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Abstract. Provable stable arbitrary order symmetric interior penalty (SIP) discontinuous
Galerkin discretizations of heterogeneous, incompressible Stokes flow utilizing Qi—Qk—l elements
and hierarchical Legendre basis polynomials are developed and investigated. For solving the result-
ing linear system, a block preconditioned iterative method is proposed. The nested viscous problem is
solved by a hp-multilevel preconditioned Krylov subspace method. For the p-coarsening, a two-level
method utilizing element-block Jacobi preconditioned iterations as a smoother is employed. Piece-
wise bilinear (Q?) and piecewise constant (Qg) p-coarse spaces are considered. Finally, Galerkin
h-coarsening is proposed and investigated for the two p-coarse spaces considered. Through a number
of numerical experiments, we demonstrate that utilizing the Qf coarse space results in the most
robust hp-multigrid method for heterogeneous Stokes flow. Using this Q% coarse space we observe
that the convergence of the overall Stokes solver appears to be robust with respect to the jump in the
viscosity and only mildly depending on the polynomial order k. It is demonstrated and supported
by theoretical results that the convergence of the SIP discretizations and the iterative methods rely
on a sharp choice of the penalty parameter based on local values of the viscosity.
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1. Introduction.

1.1. Background and motivations. Earth exhibits a diverse range of unique
geological processes: mountain building, subduction and continental rifting, earth-
quakes, and volcanism. These phenomena are the result of multiphase, history-
dependent, large-deformation processes spanning million-year time scales.

Computational models provide a viable technique to study the evolution in both
space and time of geological processes. A prototypical continuum description of the
behavior of rocks is stationary, incompressible Stokes flow with Boussinesq approxi-
mation [44, 40]:

—div[ij(u,p,T,0(x)) e(u)] + Vp = po(0) (1 — a(0)(T — T0))g.

(1.1) —div(u) =0
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where u, p, €(-) are the velocity, pressure, and strain rate, respectively, T is the tem-
perature, 6 is the material composition, 7 is the effective viscosity, pg is the reference
density at reference temperature Ty, and g is the gravity vector. The conservation of
momentum and mass for the creeping fluid is coupled with the conservation of energy
equation,

DT
(1.2) po(6)Cr 5,
where C), is the specific heat at constant pressure, k the conductivity, and @ the
external heat source, and the evolution of the composition,

= div(k(0)VT) + Q(6),

o0
(1.3) 5 tu ve=0.

From high-pressure and temperature laboratory experiments of minerals, it is known
that rocks exhibit thermally activated creep and follow an Arrhenius type law [37, 26]:

E(0) +pV(6)
n(@)RT ] ’

where A is a compositional dependent experimentally determined constant, e;; is

the second invariant of the strain rate tensor, E,V are the activation energy and

activation volume, R is the universal gas constant, and n is the power-law exponent.

To facilitate brittle behavior at low temperature, the ductile creep laws are augmented

with a plasticity model (e.g., Drucker—Prager [37]).

When such a composite flow law is applied to geodynamics scenarios, the effective
viscosity (77) is highly heterogeneous. At depths >200 km, ductile behavior dominates
and the viscosity profile can to first order be characterized by a smooth, exponential
function. Above, due to material failure or compositional variations associated with
crustal layers, the viscosity profile will be discontinuous and can possess jumps on
the order of 10*-10® Pa s. Realistic forward models of both mantle- and crust-scale
simulations are adversely affected by the degree of heterogeneity within the viscosity
due to both accuracy concerns associated with the particular spatial discretization
used and a lack of solver (linear and nonlinear) robustness.

(1.4 1,5, T,0) = AB)} exp [

1.2. Related work. Geodynamics forward models of incompressible Stokes
which permit highly heterogeneous viscosity structures have traditionally utilized fi-
nite difference (FD) (e.g., [48, 49]), finite volume (e.g., [23, 41, 42]), or finite element
(FE) (e.g., [35, 21, 33, 36, 9, 28, 31]) spatial discretizations. The relative merits of
the FD and FE methods for geodynamics applications can be broadly summarized as
follows.

Staggered grid FD methods are “cheap” (few nonzeros in the stencil), and the
general implementation is rather straightforward. However, geometric flexibility is
limited, and boundary condition imposition is nontrivial. Introducing new physics
may further require the development of a modified stencil; see, e.g., [22, 18]. In the
context of nonlinear problems, Newton linearization causes stencil growth and thus
increases the overall cost of the discretization.

While more expensive than FD methods (on the same grid), inf-sup stable FE
methods permit geometric versatility and natural boundary conditions are trivial to
impose. Spatial adaptivity (h) can be readily introduced without requiring redevel-
oping the underlying numerical method (e.g., [30, 13, 27]). Newton linearization does
not cause the equivalent of stencil growth. For both FD and FE discretizations, ro-
bust multilevel preconditioners suitable for highly heterogeneous viscosity structures
exist [42, 13, 27, 31].
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Inf-sup stable discontinuous Galerkin (DG) methods of the interior penalty type
for the Stokes equations can be constructed by using the tensor product element pairs
Q3-Qr—1 and Q3 Q2 [43, 38], as well as the H (div; Q)-conforming Raviart-Thomas,
Brezzi-Douglas—Marini, and Brezzi-Douglas—Fortin—Marini kind element pairs; see
47, 14, 3, 25].

The fact that adaptivity in space and approximation order (k or “p” in the pre-
conditioner context) is realized with comparably less effort than for other discretiza-
tions makes DG very appealing for geodynamics applications given the very nature of
mantle-lithosphere-crust systems. The inf-sup constants of stable DG discretizations
are further not sensitive to the element aspect ratio which is highly desirable, for
example, within a crustal scale model with a domain spanning 1000 x 1000 x 20 km
where the domain itself possesses a high aspect ratio, or if anisotropic refinement was
employed [39, Theorem 9.

Regarding the solution of the equation system arising from symmetric interior
penalty DG (SIP) [1, 2] based discretizations of incompressible Stokes flow, we note
that for H(div;2)-conforming discretizations, efficient preconditioners have been in-
troduced very recently [3, 25]. Recent advances in developing efficient and robust
solvers for interior penalty DG discretizations of second order elliptic problems with
heterogeneous coefficients involve the algebraic multigrid preconditioner proposed in
[8, 7], as well as the two-level methods proposed in [15] and [45, 46].

To the best of our knowledge, employing DG methods for heterogeneous Stokes
flow problems in geodynamics was so far considered only in [29]. Preconditioning was
not discussed there.

1.3. Contributions. We examine the applicability of using mixed SIP Stokes
discretizations for studying heterogeneous, incompressible Stokes flow problems asso-
ciated with prototype problems arising in geodynamics. Through comparison with
an analytic solution employing a discontinuous viscosity structure, we numerically
demonstrate that the discretization yields optimal order of accuracy for Q2-Qp—_1
elements for k =1,...,6.

