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Cylindric Domains

Ivan P. Gavrilyuk, Wolfgang Hackbusch and Boris N. Khoromskij

Abstract

We develop a data-sparse and accurate approximation of the normalised hyperbolic operator sine family
generated by a strongly P-positive elliptic operator defined in [4, 7).

In the preceding papers [14]-[18], a class of H-matrices has been analysed which are data-sparse and
allow an approximate matrix arithmetic with almost linear complexity. An H-matrix approximation to
the operator exponent with a strongly P-positive operator was proposed in [5]. In the present paper, we
apply the H-matrix techniques to approximate the elliptic solution operator on cylindric domains Q X [a, b]
associated with the elliptic operator % — L, x € [a,b]. It is explicitly presented by the operator-valued
normalised hyperbolic sine function sinh~!(+v/£) sinh(z+v/£) of an elliptic operator £ defined in Q.

Starting with the Dunford-Cauchy representation for the hyperbolic sine operator, we then discretise
the integral by the exponentially convergent quadrature rule involving a short sum of resolvents. The
latter are approximated by the H-matrix techniques. Our algorithm inherits a two-level parallelism with
respect to both the computation of resolvents and the treatment of different values of the spatial variable
z € [a,b)].

The approach is applied to elliptic partial differential equations in domains composed of rectangles
or cylinders. In particular, we consider the H-matrix approximation to the interface Poincaré-Steklov
operators with application in the Schur-complement domain decomposition method.

AMS Subject Classification: 65F50, 65F30
Key words: operator-valued sinh function, domain decomposition, Poincaré-Steklov operators

1 Introduction

There are several sparse (n X n)-matrix approximations which allow to construct optimal iteration methods for
solving elliptic/parabolic boundary value problems with O(n) arithmetic operations. But in many applications
one has to deal with full matrices arising when solving various problems discretised by the boundary element
(BEM) or finite element methods. In the latter case the inverse of a sparse FEM matrix is a full matrix. A
class of hierarchical matrices (H-matrices) has been recently introduced and developed in [14]-[18]. These full
matrices allow an approximate matrix arithmetic (including the computation of the inverse) of almost linear
complexity and can be considered as data-sparse. It is of important practical interest to find hierarchical H-
matrix approximations of the operator exponentials, operator sinh(x\/Z) and the operator cos(t\/Z) functions,
which solve evolution differential equations with operator coefficients of the first and second order (parabolic,
elliptic and hyperbolic cases) respectively.

Concerning the second order evolution problems and the operator cos(tv/£) function new discretisation
methods were recently developed in [4]-[6] in a framework of strongly P-positive operators in a Banach space.
This framework turns out to be useful also for constructing efficient parallel exponentially convergent algo-
rithms for the operator exponent (see [5, 6] and the literature cited therein).

The aim of this paper is to combine the H-matrix techniques with the contour integration to construct
an explicit data-sparse approximation for the normalised sinh(zv/L) operator representing the elliptic solu-
tion operator. Starting with the Dunford-Cauchy representation for the hyperbolic operator sine family and
essentially using the strong P-positivity of the elliptic operator involved we discretise the integral by the
exponentially convergent quadrature rule involving a short sum of resolvents. Approximating the resolvents
by H-matrices, we obtain an algorithm with almost linear cost representing the non-local operator in ques-
tion. This algorithm possesses two levels of parallelism with respect to both the computation of resolvents
for different quadrature points and the treatment of numerous space-variable values. Our parallel method



has exponential convergence due to the optimal quadrature rule in the contour integration for holomorphic
functions providing the explicit representation of the fractional operator powers and exponential operator in
terms of data-sparse matrices of linear-logarithmic complexity.

As an application, we consider the data-sparse factorised representation to the Poincaré-Steklov operators
associated with elliptic problems in tube domains. Then, we discuss the solution algorithm by reduction to
the interface for model elliptic problems in domains composed of many stretched rectangles. This example is
related to the model problem considered in [22], where the robust preconditioners for elliptic equations with
jumping anisotropic coefficients in many subdomains have been developed. Note that in certain special cases
the multilevel preconditioners for anisotropic problems have been developed in [2].

2 Representation of sinh_l(\@) sinh(x\fﬁ) by a Sum of Resolvents

In this section we outline the description of the normalised hyperbolic operator sine family generated by a
strongly P-positive operator. As a particular case a second order elliptic differential operator will be consid-
ered. We derive the characteristics of this operator which are important for our representation and give the
approximation results.

2.1 Strongly P-positive Operators

Strongly P-positive operators were introduced in [4] and play an important role in the theory of the second
order difference equations [26], evolution differential equations as well as the cosine operator family in a Banach
space X [4] .

Let A: X — X be a linear densely defined closed operator in X with the spectral set sp(A) and the
resolvent set p(A). Let 40 = To = {2z = & +in: £ = an® + 10} be a parabola, which contains sp(A4). In what
follows we suppose that the parabola lies in the right half-plane of the complex plane, i.e., 79 > 0. We denote
by Qr, = {z =&+ in: & > an® + v} the domain inside of the parabola. Now, we are in the position to give
the following definition.

Definition 2.1 An operator A : X — X is called strongly P-positive if there exist positive constants a, 7o
such that its spectrum sp(A) lies in the domain Qr, and the estimate

[(zI — A)~ for all z e C\Qp, (2.1)

1|| yox < L
T 14+ 4/2
holds with a positive constant M.

It was shown in [5] that there exist classes of strongly P-positive operators which have important appli-
cations. Let V. C X = H C V* be a triple of Hilbert spaces and let a(:,-) be a sesquilinear form on V. We
denote by ¢, the constant from the imbedding inequality ||u||x < ce|jul|v for all uw € V. Assume that a(:,-) is
bounded, i.e.,

la(u, v)| < c||ullv||v]v for all w,veV.
The boundedness of a(-, ) implies the well-posedness of the continuous operator A : V' — V* defined by
a(u,v) =y« < Au,v >y forall wu,veV.
One can restrict A to a domain D(A) C V and consider A as an (unbounded) operator in H. The assumptions

Re alu,u) > dollull? — o1 |lull% forallu eV,

ISma(u,uw)| < &llu|lv]ulx for allu e V

guarantee that the numerical range {a(u,u) : u € X, |ju||lx = 1} of A (and sp(A)) lies in Qp,, where the
parabola I'y depends on the constants g, 01, K, . In the following, the operator A is assumed to be strongly
P-positive. In the typical applications, we are going to discuss, this may be the second order strongly elliptic
operator or its finite element Galerkin approximation.



2.2 Integral Representation of sinh™ (/L) sinh(zv/L)

Let £ be a linear, densely defined, closed, strongly P-positive operator in a Banach space X. The operator
value function (hyperbolic sine family of bounded operators; cf. [7])?

