SOLVING THE 3D HIGH-FREQUENCY HELMHOLTZ EQUATION
USING CONTOUR INTEGRATION AND POLYNOMIAL
PRECONDITIONING
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Abstract. We propose an iterative solution method for the 3D high-frequency Helmholtz equa-
tion that exploits a contour integral formulation of spectral projectors. In this framework, the
solution in certain invariant subspaces is approximated by solving complex-shifted linear systems,
resulting in faster GMRES iterations due to the restricted spectrum. The shifted systems are solved
by exploiting a polynomial fixed-point iteration, which is a robust scheme even if the magnitude of
the shift is small. Numerical tests in 3D indicate that O(n!/3) matrix-vector products are needed
to solve a high-frequency problem with a matrix size n with high accuracy. The method has a
small storage requirement, can be applied to both dense and sparse linear systems, and is highly
parallelizable.

Key words. Helmholtz preconditioner, Cauchy integral, shifted Laplacian, polynomial iteration

AMS subject classifications. 15A06, 65F08, 65F10, 65N22, 65Y20

1. Introduction.

1.1. Problem of interest. Helmholtz-type equations are second-order partial
differential equations that model time-harmonic waves in materials with linear con-
stitutive relations. For the scalar case, the Helmholtz operator can be written as

(1.1) — A —w?/(x),

where w is the angular frequency, and ¢(z) is the wavespeed. After one of several types
of discretizations is applied, we end up with an n x n linear system of the following
form to solve:

(1.2) Au = f.

The main subject of this paper is the fast iterative solution of (1.2). The linear
system (1.2) is challenging to solve because the coefficient matrix A is typically highly
indefinite and non-Hermitian.

1.2. Existing work. Iterative methods can show fast convergence for non-
Hermitian linear systems, when the spectrum of the coefficient matrix lies in some
confined region in the complex plane that excludes the origin. Chebyshev iteration
[41, 21, 22, 17] is among the first type of modern iterative methods developed for the
non-Hermitian case. It is suitable for well-conditioned cases where the spectrum is
enclosed in an ellipse some distance away from the origin. Later, alternatives using
least-squares polynomials [30], were designed by minimizing some weighted L2 norm
of the residual on a polygon that encloses the spectrum. At the same time Krylov
subspace methods, such as GMRES [34], were found appealing as they did not require
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any prior spectral information. These methods converge well if the numerical range is
not close to the origin [10, 5]. For (modified) Hermitian and skew-Hermitian splitting
methods [2, 3], the spectrum is assumed to be in one of the four quadrants. However,
the performance of these methods in solving (1.2) is usually unacceptably poor due
to the unfavorable spectrum of the discretized Helmholtz operators.

In order to obtain iterative schemes that converge fast when solving (1.2), several
efficient preconditioners such as optimized Schwarz method [6, 14, 13], PML sweeping
preconditioners [11, 38, 44], and shifted Laplacian preconditioners [4, 12, 18] have
recently been proposed. These preconditioners are much more expensive to construct
than those for solving standard elliptic PDEs. We highlight specifically the idea of
shifted Laplacian preconditioners [12] which relies on the fact it is easier to solve linear
systems with the shifted matrix A — zI, for some complex number z, than with the
original matrix A. The idea of complex shifts is generalized in [43] based on contour
integration formulations that are formerly used in eigenvalue computations [40, 42].
The method draws a circular contour in the complex plane to decompose the spectrum
of A™', and the decomposed sub-problems are then solved separately.

The application of shifted Laplacian—type preconditioners A — zI is usually based
on extending standard elliptic solvers to complex matrices. Two popular choices are
incomplete LU (ILU) [29, 27] and multigrid methods [24]. One major issue associated
with these preconditioners is that their performance deteriorates dramatically as the
angular frequency w increases. This is because on the one hand, a small magnitude
of z is necessary for convergence when solving high-frequency problems [15] and on
the other hand, a small |z| will significantly increase the computational burden to
approximate (A — zI)~!: standard multigrid methods are no longer guaranteed to
be effective [8], and ILU factors become dense and even unstable. The aim of this
paper is to propose an efficient and robust preconditioning technique to overcome
these difficulties.