Our main contribution is the development of a preconditioned iterative method
for the discrete saddle point system resulting from the Stokes discretization. To
this end, we follow a block preconditioning approach, e.g., [20]. The nested viscous
problem is solved by an hp-multilevel preconditioned Krylov subspace method. For
the p-coarsening, a two-level method utilizing element-block Jacobi preconditioned
iterations as a smoother is employed. Two p-coarse spaces are considered: the space
of elementwise constants and the space of continuous, elementwise bilinear functions.
Through numerical experiments with heterogeneous viscosity, we demonstrate that
the variant utilizing the elementwise bilinear coarse space has a convergence rate
which is independent of the number of elements, largely insensitive to the jump in
viscosity, and only weakly dependent on the polynomial order.

The heterogeneous nature of the viscosity in geodynamics applications requires
a careful choice of the SIP penalty parameters. We provide a brief analysis of the
influence of the penalty parameters on the discretization error as well as on the quality
of the element-block Jacobi smoothers.

1.4. Limitations. We restrict ourselves to linear problems with elementwise
constant viscosity distributions in this study.

2. Governing equations. Neglecting nonlinearities and the effect of tempera-
ture on the viscosity, we restrict ourselves to a model that is solely dependent on the
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material composition of the rocks in Earth’s mantle:

(2.1a) —div(2n(8)e(u)) + Vp = f(6) in Q,
(2.1b) div(u) =0 in Q,

where v is a velocity field, p is a pressure, n denotes the viscosity, f denotes a
volumetric force, 8 denotes the material composition with 0 < 6 < 1, and e(u) denotes
the (linearized) strain rate tensor with e;;(u) = 3(0p,u; + Opu;), 3,5 = 1,...,d.
Further, Q C R? denotes a rectangular domain with boundary 9Q = 9Qy U 0y
consisting of a Neumann part 02y and a Navier part 0€y;. We require the velocity
and pressure to satisfy homogeneous Neumann boundary conditions,

(2.1c) 2ne(u) —pI)n=0 on Oy,
as well as homogeneous Navier boundary conditions,
(2.1d) u-n=0, t-2ne(u)n =0 on 0,

where n denotes the outward normal to the boundary, and ¢ denotes a vector belong-
ing to the tangential space of ). In case the Neumann boundary is empty, we ensure
uniqueness of the pressure solution by enforcing the following constraint:

(2.1e) /dew =0.

We further require that the domain €2 is restrained against rigid motions (assumption
(A1)).

Let us denote by L*(€2) and H'(Q) the usual Sobolev spaces and by ||| ,2(n) and
|-l 1 (@) their norms.

Let us assume that the viscosity n € L%(f2) is bounded according to

(22> 0< TImin S n S Tlmax

(assumption (AS1)) and that f € LZ(Q)2 (assumption (AS2)); then it is well-known
that problem (2.1a)—(2.1d) subject to the other named constraints admits a unique
weak solution; see, e.g., [11].

3. Computational grid and trace operators. Let 7; be a regular Cartesian
grid on Q (assumption (Ahl)). We refer to the disjoint open sets K € T}, as elements
and denote their diameter by h. The number of elements is denoted by Nk . Finally,
n denotes the outward normal unit vector to the element boundary 0K.

An interior face of T, is the d— 1 dimensional intersection 0K T NIK ~, where K+
and K~ are two adjacent elements of 7;. Similarly, a boundary face of T, is the d —1
dimensional intersection 0K N 02 which consists of entire faces of 0K. We denote
by T'j, the union of all interior faces of 7j, denote by I'xy and I'yy the union of all
boundary faces belonging to the Neumann part and the Navier part of the boundary,
respectively, and set I' = I', UI'y UT'y;. Here and in the following, we refer generically
to a “face” although we consider only two-dimensional problems in this paper.

Let K € Tp; we denote by H*(K) the space of real-valued functions v € L?(K)
such that the function v and its weak derivatives up to order s are measurable and
square integrable in K. We will denote the norms on all three spaces H*(K), H*(K)?,
and H*(K)?*? by the symbol ||-||s. x. We further introduce the broken Sobolev space

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 12/04/17 to 129.234.39.105. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

SIP AND PRECONDITIONING FOR HETEROGENEOUS STOKES B1025

(3.1) H(Ty) = {v € L*(Q): v|kx € H*(K), K € T;,}.

Let us denote the norms of H*(7Ty), H*(Ty)?, and H*(T,)**? by the symbol ||-|| g=(7,)-

Let ¢ € HY(Ty), and let o belong to either H(T3,), H*(Tx)?, or H(T;,)?*2. Let
e € T'j, be an interior face shared by the elements K+ and K ~. Let p* and ¢* denote
the traces of ¢ and ¢ on e from the interior of K¥*, respectively. Further, let n*
denote the outward normal unit vector to the boundary 0K *. We define the mean
value {¢} and the jump JgnK at « € e by

1
(3.2) {e} = g(sﬁ +¢7), Jgnk=q'nt+q¢ n".

Let w denote a vector-valued function in H!(7,)2, and let w™ denote its traces on e
from the interior of K*. We define the jumps Jw ® nK and Jw - nK at a € e by

(3.3) Jwenk=w"eont+w @n", Jw-nkK=w" - nt +w -n",

where “®” denotes the dyadic product.

4. Discretization of the Stokes problem. Let us introduce 0¥ = |, K €
Tr, and define

Kt K~
e _ maX{n 1 }u eerha
(41) nmax - { K

ne, ee€y.

For simplicity, we assume here that the viscosity is elementwise constant (assumption
(AShl)). Let us additionally define the constants

max {Cy(k,e, KT),C(k,e, K7)}, e€Th,

42 Coulk, ) =
(42) (ks €) {C’tr(k‘,e,K), e € I'y,

where the constants Ci(k,e, K), K € Tp, stem from the following discrete trace
inequality [24].

LEMMA 4.1 (discrete trace inequality). Let K be an affine quadrilateral, and let
e be an edge belonging to the boundary of K. Then, it holds that

(4.3) lenlltee) < Culk,e, K) lonlfary — Veon € Qu(K)
with the trace inequality constant

(4.4) Cir(k,e, K) = (k4 1)* ||Ke||

We approximate velocity and pressure in the discontinuous FE spaces

2

(4.5) Vk:{veLQ(Q) : v|Ker(K)2,Ke77L}7

M, 1_{{QGLQ(Q): dlk € Quo1(K), K €Th}t,  [0Qx] >0,

o) {g€ L2(Q)\R: q|x € Qr-1(K), K € Tp} else,

where Qi (K) is the space of polynomials of maximum degree k in each variable on
the mesh cell K € T;,.
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As approximation to (2.1a)—(2.1e), we then consider the problem of finding up €
Vi and pp, € Mj_1 such that

