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Abstract

In this paper we investigate the numerical solution of Poisson equations on adapted struc-
tured grids generated by multiresolution analysis. Such an approach not only involves impor-
tant savings in computational costs, but also allows us to conduct a mathematical description
of the numerical approximations in the context of biorthogonal wavelet decomposition. In
contrast to most adaptive meshing techniques in the literature that solve the corresponding
system of discrete equations level-wise throughout the set of adapted grids, we introduce a new
numerical procedure, mainly based on inter-level operations, to represent in a consistent way
the elliptic operators discretized on the adapted grid. In this way the discrete problem can be
solved at once over the entire computational domain strongly coupling inter-grid relations as a
completely separate process, independent of the mesh generation or any other grid-related data
structure or geometric consideration, while the multiresolution framework guarantees numeri-
cal approximations within an accuracy tolerance. To assess the validity of both the theoretical
estimates as well as the numerical construction of the discrete operators we investigate them
in the context of streamer discharge simulations. The theoretical bounds are thus evaluated in
a simpler configuration with analytical solution that nevertheless mimics the spatial structure
found in this kind of problems; whereas the complete and more complex model is considered
to simulate double-headed streamers with photoionization mechanisms, for which we study the
performance and capabilities of various direct and iterative linear solvers.
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1 Introduction

In numerous scientific applications we have to deal with the numerical solution of elliptic PDEs, like
Poisson equations, in order to address the numerical simulation of physical processes. One major
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example is given, for instance, by the so-called projection methods [12, 45], widely investigated, ex-
tended, and implemented in the literature to solve the incompressible Navier-Stokes equations (see,
e.g., [23] and references therein). In other cases, like in the mathematical modeling of streamer dis-
charges we are considering in this work [4, 28], Poisson equations arise naturally from the governing
equations of the physical phenomenon we want to simulate. In either situation the discretization
of Poisson equations may lead to large systems of equations that need to be solved; a task that,
depending on the size of the problem and the order and complexity of the numerical schemes, can
easily become cumbersome in both CPU time and memory.

Even though many dedicated software packages are available in the literature to solve this kind
of problems, supplementary work proves to be necessary to ease the corresponding computational
efforts which can in many situations become very limiting or even prohibitive to perform compu-
tations. In this context grid adaptation for problems disclosing localized fronts (see, e.g., [7, 6])
is specifically designed to yield high data compression and therefore important savings in com-
putational costs. Among the many adaptive meshing techniques developed in the literature, we
consider in this work adaptive multiresolution schemes based on [24], namely the multiresolution
finite volume scheme introduced in [16]. Besides the inherent advantages of grid adaptation, mul-
tiresolution techniques rely on biorthogonal wavelet decomposition [15], and thus offer a rigorous
mathematical framework for adaptive meshing schemes [13, 35]. In this way not only approxima-
tion errors coming from grid adaptation can be tracked, but general and robust techniques can be
built since the wavelet decomposition is independent of any physical particularity of the problem,
and accounts only for the spatial arrangement of the discrete variables. Adaptive multiresolution
schemes have been successfully implemented for the simulation of compressible fluids modeled by
Euler or Navier-Stokes equations (see, e.g., [36, 10, 17] and references therein), as well as for the
numerical solution of parabolic [42, 11] and stiff parabolic PDEs [21, 20].

Having a set of equations discretized on an adapted grid, a critical aspect throughout the prac-
tical implementation has to do with the way of working with non-uniform discretizations, especially
for elliptic operators that act simultaneously on the whole domain. In the context of embedded
structured grids with a given number of grid-levels, a particular attention must be addressed to
the inter-grid interfaces in order to consistently define the discrete operations there. Otherwise
potential mismatches may lead to substantial differences in the numerical approximations as well
as loss of conservation (see [1] for a detailed discussion). The most common way to handle a set of
adapted grids consists in solving the discrete systems level-wise, that is, considering one grid-level at
a time combined with inter-level operations to synchronize shared interfaces at different grid-levels
as well as overlapped regions. In this way the main idea is to perform successive computations
over partial regions of the whole domain at a uniform mesh resolution, until the problem is entirely
solved on the adapted grid. Some examples can be found, for instance, in [1, 46, 33, 32, 44]. Such
a level-wise approach requires then a sufficiently accurate resolution at coarser levels since they
successively define the boundary conditions for finer grids inside the computational domain. For
intensive computations, iterative linear solvers based on geometric multigrid schemes are usually
implemented, taking also advantage of the multi-mesh representation of the problem [1, 46, 32].

In this paper we consider the numerical solution of Poisson equations on adapted grids generated
by multiresolution analysis. Even though other adaptive wavelet methods were already considered
for elliptic problems (for instance, in [48] in conjunction with geometric multigrid schemes), as far as
we know this is not the case for multiresolution schemes. The mathematical framework of numerical
decomposition on wavelet bases allows us to investigate the influence of data compression on the
accuracy of the approximations obtained on this type of adapted meshes; in particular theoretical
bounds are derived. Our theoretical study is restricted to the specific case of multiresolution finite
volume schemes and Poisson equation, while more details on adaptive wavelet methods for general
elliptic equations can be found in [14]. Instead of solving the discrete equations level-wise through-
out the set of embedded grids, we have conceived a numerical procedure to represent the elliptic
operators discretized directly on the adapted grid. The algorithm relies on a local reconstruc-
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tion of uniform-grid zones at inter-level interfaces by means of multiresolution operations between
consecutive grid-levels that guarantee the conservation and accuracy properties of multiresolution
schemes. This is a general approach that not only yields a compact representation of the problem
thanks to grid adaptation, but also results in a separate algebraic system, completely independent
of any consideration related to the adaptive meshing scheme or its corresponding data structure.
The resulting discrete systems can thus be solved at once over the whole computational domain
by considering an appropriate linear solver. Here we focus our attention on Poisson equations,
however the present technique remains valid for more general elliptic PDEs, like Poisson equations
with non-uniform coefficients, and it could be implemented as well for parabolic PDEs.

In order to investigate the theoretical insights derived in the framework of multiresolution ap-
proximations and to validate the numerical construction of the discrete operators, we carry out some
numerical computations in the context of streamer discharge simulations. Streamer discharges are
highly nonlinear ionization waves [41], at the basis of the filamentary structure of discharges at
atmospheric pressure. These ionizing waves occur as a consequence of the high electric field in-
duced by the fast variations of the net charge density ahead of an electron avalanche with large
amplification. The detailed physics of these discharges reveals an important time-space multi-scale
character [47, 22]. Specifically a large variation of space scales needs to be taken into account
since the Debye length at atmospheric pressure can be as small as a few micrometers, while the
inter-electrode gaps, where discharges propagate, are usually of the order of a few centimeters. Grid
adaptation is therefore highly desirable and were already considered for streamer simulations, for
instance, in [33, 40, 47, 19]; where in particular the elliptic operator was directly discretized on the
non-uniform grid in [47] in a different context for an asynchronous time integration scheme. In this
work we consider first a simplified model with analytical solution that retains the spatial character-
istics of the complete model, to thoroughly assess the theoretical bounds. A more realistic model
of double-headed streamers with photoionization mechanisms is then studied. Finally, we present
a study on the numerical performance of some software packages available in the literature to solve
linear systems, paying a particular attention to algebraic multigrid solvers. In this way this paper
aims at describing the different aspects related to the numerical solution of Poisson equations on
multiresolution grids, from its mathematical description to its effective numerical implementation
along with additional theoretical and practical considerations.

