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Abstract

We propose consistent locally stabilized, conforming finite element
schemes on completely unstructured simplicial space-time meshes for the
numerical solution of non-autonomous parabolicevolution problems under
the assumption of maximal parabolic regularity. We present new a priori
estimates for low-regularity solutions. In order to avoid reduced conver-
gence rates appearing in the case of uniform mesh refinement, we also
consider adaptive refinement procedures based on residual a posteriori er-
ror indicators. The huge system of space-time finite element equations is
then solved by means of GMRES preconditioned by algebraic multigrid.

1 Introduction
Parabolic initial-boundary value problems of the form
Ou —divy,(rVyu) = fin@Q, u=0onX, wu=ugonX (1)

describe not only heat conduction and diffusion processes but also 2D eddy cur-
rent problems in electromagnetics and many other evolution processes, where
Q=0x%x(0,T), X =00x(0,T), and X9 = Q x {0} denote the space-time
cylinder, its lateral boundary, and the bottom face, respectively. The spatial
computational domain Q C RY, d = 1,2,3, is supposed to be bounded and
Lipschitz. The final time is denoted by 7. The right-hand side f is a given
source function from L2(Q). The given coefficient v may depend on the spatial
variable z as well as the time variable ¢. In the latter case, the problem is
called non-autonomous. We suppose at least that v is uniformly positive and
bounded almost everywhere. We here consider homogeneous Dirichlet boundary
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conditions for the sake of simplicity. In practice, we often meet mixed bound-
ary conditions. Discontinuous coefficients, non-smooth boundaries, changing
boundary conditions, non-smooth or incompatible initial conditions, and non-
smooth right-hand sides can lead to non-smooth solutions.

In contrast to the conventional time-stepping methods in combination with
some spatial discretization method, or the more advanced, but closely related
discontinuous Galerkin (dG) methods based on time slices, we here consider
space-time finite element discretizations treating time as just another variable
and the term J;u in as convection term in time. Following [8], we derive
consistent, locally stabilized, conforming finite element schemes on completely
unstructured simplicial space-time meshes under the assumption of maximal
parabolic regularity; see, e.g., [6]. Unstructured space-time schemes have clear
advantages with respect to adaptivity, parallelization, and the numerical treat-
ment of moving interfaces or special domains. We refer the reader to the survey
paper [10] that provides an excellent overview of completely unstructured space-
time methods and simultaneous space-time adaptivity. In particular, we would
like to mention the papers [9] that is based on an inf-sup-condition, [4] that uses
mesh-grading in time, and [I] that also uses stabilization techniques. All three
papers treat the autonomous case.

We here present new a priori discretization error estimates for low-regularity
solutions. In order to avoid reduced convergence rates appearing in the case of
uniform mesh refinement, we also consider adaptive refinement procedures in
the numerical experiments presented in Section [5| The adaptive refinement pro-
cedures are based on residual a posteriori error indicators. The huge system of
space-time finite element equations is then solved by means of Generalized Mini-
mal Residual Method (GMRES) preconditioned by an algebraic multigrid cycle.
In particular, in the 4D space-time case that is 3D in space, simultaneous space-
time adaptivity and parallelization can considerably reduce the computational
time. The space-time finite element solver was implemented in the framework
of MFEM. The numerical results nicely confirm our theoretical findings. The
parallel version of the code shows an excellent parallel performance.

2 Weak formulation and maximal parabolic reg-
ularity

The weak formulation of the model problem reads as follows: find u €
HYQ) :={u € Ly(Q) : Vou € [La(Q)]%, u =0 on ¥} such that (s.t.)

/ (—udw +vVu- V) d(z,t) = / fod(z,t)+ /uo Vg=o dz (2)
Q Q Q

for all v € HYQ) = {u € HY(Q) : u = 0 on ¥ U Xy}, where Sy := Q x {T'}.
The existence and uniqueness of weak solutions is well understood; see, e.g., [7].
It was already shown in [7] that d;u € L*(Q) and Au € L*(Q) provided that
v=1, f € L*(Q), and ug = 0. This case is called maximal parabolic regularity.



Similar results can be obtained under more general assumptions imposed on the
data; see, e.g., [6] for some very recent results on the non-autonomous case.