(4.7) An(un, vi) + Br(vn, pn) = Fn(vn) Von € Vi,
(4.8) By (wn, qn) = Gn(qn) Yy € My—1,

where we use a SIP form Aj, and a form By, similar to the one used in [43]:

n(wn, vp) Z / 2ne(up) vp,) de

KeTn

(4.9) - /{2176 up)} :dv, @ nkds — /{2775 vp)} : Juy, @ nKds

ecl'y, ecl'y,
— Z/n 2ne(up)n)(vp - n)ds— Z /n 2ne(vp)n)(up - n)ds
e€l'v e€l'm
+ Z e /Juh®nK:Jvh®ans+ Z 66/(uh-n)(vh-n)ds
ecl'y, ecl'mv e
and
(4.10) Bh(uh,qh / le uh dn dx + Z /{qh}\]uh nKds
KeTh eely,
+ Z / uh n d
ecl'm

(411) -y / Foonde,  Gu(gy) =0,

KeTy,

with wp, vy, € Vi, gn € Mi_1, and the facewise penalties §, = o Cir(k,€), e € T
The parameters o. are the so-called penalty or stability parameters that must be
chosen sufficiently large (to be specified below) to guarantee that the bilinear form
Ay, is coercive on the discrete space V.

Consistency of the discrete variational problem can be shown by following the
proof of [43, Lemma 7.5].

4.1. Stability of the Stokes discretization. For the analysis of the Stokes
discretization, it is necessary to introduce the functionals

@12) gl = D lalzee + Do k2 hI{a} e + D K2 hldlZac),

KeTy ecly, ecl'ym
@13) ol = > IVoliam + Y K h™ [Jv @ nk|a,

KeTy, ecl’y,

+ Z k2 h'il H’U : n”%z(e)a

ecl'm
2 — —
@14)  loll3, = llolin+ D F 2RIV o iae Y K2RV olis,
eely, eel'm

with v € H?(T,)? and ¢ € L*(Q2). By definition, [|-||o,» is a norm on L?(£2). Under
assumption (A1), we assume that ||-||; 5 is a norm on H?(7,)? for the considered
boundary conditions (assumption (ASh2)).
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Stability of the Stokes discretization follows from the discrete inf-sup stability of
By, the discrete coercivity of Ay, and Brezzi’s lemma.

LEMMA 4.2 (discrete inf-sup stability). Let the assumptions (Ahl) be satisfied
and let k > 1, K € T,. Then, it holds that

Br(un, g _
415)  sup M) o g = ek ale  Van € My
o£uncvy |wnll1n

with ¢ > 0 independent of h and k.

Proof. This follows from [38, Theorem 6.2] for k£ > 2. The case k = 1 is covered
by [38, Theorem 6.12.]. O

We rely on a discrete Korn inequality to show coercivity of the bilinear form Aj,.

LEMMA 4.3 (discrete Korn inequality [10]). Let the assumptions (A1) and (Ahl)
be satisfied. Then, it holds Vv € H'(Ty)? that

(4.16) (IIs(v)%z(Q) +Y h ve nKI%%) > Ckn V0720
ecl’y,

with a constant Cxn,p, > 0 independent of h.

Proof. This is a slight modification to the result in [10] relying on assumption
(A1) as well as on the affinity and shape regularity of the grid elements (Ahl). O

LEMMA 4.4 (discrete coercivity). Let the assumptions (Al), (Ahl), and (AShl)-
(ASh2) hold. Assume that the penalty parameters are chosen according to

1, eely,

417 e > NonS (1+
(4.17) T > Nt r>{27 e

with 1t from (4.1) and with N, = 4 denoting the number of faces of an element.
Then, it holds that

(4.18) Ah(vh, vp) > ap ||’Uh||ih Yo, € Vi

with a constant ap, = C2nyin > 0 independent of h and k. Here, Nmin s from
assumption (AS1). The parameter T > 0 is a small value that is necessary to use the
discrete Korn inequality.

Proof. The proof is based for the most part for the stability analysis for the
elementwise penalty approach presented in [16, section 3.3.3.]. Let up, = vy, up, vy €
V'i; we apply a Young’s inequality to the second and third terms of (4.9). Thus, we
obtain

Ap(vp,vp) > Z /K277€('uh):€('uh)ds— Zee_l/{Qns(vh)}2ds

KeTy, ecl'y,

-y / @ne(on)?ds + 3 (6. — e) [Jon © nK|[2s.,

ecl'v ecI’y,

(4.19) + ) (0 =€) lvn - nlfeqe),

e€l'm

where €, > 0 Ve € I', UT'y. As a next step, we will bound the second and third terms
of (4.19) below. We have for interior faces e € T'y,
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@) [ (ene@iPas< [ 5 (@neto)f + @ren)lio) ds
< 20 Lk ( [ 2ns(on) eton) e

+/ ) 2ne(vy) : e('vh)dm>.

In step (I), we have applied the trace inequality (4.3) from lemma 4.1 and further
have introduced constant Ci, (k, €) defined as in (4.2), as well as constant n¢ . defined
as in (4.1). Analogously, we obtain for boundary faces e € I'y

(4.21) /(2n€(vh))2 de < 2ng . Cic(k,€) / 2ne(vy) : e(vy)ds.
e K
Inserting (4.20)—(4.21) into (4.19) leads to
(4.22)
Anwnvn) = 3 [ 2ne(wn) e(on)
KeTy, K
X (1 - Z egl nrenax Otl‘(k7 6) - Z egl 2 nfnax Ctr(k? 6)) de
eCOK,ecl'y, eCOK,eecl'm
+ Z (0c Cir(k,€) —€c) [Nvn ® nK||2L2(e)
ecly,
+ Z (0 Cir(kye) —€e) ||on - nH%g(e), vp € Vi.
ecl'm

We see that this expression is positive for any vy, € V if

(4.23) 0c Cir(k,e) > €. > ok Cip(k,e) = Ne o Cir(kye),e € Ty,
(4.24) 0e Cip(k,e) > €. > 0. Cip(k,e) = Ne 2080 Cir(k,€), € € Ty,

where N, denotes the number of faces of a quadrilateral element. In the following, we
choose the penalty parameters according to (4.17). We add a small value 7 7%, /Ne >
T Nmin/ Ne once/twice to each penalty parameter o, in order to use the discrete Korn
inequality (4.16) from Lemma 4.3 in step (I) of the next derivations. Thus, if we
choose the penalty value according to (4.17), we obtain from (4.22) that

—

)
(4.25) Ap(vp,vp) > C (CKn,h277min Z IVoRlZe )
KeTy
+ Z 2 max Cre (s €) [ 905 @ nK|Z2 )
ecly,

+ Z 2nrenax Ctr(kve) th ’ n%?(e))

e€l'm
11 9
Z C’277min ||’Uh||17h7 Vp € Vk7

where 7y is from assumption (AS1), and Cky,p, is from the discrete Korn inequality
(4.16) from Lemma 4.3. In step (IT), we have used that due to the affinity and shape
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regularity of the grid elements (Ah1), it holds that h=! < |e|/|K| < y?*h~ ! for K € Ty,
and e C 0K, with « denoting the shape regularity constant. We have further bounded
oe below by nmin V.. The constant C' is assigned a different value in every step and
independent of h and k. 0

We typically choose the penalty parameters as the lower bound since estimate
(4.17) is not totally sharp due to the utilized inequalities. Even smaller values can be
chosen in practice [24]. We note that the parameter 7 is set to zero in our computa-
tions. We further remark that estimate (4.17) assumes piecewise constant viscosity
distributions. For piecewise polynomial viscosity distributions, it is necessary to re-
place k by k <= k +m,, in the discrete trace inequality constant.

