we assume that €2 is polygonal (when d = 2) or poly-
hedric (when d = 3), and consider a family of conforming and regular triangulations of €,
{7h}n~0, formed by simplicial elements, where the parameter 4 denotes the largest diameter
of the elements of the triangulation 7;,. The VMS method is based on the decomposition,

X=X,®X,

where X}, is a continuous finite element sub-space of X constructed on the grid 7, and X
is a complementary, infinite-dimensional, sub-space of X. Notice that this is a multi-scale
decomposition of the space X, being X, the large or resolved scale space and X the small
or sub-grid scale space. This decomposition defines two projection operators Py, : X — X,
and P: X — X , by

Py(v) =v,, Pv)=17, YveX, 3)

where v, and v are the unique elements belonging to X; and X, respectively, such that
v = vy, + v. Hence, one can decompose the solution of problem (2) as

un+1 _ MZ-H + L~t"+l,

where uZH = Py(u"t1) and #"t! = P(u"!) satisfy the coupled problem,

u antl _gn
%,vh + T’vh +b”+1(u2+1,vh)+bn+l(ﬁ"+l,vh)=(fn+],vh) @.1)
un+l - ~n+l _ ~n
(hmh’ﬁ + %,5 L gy e @ ) = (1) 42
Y, € Xp, Vi € X,
forall n =0,1,..., N — 1. The small scales component " t! thus satisfies,
(ﬂ”"'l, 7) + At bn+l(ﬁn+1’ 7) = (Rn+1(uz+l)’ ) 4)

where (R"*! (u',frl), v) is the residual of the large scales component, defined as,
(R 0) = @l + ", 0) + Ar (", 5) — @ 5y — A" @l 6), Vi e X
In condensed notation, this may be written as,
! — H”*l(R”“(uZH)), (5)
where
nm+:.x - x
g > M) =G
is the static condensation operator on X defined as,
(G, 0)+ At V"G, D) = (g.0) VieX, forany g e X'

Inserting expression (5) in the large scales equation (4.1), leads to the condensed VMS
formulation of problem (2):

Find uZH € X, such that

G o) + AL v+ (LRI @GD), ) + Arp L@ (R ), vy (6)
= AL ) 4 Wl 4 TR ), vp)

Vo, e Xy, Yn=0,1,...,N—1,
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with u2 = Py, (up). This problem is an augmented Galerkin formulation, where the additional

terms represent the effect of the small scales component of the solution (i) on the large

scales component (uZH).

To build an approximation of the sub-grid scales, we use a spectral decomposition of the
operator associated to the variational formulation on each grid element, at each discrete time.
To apply this approximation to problem (6), the small scales space X is approximated by the
“bubble” sub-spaces,

X~X, = EB Xk, with Xg = {# € X, such that supp(v) C K}. @)
KeT,
Hence, we approximate
ittt = YAt withilt e Xg, Yn=0.1,... N -1 (8)
KeT,

Then, problem (4) is approximated by the following family of decoupled problems,
@, og) + Ar "N @, ) = (R WY, Tk), Yk € Xk, YK €Tp. (9
Let £"F! : X > X’ be the operator defined by
(" w, v) =" (w,v), Yw,veX, (10)

and let LZ'I‘(H be the restriction of this operator to Xk . Let us also consider the weighted L2
space,

Lé(K) = {w : K — R measurable such thatp|w|2 € LI(K)},

where p is some measurable real function defined on K, which is positive a.e. on K. This is
a Hilbert space endowed with the inner product

(w, v), =/Kp(x)w(x)v(x)dx.

We denote by || - ||, the norm on L%(K ) induced by this inner product.
Now, we can state the following result, which allows to compute the small scales on each
grid element by means a spectral expansion.

Theorem 2.1 Let us assume that there exists a complete sub-set {Z?‘K }jen on Xk formed by
eigenfunctions of the operator L', which is an orthonormal system in Lin_ x (K) for some
weight function p"X e C'(K). Then,

o
iy =y BTt vn=1,..,N, (11)

j=1

where ﬁ;"K = (A?‘K)_l, with A'}‘K =1+ At A;’K being A?’K the eigenvalue of L'

. K
associated to z;f’ ,and

K ~n,K
PR = (R, ptE K.

This is a rather straightforward application of Theorem 1 in Chacén Rebollo and Dia (2015),
that we do not detail for brevity.
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Once the eigenpairs (~”+1 K, )\';H‘K

directly compute u”+1 from problem (6), approximating the sub-grid component ii"*! by
expressions (8) and (11). This gives the spectral VMS method to fully discretize problem
(1). Namely,

) are known, the previous procedure allows us to

Find u”+1 € Xy, such that

)yt uh)+Azb"+1(u"+1 ) + @ o) + A B )
= At (f" ) + Ul vp) + i vp)

Yv,e Xy, YVn=0,1,...,N —1,

(12)

where,
~n+l n+1,K n+1, n+l n+1,K ~n+l K, ~n+1,K _ _
iy Zz,s (R @i, p ST va=0..., N-1, (13)
KeTy j=1

with
(R @Y 0) = @) +al}, ) + Ar (1 8) — @i 5) — Arp Wl 6), v e X

u2 = Pp(up) and 122 € X, some approximation of i°.