The paper is organized as follows; we present the main theoretical principles of multiresolution
analysis in Section 2, to then consider the specific case of Poisson equations on multiresolution grids.
In Section 3 we recall some of the key aspects of the multiresolution technique considered in this work
and developed in [18, 21]. We then describe the numerical procedure conceived to represent elliptic
operators on multiresolution grids. Numerical results coming from streamer discharge simulations
are investigated in Section 4, where we conclude with a performance study of some dedicated linear
solvers available in the literature.

2 Multiresolution analysis and Poisson equation

Let us briefly recall the general framework of biorthogonal wavelet bases and multiresolution anal-
ysis. A mathematical description of the solution of Poisson equations on multiresolution grids
will be then presented and discussed. More details on wavelet decomposition and multiresolution
techniques for grid adaptation can be found in [13, 35].

2.1 Biorthogonal wavelet decomposition

Let us consider an open domain 2 C R?, and two sequences of nested subspaces of L?(9):

ij - ‘/j+17 ‘7; C ‘7}-"—17 ] S NOa (1)
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such that ey, Vi = UjeNoNf/j = L?(Q). For each pair of subspaces we introduce the sets of scaling

functions: (¢ r)rea, and (@) r)rea,, A; C Z%, with compact supports of diameter proportional to
277 and with the biorthogonal property:

<¢j,k7 aj,k’> = 5]43,]6’7 k? kl S Aja ] € N07 (2)

where the second subscript k indicates the localization 277k of ¢; ;. (resp., 53,’ ) within the subspace
V; (rvesp., V;). For agiven f € L?(£2), we can then define the following projector P; onto V; C L?(Q):

Pif = Z (fy D) Bk (3)

keA;

It can thus be seen that the base (¢ r)rea,, together with (3), defines an approximation space V; of
resolution 277 in L2(2). The same follows for (¢ x)xe A, and V;, considering the adjoint projector
15j onto ‘N/J

Based on the definition of (¢4, $;1), we can construct a pair of biorthogonal wavelets: v,
and Jj,k, with the pairwise biorthogonality property:

<wj,k7{[;j’,k'> = 5(j,k),(j’,k/)7 kak/ € Aj? jajl € NO7 (4)

such that _ _
(Dj ks Vjkr) = (Djiks Yjpr) = 0. (5)

The pairs (¢;k, k) and (gj,k,'{/;j,k) are usually known as, respectively, the primal and the dual
scaling function and wavelet. The nestedness of the approximation spaces (1) involves that

P;Pj,,=P;, PP, =P, (6)

and we can thus define the projection

Qjf =(Piy1—P)f = Z (s 05.0)0) k5 (7)
k)EAJ‘
onto the complement space W; = V;1 N I7jJ-, known as the wavelet space, spanned by the base

(¥j,k)ken,. Projector Q; = Pj41 — Pjonto W; = V1 N Vit is similarly defined.

The projection P;f, defined in (3), resolves function f up to the scale 277, while finer details
are discarded. For two successive spaces: V;41 and V}, the representation at scale 2—(+1). Piif,
can be thus reconstructed from a coarser one at 277: P; f, by adding according to (7) the omitted
information when going from a coarse to a finer scale: ();f. Iterating from a given J > 0 induces
then the following multi-scale representation:

J—-1

Pif =Py af+[Pif—Prafl=...=Rf+Y Qif, (8)
j=0
which similarly leads to the following wavelet decomposition of L2(£2):

f=PRf+Y> Qif. 9)

=0
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2.2 Multiresolution analysis

Following the multiresolution finite volume scheme of [16], let us build a set of nested dyadic grids
over Q C RY. With the abbreviated notation: Q. := €2, we consider regular disjoint partitions
(£2,)~es, of € such that Uwesj Qy,=9Q,for j=0,1,...,J. Since each Q,, v € 5}, is in general the
union of a finite number of cells Q,, u € Sj11, (2¢ cells in the dyadic case) the sets S; and Sji1
represent consecutive embedded grids over Q. We thus denote |y| := j if v € S, while subscript
k € Aj corresponds to the position of the cell within S;. For instance, in Cartesian coordinates we
consider the univariate dyadic intervals in R:

Q= Q1 =277k, 279 (k+ 1), vy € S; :={(4,k) s.t. € (0,1,...,J), k € Z}, (10)

and the same follows for higher dimensions.
Defining the dual scaling function ¢, in (3) as

6 =12, xa,, (11)

we denote f; := (f,)es;, with f, = (f, $7>, as the spatial representation of f(x), * € , on
the grid Sj. Notice that f, is no other than the cell-average of f : @ — L?*(Q) in €., scaled by
|2, ; f; is hence equivalent to a finite volume representation of resolution 277 of f. For consecutive
grid-levels the following representations of fjy1 := Pj41f € Vj41 are thus perfectly equivalent,

fj+1 = Z fu¢u = Z f'y¢'y+ Z d'ywm (12)

[pu|=7+1 [v|=yj [v|=yj

following (7), where the set of details: (dy)qes,, dy := (f, JA,), gathers the wavelet coefficients in
the wavelet space W;.

Now, for a given scaling function ¢y at level j: |A| = j, applying (~,5,\> term-wise to (12) and
considering the biorthogonality properties (2) and (5) yield

D b dr) = i (13)

lul=IAl+1

and we can hence define a fine-to-coarse operation given by

x= |Q/\|_1 Z ‘Qu|fuv (14)

|l=I A1+ 1,2, C2x

as an immediate consequence of (11) into (13). Similarly, by applying (-, %\} term-wise to (12), this
time with |A\| = j 4+ 1, a coarse-to-fine operation can be defined by evaluating

=Y Kiowed+ D, dyy.on), N=hl+1, (15)
Y NE\#D 2 NEN#£D
where X, = supp{/;,y. Data between consecutive levels are thus uniquely related by inter-grid

operations, (14) and (15), where the coefficients, known as masks, do not depend on data but only
on the definition of the compactly supported wavelets and scaling functions.
Following [14], we can equivalently construct the details as

dy = (f, ) = fu = Fus (16)

with
fu = Z fw<¢m¢u> = Z Bltﬁf“w ‘:u| = |'7| +1, (17)

YN, AL YER1 (1)
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for a set of coefficients (8,,~)ver,(u) and Ry(p) == {y s.t.(|y] = [u[ = 1A 2, N X, # @)}, such that

=12 >l (18)

Il =1714+1,92,CQy

as a result of applying the fine-to-coarse operation (14) to (15). The latter procedure amounts to
define a box wavelet 1, of order j3, resulting from the combination of B-splines of order 1 defined
by the dual scaling function (11):

Ju = (Zu - Z BM;}/(E’W (19)

YERI(1)

after introducing (11) and (17) into (16). Hence, J?u is an approximation of order § to f, in (17)
based on the values f,, |7| = |u| — 1, contained in a stencil R;(p) around €,,.