1.3. Outline of the proposed method. In this paper, we solve the 3D Helmholtz
problems in a contour integration framework adapted from [43], with a new fixed-point
iteration for the shifted systems. The fixed-point iteration is based on a polynomial
approximation of the matrix exponential, which is suitable for the case when the spec-
trum is confined in a rectangle with a small separation away from the origin and the
standard Chebyshev iteration diverges. Compared with existing methods for solving
shifted problems, the new approach is robust and has a fixed storage requirement even
if the imaginary part of the shift nears the origin. In the proposed contour integration
framework, the fixed-point iteration is used to resolve components of the sub-problem
associated with large eigenvalues of A, and GMRES is used to resolve the remainder.

For the Helmholtz equation with the impedance boundary condition, we show for
an idealized case that inside some contour the imaginary part of each eigenvalue is
well separated from the real axis. Then, iA may have a positive definite Hermitian
part for the problem inside the contour, in which case the Elman estimate [10] gives a
rather good estimation of the GMRES convergence rate. We give several techniques
to improve the effectiveness of the solver and demonstrate the performance of the
proposed scheme for challenging high-frequency variable-coefficient problems in 3D.
It is well known that spectral methods require fewer grid points per wavelength relative
to finite difference and finite element methods [36]. Since the proposed method only
accesses the matrix through matrix-vector products, it is ideally suited for solving
dense linear systems resulted from spectral discretizations.

The remaining sections are organized as follows. In Section 2, we review the
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contour integration framework for general indefinite linear systems. In Section 3,
we characterize the spectrum of the Helmholtz problem based on linear algebra as-
sumptions. A fixed-point iteration method is developed in Section 4 to solve shifted
problems. In Section 5, convergence is studied based on the distribution of eigen-
values of the interior impedance problem. Some useful techniques are provided in
Section 6 to achieve an optimal performance of the proposed method. In Section 7,
numerical examples are presented using Fourier spectral and finite difference methods.
Conclusions are drawn in Section 8.

The following notation will be used throughout the remaining sections:

e Range(G) and Null(G) denote the range and null space, respectively, of a matrix

G;
e p(QG) represents the spectral radius of a matrix G;
e G - (») 0 means G is Hermitian positive (semi-)definite.

2. Review of the contour integration framework. The inverse of a matrix
A can be approximated by a linear combination of the resolvent (A — 2I)~! with
several complex shifts [32, 43]. In this section, we provide theoretical justifications of
the key ideas in [43] and also suggest some new improvements.

In [43], the authors only consider circular contours. Here, we first generalize their
results to arbitrary contours. Let « be a closed piece-wise smooth Jordan curve in the
complex plane C that encloses the origin and such that no eigenvalue of A lies on ~.
Then the eigenprojector P associated with the eigenvalues outside v can be expressed
as

(2.1) P= i/ (1-241)" &

27 z

where the integral is taken counter-clockwise on . This is because

-1 1 ! _
(2.2) P=—[(--4"") d-=— (#'T—A)"az,
2mi ), \z z 27 Jy
where v~1 = {27! : 2z € 4} and the last integral is taken counter-clockwise on

y~1. The right-hand side of (2.2) takes the standard form of an eigenprojector of

A~1 associated with eigenvalues enclosed by v, see for example [32, Theorem 3.3].
Assuming that the 1/);’s are those eigenvalues of A~! enclosed by v~!, we then have

l.
1 -1 ! l;
Range(P) = @ Null <)\iI —A > = @ Null (M1 — A
where [; is the indez of \; [32, Sec. 1.8.2] The above equality implies that P in (2.1)
is equal to the spectral projector of A associated with eigenvalues outside ~.
The method proposed in [43] is based on the Cauchy integral representation of
PA—L
1 1 d
(2.3) PA™! = 7,/ (A-.)" &
27 J, z
Again, the integral is taken counter-clockwise on y. PA~! ignores the eigenvalues

of A that are inside «, and attempts to solve the restricted problem for eigenvalues
outside 7.
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If a numerical quadrature rule is applied to discretize the right hand side of (2.3),
PA~' can be approximated as

(2.4) PA 2 Y T Az,

— 2

K3

where {z;} are the quadrature nodes along v and {o;} are the corresponding weights.
For a given right-hand side f, the method proposed in [43] first approximates
PA7'f mw =3, Z(A— zI)"'f and then tries to minimize the residual of the

solution in the range of I — P with an iterative method

(25) min | Av — (f — Aw)]l>.

Afterwards, v + w serves as an approximate solution. The problem (2.5) is easier
to solve than the original problem because the spectrum is restricted inside . This
framework has some flexibilities regarding the selection of contours and quadrature
points and is summarized in Algorithm 2.1. Since the linear system is not solved
to high accuracy in a single run of FCI, it is necessary to use flexible preconditioned
GMRES [33] or iterative refinement to improve the accuracy.