E(z) = E(z; £) := sinh ™' (VL) sinh(zV/L)
satisfies the elliptic differential equation

d*E

3 —LE=0, E(0)=6, EQ1)=1I (2.2)

where I is the identity and © the zero operator. Given the normalised hyperbolic operator sine family E(x),
the solution of the elliptic differential equation (elliptic equation)

d?u

) —Lu=0, u(0)=0, u(l)=u

with a given vector u; and unknown vector valued function u(x) : (0,1) — X can be represented as
u(z) = E(z; L) uy.

Let Tg = {z = £ +in : £ = an® + o} be the parabola (called the spectral parabola) defined as above and
containing the spectrum sp(L) of the strongly P-positive operator L.

Lemma 2.2 Choose a parabola (called the integration parabola) T = {z = +in : € = an?+b} with b € (0,70).
Then the operator family E(x; L) can be represented by the Dunford-Cauchy integral [3]

Bz L) = 2i /F sinh ™ (v/2) sinh(2y/2) (=] — £)~dz = % [ P, x)dn, (2.3)

Yy

where
F(n,z) = —sinh™ (v/2) sinh(zv/z)(2an — i) (2] — L)Y, z=an* +b—in.
Moreover, E(z) = sinh™ (VL) sinh(xv/L) satisfies the differential equation (2.2).

Proof. In fact, using the parameter representation z = an?+b+in,n € (0,00), of the path I' and the estimate
(2.1), we have

E(x; £) = sinh ™ (V/£) sinh (x\/Z)

1 [0 sinh (x\/a772 +b+i77)
T omi /Oo sinh(\/M)
1 oo sinh (33«&772 +b— in)
+ —
2w Jo  sinh)\/an? + b —in)
1 o0
5 [ Fa)dy

2mi J_ o

((@an® +b+in)I — L)~ (2an +i)dn

((an® + b —in)I — L)~ (2an — i)dn

with F(n,z) = —sinh ™! (y/z) sinh (2/2) (2an — i) (2] — L)™', z = an® + b — in.
We introduce polar coordinates of an? 4+ b — in = re’¥, where

r=+/(an? +b)2 + n?, cosp = an” + , singp:—n.
T

r

IThe operator sinh ™! (A) := (sinh A)~! means the inverse to the operator sinh A.



It is easy to see that

&772+b§T§&(772+1)+b,

1/%min{d,b}\n—1|gﬁgq/%min{d,b}(n-l-\/ﬂ) for all n > 1, v/r > Vb,
Van? +b—in = /re*¥/?,
\/\/(dn2+b)2+n2+dn2+b
<1
NN
= U SL’
\/ié/(zm2+b)2+n2\/\/(an2+b)2+n2+c~m2+b V2

< cos

)

Sl
6

RS

Sl

which implies

<

RS

<

e~
e~

Furthermore, we have due to (2.4) and cos £ > sin £ that

sinh(zv/an? + b + in)

1 ) S
=3 (eI reos § (cos(x rsing) + isin(z rsing)) + e@Vreos 3 (cos (z rsing) Fisin(x rsing))) .
Abbreviating sin®> = sin? (zyrsing), cos? = cos? (zy/rsin%), sinh = sinh(zy/rcos¥) and

cosh = cosh (:E T COS %) , we have

‘sinh(x\/ an? +b =+ in)

2
‘ = cos? sinh? 4 sin® cosh® = sinh? + sin? (cosh — sinh) (cosh + sinh) (2.5)
< sinh? + sin? cosh (cosh + sinh)

for all € [0,1]. Since

— s £
cos%l+e 2\/Fc052

cosh(ﬁcosg) =V 5 <eVreosE,
o1 —2y/Tcos £ ]

cosh (y/r cos g) = eﬁ°°b%¥ > V7SS /o,
1= —2y/Tcos £ ]

sinh (v cos £) = V7 f o < oVTor 5 g,

_ ,—2y/rcos £ _ —V2b
Sgl € 2 >e\/;cos%]‘ €

sinh (\/;cosg) = V70 5 > —
the relations (2.5) yield

— »
+e 2x+/T cos &

2
1— e—2.’tﬁcos§> N 1— e—2.’r\/77<:os§

sinh(z 5“72+bii77)‘ <erVrens ( 2 2

1— —2x+/T cos £
rcos% € 5 ’ for all x € [07 1] )
—2/T cos %

1—
sinh(v/an? + b+ m)’ > sinh (ﬁcos %) > eVres s ef. (2.6)

From (2.6) we get

<e*

|sinh ™! (v/an? + b £ in) sinh (z+/an? + b + in)| < ce=" (2.7)

with

—— e
a(z) = (1 — 2)y/min{a,b}/2 >0, ¢ = PR for all x € (0,1).



Now, using the inequality

4a2n? + 1
(@n? + b —in — £)~12an —i))| < M—Y2 T
L+ /(an® +b)2 +n?

imposed by the strong P-positivity, we can estimate
| sinh ™! (v/£) sinh(zvVL)|| < / e @ gy < 4oo for all z € (0,1).
0

Analogously, applying (2.1), we have for the second derivative of E(z) = sinh™'(v/£) sinh(zv/L) that
1 sinh(z+/z) .
— — (21 — d
2mi /FZ sinh(1/2) (2l = L£)™ dz

where the integrals converge for x € (0,1). Furthermore, we have
d*E 1 sinh(z+/z) 1 1 sinh(z+/z) 1
— LE=— | ——=I-L) dz—L| —— | ————="(I-L)"d
T2 L 571 Jr Sh(v3) (zI-L) "dz—-L 9 /1“ Sinh(y/2) (zI — L) "dz
= L zM(zI—[,)*ldz—i_ zM(zI—E)*ldzzo,
2mi Jp  sinh(y/2) 2mi Jp  sinh(y/2)

i.e., B(z) = sinh ™! (v/L) sinh(zv/L) satisfies the differential equation (2.2). ]

< 400,

|E” (z)|| = ||£sinh~! (VL) sinh(zVL)|| = ’

2.3 Computational Scheme and Convergence Analysis

Following [29, 5], we construct a quadrature rule for the second integral in (2.3) by using the Sinc approximation
on (—00,00). For 1 < p < oo, introduce the family HP (D) of all operator-valued functions, which are analytic
in the infinite strip Dy,

Dy={2€C: -0 <Rez < o0,|Smz| <d},
such that if Dg(e) is defined for 0 < e < 1 by
Dy(e) ={z € C: |Rez| < 1/e,|Smz| < d(l —€)},

then for each F € HP(Dy) there holds || F||gr(p,) < oo with

lime—o(fyp o IF)IPId)P 1< p< oo,
[ F e (pa) = Jonaco

lime—o SUp,ep, () [IF(2)]| if p = o0.
Let
sin [7(z — kh)/h]

w(x — kh)/h

S(k; h)(x) =

be the kth Sinc function with step size h, evaluated at z. Given F € HP(Dy), h > 0, and a positive integer
N, we use the notations

HH=AF@%

N
T(F,h)y=h > F(kh), Tn(F.h) = h Y F(kh),

k=—o00 k=—N

C(F,h) = i F(kh)S(k,h),

k=—o00

nn(F,h) =I(F) —Tn(F,h), n(F,h) = I(F)—T(F,h). (2.8)

By f(€ £id™) = lims_g;5<q f(€ £ i0) we denote the one-sided limits. Adapting the ideas of [29, 6, 5], we
can prove (see Appendix) the following approximation results for functions from H!(Dy).