From (12), a one-to-one correspondence is obtained between f;;, and f;, by additionally con-
sidering the wavelet coefficients (d,)yes;; and the same holds for the multi-scale representation
(8) that considers fo and the sets (dy)yes,,, j' = 0,...,7, to obtain f; ;. However, based on the
construction (16) we consider instead the array dj 1 = (d,)uev,,,, where the set V 1 C Sj11
is obtained by removing for each v € S;, one p € Sj41 such that ,, C ,. In this way we keep
the one-to-one correspondence taking into account that the details involve the additional relation:
> lul=lr+1,0,co, u =0, according to (18) and (16). We can thus write that

fii1 — (£,dj41), (20)

and by iterating this decomposition, we finally obtain a multi-scale representation of f; in terms of
mjy = (f07d1;d27 e 7dJ):
M : fJ — mpy, (21)

and similarly, its inverse M1,

Given a set of indices A C V7, where V7 := Uj:o V; with Vg := Sy, we define a thresholding
operator T, that leaves unchanged the components dy of m; if A € A, and replaces it by 0,
otherwise. Defining the level-dependent threshold values (€g, €1, ..., €7), the set A is hence given by

AeAif ||d)\||Lp > €[N (22)

Applying T on the multi-scale decomposition m ; of £f; amounts then to building the multiresolution
approximation Apf; of f;, where the operator A, is given by

Ap = MTITAM, (23)

in which all details of a certain level of regularity have been discarded.

2.3 Multiresolution error estimate

Taking into account the wavelet decomposition (9),

F=22 > (fonn, (24)

J=—1|\=j

where ¥_1 1, 1= ¢o, and J_l,k = 507;“ we can construct the array Wy, |A| < J, that corresponds
to the primal wavelets 15 cell-averaged at level J, i.e., Wy := ((¢x, #)) es,. Based on [16], we
define the following normalized ¢?-norm:

IE505 =27 > (£ (25)

AES s
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which corresponds to the L2-norm of a piecewise constant function. For compactly supported
wavelets, there is a constant C' > 0 such that

[T sall2 < Cllpallpe < C274M/2) (26)

and for the multiresolution approximation, we have that

sl <CY ldalF27M =C > |ldal7.27 Y, (27)
AEA ldxll 2 <e|x|

1£7 — Axfs]]3 = [|dr® 5

since only some of the component of f; — A, f; are non-zero, namely those corresponding to discarded
details, and hence the approximation error is bounded by their sum. Considering a level-wise
threshold parameter: €; := 24/2¢, the next bound follows (where #(-) returns the cardinality of a
set):

If7 — Anfs]|2 < CH#(V7)e® = C#(S5)e < 02772, (28)

with the cautious assumption that [|dy| 1> = €5 for all dy such that A ¢ A, even though they might
be much smaller than €|y, as well as for the remaining components of f; — Axf;, even though they
are zero. Choosing € := 2=%/2pn then yields

If7 — Aafsll2 < Cnur, (29)
with the level-dependent threshold values:
¢ =21 D2pyp, G=0,1,...,J (30)

Bound (29) is similarly shown in [16] for both a uniform and ¢! norms.

2.4 Poisson equation on multiresolution grids

Given V € H?(Q) and f € L*(Q) that verify the following Poisson equation:
RV =" (31)

with & € €2, we have that ~ _
fr = (£, 03))yess = {02V, d4))ves, (32)

Considering that £f; € R™, n = #(S), and the space of square matrices of size n: M, (R), let us
introduce an operator A € M,,(R) such that following (32),

f; = AV, + O ([diam(Q, |yes,)]%) , (33)

with V; := ((V, (E-Y)),yng € R™. Notice that this operator A is no other than a spatial discretization
of the Laplace operator. It is therefore a positive definite, and hence non-singular matrix assuming
appropriate boundary conditions at @ € 9 for the Poisson equation (31). In particular following
(33), the unique solution V4 € R™ of system AV, = f; is an approximation of order a to V.
Within this framework, the next theorem can be proved.

Theorem 1. Let A be a positive definite matriz in M., (R) that verifies (33), and £5 := Axf;. For
Ve e R"” such that AV = {5, there is a constant ¢ > 0 for which

IV =Vllz <c((Az)" + nur) , (34)
where Az := diam(Q,|,es,).

Proof. Proof follows straightforwardly by considering system Ax = b with x = V¢ -V, and
b = f5 — {9, together with (33) and bound (29). O
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Given a spatial discretization of order «, the exact solution V; of the Poisson equation can
be therefore approximated according to a prescribed tolerance mygr, even if the multiresolution
analysis acts on the right-hand side function. In particular it follows that the exact solution V4 of
the discrete Poisson equation AV, = f; is approximated by V¢ in the same way f$ does for f;:

[Va— V2 < Cnur. (35)

Notice however that in a practical implementation the Laplacian will be discretized on an adapted
grid, and hence we will not be solving system AV = f5. However the next corollary establishes a
necessary condition to guarantee the same numerical behavior described in Theorem 1.

Corollary 1. Let A bea positive definite matriz in M, (R) such that for any x € R™,
(A = A)x]2 < Criug. (36)
For V€ R™ such that AV = £, there is a constant ¢ > 0 for which
IV = Vyllz < e ((Ax)* + mr) - (37)

Operator A corresponds to the Laplacian discretized on an adapted grid and projected onto
the S;-grid. By applying the multiresolution analysis on the right-hand side function, and solving
the discrete Poisson equation on the corresponding adapted grid, we obtain a solution V that also
verifies

[Va— V|2 < Chur, (38)

as long as (36) is valid. Even though condition (36) seems to be quite strong, in practice we are only
interested in the set of arrays x € R™ that reasonably approximate the solution V of a given Poisson
equation (31). In this case property (36) is very likely satisfied and perhaps even overestimated,
since A has been built based on the less regular function f, with respect to the actual solution V.

3 Numerical implementation

We describe in this section the numerical technique conceived to construct a Poisson solver within
the present multiresolution framework. We consider the multiresolution implementation presented
in [21]; for the sake of completeness some key aspects of this particular implementation will be first
recalled, while more details and references can be found in [18].

3.1 Construction of multiresolution grids

The adapted grid is composed of a set of nested dyadic grids: S;, j =0,1,...,J, from the coarsest
to the finest, generated by refining recursively a given cell, depending on the local regularity of
the function f in the Poisson equation (31). These grids are implemented in a multi-dimensional
and Cartesian finite volume framework. Data compression is achieved by discarding the cells whose
details are not in A according to (22). However, a graded tree A, is considered in practice, instead
of A, because a certain data structure must be respected in order to carry out the multiresolution
transform M in (21) (see [16] for more details). Notice that A C A, and error estimates like (29)
follows straightforwardly with A, _ instead of Ax. Nevertheless, for the ease of reading we will keep
the notation A in the following to refer to a graded tree.

A graded tree-structure is used to represent data in the computer memory (see also [42]). Re-
calling the standard tree-structure terminology: if €, C Q. with |u| = |y| + 1, we say that §,, is a
child of €2, and that Q. is the parent of ,,. We thus define the leaves L(A) of a tree A as the set of
cells 2y, A € L(A), such that Q) has no children in A. The sets V;, j =0,1,...,J, are distributed
in Ng graded trees A,, r =1,..., N, where Ng := NryNry/NRr:, and Nrg, Nry, and Ng, stand
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for the number of graded trees or roots per direction. Denoting by R(A,) the set that contains the
graded tree A, plus the missing cells 2, in the construction of sets V;, we similarly have that grid
indices S;, j = 0,1,...,J, are distributed in Ng sets R(A;). The adapted grid is thus given by
sets L(A,.), r = 1,..., Ng, with a total number of cells: Np, = Eivjl (L(A,)). If no adaptation is
required: max Ny, = #(S;) = Nr,Nry, Nr.2%7, that is, the size of the finest grid. Ghost cells called
phantoms are added to the adapted grid at level interfaces, in order to always compute numerical
fluxes at the highest grid-level between two neighboring cells [42].