3 Application to transient advection-diffusion problems

In this section, we apply the abstract spectral VMS method introduced in the previous sec-
tion to transient advection-diffusion equations, that we state with homogeneous boundary
conditions,

ou+a-Vu—pAu= finQ x (0, 7),
u=>0 ond2 x (0, 7), (14)
u(0) = ug on €2,

where a € L®(0, T; W (Q))? is the advection velocity field, i > 0 is the diffusion
coefficient, f € L2((0, T); L*(R2)) is the source term and ug € L%(2) is the initial data.
Different boundary conditions may be treated as well, as these also fit into the general spectral
VMS method introduced in the previous section.

The weak formulation of problem (14) reads,

Find u € L*((0, T); H} (22)) N C°([0, T1; L?(£2)) such that,

%(u(t), v) + @ Vu(t), v) + w(Vu(), Vo) = (f(1),v) Yve Hy(Q), (15
u(0) = up.

Problem (15) admits the abstract formulation (1) with H = L*(Q), X = H] (Q) and

b(w,v) =(a-Vw,v) + u(Vw, Vv), Yw,v e HOI(Q).
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In practice, we replace the velocity field a by aj, the piecewise constant function defined
a. e. on 2 such that a, = ak on the interior of each element K € 7. Then, we apply the
spectral VMS method to the approximated problem,

Find U"*1 € H}(Q) such that

Un+1_Un
At
Vn=0,1,...,N—1,

)+ @ vur T )+ w(vUTL vy = (14 ), Ve e HY(Q), (16)

with u® = ug.
In this case, £L"w = aj - Vw — pAw is the advection—diffusion operator. Proposition 1
in Chacén Rebollo and Dia (2015) proved that the eigenpairs (lZ);-l’K, A;'.’K) of operator L

can be obtained from the eigenpairs (VV]K , O jK ) of the Laplace operator in HO1 (K), in the
following way:

~n,K ~
w;’ =ynK WJK, UK (x) = exp (i ay -x)

2 17)
n,K _ K IarIl(I : (
Aj _M(Gj+4,u2 , VjeN

Moreover, for the weight function

1
PR =@ =exp (—*aK -X> (18)
I
the sequence
IZJ’?’K
ph=—d 1 vjen, (19)
' ||w7 Il &

is a complete and orthonormal system in Lin_ x (K) (see Theorem 2 in Chacén Rebollo and

Dia (2015)). Then, Theorem 2.1 holds and it is possible to apply the method (12) to problem
(16).

3.1 One dimensional problems

The eigenpairs of the Laplace operator can be exactly computed for grid elements with simple
geometrical forms, as it is the case of parallelepipeds. In the 1D case, the elements K € 7},
are closed intervals, K = [a, b]. The eigenpairs (W.K , o jK ) are solutions of the problem

—BMWK =ocX WK inK,
WK (a) = WK®B) = 0.
Solutions of this problem are
~ jjz' 2
WjK = sin (,/cij (x — a)), O'J-K = (ﬁ) , withhg =b —a, forany j € N.

As the function p™ X defined in (18) is unique up to a constant factor, to express the eigenpairs
in terms of non-dimensional parameters, we replace p™X by (we still denote it in the same
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way),
PmE () =exp (—2 P,k Q) , (20)
hg
lag | hi . . .
where P, ¢ = 5 is the element Péclet number. Then, from expressions (17) and (19),
n
[ 2 X —a X —a i\ |a’ |2

K _ | = . . K _ JT K

= e exp <P,,,K I > sin (]n e ), A =n (hK> + i 21
It follows

1
1+ Sk(P2 g +72j2)

gk forany j € N, (22)

At . . .
where Sy = h—zu is a non-dimensional parameter that represents the relative strength of

K
the time derivative and diffusion terms in the discrete equations, at element K.

Error analysis

We afford in this section the error analysis for the solution of the 1D evolutive convection-
diffusion problem by the spectral VMS method (12).

Let {oz,-}l.l=O € Q be the Lagrange interpolation nodes of space X;. Let w; = («i—1, o),
i=1,...,1. Setting X; = Hj (;), it holds,

1
Hy(Q) =X, ® X, with X =P X;.

Observe that this decomposition generalises (7) with X;, = X. Moreover, when operator
in (10) is £"w = a} - Vw — nAw, problem (4) can be exactly decoupled into the family of
problems (9). In particular, if the projection operator P, in (3) is the Lagrange interpolate on
X, then Uy} = P, (U"), U}’l‘ =U"-U} € X and consequently, U} € X}, satisfies method
(12).

Notice that thanks to the spectral expansion, the sub-grid scales contribution in method
(12), when the advection velocity is element-wise constant, is exactly computed, and then,
the discretisation error only is due to the time discretisation and the approximation of the
advection velocity a, but not to the space discretisation.

Therefore, to analyze the discretisation error we compare the solution of problem (16) to
the solution of the implicit Euler time semi-discretisation of problem (15),

Find u"*! € H1 () such that

At
Vn=0,1,...,N—1,

un+1 _—
———— v |+ @ v) + p @t o) = (1 v) Yee HE@).  (23)

with u® = ug.

@ Springer f bMA



Spectral variational multi-scale method... Page9of27 43

We assume that aj, restricted to each K is extended by continuity to d K. Given a sequence
b={b", n=1,..., N} of elements of a normed space Y, let us denote,

,,,,,

We shall use the following discrete Gronwall’s lemma, whose proof is standard, and so
we omit it.