Algorithm 2.1 Fast contour integration approximation of A=!f

1: procedure FCl (f € C*, A € C"*" {z; € v},{0; € C})
> z; and o; are quadrature points and weights on a contour

2 Solve (A — zI)y; = f for each quadrature point z;
3: Approximate PA~! f with a quadrature
%
w = —Y;
4: Compute the step size d as follows to compensate quadrature error

d = argmingcc || f — dAw||2

5 Solve v = argmin, |[[Av — (f — dAw)||2 with a few steps of GMRES
6: return the approximate solution v + dw
7: end procedure

In the following sections, we will discuss how to maximize the efficiency of Al-
gorithm 2.1 to solve (1.2) by exploiting the spectral properties of the discretized
Helmholtz operators.

3. Eigenvalue distribution of the discretized Helmholtz operators. In
order to apply the FCl preconditioner (Algorithm 2.1) to solve the linear system
(1.2), the spectrum information of the coefficient matrix is crucial for the selection
of the contour as well as the resulting preconditioning effect. In this section, we will
systematically study the eigenvalue distribution of the discretized Helmholtz operators
as well as some of its variants. More specifically, we will investigate the spectrum of
two types of matrices 1) the coefficient matrix A in (1.2) and 2) a related double-size
matrix.

Case One: For this simplest case, Algorithm 2.1 is applied to solve (1.2) directly.
The skew-Hermitian part of the coefficient matrix A comes from absorbing boundary
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conditions or various types of damping. Here we assume the skew-Hermitian part of
A is —i multiplied by a positive semi-definite matrix. That is,

A=Ay —ids,

where both A; and A, are Hermitian, and Ay is positive semi-definite. This assump-
tion has previously appeared in [18, Equation (12)], and also in [15, Equation (1.7)].
Under this assumption, it is easy to characterize the spectrum of A as follows.

LEMMA 3.1. If the Hermitian matrices Ay, As satisfy A1 +1 = 0 and Ay > 0,
then the spectrum of A = Ay —1As is contained in the closed rectangle

{AeC:Re(N) €[-1,p1 — 1], Im(N) € [—p2,0]},

where p1 = p(A1 + 1) and pa = p(As).

Proof. Let v be a unit right eigenvector of A. Then the corresponding eigenvalue
)\ satisfies
A =ovTAv = v Ajv — v Aqu.

This implies that

Re(\) = v Aw € [~1,p1 — 1], Im()\) = —v Ayv € [—p2,0]. 0

REMARK 3.1. One can always normalize a matrix to make the assumption A; +
I > 0 hold. In Lemma 3.1, p; and ps represent the horizontal and vertical stretch of
the spectrum, respectively, and p;/p2 measures the aspect ratio of this rectangle.

Case Two: We now consider a double-size linear system:

(3.1) (C -1 (f) _ (2) C— (—(A1 e _;2).

One can check that w in (3.1) is exactly the solution of (1.2). We can apply Algorithm
2.1 to solve the system (3.1) instead. Although the size of the coefficient matrix iC' — I
in (3.1) is twice as large as that of (1.2), it could be less costly to solve (3.1) than
(1.2). This is because the spectrum of iC' — I can be more compact than that of A
under some discretization schemes, which is analyzed in the following theorem.

THEOREM 3.2. Following the same assumption as in Lemma 3.1, the spectrum of
the matriz C defined in (3.1) is contained in

p2 p2\?
N <7 p— j—
{ME(C || < 5 + <2) +p1, Re(p) €] pg,O]},

where p1 and py are defined in Lemma 3.1. Furthermore, if po = 0, then the set of
eigenvalues of C' is

{iv/ A : A\ is an eigenvalue of Ay + T}

Proof. If 11 is a non-zero eigenvalue of C, then the Schur complement S of ul —C

S=pl+ As+p (A +1)
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has to be singular.
Denote uS by E. For a non-zero vector v in the null space of E, we have

vHEv

0=|—%

/ 2

If u is real, then for any vector w, we have

> 12| = |ulp2 — p1.

vtv

wf Bw
wHw

| > 1]~ [ulpa.

This implies that p € [—p2,0]. Because otherwise E = 0 is a contradiction. If u has
a non-zero imaginary part, then the Hermitian part of E/(Im(u)i) is

Im (%)
Im(p)

which is positive definite for Re(i) > 0 and is negative definite for Re(u) < —p2/2.
Therefore, Re(p) € [—pa,0].