Input parameters for the multiresolution implementation are: the maximum grid-level J, cor-
responding to the finest spatial discretization; the number of roots per direction Nry, Nry, and
Ng.; and the threshold parameter nyg, which defines the numerical accuracy of the compressed
representations following (29).

3.2 Construction of the discrete Laplace operator
Introducing the set Ir, := {1,2,..., N,} C Z, we define a bijective function h : D(h) — Iy, with

Nr

D(n) == | L(A,). (39)

r=1

The set O := (Q)n(n)er, corresponds then to the adapted grid, defined by the leaves of the
tree representation. Taking into account the finite volume framework defined by the dual scaling
function ¢, in (11), let us consider for a given function u(xz) € H?(), and for each v such that
~v € D(h), the following numerical approximation:

<8§u, $v> = |Qv|_1 Z Tyl Fy e+ O ([diam(Q4]%), v € D(h), (40)
I

where the sum is made over all u # v such that the interface I, ,, :== Q, N Q,, is not trivial, and
F., ,, accounts for the flux across each interface. Moreover, we can represent the flux computations
by

|Qv|_1|1—‘%#|qu: Z Qg AUNS (41)
AERF(v)

where the stencil Rp(y) C S}, and the set of coefficients (cy x)rcr,(y) set the order o of the
approximation. If the same scheme is considered throughout a given S;, then for any u # «
such that [y| = |u| = j, the set of coefficients (cvy,x)xerp(y) and (ux)reRrp () are constant and
component-wise equals.

The discrete Laplacian A = (a; )i ker, on a uniform grid Sy, #(S;) = Ny, is hence computed
by setting for each i € Ir,, v = h™1(i),

Ah(y).h(x) = Qyn, YA€ Re(y), (42)

and
Ah(~),k = 0, Vk € 1y, s.t. hil(k) ¢ RF(’}/). (43)

The finite volume flux representation (41) establishes that for a given interface I'; ,,, the following
conservation property is verified: F, , + F,, = 0. Computing the flux F, , for €, amounts to
evaluate also F), , for the neighboring cell €2,,. Let us denote Fj‘ ., as the right flux for 2, and F,
as the left flux for Q,,, along the normal direction to I', . Similarly, R} (v) stands for the stencil
required to compute Fj > and naturally Ry (u) = Rj(7). Fluxes can therefore be computed only
once at each interface and the same property is exploited to save computations while constructing

operator A: for each i € Ip,, v = h™1(i),

Ah(y).h(x) = Qyns YA€ RE(Y), (44)
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instead of (42), and
Ah(uyh(N) = —h(y)(n), Sy NQu # D,YX € RE(7). (45)

The sparsity of the resulting matrix depends directly on the stencil R;(~), related to the flux
computation scheme, while the computational complexity of the procedure is of O(#(S)).

We are nevertheless interested in building the Laplacian A = (@ik)iker, represented on a
multiresolution adapted grid, meaning that Ny, < #(S). The principle is the same, as we construct
A by computing its elements following (43), (44), and (45), with a; i, instead of a; ;. Notice that
for a given 7 such that |y| = j, all fluxes are computed at the same grid S; in (41). In the case
of adapted grids, the latter involves that fluxes are computed on a locally uniform grid defined
by Rr(v). Ghost cells are thus locally introduced so that for a given v all cells A # « such that
A € Rp(y) are available. Given an adapted tree A, let us denote by P(A,) the set of phantoms
related to the tree A,; that is, all cells with index A such that for every leaf 2, in O1,, A € Rp(y) but
A ¢ R(A,). Notice that by construction a phantom is always a child of a leaf. The variable values
on these ghost cells are then computed based on the cells contained in the adapted representation
R(A;). Using the inter-level operation (17), variables at phantoms are defined by

Uy = Z Bty (46)

[u|=|yI+1,v€R1 (1)

where the stencil Ry(u) C Sj,—1 and the coefficients (8,,,)yer, () are defined by the 3 vanishing
moments of the compactly supported dual wavelet. In practice (46) corresponds to a polynomial
interpolation of order 8 with the particular property that the inter-level operation (14) is verified
[16]:
Uy = ‘Q'y|_1 Z ||t (47)
lel=]71+1,92,CQy
Recalling that a phantom stands at the place of a discarded cell, whose detail was computed based
on the same inter-level operations, we have that %, involves an approximation error of O(e,),
according to (16), and the multiresolution error framework remains perfectly valid. Moreover, this
construction guarantees a consistent and conservative representation at inter-grid interfaces.
To summarize, given a certain leaf ), for each A such that A € Rp(y), there are three possibil-
ities:

1. Cell Q) is a leaf and thus belongs to the adapted grid, i.e.,

re (J L) (48)

r=1

2. Cell Q) is a phantom, i.e.,
Ngr

re Py (49)

r=1

3. Cell Q) belongs to the set of adapted grids but it is not a leaf, i.e.,

Ngr Ngr
e [ JRA)ANE LA, (50)

r=1

Operator A is then a matrix in M, (R), n = Np, with N;, much smaller than #(S;), whose
coefficients (@; ) ker, are computed following (43)—(45) with @; 5 instead of a; j, whenever (48) is
verified, together with the coefficients defined by the inter-level operation (46) (resp., (14)) when



POISSON EQUATION ON ADAPTIVE MULTIRESOLUTION GRID 11

(49) (resp., (50)) is verified. Additionally, if a leaf Q2 shares an interface I', , with a leaf of higher
resolution, coefficients ay(,) are defined considering the weighted sum (47) of the coefficients
computed for the corresponding phantoms, children of €., at I', ,. The latter is equivalent to
saying that at inter-level interfaces the matrix coefficients are always evaluated at the highest
resolution. For the sake of completeness, the complete scheme to construct the discrete Laplacian is
detailed in Appendix A. The algorithm, with computational complexity O(Ny,), considers several
multiplications and combinations of constant coefficients, based on the ideas previously exposed,
in such a way that we solve for the variables defined only on the adapted grid (the leaves) but
strongly coupling inter-grid relationships. In practice operator A is stored using a standard CSR
(Compressed Sparse Row) format for sparse matrices.