Lemma 2.3 For any operator valued function f € HY(Dy), there holds

i — id" e~ m(d+i&)/h id— e~ T(d—i&)/h
win = [{ e - e r o (2
providing the estimate
e—md/h
I < e o (2.10)

If, in addition, f satisfies the condition
IFOI < e with a,c > 0 (2.11)

on R, then

2¢| b _op a
I (f, I < — {%e 2md/h 4 e Nh} . (2.12)

Applying the quadrature rule Ty with the operator valued function
F(n, ;L) = (2an — i) @(n) ()1 —L£)7",
where
o(n) = —sinh™ (/o)) sinh (2/B(0)) ,  6(n) = an? +b— in,
we obtain for the integral (2.3) that
N
E(z)~ Ex(x)=h Y F(kha;L).
k=—N

Note that (2.7) implies that F satisfies (2.11) with ¢ = ¢(a,b), a(z) = (1 — z)y/max{a, b}. The error analysis
is given by the following Theorem (see Appendix for the proof).

Theorem 2.4 Choose k > 1, a = a/k, h = S ——— ”ﬁizc{l;ﬁ}, b=>bk) = — ’“4;&1 and the integration parabola
Doy = {z = an® + b(k) —in : n € (—o0,00)}. Then there holds

—svVN
_ 67 —s(1—z)VN
|E@) - En(@)] < e L e ’
where
1
s =V2rd min{%,b}, d = (1—ﬁ)%,
o 2M M e® o — 1
L e (i —a)min{E 0 V2rdymin{E, 0]

|2%2 — ]

M, = sup .
Z€5d1+ ‘%ZQ_Fb_ZZ"

and M 1is the constant from the inequality of the strong P-positiveness.

The exponential convergence of our quadrature rule allows to introduce the following algorithm for the
approximation of the operator exponent at a given space-variable value x € (0, 1).



Figure 1: To the definition of Poincaré-Steklov operators

Algorithm 2.5 1. Choose k > 1 and N, and set d = (1 — L)%, by zp = E£(ph)? +b—iph (p=—N,... ,N),

N
\/2nd/N —
where h = m ande’YO—%.
2. Find the resolvents (z,I — L)™Y, p=—N,... ,N (note that it can be done in parallel).
3. Find the approximation En(x; L) for the normalised hyperbolic operator sine E(x; L) in the form

N
h
By(@i L) = 5 sinh ™' (y/zp) sinh(z/Zp) [Q%ph — i) (zp] — L)~V
T
Remark 2.6 The above algorithm possesses two sequential levels of parallelism: first, one can compute all
resolvents at Step 2 in parallel and, second, each operator exponent at different values of x (provided that we

apply the operator function for a given vector (x1,x2,... ,2a)).

3 'H-Matrix Approximation to the Poincaré-Steklov Map

First considerations of the Dirichlet-Neumann map associated with elliptic problems (now called by Poincaré-
Steklov operators) go back to the early works of Poincaré [25] and Steklov [28]. The reneval of interest in
applying the Poincaré-Steklov operators is due to recent developments of the domain decomposition methods
and fast solvers to the discrete Laplace, biharmonic, Lamé and Stokes equations [1, 20, 21, 19]. These operators
were used also in recently developed efficient Cayley transform methods applied to the first order evolution
equations [10, 11].

Let Q. C R be a cylinder Q x [ag, bg] with the boundary T, = T, UT_, I'_ = 99 x [ag, bg] which is
partitioned into two non-overlapping pieces I'y and I'_, where I'_ is the lateral surface and I', contains its top
and bottom bases. Let Ly be an elliptic second order differential operator of the form Ly = £1 4+ £, where

E—B—Q L=a (m)8—2—|—a (m)i—ka (x2) zy € RY (3.1)
1= 322" = a2,2(T2 022 0.1{%2) 5~ 0,0(72), 2 . .
We consider the model boundary value problem
Lou=0 in Q, (3.2)
u=0 onl_ yiu = ¢ on Iy,

where 71 = 0/0n = 0 is the normal derivative operator. The Poincaré-Steklov operator S : H -12(r,) —
H'?(T,) is defined as the Neumann-Dirichlet mapping

S 1 — yulr,

where 7o is the continuous trace operator v : H*(Q.) — H'/?(T.). One can also introduce the inverse to the
operator S by T = S~ : ﬁ[l/z(l"*) — H~'/2(T,), which provides the Dirichlet-Neumann mapping associated
with the solution of the equation Lou = 0 subject to (3.2). In the case of constant coefficients in 2D, the details
on sparse finite element approximation of the elliptic Poincaré-Steklov operators on polygonal boundaries may
be found in [19].



3.1 Explicit Representation on Cylindric Domains

Let Q. = Q X [ag, bo] as above. We consider the boundary value problem (3.2) and suppose that I', = T'; + T,
where I';, I, stay for the left and right facets of 2, respectively. Denoting v; = ¥|r,, vi = ¢|r,,i = [, r, we
have the following solutions for various combinations of the boundary conditions on I'; and T,

w(z1) = cosh™! ((bo - ao)\/Z) {5—1/2 sinh((bo — 1)V L) + cosh((z1 — ag)VL)pr (3.3)

u(zy) = cosh™? ((bo — ao)\/Z) {cosh((bo — x1)\/Z)901 + L7172 sinh((z1 — ao)\/Z)wT} , (3.4)
u(ar) = sinh™" ( (b0 — ao)VE) {£71/2 cosh((bo — 1) VEW + £7/2 cosh((@1 — ao) V), }. (35)

Given the Dirichlet boundary conditions ¢; on I'; and ¢, on I';., we get for the solution of the boundary value
problem

Lu=0 in
u=¢; only, u = @, onl,,
the following representation
u(zy) = sinh ™ ((bo — ao)\/Z) {sinh71 ((ml - a)\/Z) @r + sinh ((b — :E1)\/Z) 901} . (3.6)