4.2. A priori error estimates for the Stokes discretization. Let us state
the continuity properties of the forms A;, and Bj,.

LEMMA 4.5 (continuity of A and By). Under assumptions (A1)—(AS2), (Ahl),
and (AShl), bilinear forms Ay, and By are continuous in the sense that
(4.26) An(w,0) < Canllullypllvlly, — V(u,v) € HA(Th)? x H(Th)?,
(4.27) Bu(u, q) < Cypnllwllinllgllon V(u,q) € H*(Tp)* x H'(Th)

with Co i, = (2 Nmax + MaXeer,ury10e}) > 0 and Cpp, = Vd > 0. Here, Nmax is from
assumption (AS1), and o. denotes the penalty value on face e. Both constants Cq
and Cy p, are independent of h and k.

Proof. The proof of both inequalities follows from standard inequalities. See, e.g.,
the proofs of [43, Lemma 7.1] and [43, Lemma 7.2] for more details. 0

Further note that the norms |||, and [| - ||, , are equivalent on the discrete
spaces V' and Mj_;. This is also the case for the norms ||-|lo,x and ||-[|z2(q)-

Using the consistency of the discretization, the discrete inf-sup stability of By,
the discrete coercivity of Ay, the continuity of both bilinear forms together with the
discrete equivalency of norms, as well as suitable elementwise hp-interpolants, we can
derive the following a priori error estimate.

LEMMA 4.6. Let the assumptions (A1), (AS1)-(AS2), (Ahl), and (AShl) hold.
Assume that the weak solution (u,p) to (2.1a)-(2.1e) belongs to H™(K)? x H"(K),
K € Tp, with m > 2 and n > 1. Further, let up, € Vi and p, € Mi_1 denote the
discrete solution to problem (4.7)~(4.8). Then, it holds that

lw —wunllin+ lp — pullon

Con 1 ho1 hr
(1.25) <0 ¥ (S o lulanuo + el
KeTh

with 1 < s < min{k + 1,m} and 1 < r < min{k,n}. The constant C > 0 is
independent of h and k but depends on the shape regularity of the grid elements. The
constant Cq 1, 15 from Lemma 4.5, and oy, is from Lemma 4.4. Note that this estimate
holds up to the discrete inf-sup constant By from Lemma 4.2 that depends on k.

Proof. The proof requires arguments analogous to the ones used for the proofs of
[43, Lemma 8.1] and [43, Lemma 8.2]. d

Utilizing a duality argument, additional requirements on the regularity of the
solution to the continuous variational problem (and on the solution to the adjoint
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problem), as well as hp-interpolants for the whole domain 2, we can derive the fol-
lowing L? error estimate for the discrete velocity solution.

LEMMA 4.7 (L? error). Let the assumptions (A1)-(AS2), (Ahl), and (AShl)
hold. Assume further that the weak solution (u, p) to (2.1a)-(2.1e) belongs to H"+1(2)?
xH™(Q) with m > 1. Choose the penalty values according to (4.17) in Lemma 4.4.
Let up, € Vi and pn, € My_1 denote the discrete solution to problem (4.7)-(4.8).
Then, it holds that

(4.29)
) Cc?, 1 1
min(k+1,n+1 a,h
1w — up||p2(g) < C pEBGFLRTD (ahﬁiﬂumﬂ(ﬂ) +Ca,hm||p”H"(Q) ,

where the constant C > 0 is independent of h and k but depends on the shape reqularity
of the grid. See Lemma 4.6 for a definition of the remaining constants.

Remark 4.8. We emphasize that the discretization errors depend on the size of
the largest penalty parameter as well as on the viscosity contrast by means of the
constants C, p, and ayp,.

5. Preconditioning the Stokes system. The discrete variational problem
(4.7)—(4.8) is equivalent to the saddle point problem

b -1

We solve (5.1) using a right preconditioned Krylov method, with an upper block
triangular preconditioner P of the form

o o [4 8,

where S = BTA7!B is the pressure Schur complement.

Our implementation employs tensor products of pairwise orthogonal Legendre
polynomials as basis functions for the pressure and the velocity components. The zero
pressure average is not build into the pressure basis functions. In case the Neumann
boundary is empty, we thus solve a singular system. As we typically use Krylov
methods which are mathematically equivalent to GMRES, we then require that the
right-hand side is consistent (e.g., we remove the constant pressure null space) [12,
Theorem 2.4].

Noting that both A is symmetric positive definite (stemming from the SIP for-
mulation) and S is symmetric positive definite (stemming from the inf-sup stability),
this choice for P will result in convergence in at most two iterations in exact arith-
metic [19]. While optimal (in the sense of iteration counts), the definition of P is not
practical as it involves an exact inverse for A and S. A practical Stokes preconditioner
replaces A~ and S™! by spectrally equivalent operators such that their application
of the inverse on a vector is significantly cheaper.

In our computations, we replace the Schur complement S by the pressure mass
matrix scaled by the inverse of the element viscosity (S*). The proof of spectral
equivalence between S and S* for our DG spaces stems immediately from [19, Theorem
5.22]. Due to the use of an orthonormal basis for the pressure space, S* is diagonal.
The definition of y = A~ 'x is further replaced with a preconditioned Krylov method
with a fixed relative stopping condition which is described in detail in section 6.
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6. Preconditioning the viscous block. When used in conjunction with a
Krylov method, we are required to apply the action of P! on an arbitrary vector x =
(xy, xp) We consider replacing the definition Y, = A_lx with a spectrally equivalent
operation: solve Ay = x,, for y, using a precondltloned Krylov method such that at
the ith iteration, HAy - xu|\/||xu|| < €. In order to develop an optimal and scalable
preconditioner for A, in this work we utilize an Ap-multilevel preconditioner. The
hp-multilevel preconditioner employs coarsening with respect to both the polynomial
order k of the velocity function space (“p-coarsening”) and the spatial resolution h.
The rational for coarsening in both p and A will be elaborated below.

To introduce the hp-multilevel preconditioner, we first recall the basic two-level
multigrid method (see Algorithm 1). The essential components of the multigrid algo-
rithm are the fine level operator A, the coarse level operator A, the restriction and
prolongation operators R, P, which map vectors from the fine level to the coarse level
(and vice versa), and the smoothing operator M.