Lemma 3.1 Let ay, By, vn, n = 1,2, ... be non-negative real numbers such that
(I =0 At)ayy1 + Bur1 < A+ T Ay + Yat1
for some o > 0, T > 0. Assume that o At <1 — § for some § > 0. Then it holds

1 n
a, < eptn ay + E Zeﬂ(tn—fl) i,
=1

and
n T 1 n
Zﬂl < (1 to+ (0 4+ 1)’ tnfl) o+ = (1+ (0 +1)e’™! tnfl)z Vi
=1 =1

with p = (o +1)/6.

Lete={",n=0,1,...,N} C Hol(Q) be the sequence of errors ¢” = u" —U" € HOI(Q),

where we recall that U" is the solution of the discrete problem (16), and denote St =
n+l _ _n
¢ ¢ . It holds the following result.

Proposition 3.2 Assume that a € L®(Q x (0,T)?, f € L*(Q x (0,T)), At < (1 —

%
€) —_—

||a||L°°(Q><((),T))
constant D > 0. Then,

for some & € (0, 1) and ||ap|| L~ @x©,7)) < D llallLx@x©,1)) for some

I18celli2 2@y + rllelo ) ) = € llan = allpr @) (24)
for some constant C > 0 independent of h, At and .

Proof Let us subtract (16) from (23) with v = v, € X},. This yields

n+l _ n
<7e — ,vh) + @ e )+ @ ) = (@) - am ot vy,
Setting v, = 8;¢"T!, and using the identity 2(b, b—a) = ||b||?, . —llal?, .. +lb—al?

L2(Q) L2(Q) L2(Q)
foranya, b € LZ(Q)d yields
i
A2y ) + Ar @ e et + B (et 2, o)~ lore" 12, g )
< At ((az—H _ an+l)8xu"+1,8,en+l). (25)

It holds

1 1 1 1 1 1
|(EIZ+ ace"t 8" < ||5IZJr [l oo () l[o,e"* ||L2(Q) [[8;e"* ||L2(Q)
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2
lallzec@x 0,7

1 n+1)2
=< EH(Ste ||L2(Q) 2

195" 1172, (26)
Asa € L®(Q x (0, 7)), f € L*(Q x (0, T)), then the u” are uniformly bounded in
L*®0,T; H(} (£2)), due to the standard estimates for the implicit Euler method in strong
norms. Then, for some constant C > 0,

1 1 1 1 1 1 1 1
((azJr —a" ot 5" < ||aZ+ —a"t | Lo () ll0,u"* 2 (BN 22

1
< Claf™ —a"in g + i [18;¢" 27)

2
” Lz(Q) .
Hence, combining (26) and (27) with (25),

<ﬁ

At 2
7| L@ =7

"
5" 2, O+ 5 -0an e T

ny2 n+1 n+1,2
L2(Q) [Oxe” | + C At Hah —a HLOO(Q)a

L2(Q)

a7 o0
witho = — - LZE) Applying the discrete Gronwall’s lemma 3.1, estimate (24) follows.
"
O

Corollary 3.3 Under the hypotheses of Proposition 3.2, it holds

wlle ey < C llan — all2L=(q) (28)

for some constant C > 0. Moreover, ifa is constant, then the solution U}! of the spectral VMS
method (12) coincides with the solution u™ of the implicit Euler time semi-discretisation (23)
at the Lagrange interpolation nodes of space Xp,.

Proof In one space dimension H L) is continuously injected in L°°(2). Then estimate (28)
follows from estimate (24).

If a is constant obviously U" = u" foralln =0, 1,..., N. As U}/ (e;) = U"(e;) at the
Lagrange interpolation nodes o;, i =1, ..., I, then U}/ coincides with u" at these nodes. O

4 Feasible method: offline/online strategy

Building the spectral VMS method using the formulation (12) requires quite large computing
times, due to the summation of the spectral expansions that yield the coefficients of the
matrices that appear in the algebraic expression of the method.
In order to reduce this time, we shall neglect the dependency of method (12) w.r.t. "~
Then, our current discretization of problem (1) is the following,

Find u}*' € X} such that
@i op) + AY @ o) + @ o) 4+ A BTG vy)

- 29
= At (f"T vp) + Wl vp) + (@@ on) 29
Yv,e Xy, Yn=0,1,...,N —1,
where IZZ+1 is given by (13), but it is defined from an approximated residual:
oo
= Y BN (R, p R T (30)

KeTy j=1
with

(RIull), B) = (™', 0) 4 At (f", 8) — (ull, ) — Arb"(ull, D), Vi€ X.
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Neglecting the dependency of method (12) w.r.t. #" ! allows to eliminate the recurrence
in time of the sub-grid scales. Thanks to this fact, problem (29) is equivalent to a linear system
(that we describe in detail in Appendix), whose coefficients only depend on non-dimensional
parameters.

4.1 Application to 1D transient advection-diffusion problems

In this case the coefficients of the linear system equivalent to problem (29) only depend on
two non-dimensional parameters, as we confirm below.
As we can see in Appendix, if {¢;, }ﬁ;ll is a basis of the space X, associated to a partition

{x1 < x2 <--- <xp41} of Q, the solution u”+1 of (29) can be written as
L+1
1
n+ Z ”m wm
Then, the unknown vector w1 = /™' u4%! . ui T "' € REFL s the solution
of the linear system
An+1 un+l — bn+l, (31)

where the matrix and second term are defined in (47) from matrices A;’H and Bl."+1 given
by (39)—(42) and (43)—(46).
We focus, for instance, on the coefficients of matrix A7:

ADim =) Zﬂ”"(wm, mEZEEE .