3 Locally stabilized space-time finite element
methods

In order to derive the space-time finite element scheme, we need an admissible,
shape regular decomposition 7, = { K} of the space-time cylinder Q = Uy, K
into finite elements K. On 7, we define a H' conforming finite element space
Vi by means of polynomial simplicial finite elements of the degree p in the
usual way; see, e.g., [2]. Let us assume that the solution u of belongs to
the space V = Hé‘:bl(’ﬁl) ={u € Ly(Q) : Owu € Ly(K), Lu = divy(vVu) €
Ly(K) VK € Tp, and ulsuy, = 0}, i.e., we only need some local version of
maximal parabolic regularity, and, for simplicity, we assume homogeneous initial
conditions, i.e., ug = 0. Multiplying the PDE on K by a local time-upwind
test function vy, + Oxhgdvy, with vy, € Vo, = {vp € Vi, : v, = 0onX U Xp},
hx = diam(K), and a parameter 0 > 0 which we will specify later, integrating
over K, integrating by parts, and summing up over all elements K € Ty, we
arrive at the following consistent space-time finite element scheme: find up € Vo
s.t.

an(un,vn) = lp(vn), Yon € Von, (3)
with
ah(uh, vh) = Z / [(%U}ﬂ)h + O hi OrupOpvy, (4)
KeTy, K
+ vV up - Vaup — HKthivx(Vquh)ﬁtvh}d(:c, t),
In(vp) = Z / fon + 0k hi fOrvpd(x,t). (5)
KeTy, K

The bilinearform ay,( ., .) is coercive on Vyp, X Vop wrt to the norm

1
ol = S0l + D [OxhuclOolll, i + IVatllig ], (6)
KeTh

ie., an(vh,vn) > pellvnll?, Yon € Vor, and bounded on Vop . % Vop, wrt to the
norm

loliZ o = 02+ D2 [Orchiae) ol ) + Oxchic dive (v920) 3,00 | ()
KEeT,

ie., ap(un,vn) < wpllunlnsllvnlln, Yun € Vons, Yon € Von, where Vo . =
H(f’gl(Q) + Von; see [8 Lemma 3.8] and [8, Remark 3.13], respectively. The
coercivity constant . is robust in hg provided that we choose 0 = O(hk);



see Section [5| or [8, Lemma 3.8] for the explicit choice. From the above deriva-
tion of the scheme, we get consistency ap(u,vn) = lp(vr), Yo € Vop, provided
that the solution u belongs to Héfbl (Q) that is ensured in the case of maximal
parabolic regularity. The space-time finite element scheme (3]) and the consis-
tency relation immediately yield Galerkin orthogonality

ah(u — u;“vh) = 0, V’Uh S Vbh. (8)

We deduce that is nothing but a huge linear system of algebraic equations.
Indeed, let Vo, = span{p\¥),j = 1,..., N},}, where {p\),j = 1,...,N},} is the
nodal finite element basis and N, is the total number of space-time degrees of
freedom (dofs). Then we can express each function in Vpy, in terms of this basis,
i.e., we can identify each finite element function vy, € Vp, with its coefficient
vector vy, € RVr. Moreover, each basis function pt) is also a valid test function.
Hence, we obtain N}, equations from , which we rewrite as a system of linear
algebraic equations, i.e.
Ky uy = fi,

with the solution vector u;, = (u;);=1,....n,, the vector f, = (lh(p(i)))izl,...,Nh’
and system matrix K; = (ah(p(j)7p(i))) that is non-symmetric, but
positive definite. '

ij=1,...,N;

4 A priori discretization error estimates

Galerkin orthogonality , together with coercivity and boundedness, enables
us to prove a Cea-like estimate, where we bound the discretization error in the
|| . ||n-norm by the best-approximation error in the ||. ||, -norm.

Lemma 1. Let the bilinearform be coercive [8, Lemma 3.8] with constant
te and bounded [8, Lemma 3.11, Remark 3.13] with constant py, and let u €
H(ibl('ﬁl) be the solution of the space-time variational problem , Then there
holds

= wnlln < (1+’”’) inf [l — vnllnn, (0)
He ) vn€Von

where up, € Vo is the solution to the space-time finite element scheme .