4 Streamer discharge simulations

Classical fluid model for streamers in air at atmospheric pressure is given by drift-diffusion equations
consistently coupled with a Poisson equation [4, 28]:

Oine + O - (ne 'Ue) — Oy - (De amne) = Neli — ne(Va2 + Va?)) - nenpﬁep + nny + Sph7
(9t’flp + Oy - (’/lp'Up) — Op - (Dp aa;np) = Neli — nenpﬁep - nnnpﬂnp + Sph7 (51)
8tnn + am : (nnvn) - am : (Dn 8:Enn) = ne(Va2 + VaS) - nnnpﬁnp — Nn7,

€0 am -E = _Qe(np — Npn — ne)a E=- m¢7 (52)

where € R?, n; is the density of charged species i (e: electrons, p: positive ions, n: negative ions), ¢
and F stand, respectively, for the electric potential and field, and v; = p; E is the drift velocity. We
denote by D; and p; the diffusion coefficient and the mobility of charged species i, ¢, is the absolute
value of the electron charge, and g¢ is the permittivity of free space. Moreover, v; is the impact
ionization coefficient, v, and v,3 are the two-body and three-body electron attachment coefficients,
Bep and Byp are, respectively, the electron-positive ion and negative—positive ion recombination
coefficients, and + is the detachment coefficient. All these coefficients depend on the local reduced
electric field E/N,, and thus vary in time and space, where E = | E] is the electric field magnitude,
and N, is the air neutral density. For test studies presented in this paper, the transport parameters
for air are taken from [34]; detachment and attachment coefficients, respectively, from [5, 27]; and
other reaction rates, also from [34]. Diffusion coefficients for ions are derived from mobilities using
classical Einstein relations.

For positive streamers a sufficient number of seed-electrons needs to be present in front of the
streamer head as the direction of electron motion is opposed to the streamer propagation (see [9]
and references therein). Photoionization is in general an accepted mechanism to produce such seed-
electrons in nitrogen-oxygen mixtures; it is therefore introduced into the drift-diffusion system (51)
as a source term, Spp, that needs to be evaluated in general at each timestep for all points of the
computational domain. Computation of Spy is detailed in Appendix B, which requires the iterative
solution of six elliptic equations given by (58), with boundary conditions (59). Iterating three times
amounts then to solve 18 Poisson-like equations.

In what follows we will first assess the theoretical validity of the mathematical description
conducted in §2.4 and the numerical implementation described in §3.2, for the numerical solution
of Poisson equations on multiresolution adapted grids. This study will be conducted on a simplified
model, with known analytical solution, that mimics the spatial configuration typically found in
streamer discharges. In a second part we will present double-headed streamer simulations, modeled
by (51)—(52), for which we will evaluate the performance of different linear solvers implemented to
solve the Poisson equations discretized on multiresolution grids.
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4.1 Numerical validation

We investigate the validity of bound (37) and thus (38); that is, the solution of a Poisson equation
discretized on a multiresolution adapted grid is an approximation of O(nyr) of the exact solution
computed on a uniform grid of equal (finest) resolution, where nygr is the accuracy parameter
used by the multiresolution analysis on the right-hand side of the Poisson equation. Given a set of
constant parameters: a, b, and o, let us consider the exponential function ¢(x), on a two-dimensional
domain ) C R?,

o(x) = g(x) + b = aexp (—|a:|2/02) +b, x=(z,y) e (53)

that verifies the following Poisson equation:

2 4 (|z?
Bolw) = p(@). pla) = — (1 —1)g(x), weq, (54)
with boundary conditions,
d(x) = g(x) +b, x €. (55)

Using a standard, second-order centered scheme, we discretize equation (54) on the region: [—0.5,0.5]
[—0.5,0.5], and consider the set of parameters: a = 10, b = 20, and ¢ = 0.005. The value of o has
been chosen such that function p(x) exhibits similar steep gradients as those found in a developed
streamer head modeled by (51)—(52). Since g(x) decays rapidly toward the boundaries, we consider
Dirichlet boundary conditions in (55): ¢(x) = b, whereas symmetric boundary conditions are taken
at y = 0, in order to consider only half of the computational domain: [—0.5,0.5] x [0, 0.5].

Figure 1 shows normalized L?-errors between the analytical solution (53) and the numerical
solution of the Poisson equation (54) discretized on an adapted grid, obtained with several threshold
values nvr. The resulting linear systems were solved using MUMPS [3, 2], a direct linear system
solver. The finest spatial discretization is denoted by Az, and it is set by the choice of the maximum
level J in the multiresolution analysis and the number of roots per direction: Ng, and Ngr,. In
this case, Az = 1/(Ng,2”7), with J =5,6,...,13, Ng, = 10, and Ng, = 5. For streamer discharge
simulations an accurate resolution of the electric field, E = —0,¢, is essential for good physical
descriptions. Therefore we have also computed E with a second order, centered approximation,
and compared it against its analytical counterpart: E = 2z g(x)/o?. In both cases, for ¢ and
E., the numerical errors behave like a second order spatial approximation even if the solutions
are computed on an adapted grid, especially for relatively coarse discretizations or sufficiently
fine multiresolution threshold values. For finer resolutions, the numerical errors coming from the
adaptive multiresolution become more dominant, and the numerical errors are effectively bounded
by the threshold parameter nyg. Bounds (37) and (38) prove then to describe accurately the
behavior of the numerical approximations when solving a Poisson equation on a multiresolution
adapted grid.

These tests allow us also to verify that the discrete Laplacian is consistently constructed, fol-
lowing the procedure established in §3.2, and correctly implemented in practice. The matrix rep-
resentation A is shown in Figure 2(a). Notice that matrix A cannot be symmetric, unless no grid
adaptation is performed. However Aisin general quasi-symmetric; for instance, for this particular
problem approximately 89 % of symmetry is retrieved in terms of non-zero elements of the matrix.
Figure 2(b) illustrates the computational complexity of the matrix construction, which behaves like
O(Ny,). The different measures were obtained performing several computations with different finest
grid-levels J € [9,...,13], and multiresolution parameters nyr € [1072,...,1077]. We have also
indicated in Figure 2(b) the CPU times to solve the resulting linear system with MUMPS, as well
as with an algebraic multigrid solver: AGMG [38, 37, 39] (with tolerances set to 10~?), which also
have computational complexity of O(Np). Finally, we have also verified that building the matrix
representation behaves the same way for the more complex streamer configuration presented in the
following.
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Figure 1: L%-errors between analytical and numerical solutions ¢ of Poisson equation (54) (a) and
component E, of E = —9,¢ (b), for several threshold values nyg.
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Figure 2: Matrix construction and solution: (a) discrete Laplacian A on a multiresolution grid; and

(b) CPU times to build A and solve the corresponding linear systems for several numbers of cells
(slopes of data fits are indicated).

4.2 Performance of linear solvers

We present in what follows a brief study on the performance of several software packages currently
available in the literature to solve linear systems of general type: Ax = b, stemmed in our case
from the discretization of a Poisson equation on a multiresolution adapted grid. Two groups of
linear solvers were considered: direct and iterative solvers. Direct methods to solve sparse linear
systems of type Ax = b, involves in general two separate phases: 1) factorization of the system
matrix A, and 2) solution by forward elimination followed by backward substitution to obtain the
solution for a given right-hand side b. Main advantages of direct methods are their generality and
robustness. Furthermore, direct methods provide an efficient way to solve multiple systems sharing
the same system matrix A, but different right-hand sides b, since the most expensive phase, the
factorization, needs to be computed only once. On the other hand the main limitation of direct
methods is the amount of memory required to store the factorization matrices that may have many
(10-100 times) more elements than the original matrix, and may become constraining for large
two-dimensional problems and even prohibitive for three-dimensional configurations.
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The need of iterative solvers then naturally arises as they exhibit relatively modest memory
requirements. However the choice of appropriate algorithms, as well as a fine-tuning of solver
parameters to particular linear systems are essential for a satisfactory performance. The number of
iterations may also be substantially decreased with a good initial guess of the solution. This feature
is somehow exploited in time evolving problems, such as the streamer propagation presented in
this paper, because the previous solution may serve well as an initial guess for the current time
step. Additionally, in our case the system matrix A changes practically every time step due to
grid adaptation, iterative solvers are hence favored over direct ones which would require costly
factorizations of A at each time step. A promising class of iterative methods are multigrid solvers
capable to solve sparse linear system of size N with a computational complexity of O(N). In
particular algebraic multigrid methods (AMG) do not require an explicit grid geometry and work
directly on matrix entries. They are therefore well-suited to our purposes since system Ax =
b, coming form a discrete Poisson equation on a multiresolution grid, has completely lost any
reminiscence of its original geometric layout.