KeT, j=1

Let K = [x;_1,x;] € 7. From expressions (20) and (21), p™X and Z;f’K depend on the
element non-dimensional parameters P, g and Sk and the non-dimensional variable X =

w. The change of variable X € [0, 1] — x € K from the reference element [0, 1] to

K
element K in the integral expressions

n 255 = [ o I dn @ = [ ZF 0 awax
K ’ ’ K

readily proves that these expressions (up to a factor dependmg on h) can be written as
functions of Sk and Pk . Further, by (22) the coefficients ,8 K also depend on P, g and Sk .
Then, for each K € 7, the spectral expansion that determmes the element contribution to
coefficient (A7), that is,

(o ¢]
> B @m PR OETE o),
j=1
is a function of P, gk and Sk, up to a factor depending on 4. This also holds for the coefficients
of all other matrices that defines the linear system (31), A? and B, as these are built from

the basic values (¢, p"K215), @5, ), b (@, p" Kz ~" ) and b" (2", 1) We take
advantage of this fact to compute these matrices in a fast Way, by means of an offline/online
computation strategy.
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Fig. 1 Values of the spectral series to compute the diagonal coefficient of matrix A3 for each pair (P, S)

Offline stage

In the offline stage we compute the element contribution to the coefficients of all matrices
appearing in system (31) as a function of the two parameters P and S, that take values
at the nodes of a uniform grid, between minimum and maximum feasible values of these
parameters. That is,

{(P,Spy=(Ai,Aj), Vi,j=1,2,...M}, with A >0. (32)

In order to set these values, we consider the piecewise affine finite element functions
associated to a uniform partition of €2 with step 4. In practical applications the advection
dominates and P takes values larger than 1. Also, taking usual values of diffusion coefficient
and h >~ At (thatis, C; < At/h < C, for some constants Cy, C» > 0), S takes low positive
values. Moreover, when we compute the spectral series that determines the coefficients of
the system matrices as functions of P and S, we observe that these values are nearly constant
as P and S approaches 20. For instance, we can see in Figs. 1, 2 and 3 how the spectral series
for the diagonal coefficient of A3 matrix tend to a constant value as P or S increase to 20.
The behavior of coefficients in the remaining matrices is similar. Therefore, in numerical
tests, we will consider a step A = 0.02 and M = 1000 in (32).

To do the computations in this stage, in order to avoid computational roundoff problems

due to large velocities, we express the eigenfunctions of the advection-diffusion operator

. . . S . X1+ X141 .
given in (19) in terms of the midpoint of the grid elements Xk = - That is, we

consider

2 —
gf = /Eexp ('Z—Z'(x —x@)> sin (jnx

We further truncate the spectral series neglecting all the terms following to the first term
that reaches an absolute value less than a prescribed threshold e. Actually, we have taken
e = 10719, In Fig. 4 we represent the number of these summands needed to reach a first term
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0.8

Fig.2 Values of the spectral series to compute the diagonal coefficient of matrix A3 for (P, S) € (0, 20) x (0, 1)

0.6

00

02

Fig.3 Values of the spectral series to compute the diagonal coefficient of matrix A3 for (P, S) € (0, 1) x (0, 1)

with absolute value smaller than this ¢ for the series defining the diagonal coefficient of A3

matrix. As we can see, more terms are needed as P increases and as S decreases to 0.
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150 —

140

130 —|

120 —

110

100 —

90 —|

80 —

70 —

60 |

06 06
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Fig. 4 Number of summands needed to reach a first term with absolute value lower than ¢ = 10710 for the
series defining the diagonal coefficient of matrix A3, in terms of (P, S)

Online stage

In the online stage, for each grid element K we compute the contribution of this element to
the coefficients of all matrices appearing in system (31). Then, we sum up over grid elements,
to calculate these coefficients.

For that, we determine Pg and Sk and find theindicesi, j € 1, ..., M suchthat (Px, Sk)
belongs to [P;, Piy1] x [S;, Sj11]. In other case, if P, < A weseti =1andif Px > AM
we seti = M — 1, and similarly for j in terms of Sg.

As we see above, each element contribution is a function of Pg and Sg that we denote
C(Pk, Sk) in a generic way. For instance, for matrix A7,

o0
C(P, Sk) =y B} " @m, "X 0.
j=1
Then, we compute C(Px, Sk ) by the following second-order interpolation formula:

4

C(Pk, Sk) =~ Lk Cap,
k=1 Q

where the o are the four corners of the cell [P, Piy1] x [S;,Sj+1],
Q = A?is its area and the Qy are the areas of the four rectangles in which the cell is
split by (Px, Sk) (see Fig. 5).

5 Numerical tests

In this section, we present the numerical results obtained with the spectral method to solve
1D advection-diffusion problems. Our purpose, on the one hand, is to confirm the theoretical
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Fig.5 Splitting of interpolation
cell for online computation of oy Qg
matrices coefficients

Q2 o

L 4
(P.S)
Qs Q4
(6731 a

results stated in Corollary 3.3 for the spectral VMS method and, on the other hand, test the
accuracy of the spectral VMS and feasible spectral VMS methods for problems with strong
advection-dominance, in particular by comparison with several stabilised methods.