Finally, we consider the special case when py = 0. Let V~'AV be the diagonal-
ization of A; 4+ I. If py = 0, then As = 0 and we have

(e )= )

For the characteristic polynomial, we have

I—|—A2 = QRG(M)I—FAQ,

det(ul — C) = det (lj{ /u{) = H(MZ + o). 0

This shows {£iy/\;} are the eigenvalues of C' when ps = 0.

REMARK 3.2. Using the notation and result of Theorem 3.2, the spectrum of
iC' — I is contained in

2
{MGCI ln+1] < %2+ (%) +p1,  —p2 < Im(p) SO}-
We can compare iC' — I with the matrix A in terms of the spreading of spectrum.
The spectrum of iC' — I is contained in a ps + \/p3 + 4p1 by pa rectangle; but the
spectrum of A is contained in a p; by py rectangle. A can have a more elongated
spectrum when py/ps is large. Therefore, although iC' — I is double in size, it may be
more suitable for iterative solvers because the spectrum is less spread out. See Figure
3.1 for a 2D example.

4. Polynomial preconditioners for solving shifted problems. The appli-
cation of Algorithm 2.1 to solve discretized Helmholtz equations involves several linear
system solutions with shifted problems:

(4.1) (A—zI)y = f.
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o Caseone ||
x  Case two

-0.5 -

Imaginary part

Real part

F1G. 3.1. Comparison of the spectrum between Case one (1.2) and Case two (3.1). The test
matriz is based on finite difference method on a 1002 grid, with absorbing layers near the boundary.
The eigenvalues are computed by eig in MATLAB. The rectangles are the results of Lemma 3.1 and
Theorem 3.2, where p1 ~ 17.2, pa =~ 1.3.

If | Im(2)| is large enough, then according to the previous section i(A — zI) has a sign
definite Hermitian part, and many existing elliptic solvers or preconditioners can be
used. However, they become expensive to compute or to store as | Im(z)| reduces. In
this section, we will propose several efficient polynomial preconditioning techniques
to solve (4.1) even when |Im(z)| is relatively small.

We can write the general form of a polynomial fized-point iteration of (4.1) as

(4.2) YD — ) (A — 2Dy,

where p is a polynomial, and 7("™) = f — (A — 2I)y("™ is the residual at the mth step.
If all the roots of the polynomial p are known explicitly, then (4.2) can be rewritten
as a cyclic Richardson iteration. Motivated from Lemma 3.1 in Section 3, we assume
in this section that the spectrum of A is contained in a closed rectangle B. For fixed
z, we define

(4.3) RN =1—(0\—=2)p(A—2).
R is usually called the residual polynomial. A desirable polynomial p should solve the

following minimax problem in some special set of polynomials denoted by P:

(4.4) min max |R(A)| = min max |R(M)].
pEP XEB pEP \N€OB
4.1. Stationary Richardson iteration. The scheme (4.2) is a stationary Richard-
son iteration if p is a complex constant. The minimax problem (4.4) is essentially
solved by the method in [26]. Here, we present a slight generalization to the case
of rectangular spectrum. The following theorem shows how to choose the complex
constant for optimal convergence rate.

THEOREM 4.1. Let B C C be the rectangle with vertices {by,ba, 51, B2} such that
Im(b;) =0, Im(B;) <0, je{l,2}.
Assume that p € C, the minimaz value of R(\) in (4.3)-(4.4) is taken on the vertices

min max |R(A)| = min max |R(N)].
peC A\eB pEC Xe{b1,b2,61,62}

Furthermore, if Im(z) & [Im(51),0] and z is enclosed by the circumcircle of B, then

x _ |oa|/ait|az|/o2
P = e Hleal

la—as|
[ar[+]az]

(by — z,bp — 2) if Im(2) > 0,
(B1 — 2,82 —2)  otherwise.

the minimaz value of R(\) equals , where

a:=(a1,az) = {
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Proof. Let o = 1/p+ z be the root of the residual polynomial R(A) = 1—(A—2)p.
The absolute value of R(\) is related to the distance from o

A—z

o—Zz

A =o]

R

RO =1 — (A~ 2)p| = '1 -

For fixed z and o, |[R(\)| is convex, so the maximum value on each line segment is
taken on a vertex. 0B has four sides, and the maximum value is taken on one of the
four vertices.