Let Tg = {z = £ +in: £ = an® + 7o} be the spectral parabola defined as above and containing the spectrum
sp(L) of the strongly P-positive operator £ and I'y = {z = £ +in : £ = an® + b} be the integration parabola
containing I'g. Using equations (3.3)-(3.6) with z1 = a¢ and z; = by, we obtain (formally) the integral
representations for the Poincaré-Steklov operators S, M : H~/2(T;) x H'Y/2(T,) — HY/2(T;) x H~Y/2(T,)
and their inverse G = M1, T = S~! defined in the block form. In particular, introducing

S(W) ,:<Szze Srz> (W) _ (W)
Yy ’ SZ; Srr Uy ©r ’

we obtain
S = L7Y2 coth ((bo - ao)\/Z) - % 273/2 coth ((bo - ao)\/Z) (21 — £)~'dz,
Te
Spp =LY% ginh ! ((bo - ao)\/Z) = QLﬂ'Z / 271/ 2ginh ! ((bo - ao)\/Z) (21 — £)"tdz,
Te

ST =S4, Spr = Su.

M(W>:<Mu Mre><¢z>:<w>
or ) M, M,, ©r (U

and using (3.3) we obtain the explicit representations of blocks

Furthermore, setting

My, = £/ tanh ((bo — ao)v£> = % 2~%/2 tanh ((bo - ao)\/Z) (21 — L) dz,
Te
_1 1 1 1
M, = cosh ((bo - ao)\/£> - (I — £)"'dz,

27 Jr. cosh ((bo - ao)\/Z)
MTE — —cosh™! ((bo — ao)\/Z) , M, = LMy,.

T<W>:<Tu Tre><w>:<¢z>
or ) T\ TY T ©r U

The representation for



is similar:

Ty = V'L coth ((bo - GO)\/Z) = LS, Tre = =LSp,
TT = —Tyy, Ty = Top.

We can summarise the representation of the blocks of Poincaré-Steklov operators S, M and T'. Further, we
consider the case Sm sp(L) = 0 though the analysis for off-diagonal terms holds true for the general P-positive
operators. In particular, the following result holds.

Lemma 3.1 Let L > ~l, v9 > 0, be a selfadjoint, positive definite operator in a Hilbert space H or a
strongly P-positive operator with discrete spectrum in a Banach space X such that its eigenfunctions are a
basis of X. Choose a parabola Ty = {z = & +in: & = an? + b} with b € (0,79). Then the bounded operators
Mg, Mg, Spe, Sre can be represented by

LM,y = ﬁ fl“g 2732 tanh((by — ao)v/z) (2I — £)~dz = ﬁ ffooo Fug,, (n)dn,
M,, = ﬁ fh cosh™ ((by — ag)y/z) (2I — L) 'dz = ﬁ ffooo Fup,, (n)dn
L7y = 5= Ir, 273/ coth((bo — a0)v/z) (2 — £)"'dz = & [7_Fs,,(n)dn,

)
S = 55 Jp, 272 sinh ™ ((bo — a0)/Z) (21 — L) dz 3r7 | oo Fs,0 (M)
with

() = ( ) () tanh((bo — ao)v/2(1) (z(n)I — £)7*,
Far,, (n) = (2an — i) cosh™" ((bo — ao)v/2(n)) (z(m)I — £) ",

() = ( ) ) coth((bo — ao)v/z(n)) (z(m)1 — L),

() = ( )22 () sinh ™ ((bo — a0)v/z(n)) (z(m) I = £) 7,
where z = an? + b — in.

Proof. We consider, for example, the case of a Hilbert space and the operator Sg. Then we have

1
L7 =— [ 2732 coth((bg — ao)v/z) (2] — L) dz
271 T,
1 o0
=L 2 coth((by — a0)v) / (2 — N)"'dErdz
2mi Tz Yo
= L (/ 2732 coth((by — ao)V/z)(z — )\)le> dEjy,
27 Sy, I's

where E) denotes the spectral family associated with £. Since A € R, |an? + b —in — A\| > 0, the integral

/r 2732 coth((bo — ao)v/z)(z — A) 'dz = /OO (2 — D coth ((bo _ ao)\/m)

dn <
@R b @ rb—in—r 15

converges and the operator Sy, is well defined. Due to (2.5-2.7) and the strong P-positiveness of £ one can
see that there exist constants c1, M7, a such that

|Fs,,(n)] = ‘(2&77 i)z 1/2() sinh ™! ((bo — ap) Z(n))‘ < ey Mye—elnl,

where

2e” |2an — 4

a1 = M>0,61:M1 ,M1: max s
V 2 1—e V2 ne(—o0,00) \/lan? + b —in|(1 + v/]an® + b — in|)

i.e., the integral defining S, converges. Analogously, one can prove that other blocks are well defined. If the
operator £ possesses a discrete spectrum A\; = p; + vy, j = 1,2,..., and P; denotes the projector onto the
subspace defined by the corresponding eigenfunction e;, then the representation holds

o0

(ZI - ﬁ)_l = Z(z - )\j)_lpj

j=1



yielding

L71S = Z/ coth (bo — ao)v/z) (21 — L)~ tdzP;
I'e

=5 Z/F /2 coth ((bo — ao)v/z) (21 — \;) " dzP;.
L

Analogously as above one can show that all integrals converge and Sy, is the well defined bounded operator.
The same holds also for other blocks of S. ]
3.2 Discretisation of the Poincaré-Steklov Operators

In order to get an appropriate discretisation to the Poincaré-Steklov operators we use the integral representa-
tions from Lemma 3.1. First of all we consider the operator S,,. Applying the quadrature rule T with the
operator valued function

Fs, () = (2an — )=~ ) sioh™ (0= a) V=) )T - £)7', z=a® +b—in,  (37)
we obtain for the operator S,, that

N
Seem 83 =h > Fs,,(kh).
k=—N

The error analysis is given by the following Theorem.

~ \/2nd/N _ . )
Theorem 3.2 Choose k > 1, a = a/k, h = A—— ETYEAL b=>bk) = — % and the integration parabola
Tyry = {2 = an? + b(k) — in 1 € (—00,00)}, then there holds

1Sre = SSéV)H <ec3 [CzN_1/2 + 1} e sVN
where

s =V2rd} min{%,b}/2, d=(1- L)i

vk’ 2a’
1 2M Mye®
C2 = ) C3 = )
V2rd{/+ min{%,b} (1- —\ﬁ),/ min{ ¢, b}
22— i
M5 = max

2€Dg /522 + b —iz[(1 4+ /|$2% + b —iz)
M s the constant from the inequality of the strong P-positivity.