5.1 Test 1: Accuracy of spectral VMS method for constant advection velocity

To test the property stated in Corollary 3.3, we consider the following advection-diffusion
problem:

du+adu—pndlu=0 in (0, 1) x (0, T),
u(,t) =exp((w —a)t), u(l,t)=exp(l+ (u—a)t)on(0,7T), (33)
u(x,0) = exp(x) on (0, 1),

whose exact solution is given by exp(x + (i — a)t).

WesetT =0.1,a = 1 and = 20. We apply the spectral VMS method (12) to solve this
problem with time step At = 0.01 and piecewise affine finite element space on a uniform
partition of interval (0, 1) with steps & = 0.05/(27) fori = 2,3, ..., 7. We have truncated
the spectral expansions that yield the small scales i} to 10 eigenfunctions. The errors in
1°°(L?) and [?(H") norms computed at grid nodes are represented in Fig. 6. We observe that,
indeed, the errors quite closely do not depend on the space step #.

Moreover, we have computed the convergence orders in time, obtaining very closely order
1in /2(H") norm and order 2 in [°°(L?) norm, as could be expected.

In the following numerical experiments we consider the 1D problem (14) setting Q2 =
(0, 1), with constant velocity field a, source term f = 0 and the hat-shaped initial condition

{ 1 if |x — 0.45] < 0.25,
0 =

0 otherwise. (34)

We also set X, to be the piecewise affine finite element space constructed on a uniform
partition of interval (0, 1) with step size h.
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107 , ,
—inf(L2)
—I2(H1)
S 102} ‘
L
107 : :
0 0.005 0.01 0.015

h

Fig.6 Test 1. 1°°(L2) and I2(H1) errors for the spectral VMS solution of problem (33)

5.2 Test 2: Accuracy of spectral VYMS method

Very large Péclet numbers

In this test we examine the accuracy of spectral VMS method for very high Péclet numbers.
To do that, we set @ = 1000 and u = 1, and solve this problem by the spectral VMS
method (12), truncating to 150 spectral basis functions the series (13) that yield the sub-grid
components. The solution interacts with the boundary condition at x = 1 in times of order
1/a (considering that the length of 2 is 1), that is, 1073, We then set a time-step At = 1073.
Moreover, we set i = 0.02 that corresponds to P = 10 and § = 2.5. We present the results
obtained in Fig. 7, where we represent the Galerkin solution (in red) on the left panels and the
spectral solution (in cyan) on the right panels, both with the exact solution (in blue): in (a)
the first 4 time-steps, in (b) time-steps from 5 to 7 and in ¢ times-steps 8 and 9. By Corollary
3.3 the discrete solution coincides at the grid nodes with the exact solution of the implicit
Euler semi-discretisation, the expected errors at grid nodes are of order Ar = 103, We can
see that the spectral solution indeed is very close to the exact solution at grid nodes.

As the discrete solution coincides at the grid nodes with the exact solution of the implicit
Euler semi-discretisation and u? is exact, then u}l should coincide with the exact solution at
grid nodes. This can already be observed in Fig. 7 (a). We also test this result with different
discretisation parameters. We actually set A = 107> and & = 0.02 that corresponds to
P =10 and S = 0.025. The solution in the first time-step is represented in Fig. 8 (a) and
a zoom around x = 0.7 in depicted in (b). Indeed the discrete solutions coincides with the
exact one at grid nodes.

Very small time steps

We test here the arising of spurious oscillations due to extra small time-steps. These spurious
oscillations occur in the solutions provided by the Galerkin discretisation when CFL <
CF Lpouna = P/(3(1 — P)) (see Harari and Hauke 2007). For that, we consider the same
problem as in this section but with @ = 20, & = 0.01 and the time-step At is chosen such that
CFL/CF Lpouna = 1/2. We obtain the results shown in Fig. 9, where we have represented
the first five time-steps. As one can see the spectral solution does not present any oscillation.
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(a) (b)

Galerkin Spectral 3 Galerkin 3 Spectral
05 05 p > x10 2 X 10 P!
—— Galerkin Spectral — Galerkin Spectral
— Exact — Exact — Exact — Exact
0.4 A 0.4
1.5 15
0.3 0.3
1 1
0.2 0.2
0.5 0.5
0.1 0.1
. . . fi . >
0 0 0.5 1 0 0.5 1 0 0.5 1

()

-6 Galerkin -6 Spectral
25 %10 25 x10 P!

—— Galerkin Spectral
— Exact — Exact

0.5

0

0.5 1

Fig. 7 Solution of problem (14) for a = 1000, u = 1, f = 0 and ug given by (34) with Ar = 1073 and
h =0.02 (P =10, S = 2.5). The spectral VMS solution is compared to the exact solution and the Galerkin
solution. The results for time-steps numbers 1 to 4, 5 to 7 and 8 to 9 are respectively represented in figures
(a), (b) and (c)

(a) (0)

121
—— Galerkin 11} —— Galerkin
1k Spectral : Spectral
— Exact —Exact
08 1.05F
0.6 1
0.4r
0.95F
02r
09r
0
0.2 L L L L s 0.85 L L L
0 0.2 0.4 0.6 0.8 1 0.6 0.65 0.7 0.75

Fig. 8 Solution of problem (14) for a = 1000, u = 1, f = 0 and ug given by (34) with At = 1073 and
h =0.02 (P = 10, S = 0.025). The spectral VMS solution is compared to the exact solution and the Galerkin
solution at first time step. Figures (a) and (b) respectively show these solutions in the whole domain and a
zoom around x = 0.7
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o2 Galerkin 102 Spectral
1.01+ 1.01 ¢
1 — 1
0.99 | 0.99
0.98 1 0.98
097 0.97r
0.96 1 0.96 1
0.95 . *0.95 . !
0 0.5 1 0 0.5 1

Fig.9 Solution of problem (14) fora = 20, u = 1, f = 0 and ug given by (34) with 2~ = 0.01 and At such
that CFL/CF Lpoyna = 1/2 (P = 0.1, S = 0.0926). Red lines represent Galerkin solution and cyan lines
represent spectral VMS solution in each step-time

5.3 Test 3: Accuracy of the feasible spectral VMS method. Comparison with other
stabilised methods

We next proceed to compare the results obtained with the feasible spectral VMS method (29)
with those obtained by several stabilised methods.