Algorithm 1 Two-level multigrid.

1: procedure MGVCYCLE(A f.M,R, P, A, Y)

2 Seti=0,u’=y

3 repeat B

4: w=u+ M1 (f—Aub) > presmooth m times
5: r=R(f-Au’) > restrict residual
6 Solve Ae =T > solve for the coarse grid correction
7 u =u'+Pe > prolongate error
8 ut =u’ 4+ MfT(ﬁ —Au?) > postsmooth m times
9: 't =y > update for next iteration
10: t=1+1
11: until converged
12: u=u’

13: end procedure

In the context of p-multigrid, restriction refers to mapping a discrete vector
defined using a function space of order k£ to a function space of order s, where
0 < s < k. Contrary to traditional p-coarsening strategies with hierarchies like
Vii— Vija— Via..., here we follow [45, 46] and consider “aggressive” coarsening
from Vi to an a priori defined p-coarse space in a single step. This implicitly defines
a two-level hierarchy in p-space. In this work, we study two different p-coarse spaces,
namely, the space of elementwise constants V( and the space of d-linear functions
V1. We will use the symbols A, and A, for the associated coarse grid operators.

The construction of the restriction and prolongation operators between differ-
ent order basis functions is natural to implement as we have employed a hierarchical
basis. Furthermore, the prolongation operators are identical to the transposed re-
striction operators. We define coarse operators via Galerkin projection. Denoting
the prolongation from polynomial degree k to s via Py, the coarse level operators we
consider are thus given by

A=) APY, A, = (P}) AP

The smoother is defined as a Chebyshev iteration preconditioned with an element-
block Jacobi operator that consists of the diagonal blocks of A. The minimum (o)
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and maximum (A1) eigenvalue bounds required by Chebyshev are defined in the fol-
lowing manner. First, we estimate the maximum eigenvalue (A*) of A by perform-
ing 10 iterations of GMRES with a random right-hand-side vector. We then choose
Ao = 0.1X* and A\; = 1.1\*, respectively. The choice of factors 0.1 and 1.1 has been
determined empirically; however, they are robust for variable coefficient scalar/vector
elliptic problems and in fact are the default values used in PETSc’s Chebyshev im-
plementation.
The bilinear form associated with the element-block Jacobi operator is

(6.1)
An(un,vp) = > </ 2ne(up) : e(vy) de
KeTy, K
- Z /nKe(uhK):(th®nK)ds— Z NS e(vF):(uf @ nf)ds
eCOK ¥ ¢ eCOK * ¢
e€ly e€l'y

+ Z de /(UhK @ n’): (v ®n®)ds + boundary terms>

eCOK €
ecl'y

with up, v, € Vi, 'UhK = vp|K, and n* denoting the outward normal to the boundary
of element K € 7},. Notice the division by two in the second and third terms stemming
from the averaging on interior faces.

From similar arguments as in the proof of Lemma 4.4 follows that the form (6.1)
is elliptic on V. Consequently, the element-block Jacobi operator M,, is symmetric
and positive definite. Following the proofs of [46, Corollary 1 and equation (54)], one
can then show that

max o 1
(6.2) Ko (M ' A) <1+ Cy max {CW} + 0y
KeTn MiNxec g 1) Tlmin
with constants C; > 0 and C5 > 0 independent of h. This result emphasizes the
importance of choosing the penalty parameters based on local values of the viscosity.

6.1. Preconditioning the coarse problem. In the context of high-resolution
simulations, a pure p-multilevel preconditioner will never yield optimal O(n) solve
times due to the increasing cost of performing the solve on the coarsest level. This
motivates us to employ a h-multigrid preconditioner for the coarse operators A, and
A, respectively. To realize this, we have adopted standard multigrid techniques which
have been developed for FD discretizations and low order finite discretizations. Below
we elaborate on how these techniques are fused with our SIP spatial discretization.

6.1.1. Elementwise constant coarse problem. Let us denote by Ay the
bilinear form inherited from Aj; that corresponds to the elementwise constants. Dis-
cretizing Ay, o for an isoviscous fluid yields a stencil which mimics a standard five-point
FD stencil [45]. Hence, heuristically it seems plausible to assume that any geometric
multigrid preconditioner suitable for a five-point FD stencil should be appropriate to
use as a preconditioner for the coarse grid solver associated with Ag.

We first generate a hierarchy of meshes (with differing h) by isotropically coarsen-
ing the mesh defining A,. The maximum number of times coarsening can be applied,
and thus the number of levels in the h-multilevel preconditioner, is determined by
the spatial resolution of the grid. Note, however, that our implementation does not
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support semicoarsening, and thus the finest grid must always employ an odd number
of elements in the ¢ and j directions. Between each mesh in the hierarchy, we have a
restriction operator R,, defined by bilinear interpolation (Q?) and again we will use
P, =R;.

As in the p-multigrid implementation, we define coarse operators via Galerkin
projection, e.g., A, = PLfAjP,. The construction of Galerkin coarse operators is
applied recursively for all levels in the mesh hierarchy. The smoother used within
the hA-multilevel hierarchy is Chebyshev preconditioned with Jacobi. The Chebyshev
bounds are estimated similarly as for the p-coarsening smoother. On the coarsest
level of the h-hierarchy, we will apply an exact LU factorization.

6.1.2. Elementwise bilinear coarse problem. In the case when the coarse
space is Q?%, rather than leverage an FD analogue to build an h-multigrid precondi-
tioner, we will exploit methods designed for low order finite elements. Specifically, we
consider projecting the Q% discontinuous space into the space of continuous bilinear
functions.

We first define the discontinuous to continuous projector as the transpose of the
continuous to discontinuous projector. The latter is a simple elementwise nodal to
modal projection. Let us denote the continuous-to-discontinuous and discontinuous-
to-continuous projectors by P.4 and Ry, = Eg;h respectively. We then project the
discontinuous coarse level problem A; into Q7 via A, . = PLA P, Asin the
elementwise constant case, a mesh hierarchy is created via isotropic coarsening and
again we utilize linear interpolation and transposed restriction between each level. All
coarse operators are then constructed from A, . and recursive application of Galerkin
projection. The same smoother and coarse level solver are used as in the elementwise
constant case.

It is important to note that the size of the continuous p-coarse grid problem A, .
equals the size of the elementwise constant coarse grid problem A_ for comparable
problem sizes. For a 33 x 33 element mesh, e.g., the elementwise constant p-coarse
space is spanned by 33 x 33 x 2 constants. While for a 32 x 32 element mesh, the
continuous p-coarse space is spanned by 33 x 33 x 2 bilinear (hat) functions.

7. The heterogeneous viscosity Stokes benchmark SolCx. In order to
verify the theoretical approximation properties of our SIP Stokes discretization for
heterogeneous problems, we consider the SolCz benchmark which has been considered
extensively for both solver and discretization developments [32, 17, 27]. The analytic
solution to the above problem is described in [50] and is available as part of the
Underworld package [34].