For the remaining part of the theorem, it suffices to prove for the case Im(z) > 0
because the other case follows from symmetry. The minimax problem restricted to a
line segment is solved in [26, Example 5.1], which suggests

o — o
min max |1 —(A—2)p| = a1 = as] <1,

PEC AE[b1,ba] || + [oz]
and the optimal value of p is p*. For circles containing by, by, the one centered at
0* = 1/p* 4+ z does not contain z because |by — 0*| = |ba — 0*| < |z — 0*[, but the
circumcircle of B contains z. So, o* is closer to 1, 82 than to by,bs. That is,

|81 —0"| = |B2 — 0"| < |by — 0¥| = [ba — O7|.

Therefore,

b Ak
=o'l in max  |ROV| = minmax| ROV
|z2— 0| PEC A€{br.ba.fr.B2) pEC AeB 0

p* solves the minimax problem (4.4) for B.

REMARK 4.1. If b1bs < 0, which means the matrix A in (4.1) is indefinite, for an
imaginary shift z (or | Re(z)| is much smaller than |b;| or |bs]), the convergence rate

is close to
lon —aa| b1 + [b2]

] + e \/b%+1m2(z) + \/bg—i—Imz(z)
Using the Taylor expansion of v/1 + 22, one can check that an O(|Im(z)|~2) number

of iterations is needed to reach certain relative accuracy. This result can be improved
by considering high-order polynomials.

4.2. High-order polynomials. High-order polynomials p(A—z) have the capa-
bility to improve the convergence rate. For well-conditioned problems, existing work
such as Chebyshev iterations [41, 21, 22, 17] and Leja points [28] can select the roots
of the polynomial near the spectrum for asymptotic optimal convergence. Since the
shifted system (4.1) may not be sufficiently well conditioned, we will design such a
polynomial from the approximation of the exponential function.

For given z, the residual polynomial R()) defined in (4.3) can be reformulated as

(4.5) R(A) = ;
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for some polynomial p because this form also takes the value of 1 at A = z. The ideal
polynomial should yield small value of |R(\)| at every eigenvalue .

The choice of p is motivated from the exponential function. If Im(\ — z) has a
fixed sign for A € B, then with a suitable choice of § € R, the following quantity can
be arbitrarily small

‘ —1idA|
6Im(>\ z)

|6 15z‘

The simplest choice of p is based on the Taylor expansion of the exponential function

(4.6) oy = 3 EEA - ) _ZO))

Jj=0

where zg is the center of the Taylor expansion. Then the polynomial p of degree ¢ — 1

n (4.2) has the form
B ;5(!1)(,\)
p(A—2) = (1 — p'(q)(z)) /(A= 2).

Since it is complicated to expand the above expression in the power basis, we propose
an alternative iteration scheme as follows:

k= —i6 (A= 2D)y™ - f),

—id (—i6(z — 20)) 71 .
(47) kj = T <(A - ZOI)kj—l (] — 1(;| I, J€ {2737 T aQ}v
(m+1) _ Ay(m) ) Z?:1 kj
’ p9(2)

In the following theorem, we show that the above scheme is equivalent to a fixed
point iteration.

THEOREM 4.2. The solution of (4.1) is a fized point of (4.7). The error at the
mth step satisfies

0= (58" 673

Proof. If y(™) = y is the solution of (4.1), then k; = —id(z — 20)y. If ki1 =
(=i6(z—20)) !
G-

y, then
—id

= (—i6(z — 2))?
b= g)

(4=t - S

-—(ﬁzjj?)‘Q«A—mny—m
( 15(,2]! 20))? y

For the next iterate,

(m+1) _ 5:0(_15(2 - ZO))j/j! _
Y - 7@ (2) v=v
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Therefore, y is a fixed point of (4.1).
If y("™) = y, then from a similar induction argument we have

—i6(z — 29))? —i6(A — zo))! .
(LN G CEE Y N
J: J:
Therefore,
5(0) A)
(m+1) _, _ p ( (m) _
Y 59 (2) ( ). O

The optimal parameters zp and ¢ in the scheme (4.7) can be computed by solving
an optimization problem for each fixed polynomial degree ¢q. Here we propose a
heuristic to simplify this procedure. We choose zy to guarantee robustness and § for
fast convergence. By robustness we mean for sufficiently small |4|, the spectral radius
p(p9(A)/p\D(z)) is less than 1. This is done by considering the following equation:

‘p‘q)(A)
P9 (2)

If we fix Im(zp) = Im(z) and assume Im(\ — zp) has a fixed sign, then we can always
find some 0 with a small absolute value such that é Im(A — zp) < 0, which controls the
spectral radius. Since zg = (b1 + b2)/2 4+ iIm(z) is the optimal choice for ¢ = 1, we
will always follow this choice for high order polynomials. After that, § is determined
by numerically minimizing the convergence rate

p(N)

p(z)
This is a 2D optimization problem which is easy to solve. Table 4.1 compares the
convergence rate v for different order q. We prefer choosing ¢ with a minimum /9
value since this quantity gives the fastest converging method for a given number of
matrix-vector products.