Stabilised methods add specific stabilising terms to the Galerkin discretisation, generating
the following matrix scheme,

(M + At R" + Ata®> Tt M) = Mu",

where M and R" are, respectively, mass and stiffness matrices, while M is a tridiagonal
matrix defined by (My);; = % (My)it1,i = (My)iiv1 = —%. Each stabilised method is
determined by the stabilised coefficient 7. In particular, we consider:

1. The optimal stabilisation coefficient for 1D steady advection-diffusion equation (Christie
et al. 1976; John and Novo 2011),

tip = (P coth(P) — 1). (35)
la|?

2. The stabilisation coefficient based on orthogonal sub-scales proposed by Codina in Cod-

ina (2000),
> a?
a
Tc = ((42‘2) i <27> ) . (36)

3. The stabilisation coefficient based on L, proposed by Hauke et al. (2008),
h h? }

— ——, At (37
V3la| 24.24u

TH :min{
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0.2r
—— Galerkin
—— Codina
0.15 |—Classical
—— Hauke
Chacon
Spectral
011 | —Exact
0.05+
I/’é—c%\
0
-0.05 1 1 1 1 I
0 0.2 0.4 0.6 0.8 1

Fig. 10 Comparison of different stabilised methods to solve problem (14) when P = 3, § = 25 with
At =102 and h = 0.02. Solutions in the three first time-steps

Table1 [°(L2) and I2(H!)

errors for the solutions Method IOO(LZ) lz(Hl)
represented in Fig. 10 P=3 Galerkin 1.1784¢-02 4.7505¢-02
S =25 Spectral 8.7889¢-06 5.4716e-05
Codina 3.2285e-03 1.4329¢-02
1D 1.3805e-03 1.3446e-03
Hauke 2.1713e-03 1.1124e-02
Franca 9.9020e-03 5.0380e-02

4. The stabilisation coefficient separating the diffusion-dominated from the convection-
dominated regimes proposed by Franca in Chacén Rebollo et al. (2015),

h -
TF = ﬁ min{P, P}, (38)
a
where P > Oisa threshold separating the diffusion dominated (P < P) to the advection
dominated (Pe > P) regimes.

In Figs. 10, 11 and 12, we show the solutions of each method for different values of P and
S, always for advection-dominated regime P > 1. We also display the errors in /°°(L?) and
12(H") norms for the solutions of these problems in Tables 1, 2 and 3. As it can be observed
in the three tables, spectral method reduces the error between 10 and 100 times compared to
the stabilised methods, without presenting oscillations.

Next, we consider the same tests performed in Sect. 5.2, but applying the feasible spectral
VMS method.

Firstly, we check the behaviour of the feasible spectral VMS method (29) for very large
Péclet numbers. In Fig. 13 we represent the solution of same problem as in Fig. 7 obtained
with this method. We show solutions in time-steps 1 to 4 in (a), times-steps 5 to 7 in (b)
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1 r
0.99 e—
°° 0.985
0.98
0.6
0.975
o4 —— Galerkin 0.97 - 7Ga|§rkin
i —— Codina
—— Codina ;
~——Classical —— Classical
0.965 |——Hauke
0.2 —— Hauke
Chacon
i Spectral
Spectral 0.96 P
— — Exact
0 N Exact ) : : ‘ ‘ ‘ ‘ A ‘
0 0.2 0.4 0.6 0.8 1 0.67 0675 068 0685 069 0.695 0.7 0.705

Fig. 11 Comparison of different stabilised methods to solve problem (14) when P = 1 and S = 5 with
At =103 and h = 102 Solutions in the three first time-steps. Right: zoom around x = 0.7

Table2 [°°(L2) and I2(H!)

co(r2 2 1
errors for the solutions Method (@) I"(H)
represented in Fig. 11 P=1 Galerkin 9.6551e-03 7.7424e-02
S=5 Spectral 7.2887e-05 5.2396e-04
Codina 1.3580e-02 6.4992¢-02
1D 3.7524e-03 5.3902¢-03
Hauke 4.2353e-03 3.3330e-02
Franca 4.4200e-02 3.1419e-01
0121 0.0695 -
—— Galerkin 0.069 -
01t —— Codina
—— 1 0.0685 -
—— Hauke
008t ;;;’;?al 0.068
—Bxact 0.0675
006 0.067
—— Galerkin
0.041 0.0665 - :%dma
0.066 | —— Hauke
—— Exact
0 4 0065 - - . . . ) )
0 0.2 0.4 0.6 0.8 1 0.96 0965 097 0975 098 0985 099 0.995

Fig. 12 Comparison of different stabilised methods to solve problem (14) when P = 3.5 and S = 100 with
At = 1072 and h = 10~2. Solutions in the three first time-steps. Right: zoom around x = 0.99