Let © be the unit square and let the viscosity 7 contain a jump in the lateral
direction located along the line 0 < x. < 1. We consider the problem of finding a
solution to (2.1a)—(2.1b) subject to homogeneous Navier boundary conditions. The
free parameters of the model are chosen according to z. = 0.5, 72 = 1, and 1; = 10°.

Let us denote by e, = u — u;, and e, = p — pp, the discretization error of the
velocity and the pressure fields, respectively. The errors measured in the L?() norm
for grids employing an even number of elements in each direction and for different
polynomial orders are reported in Table 1. The discrete problem is solved to machine
(double) precision.

For grids with an even number of elements in each coordinate direction, the jump
in viscosity is aligned with the edges of the elements. Consequently the discontinuous
basis functions accurately resolve the pressure field and thus optimal convergence in
h is obtained. This was predicted in Lemma 4.6. From the same lemma, we could
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TABLE 1
SolCz Stokes benchmark. Results for grids with an even number of elements in the x and y
directions (Ax = Ay). All values below the horizontal lines in the second part of the table are
considered as affected by machine precision.

Q?-Qo Q3-Q1 Q3-Q2
Az llewll 2 llepll 2 leullr,2 llepll 2 llewll 2 llepll L2
/2 1.3x1073 6.7x1072 65x107%* 14x1072 99x107% 20x1073
1/4  76x107%* 35x1072 9.7x107% 37x107% 7.0x10"6 2.6 x10~%
1/8 22x107% 1.7x1072 1.2x107° 94x107* 45x1077 32x107°
1/16  57x107° 87x107% 1.5x1076 23x107* 29x10"% 4.0x 106
1/32  14x107% 44x1073 19x1077 59x1075 1.8x107? 51x1077
1/64 3.6x107% 22x1073 24x1078% 15x107% 1.1x1071° 63x108
1/128 91x 1077 1.1x1073 3.0x107% 37x107% 7.0x107'? 7.9x107°
O(hl.QS) O(hl.OO) O(hS.OO) O(h2.02) O(h3A97) O(hS.OO)
Q3-Qs3 Q2-Qq Q2-Qs
Az lleull L2 llepll L2 lleull L2 lepll L2 lell L2 llepllze
/2 71x107%  21x107* 48x1077 1.4x107%  37x1078% 97x1077
1/4  25x1077  1.3x107%° 94x107° 45x1077 34x1071° 1.6x 1078
1/8 82x107% 84x1077 16x10710 14x1078 54x10712 2.8x 10710
1/16 2.6 x 10710  53x1078% 48x10712 48x 10710
1/32 83 x107'2 33x107°
1/64 1.8x10712 22x 10710
O(h4A96) O(h4‘01) O(h5.88) O(h5A01) O(h6A77) O(h5A92)

only expect L?({2) convergence in velocity that is suboptimal by one order however we
observe optimal convergence rates. Note that the L?(2) error estimate from Lemma
4.7 is not applicable here since the pressure solution is discontinuous. The measured
order of accuracy is shown in the final row within Table 1.

For grids employing N? elements, where N is an odd number, convergence de-
grades to first order convergence in velocity and convergence by half an order in
pressure (results not shown). Degraded convergence was expected due to standard
interpolation error results.

8. Solver performance. In this section, we evaluate the robustness and scala-
bility of the Stokes solver discussed in section 6. Specifically we consider four variants
of the preconditioner associated with the A operator described in section 6. The first
two configurations A,(Q32) and Ap,(Q2) employ a two-level p-coarsening strategy in
which the polynomial order is aggressively coarsened until we obtain a Q% basis. The
latter additionally applies geometric coarsening as detailed in section 6.1.1. Similarly
we introduce A, (Q%) and Ap,(Q%), where the latter uses a geometric coarsening strat-
egy as outlined in section 6.1.2. The number of Chebyshev-accelerated element-block
Jacobi smoothing steps for the two-level p-coarsening is set to 2 for all preconditioners
(up and down smoothing each). The smoothers employed in the h-coarsening part
of App(Q3) and Apy(Q3) run three iterations (up and down smoothing each). In all
experiments, the coarsest level in both the p-multigrid and the Ap-multigrid variants
employed LU factorization.

All numerical experiments were performed on a single node of “Hamilton,” located
at Durham University (UK), equipped with two Intel Xeon E5-2650 v2 (Ivy Bridge)
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8-core 2.6-GHz processors with 64 GB of RAM. Experiments that state solve times
have been performed using only a single processor. If not otherwise indicated, we will
perform experiments in double precision.

8.1. SolCx. We consider the SolCx benchmark (section 7) with parameters . =
0.5, o = 1. As free parameters we use the viscosity contrast An = n; : 72 and the
grid resolution in our tests. We discretize the problem using a second order velocity
space and a first order pressure space (Q3-Q; elements). For preconditioners A, (Q3),
Ap(Q7), and Ap,(Q3), we consider meshes with the sizes 64%, 1282, 2562, and 5122
We remark that we have to use odd numbers of elements in each coordinate direction
if we want to use the preconditioner Aj,(Qo); see section 6.1.1. We then consider the
mesh with element resolutions of 652, 1292, 2572, and 5132. We further perform an
L? projection of the original viscosity on the elementwise constants since the mesh
does not align with the viscosity structure for these meshes. For both preconditioners
Anp(Q3) and Ap,(Q%), we use 3, 4, 5, and 6 h-multigrid levels for the considered mesh
sizes, respectively.

We used right preconditioned FGMRES to solve the Stokes problem. Conver-
gence of the saddle point problem is deemed to have occurred when the 2-norm
of the residual is 10° times smaller than the initial residual (which we denote via
rtol(FGMRES) = 107%). The inner solver applied to A is preconditioned CG and is
terminated according to a relative tolerance criterion of rtol(CG) = 1073. A flexible
Krylov method is not required for the viscous block solve since the p- and hp-multigrid
preconditioners are linear operators. The wall-clock time and iterations required to
solve the Stokes problem, as well as the iterations required by the viscous block solve,
are reported in Table 2.

TABLE 2
SolCz: Performance of the Stokes solver using different viscous block preconditioners (see text
for details) as a function viscosity jump (An) and the number of elements Nk . The polynomial
order of the velocity is fixed to k = 2. Here, #it indicates the number of outer iterations applied to
the Stokes operator, while numbers in brackets indicate the average and mazximum iterations required
by the viscous block solver. t denotes the CPU time required for the solve. See the text for details
on the stopping criteria.