Proof. Estimate @[) easily follows from triangle inequality and Galerkin-ortho-
gonality; see [8, Lemma 3.15, Remark 3.16] for details. O

Next, we estimate the best approximation error by the interpolation error,
where we have to choose a proper interpolation operator J,. For smooth so-
lutions, i.e., u € H(Q) with [ > (d + 1)/2, we obtained a localized a priori
error estimate, see [8, Theorem 3.17], where we used the standard Lagrange
interpolation operator Zp,; see e.g. [2]. In this paper, we are interested in non-
smooth solutions, which means that we only require u € H'(Q), with some real
[ > 1. Hence, we cannot use the Lagrange interpolator. We can, however, use



so-called quasi-interpolators, e.g. Clément [3] or Scott-Zhang [2]. For this kind
of operators, we need a neighborhood Sk of an element K € 7T, which is defined
as S = {K' € Ty, : KnK # 0}. Let u € HY(Q), with some real [ > 1, then,
for the Scott-Zhang quasi-interpolation operator Jgz : L2(Q) — Vor, we have
the local estimate (see e.g. [2] (4.8.10)])

[v = Tszvll ey < Cag i Mol mrs,)s k= 0,1. (10)

For details on the construction of such a quasi-interpolator, we refer to [2]
and the references therein. For simplicity, we now assume that the diffusion
coefficient v is piecewise constant, i.e., v|x = vk, for all K € T,. Then we can
show the following lemma.

Lemma 2. Let | > 1 and v € Vo N HY(Ty). Then the following interpolation
error estimates are valid:

B 1/2
lo = szl gy < e (30 WE oldre)) (11)
KeTy,
aKmeZT}#Z)
~ 2(s—1 1/2
lo=3szelln < 2 (D2 W Vloldgsi) s (12)
KeTy
2(s—1 . 1/2
o = szellne < es( D2 BTV (0B s, + 14iva (Va0) [Fa) )
KeTh
(13)

with s = min{l,p 4+ 1} and positive constants c1,co and c3, that do not depend
on v or hx provided that 0 = O(hk) for all K € T. Here, p denotes the
polynomial degree of the finite element shape functions on the reference element.

Proof. For the first estimate, we use the scaled trace inequality and the quasi-
interpolation estimate with £k =0,1

v — szUH%g(zT) = Z v — jSZUHiz(msz) < Z [[v— jSZU||2L2(8K)

KeT KeTn
KNS #£0 OKNS#0
<Y [ hg (o = Tszol7, k) + PRIV (0 = Ts20) 17, 10))]
KeTy,
KNS #£0
_ 2(1—1
< C2Tr Z[Cgsz hth%W@ﬂ(sK) + C%sz hi hK( )‘U‘%ﬂ(s;{)]
KeTy
BKHZT#Q)
11—
< max (2¢7,C3,) Y [ 0l s,
h K€7—h,
8K02T7é(2)

which corresponds to with ¢; = maxger, (2 cQTTC%SZ). To show the second
estimate , we use definition @ and that v is piecewise constant, the quasi-

interpolation error estimate with k& = 1, and the above estimate (11), and



obtain
lo=Tszv]7

= 3 [ 190 = Isz0) 3 ) + VM2V = Ts20) 3, 0|
KeTh

1
+ §||U —Jsz0l17, 05

— 1—
= Z |:9KhKO§Szh§(( 1)|’U|§‘IZ(SK) +VKC§szh§<( 1)|U|HZ(SK):|
KeTy

2-11, 12
e > b Molingsy
KeTy
OKNZT#£0D

< 3 (O3, (Oxchic +vie) + erhie )WV olngsy < eo S B D ols .
KeTy, KeTn

with co = maxger;, (C’%SZ (Oxhk + vk) + cihk). For the third estimate, we

deduce from @ that we only have to estimate the additional sum
3 [(eKhK)—lnv — Tsz0|12, ) + Ochiel|diva (VYo (v — JSZU))H;(K)} .
K67-h

We start with the first Lo-term. We apply the quasi-interpolation estimate ((10))
with £ = 0 and obtain

> Oxhr) Mo = Tszvll, 00 < Y (Ohi) T C3 L W30 50y
KeTn KeT

h _

2 K 2(1-1) 2

<> G, (T)hK [0l (510
KeTy, K

Note that the term (hx/fk) is bounded for x = O(hk). For the Ly-norm
of the spatial divergence, we can distinguish between two cases: linear basis
functions (p = 1) and higher order basis functions (p > 2). For linear basis
functions, we split the divergence of the gradient, obtaining