Table3 [%°(L2) and I2(H))

errors for the solutions Method ZOO(L2) 2 (HH
represented in Fig. 12 P=35  Galerkin  4.5006e —03  3.3305¢ — 02
S =100 Spectral 1.6381e — 06 2.0138e — 05
Codina 8.752¢ — 04 8.4455¢ — 03
1D 3.3968¢ — 04 4.5556e — 04
Hauke 5.6656¢ — 04 5.6930e — 03
Franca 3.0238¢ — 03 3.0336e¢ — 02
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Fig. 13 Solution of problem (14) for ¢ = 1000, v = 1, f = 0 and u( given by (34) with At = 1073 and
h =0.02 (P =10, § = 2.5). The feasible spectral VMS is compared with different stabilised methods. The
results for time-steps numbers 1 to 4, 5 to 7 and 8 to 9 are respectively represented in figures (a), (b) and (c)

and time-steps 8 and 9 in (c). As we can observe, the spectral method is the closest to the
reference solution without presenting any spurious oscillations.

Secondly, Fig. 14 is the analogous to Fig. 8, but comparing the feasible spectral VMS with
different stabilised methods. Although Hauke’s solution is closer to the exact solution than
the spectral method, we can see on the right figure that this approximation does not satisfy
the Maximun Principle.

Finally, we illustrate the fact that the feasible spectral VMS method is the only method
among those studied that does not have oscillations for small time steps, when CFL <
CF Lpoyna- In Fig. 15, we can see the first five time-steps solutions obtained with each
method using a time-step that verifies CFL/CF Lpoyna = 1/2.

In the following subsection we compare the computing costs of the Spectral method with
and without offline/online strategy with the other considered methods.

5.4 Computing cost

We are going compare the computing time required by the methods introduced in expres-
sions (35)—(38) with the spectral method with and without offline/online strategy. We have
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Fig. 14 First time-step solution of problem (14) for a = 1000, © = 1, f = 0 and u( given by (34) with
At =105 and h = 0.02 (P = 10, S = 0.025). The feasible spectral VMS is compared with different
stabilised methods in the whole domain € = (0, 1) in (a) and in a zoom around x = 0.7 in (b)

Galerkin Codina 1D

1.01 1.01 1.01
1 1 1
0.99 0.99 0.99
0.98 0.98 0.98
0.97 0.97 0.97
0.96 0.96 0.96

0 0.5 1 0 0.5 1 0 0.5 1

Hauke Franca Spectral

1.01 1.01 1.01
1 1 1
0.99 0.99 0.99
0.98 0.98 0.98
0.97 0.97 0.97
0.96 0.96 0.96

0 0.5 1 0 0.5 1 0 0.5 1

Fig. 15 Solution of problem (14) fora = 20, u = 1, f = 0 and u( given by (34) with 2 = 0.01 and At such
that CFL/CF Lpoyna = 1/2 (P = 0.1, S = 0.0926). The feasible spectral VMS is compared with different

stabilised methods
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Table 4 Computing time .
Method C ting t
required by each method to solve ctho omputing tme
problem (14) when P =3, Galerkin 0.015300 s
§=25@=300,u=1,h= . .
0.02, At = 0.01) and uq given in Spectral offline/online 0.015966 s
(34) and T = 1 in increasing Hauke 0.028337 s
times order Franca 0.039018 s
1D 0.042189 s
Codina 0.034441 s
Spectral 0.072913 s

implemented all considered methods with the Matlab application R2022b (9.13.0) in a Mac
Mini Model M1 2020 computer.

First, let us note that the offline stage described in Subsection 4.1, which is performed
once for all, has taken 3.15 hours. On the other hand, Table 4 shows the computing times (in
seconds) required for each method to solve problem (14) when P = 3, S = 25 (a = 300, u =
1,h =0.02, At = 0.01),uq givenin (34)and T = 1. In the case of the offline/online strategy,
the time corresponds to the online stage.

As we can see, Spectral method without offline/online strategy requires approximately two
to three times the time required by the other considered methods. However, this disadvantage
is solved when we use the offline-online strategy.

6 Conclusions

In this paper we have extended to parabolic problems the spectral VMS method developed in
Chacén Rebollo and Dia (2015) for elliptic problems. We have constructed a feasible method
to solve the evolutive advection-diffusion problem by means of an offline/online strategy that
pre-computes the effect of the sub-grid scales on the resolved scales.

We have proved that when Lagrange finite element discretisations in space are used, the
solution obtained by the fully spectral VMS method (12) coincides with the exact solution
of the implicit Euler semi-discretisation of the advection-diffusion problem at the Lagrange
interpolation nodes.

We have performed some numerical tests that have confirmed this property for very large
Péclet numbers and very small time steps, by the fully spectral VMS method. Also some
additional tests show an improved accuracy with respect to several stabilised methods for the
feasible spectral VMS method (29), with moderate gains of computing times.

The methodology introduced here may be extended to multi-dimensional advection-
diffusion equations, by parameterising the sub-grid scales in an offline step. This research is
at present in progress.
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Appendix: Matrix formulation of the scheme

Problem (29) is equivalent to a linear system with a particular structure that we describe next.