Proof. We choose the integration path similar to Theorem 2.4. The integrand can be analytically extended

onto a strip Dy with the width d = (1 — ﬁ) % Set

a 2av
oy = \/—(772 —v2)+b+v+i(— — .
k k
Due to the strong P-positivity of £ there holds for z = n +iv € Dy that

Fs (s:0)] < |22 =) sinh ™" ((b—a)\/222 + b — i2)
e - VIEZ2 +b—iz|(14 /]¢22 + b —iz])
M|2¢z — i

ala + 1) sinh ((bo - ao)\/%(n2 —2) b4y ti(2 1)n)

2
< MM, sinh™* ((b— a)\/%(n2 —v2) +b+1/—|—i(% — 1)77>
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and the estimate (2.7) implies that F(z,t;£) € H!(D4). We have also

|Fs,, (n,2; £)|| < ce™ M forneR

a= ,/min{%,b}/bo, c:MM2ﬁ. (3.8)
— €

Using Lemma 2.3 and setting in (2.12) « as in (3.8), we get

with

2c | h
low(F)] < 2 |52 exp(-2ma/m) + exp(-an )| (39)
Equalising the exponents by setting 2rd/h = a« hN, we get h = Viemieo) ”27”1{/]:717} Substitution of this value into
5 min{ 7,
(3.9) leads to the estimate

N N 2M Moe® 1
|nn (F,h)|| < es |caNTV2e73VN 4 gms(1=2) N} , where ¢3 = 726, co =—, s =V2nrda.
(1—e V2 s

This complete the proof. ]
This introduces the following algorithm with an exponential convergence rate for computing the approxi-
mation Sﬁév) to the operators Sy.

Algorithm 3.3 1. Choose k > 1, N and set d = (1 — ﬁ)%, zp = %(ph)?> +b—iph (p=—N,... ,N), where
h:g—‘f\} andb:%—%,
2. Find the resolvents (z,I — L)Y, p=—N,... ,N (note that it can be done in parallel).

3. Given Fs , from (3.7), find the approximation Sﬁév) for the operator S,¢ in the form

N
SO =n Y Fs,,(ph).
p=—N

Applying Algorithm 3.3 to the operator-valued function Fg,, allows to compute the diagonal block S,
with polynomial accuracy. For the sake of simplicity, we consider a selfadjoint, positive definite operator £
and obtain

1 o0
ﬁ_lsu = —

211 Ao

(/M 2732 coth ((bo — ao)v/z) (2 — A)—ldz> JE,.

Substituting the function Fs,, instead of Fg_, in Algorithm 3.3, we obtain the approximation to Sp,. The
convergence rate of the corresponding Algorithm 3.3 depends on the estimate of the following quantity

N

77(3122)(/\) = |/ (I)(n,)\)dn— Z q)(ph’)\) = _'_,,72 _‘_,'73’
0o 't

with ®(n, \) = (2an — i)z=3/2 coth((bg — ao)/z)(z — A)~t, z = an? + b — in and

—Nh
m= / (n, N)dn,

(N+1)h N N (p+1)h
o = / O, Ndn— Y d(ph,A) = > [ / ®(n, \)dn — hd(ph, \)
—~Nh =N p—_n L/Ph
N (p+1)h
= Z/ /‘Pi,(m/\)dn,
p=—N 7P ph
73 =/ ®(n, N)dn.
(N+1)h

11



It is easy to see that

~

—Nh
m| < / n2dn < N7'hTh < NV

— 00

Analogously we get |n3| < N —1/2 The second summand is estimated by

N
mi=| > [
p=—N"P

Thus, we finally get

(p+1

Yhopm (N+1)h
/ @, (n, \)dn| < h/ ' (n, \)|dn < N7V
ph

|
h —Nh

N _
s ()] S NV,

Note that applying the construction to the discrete case, we obtain that the operator Sy, admits the
integral representation without any factorisation as above due to the estimate (21 — £5) 7| < ¢|2|7! for |z]
big enough.

3.3 Approximation by Additive Splitting and Nonlinear Iteration

As an alternative to the polynomially convergent algorithm for approximation of Sy, below we discuss the
approach based on the additive splitting

S = So(L)+ L7Y2, Sy(L) = £L1? (coth ((bo - ao)\/Z) - I) : (3.10)

where the complex function Sy(€) has the exponential decay as £ € R, |¢] — oo. Therefore, the idea is to
apply the exponentially convergent quadrature rule to the integral representation of So(L), as for the off-
diagonal term S,;, and then construct the H-matrix approximation to £7/2 by an iterative process. Since
the matrix iterations converge quadratically, we obtain also the linear-logarithmic complexity for the H-matrix
approximation of the second term in the right-hand side of (3.10).

Our construction of the square root of an H-matrix is based on the iterative solving of the nonlinear matrix
equation using formatted matrix-matrix multiplication and inversion. Let L; be the Galerkin stiffness matrix
for the operator £ with respect to the finite element space V,, € Hg(2) with n = dimV},. We propose to
apply the nonlinear iterations for computing symmetric and positive definite matrix X = A2, where A is
defined as the H-matrix approximation to the exact inverse L,:l. The existence of such an H-matrix A was
investigated in [5]. The proper initial guess Xy may be obtained by the H-matrix approximation applied on
the coarse finite element space Vi C V}, or from above defined polynomial algorithm based on the factorised
representation. We solve the nonlinear operator equation

F(X)=X?-A4=0, XeY,

in the corresponding normed space Y := R™*™ of square matrices by the matrix iteration
1 . .
X1 = §(Xi + X1 A), X, given, i=0,1,2,.... (3.11)

For this scheme, which is well-known from the literature, we give a simple direct convergence analysis. Denote
V;=X; A2 eYand s =Y - I.

Lemma 3.4 Let A, Xo € Y be symmetric and positive definite matrices and assume that the initial guess X
satisfies

_ 1
IXoA™ 2 Il =g < 5.

Then the iteration (3.11) converges quadratically,
N6l < @2, i=1,2,...,

where qp = ﬁ < 1, and the iteration (5.11) yields X; = X} for all i. Moreover, X; > 0 is valid for any i

satisfying qg <V Amaz(A).

12
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Figure 2: The interface problem

Proof. By definition, (3.11) yields
)/;+1_I:(}/i_l)2}/i_17 Zzovla

It is easy to see that

1
Y <A< << ——,  i=12....
i i—1 0 l—q

Therefore, the first assertion follows
—1))(14+2+2% 423 4., 42071 2! 2¢
165411 < [1¥5 I I5ol1* < a3
To proceed with, we use the recursion
—1 1/2 .
Ei+1=EiXi Eiy EiZXi—A/, 220,1,...,

which implies the symmetry of X;, ¢ > 1, by induction. Since

learall < 1AV2 AT 2 el = A2 ) [8i4all < el|AY?] ¢f

implies ||g;41]| < \/)\maz(A)qgl, we obtain X; > 0 for any ¢ which satisfies \/)\m,m(A)qgz < 1.