4.2.1 Test configuration

Let us consider the propagation of a double-headed streamer at atmospheric pressure. In this
configuration positive and negative streamers emerge from an initial germ of charged species. Drift-
diffusion equations (51) together with Poisson equation (52) are solved following the time-space
adaptive scheme introduced in [19]. The latter is based on a decoupled numerical solution of
(51) and (52) in such a way that each problem is solved separately by a dedicated solver. Both
numerical approximations are assembled according to a second order scheme in time. The latter
also considers a time-stepping procedure with error control such that a prescribed accuracy nr is
attained. Variables are represented at cell centers, except for the electric field and the velocities
which are staggered, while the entire problem is solved on an adapted grid dynamically obtained by
multiresolution analysis. This numerical technique with the present Laplacian representation was
successfully considered in [8] for the study and simulation of interacting streamers.

Numerical simulations in the present study were carried out for a space-time accuracy tolerance
of nur = nr = 107%, with a space resolution of 3.9 um, corresponding to a finest grid level:
J =8, with N, = 10, and Ngy, = 3. This set of parameters guarantees a sufliciently fine, time-
space representation of the physics, and numerical results disclosing practically the same behavior
with higher spatial resolutions and tighter accuracy tolerances. The computational domain is
given by [—0.5,0.5] x [0,0.3] cmm, in a Cartesian configuration. A homogeneous electric field E =
(48.0,0) kV/cm is introduced via Dirichlet boundary conditions for the Poisson equation at z =
+0.5 cm, whilst Neumann boundary conditions are applied at y = 0.3cm. A plane of symmetry
is imposed at y = 0, thus only one half of the streamer is actually simulated. The double-headed
streamer is initiated by placing a Gaussian plasma cloud so that the initial conditions for the
transport equations (51) are given by

np(x,0) = ne(x, 0) = Nmax €Xp (—|w|2/02) + Nope,  Mn(z,0) = Non, (56)

with o = 0.02 cm, nyay = 102 em ™2, and a small homogeneous pre-ionization background of ng, e =
5x 107 cm™ and ng, = 10"*em™3. All tests were conducted starting from the same solution
at 3.0ns, when the double-headed streamer is already well developed, but no interference with the
boundaries is evidenced. The electron density, the net charge species density: n¢, = np — ny — ne,
the magnitude of the electric field, and the levels of the adapted grid for the double-headed streamer
at 3.0ns are presented in Figure 3. The total number of cells is of 197784, distributed over five
grid-levels from a resolution of 62.5 um at level j = 4, up to 3.9 um at J = 8; a data compression
of about 10 % is thus achieved with respect to a uniform grid with the finest spatial resolution.
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Figure 3: Double-headed streamer at 3.0ns: (a) electron density, ne; (b) net charged-species density,
nen; (¢) magnitude of the electric field, £ = |E|; and (d) grid-levels of the adapted mesh. Only
part of the computational domain is shown.

4.2.2 Analysis of results

We have considered both direct and iterative solvers, readily available in various software packages;
some of the main characteristics of each one of them are described in Appendix C. Most of present
day linear solvers are developed with a special attention on enhanced parallel capabilities. Never-
theless, thanks to significant data compression achieved by multiresolution adaptation, the linear
systems under consideration have typically about 10° unknowns with approximately 10® non-zero
elements in the system matrix; therefore to simplify our study we have focused our attention on
sequential performance of these solvers. We have performed the numerical experiments on anila,
a two-processor computer installed at Masaryk University. Each processor is an Intel Xeon CPU
E5410 @ 2.33GHz with a total available computer memory of 24 GB. The computer runs on a 64-bit
version of Fedora 18 GNU/Linux system. All codes with the various linear solvers were compiled
using compilers from GCC (version 4.7.2). Memory requirements of each solver were obtained by
tracing the memory profiles of running programs with top command, executed in batch mode with
a delay-time interval set to 0.01s. In order to discriminate memory requirements for the linear
solvers from the overall program memory usage, a reference program was executed in which calls
to the solver were replaced by FORTRAN (GNU extension) SLEEP command.

Table 1 gathers computation data obtained with two direct solvers: MUMPS [3] and PASTIX
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Table 1: Direct solvers: CPU computing time, L2-error of ¢ and |E| with respect to solutions
computed with MUMPS, and memory requirements for each solver.

MUMPS Memory: 193 MB
CPU(s) L2-error ¢ L2-error |E|
3.96 0 0
PaStiX Memory: 259 MB
CPU(s) L? error ¢ L? error |E|
5.38 1.84x10~13 1.45x10~ 12

[25], in terms of CPU time and memory usage. The total number of unknowns for the Poisson
equations considered in this problem is given by the number of cells considered, 197784 in this case,
while the discrete Laplacian has 1078534 non-zero entries. In what follows we consider as reference
solution the solution to the Poisson equation (52), ¢, computed with MUMPS. As before we also
analyze the approximation to the electric field: E = —0,¢. Both solvers yield practically the same
solution, while better performances are obtained with MUMPS in terms of both CPU time and
memory for this particular problem. Data for three iterative solvers are presented in Table 2, for
two algebraic multigrid solvers: AGMG [38] and BoomerAMG [26] (contained in the hypre library),
and for GMRES [43], preconditioned with BoomerAMG (also contained in hypre ). In all cases a
fine-tuning of computing parameters have been previously carried out, so that Table 2 includes the
best performances obtained with each of these solvers for this particular problem. A key parameter
for iterative solvers is given by the relative and absolute tolerances, that in particular serve as
stopping criteria to the iterative procedures. In this study we have set both tolerances equal to
an accuracy tolerance, denoted as tol. To improve the numerical performances, the initial guess
corresponds to the solution computed during the previous time step. For tolerances higher or equal
to 107°, convergence is attained right-away with the initial guess for all three solvers. In all cases
better performances are obtained with these iterative solvers with respect to direct ones, even with
very fine accuracy tolerances, tol. Even though GMRES converges in a less number of iterations
for different values of tol, with respect to the algebraic multigrid solvers, it does not yield faster
computations, taking into account that for this problem preconditioning is the most expensive part.
BoomerAMG and GMRES/BoomerAMG therefore involve similar computing times.

Considering the solution obtained with MUMPS as the reference solution, all these iterative
solvers scale well in terms of the accuracy of the approximations, set by the tolerance parameter
tol. Notice that these numerical errors must be taken into account when using iterative solvers, in
particular into bounds (37) and (38). The criterion adopted in this work is that numerical errors
coming from the solution of the linear systems must be smaller than the multiresolution ones, so
that (37) and (38) remain valid. The latter could be enforced by setting in general: tol < nur, while
in this particular case a safer choice might be given by tol < 1073 x nur, according to the values
contained in Table 2. Among the solvers tested in this study, AGMG revealed itself as the most
performing package both in terms of CPU time and memory requirements to solve this particular
problem. However it is important to remark that the overall performance of all these solvers are
clearly problem-dependent. In this regard the hypre library provides a user-friendly and unified
interface to various solution schemes, very appropriate to handle different types of problems.