If {¢om },f;l] is a basis of the space X}, the solution uZH is obtained as

L+1
n+1 +1
E Mﬁq Pm

n+1 n+1 n+1 )t

where u = (u) RL+! is the unknown vector. Taking v, = ¢, with
I=1...L,each term in (29) can be written in the following way:

L
Wit o) = (@m ) uptt = (M u”“)l

m=1
L

D ) = Y0 g g = (R )
m=1

(f™ g = (Fn+l)

I

where
(M)lm = (‘Pm, 901),
(Rn+l)lm = b"+l(</)m, o),

L 00
1 +1,K 1K zn+1,K\ =n+1,K
@ty =" >0 Y B (e, p T @ o,

m=1KeTj, j=1

o0
n+1,K ,~n n+1,K =n+1,K\ ~n+1,K
+ Y Y B @y, prt R & e

KeTy j=1
o
+1,K 1 1,K zn+1,K\ ~n+1,K
+Ar Y YRR (et pr bR @K )
KeTy, j=1
L o]
n+1,K 1K =n+1,K\ =n+1,K 1
P3PPI e
m= KET;, j=1
o0
+1,K 1 1,K = +1K ~n+1,K 1
Z oY BT g, pr R @R gyt
m=1 KeT; j=1

_ (AlllJr] u' 4+ GiilJrl + At F’1l+1 _ A’llJrl un+l — At Ag+1 un+l)l’

with

o
1,K ~n+1,Ky ~n+1,K
A =Y BT (s, p" TR @R ), (39)
KeT, j=1
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[e.¢]
1,K K ~n+1,K\ ,~n+1,K
A D = D0 D BB g, p TR @ ),

KeT), j=1
o0
+1 +1.K 1 1K xn+1,K\ s=n+1,K
F = Y0 Y Bt pr b KL @K g,
KeT, j=1
oo
1 +1,K  ~ 1,K ~n+1,K\ ~n+1,K
G =0 > BT g, pr R @K g, (40)
KeT, j=1

and

L oo
1~n+1 +1,K 1,K zn+1,K 1 zn+1,K
P @ o = Y0 Y Y BT e, TR 0 EENE gy

m=1KeT j=1
o0
+ Z Zﬁ}l+1,K (’22’ pn+l,K2;g+l,K)bn+l(zl}+1,K’ )
KeTy j=1
o0
+ At Z Zﬁ;&l,K (f”+1, p11+1,K2?+1,K)bn-H(Z;H—l,K,(pl)
KeT, j=1
L 9]
— Z Z Zﬂ7+l,K (@m, pn+l,Kle}+1,K)bn+l(z?+l,l(’ o) ut!
m=1KeT, j=1
L 00
— At Z Z Zﬂ;HrLK " (o, pn+1,Kz;g+1,K)bn+1(Z;+I.K7(pl)uirln+l
m=1KeTy, j=1

)

= (A Gt ArFyT At e — Ay

where
o0
+1 n+1,K +1,K zn+1,K +1,zn+1,K
AT = Y 3 BT (@, p TR L @K g, (41)
KeTy, j=1
oo
+1 +1,K 1 1,K zn+1,K 1,zn+1,K
A = Y Y B g, pr R LR g,
KeTy, j=1
oo
+1 n+1,K +1 +1,K zn+1,K +1,zn+1,K
@t = 7 N IR (et prl KKy et K g,
KeTy, j=1
o0
+1 +1,K  ~ 1,K zn+1,K 1,sn+1,K
Gy =Y Y B G, pr R LR g, (42)
KeTy, j=1

Taking in account the definition of i}, in (30), the second terms Gﬁ'“ and G;H can be
expressed in the following way:

oo
LK on.K ;5 K\ =nt+1,K
(G11), = X2 BB R, K 2@ )

KeTy j=1

(B’f“ w4 ACFIT - Bt — Ar By u")l,
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e.¢]
1, , D ~n, ~n+1,
(G), = X DB B Ry, pmE ) @K )
KeT, j=1

= (Bé”l o+ At FZH - Bg’H u’ — At BZH u")l,

where
o0
1, s ~n, ~n+1,
By =Y D BB (o, p KT @ ), 43)
KeTy j=1
o0
1, s ~n, ~n+1,
By m =Y Y BB o, K @ ), (44)
KeT, j=1
o0
1, s ~n, ~n+1,
By m =Y Y BB (o P KB ), 45)
KeT, j=1
o0
1,K K ~n, K ~n+1,K
By =Y D B B b (g, p K M K ),
KeT, j=1
o
1,K K K=n,K\ ,~n+1,K
F5 = Y0 B E KK @R,
KeTy j=1
o
1,K K K =n,K ~n+1,K
=Y Y BB p R e R . (46)
KeT), j=1

Here we are neglecting the interaction between different eigenfunctions in two consecutive
time steps. Obviously, this occurs when the operator is time independent.
Thus, problem (29) is equivalent to the lineal system

An+1 un+l — bn+l
where A"+ e RUEADXULAD apd b1 € REFD are given by
An+l =M + At Rn+1 _ An+1,
bt = (M — (AT + A ALY — (A7 + Ar AD+B ur
+1 +1 —1
+(A7— BT = AcBy )
+AtFT - AtFTT AP FST o ATFT — ArFYT - A2 FT
with
AT = AT Ar ALY A AST 4 AR AT
Bn+l _ Bil+1 +AI B;l+1 +At B§l+] +At2 B£+1.

Here, M and R"t! are, respectively, the mass and stiffness matrices from the Galerkin
formulation and Al’f“ and Bf“ are the matrices that represent the effect of the small scales
component of the solution on the large scales component.
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