. 1+ 2(51111(/\ — Zo)
+o(lol) = 14+ 25Im(z — 20) +o((a]).

2_)1—15@—%) ?
1—1i6(z — 20)

(4.8) v = min max
S€ER \eoB

TABLE 4.1
Convergence rate of (4.7) for different order q. The spectrum of A in (4.1) is within a rectangle
B with the real part in [—1,2.8] and the imaginary part in [—0.65,0], and the shift is z = 1. 6* is the
optimal choice of §. v is the estimated convergence rate, and vi/a quantifies the convergence rate
per matriz-vector product.

o* v vi/a
0.250 | 0.866 | 0.866
0.688 | 0.537 | 0.733
0.750 | 0.530 | 0.810
0.750 | 0.547 | 0.860
0.938 | 0.416 | 0.839

QU | W N =

We are also concerned with how the cost increases as |Im(z)| reduces in (4.1).
Table 4.2 gives the estimated number of matrix-vector products for reducing the
residual by 102. The cost of the stationary Richardson iteration (¢ = 1) quadruples
as the imaginary shift reduces by 1/2. For high-order methods such as ¢ = 3, the
results are much better. The cost roughly doubles when the imaginary shift reduces
by 1/2. As the imaginary shift decreases, one might want to increase ¢ slightly to
approach a desirable performance.
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TABLE 4.2
Estimated number of matriz-vector products for reducing the residual by 102. The spectrum of
A is the same as Table j.1.

z=i|lz=1i/2|z=1i/4|2=1/8
g=1| 33 110 420 1656
qg=2| 16 38 110 304
g=3| 24 30 60 135
q=41| 32 44 72 128
q=5| 30 60 120 180

5. Solving the inner problem. After the discussion of the outer problem, the
next topic is the convergence of GMRES iterations for the inner problem in Algorithm
2.1. We analyze the problem by studying the distribution of eigenvalues with small
magnitude for the Helmholtz equation.

5.1. Characterization of small eigenvalues. It is important to study near-
zero eigenvalues because they govern the conditioning of the problem. A stability
estimate is proved in [25, 9, 15] for the constant-coefficient Helmholtz equation in
a star-shaped domain §2 with the impedance boundary condition. The part of the
statement we want to highlight is that

wllullzz) < allfllz2 @),

where u is the solution of the right-hand side f, « is a constant independent from
the angular frequency w. This result implies that all the eigenvalues of A are at least
O(w) distance away from the origin.

For the constant-coefficient case in a hypercube, we can further describe the
distribution of eigenvalues with the impedance boundary condition. In fact, we can
show that the imaginary part is at least O(w) for eigenvalues with magnitude smaller
than w?. Let the wavespeed be normalized as one in the d-dimensional unit hypercube
[0,1]4. Consider the eigenvalue problem in multiple dimensions (d > 2), and an
eigenpair (A, v) satisfies

~Av—w?v = in0,1]¢,
(5.1)

Opv —iwv =0 on 9[0,1]%,

where 0,, means taking the directional derivative along the outward unit normal.
THEOREM b5.1. For any fixed p € (0,1), there exists a positive constant s such
that every eigenvalue X of (5.1) with |\| < pw? satisfies | Im(N\)| > sw for sufficiently
large w.
The theorem gives a more detailed characterization of small eigenvalues. Figure

5.1 illustrates how this compares with existing stability results. The proof is based
on a separation of variables in following form:

d
(5.2) v(x) = [[eilx;), &)a;)+Epi(z;) =0,

j=1

where &; € C and Re(¢;) > 0. An eigenvalue can be written as A = £ - £ — w?, where
£= (51 &y - §d). The general solution of (5.2) is ¢;(z;) = a;'eiéjmj +aj_e’i5fzf.
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v

Fic. 5.1. Distribution of eigenvalues in the complex plane for the Helmholtz equation with
impedance boundary condition. All the eigenvalues are in the shaded area of the lower half plane.
The dashed circle around the origin with radius O(w) is the result of [25, 9, 15]. In the circle with
radius pw?, the minimum sw distance from the real axis is the result of Theorem 5.1.