An = 10° An =108
Preconditioner for A Ng #it t(s) #it t(s)
Ap(Q2) 642 3 (21.3, 23) 2.76 5 (34.2, 43 12.23
1282 3 (20.7, 22) 12.24 5 (36.6, 45 54.19
2562 3 (20.7, 23) 54.71 5 (35.4, 46 212.55
5122 3 (20.0,23)  302.21 6 (33.5, 46 965.76
Anp(Q2) 652 3 (21.3, 23) 4.90 5 (36.6, 45 13.61
1292 3 (21.0, 22) 19.26 5 (39.0, 46 57.74
2572 3 (20.7, 22) 75.43 5 (40.4, 46 237.43
5132 3(20.7,23)  301.30 5 (43.8,54) 1028.10

1282 3(3.3,4) 21.74 5 (4.8, 6 30.87
2562 3 (3.3,4)  323.77 5(4.6,6)  355.21
5122 3(3.3,4) 2681.80 5 (4.6, 6)  2805.20

App(Q2) 642 3 (4.0, 4) 1.14 5 (5.2, 7 2.22
1282 3 (3.7, 4) 4.29 5 10.75
2562 3 (3.7, 4) 17.66 5 37.18
5122 4 (3.7, 4) 5 155.52

)
)
)
)
)
)
)
)
Ap(Q3?) 642 3 (3.3, 4) 1.47 5 (4.8, 6) 3.55
)
)
)
)
)
)
)

70.59
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The overall Stokes solver is observed to be scalable for all four preconditioners
as the number of outer and inner iterations are virtually independent of the grid
resolution for a given viscosity contrast. The viscous block preconditioners AP(Q%)
and Ap,(Q3?) yield significantly fewer inner iterations than the other two precondi-
tioners.

We note that due to the usage of an LU factorization on the coarsest level problem,
we do not observe optimal (e.g., O(n)) solve times for the variants which do not
employ hp-multigrid. Clearly, AP(Q%) has a significantly larger coarse grid problem
than the other solvers (no discontinuous-to-continuous projection is performed); thus
CPU time is far from optimal. We note that the timings for A,(Q32) are close to
optimal. However, for increasing problem sizes, we can expect further departure from
O(n) as observed when using A,(Q%). Variant Ay, (Q7) clearly outperforms the three
other preconditioners in terms of solve time, and the inner solver needs only one more
iteration (at maximum) than A,(Q3%).

8.2. SolCx checkerboard. In the last section we observed that the precondi-
tioners based on an elementwise bilinear p-coarse space are significantly more efficient
in terms of iterations than their counterparts using an elementwise constant coarse
space. The preconditioner Ap,(Q3%) applying h-coarsening was further found to yield
solve times that scale optimally and which are significantly smaller than those of the
other three preconditioners. In the following tests, we will thus only consider A, (Q?).

In order to demonstrate the robustness of this preconditioner for harder problems,
we again solve a SolCx setting but this time with an additional viscosity jump in the
y-direction at y = 0.5. The resulting viscosity structure is a 2 x 2 checkerboard. All
solver components are configured as detailed in the previous section.

This time we further investigate the influence of the polynomial order on the
convergence, and we consider the viscosity contrasts ny : 71 = An € {103,106, 108}.

The wall-clock time and iterations required to solve the Stokes problem, as well
as the iterations required by the viscous block solve, are reported in Table 3.

TABLE 3
SolCz checkerboard: Performance of the Stokes solver using configuration Ahp(Q%) (see text
for details) as a function of element order, viscosity jump (An), and the number of elements Nk .
Refer to Table 2 for the definition of the data reported. Columns reporting iterations which are
marked with a (x) indicate jobs which required > 64 GB of RAM and thus could not be executed.

Q?-Qo Q32-Q1 Q2-Q2

An Nk #it t(s) it t(s) #it t(s)

103 642 14 (4.0, 5) 0.97 17 (7.9,10) 1047 18 (11.7, 15) 47.50
1282 15 (4.2, 5) 5.38 17 (8.1,11)  43.35 18 (11.4,16)  187.51
2562 16 (4.9,6)  27.20 18 (8.2,11) 188.94 22 (11.0,17)  892.24
5122 15 (5.1,7) 10845 17 (8.4,12) 731.49 23 (11.0,18) 3697.00
10242 15 (5.1, 7)  458.02 * *

108 642 15 (4.1, 5) 1.08 17 (8.4, 11)  11.15 17 (12.4, 16) 47.85
1282 19 (4.6, 6) 727 17(8.3,11)  44.60 17 (12.4,17)  193.43
2562 15 (4.7,6)  24.79 17 (8.6,12) 187.26 20 (11.3,17)  833.87
5122 17 (5.2,7) 122.68 19 (8.7,12) 847.84 19 (12.4, 18) 3846.70
10242 17 (5.4,8) 508.84 * *

108 642 15 (4.2, 6) 1.10 16 (9.0, 11) 11.20 18 (13.1, 17) 52.84
1282 15 (4.9, 6) 8.03 16 (9.2,12)  46.58 18 (13.3,18)  218.42
2562 14 (5.1,6)  24.69 17 (9.3,12) 201.54 19 (13.3,18)  918.59
5122 19 (5.2,7) 136.65 17 (9.6,13) 829.67 18 (13.5,19) 3795.30

)

*
*

10242 21 (5.6, 8) 814.33
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Incrementing the polynomial order by one increments the iterations necessary
to converge the viscous solve by around 5 independent of the viscosity jump. A
slight dependence of the outer iterations on the polynomial order k is observed for
this problem. The most noticeable dependence of the outer iterations on k& can be
observed between the elements Q?-Qo and Q3-Q;.

For a given Q?-Qj_1 element pair, the following additional observations can be
made: (1) close to optimal solve times are observed under mesh refinement, and (2)
the solve times are almost independent of the jump in viscosity.

8.3. Sedimenting viscous circular inclusions. In our final test, we place
six circular inclusions with viscosity 72 € {10%,105,108} and density po = 1.2 in a
medium with viscosity ;1 = 1 and density p; = 1. We then consider a forcing term
f = (0,—gp), where the gravity constant is chosen as g = 10. The inclusions are
placed at (0.84,0.39), (0.79,0.91), (0.33,0.76), (0.55,0.47), (0.14,0.60), (0.24,0.13)
and have radii 0.089, 0.059, 0.063, 0.081, 0.05, and 0.09, respectively. The model
configuration is such that the inclusions sediment under gravity. At the top boundary,
homogeneous Neumann boundary conditions are imposed, while on the remaining
parts of the boundary, homogeneous Navier boundary conditions are imposed.

An approximation of the model and a corresponding numerical velocity solution
computed using Q3-Q; discontinuous finite elements are depicted in Figure 1. The
model is approximated using a uniform mesh consisting of 2562 elements.

A Cartesian grid can never resolve these viscosity and density distributions ex-
actly; we thus always take the elementwise maximum viscosity and the elementwise
minimum density. Thus, the discrete problem has by construction a mesh dependence.

We consider meshes with element resolutions of 642, 1282, 2562, 512, and 10242
and employ 2, 3, 4, 5, and 6 h-coarsening levels, one level less than in the previous
experiments. We use GCR for both the Stokes (outer) problem and the viscous block
(inner) problem.