1dive (Ve (v = Tsz0))|7, (k) = I1dive (v Vav) — dive (vVa (Isz0) 17, k)

for each element K € Tj. Since Jgzv is a linear polynomial and v is piecewise
constant, we deduce

div, (V. (Jszv)) = v div, (V. (Jszv)) =0

for each element K € 7. Hence, we get

S Oxchilldive (Va0 13, = S0 BTV 0xhi T dive 0V a) 12, 6
KeTn KeTn



where the norm is bounded since v € Vj. Moreover, for 0 = O(hk), the term

GKh}QZ(FU is bounded for 1 <[ < 2, and the case [ > 2 is already treated in
[8]. Combining all above estimates, we obtain

(i-1) hi\, 20-1
lo=3szol . <2 Y W Vlelugs + D o (G )bk obinsio
KeTy, KeTy K
+ Z Orchi 2 2“ 1)Hdlvgﬂ(uV v)||L2

KeT,
2(1—1 .
<eg 3 02 >(|v|§mk)+||dwx<uvxv>||iz<m)7
KeTy

with 3 = co+maxgeT;, {C%SZ (hx/9k), GKhi_zl } For the general case of higher
order basis functions, i.e., p > 2, the divergence of the gradient does not vanish.
First we split the divergence of the gradient and also the norms, obtaining

D Okchil|dive (VV,v) — dive (VY4 (Iszv))17,
KeTn

< Y 20khi ([dive(vVa0)||7, + [|dive (v Ve (Tszv))lI7,)
KeTs

The first term in the sum we have already estimated above, where we now
replace [ by s = min{l,p + 1}, which is in our case (I < 2) again just [. For
the second term, we insert vidiv,(V,(Ji,v)) into the norm, where Ji, v is
the linear quasi-interpolation of v. We observe that Jk,v — Jgzv is a finite
element function, i.e., we can apply the inverse equality for the H(div,)-norm
[8, Lemma 3.5]. Since the diffusion coefficient is piecewise constant, we obtain

> 20khi||dive (VY. (T — Tszv))|[7,
KeT,

< > 20khichicd 5|vVa (30 — Tszv)|3, k)

KeTy,
< Y 20khi ] gV Ve (320 — Ts20)l17, k)
KeTy

Now we insert and subtract Vv and use the triangle inequality, which yields

> 20khit e 5TV (Tbzv — Tsz0) 17,k
KeTy

< 3 40xhi' S 5Tk (IV20 = 350, ) + Va0 = Ts20) 3,0 ) -
K67-h



For both terms we can apply (quasi-interpolation) and obtain

> 40xch e 5k (1920 = Tz0) 340000 + 1V (0 = T20) 3,000 )
KeTy

_ 2(1-1 2(1-1
< Z 49Khch§,3V%(<C§sth( )‘”ﬁm(s;{) JFC%sth( )|U|%II(SK)>
KeTh

2(1-1
< Z 80Kh Cr 3VKC§SZhK( )|U|QHZ(SK)'
KeTh

Combining all of the above,

[o—=T 570l .
2 2l 1
<o >0 b Ploligs + D0 20hiT e ldiv (v920) 3, )
KeTh KeTn
_ 2(l—-1
3 ($0xchit A G s,
KeTy,
2(1-1 :
<esp 30 B (1B s + 14 (V00 1,0 )
KeTh

where ¢z, = ¢o + maxKeTh{8 F)Khl_(lc%gz/f(q% 2(9Kh§<_21)} . O

sz’

Now we are in the position to prove our main theorem.

Theorem 3. Let p be the polynomial degree used, and let u € H'(Q) NV, with
Il > 1, be the exact solution, and up € Vyy, be the approximate solution of the
finite element scheme . Furthermore, let the assumptions of Lemma (Céa-
like estimate) and @ (quasi-interpolation estimates) hold. Then the a priori
discretization error estimate

o . 1/2
lu=wnlln < € (D2 BTV (Julmegsi) + v Vo)l i) ) (14)
KeTh

holds, with s = min{l,p+ 1} and a positive generic constant C'.

Proof. Choosing the quasi-interpolant v, = Jgzu in @D, we can apply the quasi-
interpolation estimate to obtain

Ju = wnlln < (1452 ) lu = Iszuln.