The boundary condition in (5.1) suggests

(5.3) — @;(O) = iwg;(0), <p;-(1) = iwe;(1).
Substituting the general solution into (5.3), we have

(5.4) a;r (Ww+¢&)  =-a; (w—¢),

(5.5) aj’ (w— Q)eigi =—a; (w+ Q—)e’ng

Eliminating aji, we have that every {; solves the same equation of z

w—Zz

(5.6) = +e 17,

w+z

There is no root in the first quadrant {z : Re(z) > 0,Im(z) > 0} because

:“‘:Z: <1, | >1.
w z

So we are only interested in the fourth quadrant {z : Re(z) > 0,Im(z) < 0}. The
following lemma will be used in the proof of Theorem 5.1.

LEMMA 5.2. Given a sequence of angular frequencies {wy,} that goes to infinity,
and for a sequence of complex numbers in the fourth quadrant {z, = am, — iby, :
A, by > 0}, if there exists ¢1,co > 0 such that by, > c1wpm, by > Caty,, then z,, does
not solve (5.6) for sufficiently large m.

Proof. The lemma can be easily proved by taking the absolute value on both sides
of (5.6). For the left-hand side of (5.6), we have

’wmam+ibm’ bim - 1
T wm A+ am —ibm| T /(1)1 + 1/c2)2 + 1
The right-hand side of (5.6) satisfies

W + @y, — by,

n}i_r}rloo | exp(=by, — iap)| = lim exp(—by,) = 0. 0

m—0o0

So the equality does not hold for sufficiently large m.
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Proof of Theorem 5.1. If the statement is false, then there exists a p > 0, a
sequence of angular frequencies {w,, } that goes to infinity, and a sequence of complex
phase vectors {£(™) € C?} satisfying (5.2) and (5.3), but for A, = £0™) . £0m) — 2 |
we have that

Im(An,
(5.7) Do < o, lim 2Om)
m—oo Wy,
We can assume that there exists a sequence of indices {j,, € {1,2,---,d}} such

that

1—
(5'8) |£_;::L)| > Wm A/ Tp,

because otherwise |£(™)|? < w2 (1 — p), and we have
Al = wp, — €77 > pur

which contradicts with (5.7).
Let 5;:) = Gy, — iby,. Because of (5.6)—(5.8), @m,bm > 0 satisfy

1—
(5.9) a2 + b2, > —— L2

d ™
mb’m
(5.10) lim 2m2m
m—ro0 wm
W — Gy, + 1byy .
5.11 _—— =4 —b,, —iamy,).
( ) Win + Gy, — by, exp( “ )

From (5.9) and (5.10), we get

2
m

2 2 2 2
a2, + bz, wm a2, + b2,

WinGmbm o ambm W 0.

Then we can find subsequences (still denoted by {a, }, {b }) such that either wy,am, /b
or Wb /am goes to zero.
If wmam /by — 0, then an, /by, — 0 for large wy,. From (5.9), we also have

{am —1iby, } satisfies the assumptions in Lemma 5.2. Hence they are not roots of (5.6)
for large m, contradiction.
If Wb /am — 0, then from (5.10)

2 Wmbm ambn,
2 =

b — 0.

Am W

From (5.9), we have

al, _1—p b2
Zmo - P Tmo
w2 T d w2,
S0 @y /wr, is bounded above zero. From (5.11),
|1 — am/wm|

1: i 1 bm = 1. .
exp( mgnoo ) mgnoo 1—|—am/wm
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SO @y, /wy — 00. For the complex phase vectors {£(™)},

Am, = (agn - bfn - w?n) - 12ambm + Z gl(M)gl(m)
l#Jm

For large m, we have a2, — b2, — w2, > 2pw?2,. We can find another sequence {fl(::) :
lm # jm} such that
m m p
Re(g,™Me™) < —
Because otherwise

Re(Am) > 2pw2, + 3 Re(6™e™) 2 2pw2, — (d— 1) w2, = pu?,

- d—1
I#im

which contradicts with (5.7). Let fl:) = @y, — iby, with non-negative a,, and b,,. We
have B

~2 72 _ 2

a,, — by, < T1 1wm. None
So b, > Q. and l;m > +/p/(d — 1)wy,. Because of Lemma 5.2, this sequence does not

solve (5.6) for large m, which is a contradiction.