B e e

1

44. , , , , ,

1.00

Fi1G. 1. Sedimenting circular inclusions: Approximate material composition (pseudocolor plot)
and a corresponding numerical velocity solution (vector plot) computed using discontinuous Q%Ql
elements. The model is discretized using a uniform mesh consisting of 2562 elements. Viscosity
and density are chosen m1 = 1 and p1 = 1, respectively, for the background material, while they are
chosen ng = 106 and p2 = 1.2 for the circular inclusions.
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The wall-clock time and iterations required to solve the Stokes problem, as well
as the iterations required by the viscous block solve, are reported in Table 4. We vary
again the polynomial order k € 1,2, 3 and the viscosity contrast An € {103,10¢,10%}.
As in the previous two experiments which used a simpler viscosity structure, using
Anp(Q3) with the sinker model configuration we observe that the Stokes precondi-
tioner is both scalable and near optimal. Outer iterations are observed to be only very
weakly dependent on the jump in viscosity and mildly dependent on the polynomial
degree. The inner iterations required to converge the viscous block are approximately
independent of the viscosity jump for each polynomial degree considered. As per
other experiments, the average number of iterates required to converge the viscous
block are mildly dependent on the polynomial degree.

8.3.1. Quadruple-precision floating point arithmetic. GCR was adopted
in the previous experiment as we observed that the orthogonalization procedures
of CG, GMRES, and FGMRES would break down for viscosity jumps An > 103
at a given mesh size. We further note that this breakdown behavior appears to be
independent of the viscous block preconditioner as it also occurred when using AP(Q%).

TABLE 4
Siz circular inclusions: Performance of the Stokes solver using configuration A;LP(Q%) (see text
for details) as a function of element order, viscosity jump (An), and the number of elements N .
Refer to Table 2 for the definition of the data reported.

Q2-Qo Q3-Q1 Q3-Q:

An Nk #it t(s) #it t(s) #it t(s)

103 642 17 (3.3, 6) 0.97 20 (6.7, 11) 9.54 21 (8.9, 16) 38.12
1282 6 (3.5, 7) 4.47 19 (6.6,12)  36.36 22 (9.0,16)  163.31
2562 7(3.8,8) 21.16 19 (6.8,12) 151.00 22 (8.9,17)  650.42
5122 9(3.8,9) 96.98 20 (6.7,12) 668.22 26 (9.4, 35) 3502.30
10242 25 (4.0,9) 589.39 *

10 642 17 (3.4, 6) 0.98 20 (6.7, 11) 9.50 20 ( 8.9, 16) 36.28
1282 17 (3.6, 8) 4.92 18 (6.8,12) 3547 21 ( 87,16)  151.37
2562 19 (4.1, 10) 2543 18 (6.9, 13) 145.18 24 ( 9.0,17)  715.33
5122 19 (4.4, 11) 108.61 21 (6.9, 12) 710.49 25 (10.2, 35)  4606.20
10242 22 (4.6, 11)  603.12 * *

TABLE 5

Six circular inclusions (quad precision): Performance of the Stokes solver using configuration
Anp(Q3?) (see text for details) as a function of element order, extreme viscosity jumps (An), and
the number of elements N . Refer to Table 2 for the definition of the data reported. CPU time
columns marked with () indicate the job required longer than 24 hours to complete.

Q3-Qo Q3-Q1 Q3-Q2
An Nk #it t(s) #it t(s) #it t(s)
1010 642 17 (4.1, 7) 57.32 18 (10.1, 15) 571.04 18 (13.3,20)  2154.60
1282 16 (4.6, 9) 236.45 17 (1 9.9,17)  2087.30 18 (13.9,21)  9153.80
2562 18 (5.6, 11)  1236.20 17 ( 8.8,15)  7325.30 18 (14.7, 23)  37673.00
5122 16 (6.1, 12 4693.20 17 ( 8.4, 16)  27888.00 - -
1020 642 18 (8.3, 10 118.30 21 ( ) 984.84 26 (17.8, 26) 4257.80
18 (17.6,21)  4088.10 25 (19.6,27) 18110.00
19 ( ) )
16 ( ) -

2562 18 (12.3, 16 2697.60
5122 18 (13.4,17)  11480.00

14058.00 28 (17.7, 27 78188.00

)
)
1282 18 (10.7, 13) 596.19
)
) 60247.00 -
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We could trace the breakdown back to being related to a loss of floating point
precision. Using quadruple-precision floating point arithmetic, breakdown of the
orthogonalization does not occur and our preconditioner is able to solve problems
with extreme viscosity contrasts (An ~ 10%°). A selected number of results using
An = 10'9,10%° are reported in Table 5. As per the results obtained with double
precision, the Stokes and viscous block preconditioners are observed to be scalable,
and solve times are close to optimal. For these experiments, the outer solver was
chosen as FGMRES and the inner solver used was CG.

9. Conclusions. We have investigated high order SIP discretizations of variable
viscosity Stokes flow. We have demonstrated that the discretizations are optimally
convergent in h for prototypical geodynamics problems where the viscosity disconti-
nuity can be resolved by the grid.

For the solution of the saddle point system arising from the discretization of the
Stokes equations, we proposed an iterative method based on block preconditioned
FGMRES for the overall linear system and hp-multilevel preconditioned CG for the
viscous block. We considered coarsening the polynomial degree of the viscous block
to the space of either piecewise constants (Q3) or bilinear functions (Q?), and for each
coarse space, an h-multigrid preconditioner was proposed.

Through a series of numerical experiments with heterogeneous viscosity, we have
demonstrated that the second strategy yields a more robust coarse level precondi-
tioner. This was attributed to fact that the QF coarse space by construction excludes
cross derivatives which appear in the definition of the stress tensor when the viscosity
is a function of space. Neglecting these terms in the coarse space does not result
in error corrections which drive the fine level residual to zero. In contrast, the h-
multigrid variant considered for the Q% coarse space problem results in a solver with
a convergence rate that was observed to be independent of the number of elements,
largely insensitive to both the viscosity structure and the jump in viscosity, and only
weakly dependent on the approximation order.

Last, we have outlined the importance of choosing the facewise SIP penalty pa-
rameters depending on the local viscosity and close to the lower bound of the stable
regime in order to minimize discretization errors and the number of iterations of the
nested inner solver.

9.1. Outlook. A subject of future research could be an extension of the method-
ology to h- and p-adaptive methods, to three dimensions, as well as to distributed
and shared memory parallelism. Furthermore, it might be interesting to perform an
analysis of the p-coarse level operator defined on the space of continuous, elementwise
bilinear functions. The operator might be related to a Nitsche type discretization. In
the context of extreme viscosity contrast problems (An > 10°), one might want to
analyze for which substeps and constituents of the considered preconditioned Krylov
methods high precision is required.
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