. . 1/2
<ep(1+E) (30 8 (ull s, + Iiva 0V, 1)) ) -

¢’ "KeTn

We set C = c3(1 + ps/pie) to obtain (T4), which closes the proof. O



5 Numerical results

We implemented the space-time finite element scheme in C++, where we
used the finite element library MFEME and the solver library hyprdﬂ The
linear system was solved by means of the GMRES method, preconditioned by
the algebraic multigrid BoomerAMG. We stopped the iterative procedure if the
initial residual was reduced by a factor of 10~®. Both libraries are already fully
parallelized with the Message Passing Interface (MPI). Therefore, we performed
all numerical tests on the distributed memory cluster RADON1E| in Linz. For
each element K € Ty, we choose 0 = hy/(¢*Vk), where ¢ is computed by
solving a local generalized eigenvalue problem which comes from an inverse
inequality, see [§] for further details.

5.1 Example: Highly oscillatory solution

As first test example, we consider the unit (hyper-)cube Q = (0,1)%*!, with
d = 2,3, as space-time cylinder, and ¥ = 1. The manufactured function

1

1 d
07+ i 7 2

serves as the exact solution, where we compute the right hand side f accord-
ingly. This solution is highly oscillatory. Hence, we do not expect optimal rates
for uniform refinement in the pre-asymptotic range. However, using adaptive
refinement, we may be able to recover the optimal rates. We used the residual
based error indicator proposed by Steinbach and Yang in [I0]. For each element
K € Ty, we compute

u(z,t) = sin

ng = h%(”Rh(uh)HzLQ(K) + hKHJh(Uh)H%Q(aK)v

where uy, is the solution of , Ry (up) :== [+ div,(vVzup) — Qwup, in K, and
Jn(up) = [VVzuple on e C 0K, with [.]. denoting the jump across one face e C
OK. We mark each element where the condition nx > o maxgeT;, Nk is fulfilled,
with o an a priori chosen threshold, e.g., ¢ = 0.5. Note that ¢ = 0 results in
uniform refinement. In Figure [I} we observe indeed reduced convergence rates
for all polynomial degrees and dimensions tested. However, using an adaptive
procedure, we are able to recover the optimal rates. Moreover, we significantly
reduce the number of dofs required to reach a certain error threshold. For
instance, in the case d = 3 and p = 2, we need 276 922 881 dofs to get an error
in the ||.|[p-norm of ~ 10!, whereas we only need 26 359 dofs with adaptive
refinement. In terms of runtime, the uniform refinement needed 478.57s for
assembling and solving, while the complete adaptive procedure took 156.5s only.
The parallel performance is also shown in Figure[I] where we obtain a nice strong

Thttp://mfem.org/
%https://www.1llnl.gov/casc/hypre/
Shttps://www.ricam.oeaw.ac.at/hpc/
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scaling up to 64 cores. Then the local problems are too small (only ~ 10000
dofs for 128 cores) and the communication overhead becomes too large.

10 10

100 %\i‘l ‘\\k-»q\

[u—unln
Ju—unln

dofs dofs

solve time in s
=

100 N

d=3p=1 — ‘\

d=
perfect scaling —

107!

1 2 4 8 16 32 64 128 256 512

cores

Figure 1: Example Error rates in the ||.|,-norm for d = 2 (upper left)
and d = 3 (upper right), the dotted lines indicate the optimal rate; Plot of the
approximate solution wy centered at the origin (0,0,0) [8] (lower left); Strong
scaling on a mesh with 1185921 dofs for p = 1,2 and 5764801 dofs for p = 3
(lower right).

5.2 Example: Moving peak

For the second example, we consider the unit-cube @ = (0,1)3, i.e. d = 2. As
diffusion coefficient, the choice v = 1 is made. We choose the function
w(z,t) = (22 — 21) (a2 — mz)e—loo((m—t)2+(acz—t)2)’

as exact solution and compute all data accordingly. This function is smooth,
and almost zero everywhere, except in a small region around the line from
the origin (0,0,0) to (1,1,1). This motivates again the use of an adaptive
method. We use the residual based indicator 7k introduced in Example[5.1] In
Figure 2] we can observe that we indeed obtain optimal rates for both uniform
and adaptive refinement. However, using the a posteriori error indicator, we
reduce the number of dofs needed to reach a certain threshold by one order of
magnitude. For instance, in the case p = 2, we need 16974 593 dofs to obtain

10



an error of ~ 7 x 107° with uniform refinement. Using adaptive refinement, we
need 1066 777 dofs only.

107!

10 e
e,
- 102 \_\\‘xq@,;;\ s
i AT
= 10 N .
NI %
% '-“

coosoo

T
aasaag

1079

10% 103 10* 10° 108 107 108
dofs

Figure 2: Example[5.2} Error rates in the ||. ||,-norm for d = 2, the dotted lines
indicate the optimal rates (left); Diagonal cut through the space-time mesh 7y,
along the line from (0,0,0) to (1,1,1) after 8 adaptive refinements (right).