Due to the quadratic convergence of the scheme proposed, we need only loglog e~ iterative steps to obtain
the accuracy O(g), which results in an O(k?p?n loglogn) complexity of the iterative correction algorithm, see
Appendix 5.1 for further details on the H-matrices. Lemma 3.4 applies in the case of exact matrix arithmetic.
However, the numerical experiments show that the specific truncation errors of the H-matrix arithmetic can

be put under efficient control (see also the discussion in [16]).

4 Application to Elliptic Boundary Value Problems

4.1 Reduction to the Interface: Two Subdomains

Assume the domain € with the boundary I" to be composed of two matching and non-overlapping rectangles
Q;, ¢ = 1,2, with boundaries I'; =T, ; UT'; ; UL, ; ULy ;, where I';;, Iy ;,I'y.5, 'y ; stay for the left, right, top
and bottom edges respectively (see Fig. 2). Let I'y =T', 1 NI'; 2 (dash line) be the interior matching line. We

consider the boundary value problem

Lu=0 in Q,
u=0 on F\FM\I‘LQ, yyu =0 on Fr,l U FLQ

where the operator £ is given by (3.1). We denote by £; the operator (3.1) defined in the domains §;, ¢ = 1, 2.

Introducing the unknown vectors

0 on I'y 1\T'y, 0 on I'jo\T'y,

Ufy = and uyp =

yiu onl'y yiu onT'y,
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we can present the solutions u(? in the domains €, i = 1,2, in the form

u(21) = L7Y% cosh ™ ((bo — ao)\/ﬁ_l) sinh ((ml — ao)\/£_1) Uf rs
u(z)(xl) = L£Y2ginh ™! ((co — bo)\/ﬁ—g) cosh ((xl - bo)\/ﬁ_g) ug,.

Setting u(")(by) = u(® (by) on T'f, we get the following interface problem

LII/Q tanh ((bo — ao)\/£—1) Ufr = 551/2 tanh <(CO —bo)y £2) wrt

Substitution of the H-matrix discretisations from Algorithm 3.3 leads to the interface problem which may
be solved by the direct method based on the H-matrix arithmetic.

4.2 Anisotropic Domain Decomposition

The elliptic equations with strongly jumping diffusion and anisotropy coefficients as well as the equations
defined in the domains involving thin substructures face a wide range of applications in the problems of
structural mechanics, porous media, magnetostatics and biology. A robust preconditioning technique for
such class of elliptic problems in 2D was developed in [22]. In this section, we demonstrate how in some
particular cases the corresponding equation may be efficiently treated as an interface equation using sparse
approximations to the Poincaré-Steklov operators. The 3D case may be considered in a similar way.

In the domain Q € R? composed of M > 1 matching and non-overlapping rectangles Q;, Q = UM Q;, we
consider the variational problem with piecewise constant anisotropy and diffusion coefficients:
Given f € H-Y(Q), v; € H-Y/2(T;) and positive constants ju;, €;, find u € V. .C H*(Q), such that

M

a(u,v) = F(v) :== Z(’(/)i,’l))LZ(Fi) + (f,v) 120 forall v €'V, (4.1)
i=1

where the bilinear form a(-,-) : V' x V' — R is defined by
M
a(u,v) = Zai(ulﬂﬁvlﬂi) (u,v € V), where
i=1

a;(u,v) :,ui/< 602 591 )Vu-Vvdx, Wi, €, >0, x€Q,.

Our approach remains valid for the following choice of the Hilbert space V:

V= H&(Q)a V= {’LL € Hl(Q) : (u7 1)L2(Q) = O}a or
V=Hp (Q) :={ue H(Q):uyr, =0}, I'pcoQ, TI'p#0,

corresponding to the Dirichlet, Neumann and mixed boundary conditions, respectively. We use the notations
I'; = 09); for the subdomain boundaries and I = Ui]\ilfi\I‘D for the interface.

Our particular example related to the skin-modelling problem from [22] may be viewed either as the
isotropic problem with ¢; = 1, but with highly stretched geometries of subdomains or as the strongly
anisotropic problem with jumping coefficients p; and €;, but with regular decomposition. In the following, we
consider the isotropic description of the problem.

The typical geometry is presented in Fig. 4.2 (left). We consider the limit case with p; = 0 in all shaded
subdomains and p; = 1, otherwise (flow in the “lipid layer” Q;p = @\ Uj.p,—0€2). This corresponds to the
homogeneous Neumann condition at all interior interfaces and to the choice Vi, := Viq,, of the computational
space. The corresponding reduction of (4.1) to the interface is then given by: find A € Y := {A = 2. : 2 € Vi }
such that

M
ar(A,v) == Zui<Ti)\i,vi>pi = F(v) forallveY. (4.2)
i=1
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Figure 3: Computational domain (left) and basic decomposition (right) in the model problem.

Here, the (anisotropic) Poincaré-Steklov operator T; : Y; — Y/, with Y; = Yp,, is defined by

(Ti\,v)r, = a;(\,0) for all ¥ € V;, jp, = v, (4.3)
ai(X\z) =0 for all z € V; N H}(Q),

where Ujp, = A, u € V; = Vjq,. The trace space Y is equipped with the norm |||y = Vinf N |lz]]v. Here
zeVizir=
(-,)r, denotes the L2-duality on T;.

Lemma 4.1 The bilinear form ar(-,-) : Y XY — R is symmetric, continuous and positive definite. With any
given element ; € H‘l/Z(Fi), equation (4.2) is uniquely solvable in'Y providing \r = u.

Proof. The first assertion is a consequence of the mapping properties to the local Poincaré-Steklov operators
and the definition of the trace norm on Y. We then apply the Lax-Milgram Lemma to equation (4.2) taking
into account the continuity of F'(-) in Y. The equivalence of equations (4.1) and (4.2) follows from the definition
(4.3). |

We decompose the computational domain onto a set of stretched rectangles and squares (marked by black
in Fig. 4.2 (right)). In each stretched subdomain we have to transfer the flux from one short edge to the
opposite one with fixed homogeneous Neumann boundary conditions on stretched pieces of the boundary. This
may be done by approximating the corresponding Poincaré-Steklov operators as above. Due to the specific
geometry, the finite element ansatz space to be used for approximation of £ has relatively small dimension.
Thus, one can compute the Schur-complement system of equations associated only with a small number of
degrees of freedom related to the “black” subdomains. The resultant Schur-complement system of equations
may be then solved by the PCG method with simple block diagonal preconditioner. Note that it is not the
scope of our paper to discuss the details of preconditioning techniques for such kind of problems. We refer to
[2, 22] for further details on the topic. In fact, here we focus mainly on the data-sparse representation to the
interface operator, which allows the almost linear storage and matrix-vector product cost with respect to the
number of degrees of freedom associated with the “black squares”, see Fig. 4.2 (right).