5 Concluding remarks

In this paper we have presented a brief, yet complete study on the numerical solution of Poisson
equations on adapted grids generated by multiresolution analysis. Recalling some of the the main
theoretical principles that lie beneath biorthogonal wavelet decomposition, we have recast numerical
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Table 2: Iterative solvers: number of iterations (#iter) for relative tolerances: tol = 1075, ... 1074,
CPU computing time, L2-error of ¢ and |E| with respect to solutions computed with MUMPS, and

memory requirements for each solver.

AGMG Memory: 82 MB
tol H#iter CPU(s) L2-error ¢ L2-error |E|
106 3 0.50 1.65x107° 1.40x10~%
107 4 0.55 1.20x107° 2.94%107°
108 8 0.78 1.80x10~¢ 4.20x1076
107° 10 0.89 1.43x10~7 4.10x1077
10—10 14 1.10 2.03x10~8 4.74%x10~8
10~ 11 16 1.21 2.24x1079 7.44%1079
10—12 19 1.38 2.09x10~ 11 9.65x10~ 1
10713 20 1.43 1.28x10~ 11 3.68x10~ 1!
10~14 24 1.64 1.59x10~12 3.86x10712

hypre Boomer AMG Memory: 100 MB
tol #iter CPU(s) L? error ¢ L? error |E|
106 3 1.23 7.36x107% 2.46x103
10-7 6 1.51 1.81x107° 5.99%107°
1078 8 1.71 3.97x1076 1.63x107°
1079 11 1.98 9.56x10~8 7.44%10~7
1010 14 2.27 9.04x107° 9.87x10~8
10~ 11 17 2.55 5.45%10710 5.18x107?
1012 20 2.83 6.24x10~11 1.02x107°
10-138 24 3.21 6.28x10~12 2.58x10~ 11
10~ 27 3.52 4.73%x10718 3.84x10712

hypre BoomerAMG + GMRES Memory: 146 MB
tol #iter CPU(s) L? error ¢ L? error |E|
106 2 1.24 9.09%x107% 2.36x1073
10=7 5 1.57 2.65x107° 1.28x1074
108 8 1.90 1.15x1076 1.49%x107°
1079 10 2.13 6.19%x10~8 8.56x1077
10710 12 2.34 4.32x107° 6.09%x10~8
10~11 14 2.58 5.77x10710 3.33x107°
10~12 15 2.69 3.58x10710 8.20x10~10
10713 17 2.93 3.57x10~ 7.10x10~11
10714 19 3.15 3.13x10712 7.73%x10712

estimates on multiresolution approximations for Poisson equations represented on adapted grids.
On this basis and in order to guarantee the consistency with the multiresolution framework, we have
developed a numerical procedure to represent the discrete Laplace operator on the adapted grid, by
reconstructing locally uniform-grid regions at inter-grid interfaces by means of ghost cells and inter-
level operations. This approach constitutes a new alternative to the standard level-wise, numerical
solution of Poisson equations considered in most of the adaptive mesh refinement techniques in the
literature. In this way the numerical solution of Poisson equations leads to considering a linear
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system, completely independent of the grid generation or any other grid-related data structure or
geometric consideration, while the multiresolution framework guarantees numerical approximations
within an accuracy tolerance, as well as consistency and conservation properties throughout the set
of grids.

To assess the validity of these theoretical and numerical developments, we have investigated
them in the context of the numerical simulation of streamer discharges; a field that involves an
intensive use of Poisson solvers and for which, accurate solutions of Poisson equations are essential
to the correct reproduction of the physics. In a first step we have thoroughly evaluated the theoret-
ical bounds previously derived, in a simpler configuration with analytical solution. Then, a much
more complex and complete model was considered to simulate the propagation of a double-headed
streamer discharge in air at atmospheric pressure. We have thus conducted a study on the perfor-
mance and capabilities of various direct and iterative linear solvers for this problem, that allows us
to further validate the current implementation and serves as well as a guide for other applications.
In particular we have evaluated the potentialities of algebraic multigrid solvers, well-suited to this
kind of implementations with no geometric counterpart.

Further developments include optimizing the numerical construction of the discrete Laplace op-
erators by conceiving, for instance, better data structures; or in the context of time dependent
problems, by updating only the matrix entries modified by the grid adaptation. Taking into ac-
count that in this implementation solving these linear problems becomes a separate aspect from the
multiresolution analysis, parallel computing capabilities may be directly inherited from the soft-
ware packages available in the literature. However, an intelligent conjunction with multiresolution
parallelism must be sought to achieve overall satisfactory results. These issues constitute particular
topics of our current research.
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A Pseudo-code of the algorithm

Computing the multiresolution representation f5 € R", n = Ny, defines an adapted grid given by the
set of leaves: O, = (0x)n(x)er,, of size Np. The algorithm to construct the discrete Laplacian: A€
M, (R), can be schematically described as follows, in a Cartesian framework where interfaces are
given by Fﬁl/: s d =1,...,d. This scheme supports space discretizations and compactly supported
wavelets of arbitrary order.
for i =1— Ni, do
Current leaf: ., s.t. v =h"1(i).
ford =1—ddo
Current neighbor: Q,, s.t. I‘f/’# =0, NQ,.
if 1 € D(h) then {Q, is a leaf, i.e., (48).}
i' = h(p).
for \ € R} (v) do
if A€ D(h) then {Q, is a leaf, i.e., (48).}
k = h(\).
Qi g = Qi+ Qyr-
Qi jp = At ), — Qly -
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else if )\ € UNR P(A,) then {Q, is a phantom, i.e., (49).}
for As.t. A€ R;()\) do
if A\ € D(h) then {Q is a leaf, i.c., (48).}
k= h(\).
Ak = ik + By 50,2
Qi )y = Qir )y — By 30091
else {QA is within the tree, i.e., (50).}
for \ s.t. Q5, C 5 do
if \' € D(h) then {95, is a leaf, i.e., (48).}
k= h(\).
Fde = Zii,k + |QX|71‘QX’|ﬁ>\,XO‘%>\‘
g = Gir e — |17 Q18 50y

else
for \" s.t. Q5, C €y, do
if \ € D(h) then {95, is a leaf, i.c., (48).}
k= h(\").
Qi = ik + Q5710518 300
Ei/Jg = Fdilvk — ‘QX|71|QX”|5A,XO[%>"
else
Continue up to leaves.
end if
end for
end if
end for
end if
end for

else {Q, is within the tree, i.e., (50).}
for \ s.t. Qy C Q) do
if M’ € D(h) then {Q) is a leaf, i.e., (48).}
k= h(\).
@i = Qi + |71 [y 1
@i e = Qi — |7 [y 2
else
Continue up to leaves.
end if
end for
end if
end for
else if p € UNR P(A,) then {Q, is a phantom, i.e., (49).}
for A € R+( ) do
if A € D(h) then {Q, is a leaf, i.e., (48).}
k= h(\).
az k = Ziz K+ oy -
for fis.t. Q, CQ;AQ,NQ; # 2 do
" = h(p).
aigk = ai’,k — |Qﬁ|71|QH|C¥%)\.
end for
else if \ € UiV:Rl P(A,) then {Q, is a phantom, i.e., (49).}
for A s.t. A € Ry()\) do