6 Conclusions

Following [§], we introduced a space-time finite element solver for non-auto-
nomous parabolic evolution problems on completely unstructured simplicial
meshes. We only assumed that we have so-called maximal parabolic regularity,
i.e., the PDE is well posed in Ly. We note that this property is only required
locally in order to derive a consistent space-time finite element scheme. We
extended the a priori error estimate in the mesh-dependent energy norm to the
case of non-smooth solutions, i.e. u € H*¢(Q), with 0 < e < 1. This is nec-
essary, since we cannot expect a smooth solution, especially when dealing with
discontinuous diffusion coefficients. For simplicity, we considered only piecewise
constant diffusion coefficients. The extension to piecewise smooth coefficients is
straight-forward, but more technical. In comparison to the previous result for
sufficiently smooth solutions, we no longer have a completely localized estimate.
We also have to include the neighborhood of an element K € Tj,. This may not
be sufficient if we have to deal with solutions that have different regularity in
different subdomains of the whole space-time cylinder. In applications, these
subdomains correspond, for instance, to different materials. However, Duan et
al. [5] have shown a quasi-interpolation estimate that fits into this setting.

We performed two numerical examples with known solutions. The first example
had a highly oscillatory solution, and the second one was almost zero everywhere
except along a line through the space-time cylinder. Using a high-performance
cluster, we solved both problems on a sequence of uniformly refined meshes,
where we also obtained good strong scaling rates. In order to reduce the com-
putational cost, we also applied an adaptive procedure, using a residual based
error indicator. Indeed, using a simultaneously in space and time adaptive pro-
cedure reduced the computational as well as the memory cost by a large factor.

11



Moreover, we could observe that, especially for d = 3, the AMG preconditioned
GMRES method solves the problem quite efficiently.
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Feb 2019. Eds.: M. Kauers, P. Paule

U. Langer, A. Schafelner: Space-Time Finite Element Methods for Parabolic Evolution Prob-
lems with Non-smooth Solutions March 2019. Eds.: B. Juttler, V. Pillwein

2018

D. Dominici: Laguerre-Freud equations for Generalized Hahn polynomials of type I Jan 2018.
Eds.: P. Paule, M. Kauers

C. Hofer, U. Langer, M. Neumiiller: Robust Preconditioning for Space-Time Isogeometric
Analysis of Parabolic Evolution Problems Feb 2018. Eds.: U. Langer, B. Jiittler

A. Jiménez-Pastor, V. Pillwein: Algorithmic Arithmetics with DD-Finite Functions Feb 2018.
Eds.: P. Paule, M. Kauers

S. Hubmer, R. Ramlau: Nesterov’s Accelerated Gradient Method for Nonlinear Ill-Posed
Problems with a Locally Convex Residual Functional March 2018. Eds.: U. Langer, R. Ramlau
S. Hubmer, E. Sherina, A. Neubauer, O. Scherzer: Lamé Parameter Estimation from Static
Displacement Field Measurements in the Framework of Nonlinear Inverse Problems March
2018. Eds.: U. Langer, R. Ramlau

D. Dominici: A note on a formula of Krattenthaler March 2018. Eds.: P. Paule, V. Pillwein
C. Hofer, S. Takacs: A parallel multigrid solver for multi-patch Isogeometric Analysis April
2018. Eds.: U. Langer, B. Jiittler

D. Dominci: Power series expansion of a Hankel determinant June 2018. Eds.: P. Paule,
M. Kauers

P. Paule, S. Radu: A Unified Algorithmic Framework for Ramanujan’s Congruences Modulo
Powers of 5, 7, and 11 Oct 2018. Eds.: M. Kauers, V. Pillwein

D. Dominici: Matriz factorizations and orthogonal polynomials Nov 2018. Eds.: P. Paule,
M. Kauers

D. Dominici, V. Pillwein: Difference equation satisfied by the Stieltjes transform of a sequence
Dec 2018. Eds.: P. Paule, M. Kauers

N.A. Smoot: A Family of Congruences for Rogers—Ramanujan Subpartitions Dec 2019. Eds.:
P. Paule, V. Pillwein

The complete list since 2009 can be found at
https://www.dk-compmath. jku.at/publications/
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