Note that the coefficients of the differential operator £ may be variable. Similar scheme can be also realised
in the 3D case in the presence of thin geometries, see also the next section.

4.3 Elliptic Problems in Cylinder Type Domains

As an example, we consider an application to elliptic problems in cylindrical domains.
Given the normalised hyperbolic sine operator E(z), the solution of the elliptic boundary value problem
posed in the domain Qg x [0,1] € R4+
d*u

i Lu=—f(z), u(0)=wu, u(l)=u, (4.4)
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with known boundary data ug, w1 and with the given right-hand side f(x), can be represented as
1
u(z) = E(x; L)ur + E(1 — x; L)ug + /G x,8; L) f(s)ds, (4.5)
0

where
_, sinh(zv/L)sinh ((1 - s)\/Z) for z < s,

Gz, 5L) =Gz, 8) = [\/Zsinh (\/Z)} ’ sinh(sv/Z) sinh ((1 - s)\/Z) forz > s

is Green’s function for problem (4.4). Tt is easy to prove that Green’s function can also be represented through
the normalised hyperbolic operator sinh-function in the following way

x 9+1
Glo.s) = 1 f_H | s L)dt for o < s,
’ 2 I IH ;L)dt  for x > s.
+s—1 -

Integration by parts yields

/ Gla,5:L) { / F(t)dt / ;:1 Bt £)dt + / Cfr /I :ilE(t;E)dt]

_5/0 (B(s—a+1;L) — (Jc+s—1;£))/0 F(t)dtds

1t 1
—5/ (E(m—s+1;£)—E(3:+s—1;£))/ ft)dtds. (4.6)
We consider the following semi-discrete scheme. Let M; be the H-matrix approximation of the resolvent
(z;1 — £)~' (see §5.1) associated with the Galerkin ansatz space Vj, C L?*(z) and let ug, f be the vector
representations of the corresponding Galerkin projections onto the spaces V4, and V;, x [0, 1], respectively. Then
the H-matrix approximation of the normalised hyperbolic sinh-function takes the form (set u; = 0)
N
o1 . h
En(z; L)ug = Z 7; sinh™ " (\/z;) sinh(,/z;2) M}, V=5 —(2jh — 1),

j=—N

(jh)* +b—ijh.

N‘I@

Substitution of this representation into (4.5) and taking into account (4.6) leads to the entirely parallelisable
scheme

Z 7; sinh™ " (/z;) sinh(z/Z;)M (4.7)

\/—bT/ (sinh((s — 2 +1)\/z;) — sinh((s + = — 1)\/Z;)) £(s)ds

0
) 1
i | (e D) (s e ) yE) He)ds
with respect to j = —N, ..., N, to compute the approximation uy(z).

The second level of parallelisation appears if we apply some quadrature rule to calculate the integral term
in the right-hand side of (4.7).

5 Appendix

5.1 On the H-Matrix Approximation to the Resolvent (z/ — £)!

For the reader’s convenience, we present briefly the main features of the H-matrix techniques to be used for
the data-sparse approximation of the operator resolvent in question. The details on the complexity bound
and the corresponding approximation results for the H-matrix arithmetic may be found in [14]-[18].
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In our application, we look for a sufficiently accurate data-sparse approximation of the operator (z1—L)7! :
H™YQ) — H}(Q), Q € R4, d=1,2,3, where z € C\ sp(£) is given in Step 1 of the Algorithm 2.5. Assume
that € is a domain with smooth boundary. The existence of the H-matrix approximation to exp(—tL) is based
on the classical integral representation for (zI — £)7!,

(2 — L) 'u = /QG(x,y)u(y)dy, ue HY(Q), (5.1)

where Green’s function G(z,y) solves the equation
(2 — L);G(x,y) =d(x —y) forz,yeQ, G(zr,y) =0 forx €09, ye . (5.2)

Together with an adjoint system of equations in the second variable y, equation (5.2) provides the base to
prove the existence of the H-matrix approximation of (21 — £)~! which then can be obtained by the H-matriz
arithmetic from [14, 15].

The error analysis for the H-matrix approximation to the integral operator from (5.1) may be based on dif-
ferent smoothness prerequisites. The typical assumption requires that the kernel function G is asymptotically
smooth, i.e.,

Assumption 5.1 For any m € N, for all z,y € R% z # y, and all multi-indices o, B with |a| = a1 + ... +aq
there holds

10005 G(,y)| < c(lol, |B]) |z — y>~ 1P for all |al,|8] < m.

In general, the smoothness of Green’s function G(z,y) is determined by the regularity of problem (5.2).
Let A := (2I — £)~!. Given the Galerkin ansatz space V, C V := H~1(Q2), consider the data-sparse
approximation of the exact stiffness matrix (which is not computable in general)

A = (Agi, ¢j)ijer, where V3, = span{p; }icr.

Let I be the index set of unknowns (e.g., the finite element-nodal points) and T'(I) be the hierarchical cluster
tree [14]. For each i € I, the support of the corresponding basis function ¢; is denoted by X (¢) := supp(y;) and
for each cluster 7 € T'(I) we define X (7) = (J,c, X (7). In the following we use only piecewise constant/linear
finite elements defined on the quasi-uniform grid.

In a canonical way (cf. [15]), a block-cluster tree T'(I x I) can be constructed from T'(I), where all vertices
b € T(I x I) are of the form b = 7 x o with 7,0 € T(I). Given a matrix M € R!*! the block-matrix
corresponding to b € T'(I x I) is denoted by M® = (m;;) (i j)ep- An admissible block partitioning Po C T'(I x I)
is a set of disjoint blocks b € T'(I x I), satisfying the admissibility condition,

min{diam(c), diam(7)} < 29 dist(o,7), or min{card(c),card(r)} =1,

(0,7) € Py, n < 1, whose union equals I x I. Let a block partitioning P» of I x I and k < N be given. The
set of complex H-matrices induced by P, and k is

Mo x(I x I, Py) :={M € C'™*!: forall b € P, there holds rank(M?®) < k}.