19
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~

f A€ D(h) then {Qj is a leaf, i.e., (48).}
M)
ai,k: = l,k + ﬁ/\,j\\a'\/,)\-
for is.t. Q, CQ; AQ,NQ; # 2 do
i = ().
Gy e = ik — |Qal 7 QuIB, 50
end for
else {Q5 is within the tree, i.e., (50).}
Continue up to leaves.
end if
end for
else {Q, is within the tree, i.e., (50).}
Continue up to leaves.
end if
end for
else {, is within the tree, i.e., (50).}
for yst. Q5 CQ,AQNQ, # @ do
Current neighbor: Q,/ s.t. £,, C Q, A F%/,u’ =N
Q, is a leaf: i/ = h(y).
for \ € R(7) do
if A € D(h) then {Q, is a leaf, i.e., (48).}
k= h()\)
i = i + Q] 71 Q51051
az’ k= az/ k— Q5 x.
else if \ UNR P(A,) then {Q, is a phantom, i.e., (49).}
for X s.t. A € R()\) do
if A\ € D(h) then {Q is a leaf, i.c., (48).}
k= h(\).
@it = Qi + Q71 Q518, 3a5,1-
Qi g = Qi k — By 504,7-
else {Q5 is within the tree, i.e., (50).}
Continue up to leaves.
end if
end for
else {2, is within the tree, i.e., (50).}
Continue up to leaves.
end if
end for
end for
end if
end for
end for

?T‘
3‘
\_/

B Photoionization model

The photoionization source term, Sy, is evaluated using the three-group SP3 model developed in [9]
with Larsen’s boundary conditions [29, 30]. This model considers N, = 3 effective monochromatic
radiative transfer equations. As no scattering of photons is taken into account and since the time
scale of photon propagation is considered short with respect to the streamer propagation, at each
instant of the streamer simulation the photon distribution function ¥;(x,Q), at position  and
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direction €2, fulfills a radiative transfer equation of the form:

1 »p Vu \ ViNe
Q- 0,V (x, Q)+ A Uz, Q)= ——1 (= 57
Vi (z, ) + A\ipo, Yi(x, ) I p+ g <§V1> e (57)
where { € {1,...,N,} indicates discrete wavelengths, ); is the absorption coefficient, po, is the

partial pressure of molecular oxygen (150 Torr at atmospheric pressure), p is the total pressure,
pq = 30 Torr is the quenching pressure, £ = 0.1 is the photoionization efficiency, v, is the effective
excitation coefficient for Ny states responsible for ionizing radiation, and v; and n. are previously
introduced ionization coefficient and electron density. The term (€1, /1;) is given as a function of
the reduced electric field in [49, 31]. Finally, ¢ stands for the speed of light. Let us emphasize that
monochromatic equations (57) have different absorption coefficients, but they all have the same
source term that depends on the local reduced electric field E/N,, varying therefore in time and
space.

The SP3 approximation of (57) leads to a set of two elliptic equations for functions ¢1 ;(x) and

P2.1(x) [29]: .
)\ P )\ Vu Vine
Rori(w) — L2, (@) = — 2P0 _Pa (5) :
/\2/<12 KT P+ Dpq v; cé (58)
PO Aipo, P Uy \ ViNe
82 7 2 — 2 q _—
R e errd G B

with k10 = (1/7)(3 £24/6/5). Equations (58) are coupled through the boundary condition. On a
boundary surface with neither reflection nor emission, functions ¢1 () and ¢, ;(x) must verify the
following conditions [29, 30]:

Ozxd1,1() - ns = —Npo, 101 ,1(x) — Nipo, P22, (), }
Ox2,1(x) - Mg = —Nipo,202,1(T) — Nipo, B101,(x),

where n; is the outward unit normal to the boundary surface, a; 2 = (5/96)(34 & 11,/6/5), and
Biz = (5/96)(2 = 1/6/5). Because 0 < B12 < 12, the coupling in (58) is weak. A simple
strategy to solve (58) together with the boundary conditions (59) consist in solving the equations
independently, that is, with 8; 2 = 0, to then iterate and correct the initial approximations with the
inclusion of the (; o coefficients. Convergence is attained very rapidly after few iterations (typically
three). The isotropic part of the photon distribution function ¥;(x) is then written as a linear
combination of ¢1;(x) and ¢ ;(x) [29]:

(59)

(CC) _ 72¢1,l(m) B V1¢2,l(m)
T2—N

Y, , (60)

with 1,2 = (5/7)(1 £ 34/5/6). The photoionization source term Spy () can be finally calculated as
[9]:

N.q
Spn(®) =Y Aipo,cWi(w), (61)
=1

where parameters A;, together with A;, are given in Table 3.

C Software packages

In this paper we have considered the following packages:
MUMPS (release 4.10.0), direct solver: MUMPS stands for MUItifrontal Massively Parallel
Solver?! [3, 2], a package to solve linear systems of equations, where the system matrix A is a square

IMUMPS home page: http://graal.ens-lyon.fr/MUMPS/



POISSON EQUATION ON ADAPTIVE MULTIRESOLUTION GRID 22

Table 3: Parameters for three group photoionization model [9].

I Ajfem~TTorr™ '] NJem™! Torr ']
1 0.0067 0.0447
2 0.0346 0.1121
3 0.3059 0.5994

sparse matrix that can be either non-symmetric, symmetric positive definite, or general symmetric.
MUMPS implements a direct method based on a multifrontal approach which performs a direct
LU-factorization: A = LU, where L is a lower triangular matrix and U an upper triangular one.
If the matrix is symmetric then the factorization: A = LDL?, is performed, where D is a block
diagonal matrix with blocks of order 1 or 2 on the diagonal. MUMPS is distributed as a public
domain software.

PaStiX (release 5.2), direct solver: PASTIX? is a parallel, multi-threaded library for the solution
of large linear systems of equations [25]. For non-symmetric matrices, an LU-decomposition is
performed; if the system matrix A is symmetric, positive-definite it uses Cholesky (A = LLT) or
Cholesky-Crout (A = LDL”) factorization. PASTIX is distributed under the CeCILL-C license®.

hypre (release 2.8.0b), iterative solver: hypre is a software library of high performance precon-
ditioners and solvers for the solution of large, sparse linear systems of equations on massively par-
allel computing architectures*. The library provides advanced parallel preconditioners and parallel
multigrid solvers for both structured and unstructured grid setups through a variety of conceptual
interfaces, each of them appropriate to a different class of problem. Through the Linear-Algebraic
System Interface we have access to BoomerAMG [26], an algebraic multigrid solver that may be
also used as a preconditioner for GMRES [43]. hypre is a free software, distributed under the terms
of the GNU Lesser General Public License®.

AGMG (release 3.1.1), iterative solver: AGMG? is an implementation of the algebraic multigrid
method developed in [38, 37, 39]. This method solves systems of linear equations, and it is in
particular expected to be efficient for large systems arising from the discretization of scalar second
order elliptic PDEs. It is purely algebraic, no information has to be supplied besides the system
matrix and the right-hand side array. Version 3.1.1 (11/2011) was released under GNU GPLv3 (or
later) license.
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