In our paper, the construction below is applied only for theoretical needs, namely to prove the existence of
‘H-matrix approximation to the operator resolvent. With the splitting P = Ppqr U Prear, Where Ppgp =
{0 x T € Py:dist(r,0) >0 }, the standard H-matrix approximation of the nonlocal operator A given in (5.1)
consists of three essential steps [15]:

(a) construction of the admissible block-partitioning Po = Ppar U Ppeqr of the tensor product index set
IxI.

(b) construction of an approximate integral operator Ay € L(V, V') with a kernel sy(+, ) defined for each
tensor product domain X (o) x X (7) with o X 7 € Py,, by a separable expansion

k
Gro(w,y) =Y a(@)ely),  (2.y) € X(0) x X(r),

v=1

of the order k¥ <« N = dim V},. In the near-field area, the kernel function is unchanged.
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(c) setup of the Galerkin H-matrix Ay = (Ans, ;)i jer for the operator Ay.
The reduction in operation count is achieved by replacing the full matrix blocks A7 (7 x o € Pfqr) by
their low-rank approximation

k
AT = Za,, el a, €eR", ¢, € R,
v=1

where a, = {fX(T) ay(aj)cpi(x)dx} , C, = {fX(U) cl,(y)goj(y)dy} . Therefore, we obtain the following
1ET jECT
storage and matrix-vector multiplication cost

Nt (Ay) = O(EN), Nuv (Ay) = O(EN).

On the other hand, the approximation of the order O(N~%), a > 0, is achieved with & = O(log” N), where
either 0 =d or 8 = d — 1 depending on the type of separable expansion for the kernel function.

5.2 Proofs of Lemma 2.3 and Theorem 2.4

First, we prove Lemma 2.3.
Proof. Let E(f,h) be defined as follows

E(f,h)(z) = f(z) = C(f, h)(2).
Analogously to [29, Theorem 3.1.2] one can get

E(f,h)(z) = f(z) = C(f,h)(2)
_sin(mz/h) f(&—id) f&+1id™)
- [ jas

—z—id)sin[w(€ —id)/h] (& — z +id)sin [7(£ +id)/h]

27i -

and upon replacing z by x, we have

w(rh) = [ B R @
After interchanging the order of integration and using the identities

L[ _sin(ma/h) 3 naie)/m
omi Jp (6 —w)—id 2 ’

we obtain (2.9). Using the estimate (see [29, p.133]) sinh (wd/h) < |sin[m(§ £1id)/h]| < cosh(wd/h), the
assumption f € H'(D,) and the identity (2.9), we obtain the desired bound (2.10). The assumption (2.11)
now implies

exp(—md/h)

Inn (£ < In(F B+ R D> Lf(RR)]| < WHNH%D@ +ch > exp[—alkhl]. (5.3)
[k|>N |k|>N
For the last sum we use the simple estimate
Cu o Y 2efa(N+1)h ) Cu
Z e Ikl =2 Z e kh = W < ae Nh. (54)

|k|>N k=N+1
It follows from (2.11) that

[ fllexr(pay < 26/ e~l*ldy = - (5.5)

— 00

which together with (5.3), (5.4) and (5.5) implies

I (F, )| < 26 | e/ +he—aNh:| L2 { exp(-2md/h) o]
(07

‘« | sinh (7d/h) 1 — exp(—27d/h)
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which completes the proof. [
Now we are able to prove Theorem 2.4.
Proof. First, we note that one can choose as integration path any parabola

Iy={z= %7724-17—1—1'77:776 (—00,0), k>1, b<},
which contains the spectral parabola
To={z=an’+~ +in:n € (—o0,00)}.

In order to apply Lemma 2.3 for the quadrature rule Ey, we have to provide that the integrand F'(n,t) can
be analytically extended onto a strip Dy around the real axis n. It is easy to see that it is the case when there
exists d > 0 such that for |v| < d the function (transformed resolvent)

R(n+iv, £) = [p(n+ )] = £]7* for 5 € (—o0,00), |v] < d,

has a bounded norm ||R||x_x. Due to the strong P-positivity of £, the latter can be easily verified if the
parabola set

Dy(v) = {z= T+ i)’ +b+iln+iv) : 1€ (—00,), |v] < d}
0o Kk _a. ko o . 2a .. _
—{Z—kn +b—|—4a k(l/+2a) +in(1+ kl/),ne( 00, 0), |v| < d}

does not intersect I'g. Each parabola from the set I'y(v) can be represented also in the form ¢ = a'n? + b with

4a? -t kE  a k\°
/: 4 -2 /: v e . .
a a<k+ av + . 1/) , b b—|—4a k<y+2a> (5.6)
Now, it is easy to see that if we choose
1 k k—1
v (\/E >2a d,  b=bk) =0 - ——, (5.7)
then
r (—d)—{z—2 2+b+g+ii' € (—o00,00)}
b(k) - —k77 da \/E n )
:z:af—l— + Ny *Eie—oo,oo =Ty. 5.8
{z=an;+v0+in.: 7 N ( )} =To (5.8)

From (5.6) one can see that ¢’ — 0, ¥ — 0 monotonically with respect to v as v — oo, i.e., the parabolae
from I'y(v) move away from the spectral parabola Iy monotonically. This means that the parabolae set I'y(v)
for b = b(k), |v| < d lies outside of the spectral parabola T'g, i.e., we can extend the integrand into the strip
D, with d given by (5.7). Due to the strong P-positivity of £ there holds for z =7+ iv € Dy

|F(e.z: L) < M\(Q%z—z)\ sinh ™" (V%22 +b—iz)sinh (2/%2%2 +b—iz)
o - | %22 +b—iz]
_ M|2%z —i|sinh (z/%(n? —1v2) + b+ v + i(2av/k — 1)n)
(1+ /1822 +b—iz])sinh (/> —v2) + b+ v +i(2av/k — 1)n)

and the estimate (2.7) implies that F(z,t; £) € H(Dy). We have also

IF(n, 5 L)|| < ce ", neR,

1 [0
a:a(x):(l—x)q/imin{%,b}>0, c:MMlj for all x € (0,1),

282 i

with

M; = max — .
zeDg 1+ \/|§2%2 + b —iz]
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Using Lemma 2.3 and setting in (2.12) « as defined above, we get

lnn (F,R)|| < e L iXZEI)_(Q_WQdﬂ/)h) + hexp[—(1 —z)y/ % min{%, b}Nh]] , (5.9)

where ny(F,h) = E(x) — En(x) as defined in (2.8) and

o = 2MM16a
! (1—eV2)a

Equalising the exponents by setting 27wd/h = \/%min{%, b}Nh, we get h = Vhmmizo % Substitution of this

value into (5.9) leads to the estimate

e~sVN 1—2)VN — /1 a
||’I’}N(F, h)H S C1 m + heis( —) s where s = vV2nd 5 mlH{E,b}

This completes the proof of Theorem 2.4. [
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