5.2. GMRES convergence. Theorem 5.1 depicts the fine structure of spec-
trum of discretized Helmholtz operators near the origin. For simplicity and clarity,
we assume for now that the contour integration (2.3) gives the exact solution of the
outer problem, and focus on the convergence of GMRES for solving the inner problem.

For the linear system Au = f, recall that P is the eigenprojector defined in (2.1).
After solving the outer problem, we obtain the solution PA~!f and the residual

f—APA™f = (I - P)f.

Since the solution of the inner problem is in the range of I — P, we have the following
equation

(5.12) A(I - Pyu= (I — P)f.

THEOREM 5.3. Assume that A(I — P) is normal, and that there exists positive
constants p, s such that |\| < pw? and Im(\) < —sw for all non-zero eigenvalues \ of
A(I — P), then for solving (5.12), the kth GMRES residual ry, satisfies

2
k 2
[rellz < p¥llroll,  p” <1-— 2t
Proof. Since A(I — P) is normal, A(I — P) can be unitarily diagonalizabe. That
is, there exists a matrix V' with orthonormal columns such that
A(I = P)=VAVH,
where A is a diagonal matrix containing non-zero eigenvalues. Then,
I-P=VVH,
and (5.12) is equivalent with
AV =VHY, 0

It is easy to see that the smallest eigenvalue of the Hermitian part of iA is greater
than or equal to sw and |iA|l2 < pw?. Then the final result follows directly from the
Elman estimate [10] for the matrix A.
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6. Techniques for improved performance. In this section, we will discuss
several special techniques to improve the speed and robustness of Algorithm 2.1.

6.1. Quadrature on an ellipse. The contour 7y is usually selected as a circle
in existing methods. By shrinking, say, the real axis, the circle is transformed into an
ellipse in the form of

(6.1) {trcos@ +irsinf : t,r >0, 0 €[0,2n]}.

For fixed r, the advantage of using a small ratio t is that there are fewer eigenvalues
enclosed by the contour. Hence the contour integration (2.3) is closer to the true
inverse. The disadvantage is that the shape of v becomes irregular, so the number of
quadrature points may need to increase.

One way to derive quadrature rules on an ellipse is by mapping it to the unit
circle parametrized by the angle 6. Note that

% z= %d(trcos@ +irsinfd) = (rcosf + itrsinﬁ)%.

For an equispaced set of angles {6;}, the quadrature weights can be chosen as
oj = (rcosf; +itrsind;)/J,

where J is the number of quadrature points.

6.2. Shifting the center. In order to avoid an ill-conditioned shifted system,
we shift the center of the ellipse according to the spectrum and choose a small number
of points such as 6 so that the quadrature points are not close to any eigenvalue. This
makes the contour integration method robust.

Each quadrature point z; satisfies

(6.2)  zj =tr(cos(2j —1)¢ —cosp) +i(rsin(2j —1)p — p2/2), je[l,...,J],

where ¢ = w/J and po is the spectral radius of the skew-Hermitian part of A. The
center of the contour is —tr cos ¢ — ips/2. For the real part,

Re(z;) = tr(cos(2j — 1)¢ — cos ¢) <0,

so that the shifted matrices cannot be more indefinite than the original one. We
choose

(6.3) r = (pa/2+¢)/sin,

so that the imaginary part is

Im(z;) & (—¢ — p2, ).

According to Lemma 3.1, this choice ensures that each A — z;I is invertible. The
quadrature points are visualized in Figure 6.1.

6.3. Preconditioning the inner problem. The inner problem discussed in
Section 5 is an idealized case where the outer problem is exactly solved. Error in the
solution and quadrature may affect the convergence of the inner problem. One can
apply some standard preconditioners to improve the convergence. We find that an
(approximate) discrete Laplacian usually gives a satisfactory performance by deflating
the large eigenvalues of the Helmholtz problem. For the sparse case, this can be
achieved by computing an ILU factorization without fill.
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F1G. 6.1. llustration of the quadrature points (6.2). Here, t = 0.5, r = 0.6, and J = 6.

7. Numerical examples. To illustrate the performance of the proposed method,
we present the test results for solving a challenging 3D high-frequency Helmholtz equa-
tion. Since the method has little restrictions on the type of discretization: we attempt
to solve both dense linear systems from a Fourier spectral method as well as sparse
ones based on finite difference methods. The solution algorithms are implemented by
MATLAB. The test machine is a Linux workstation having 3.5GHz CPU and 64GB
RAM. In this section, we use the following notation:

e its: number of iterations;
e mvs: number of matrix-vector products;
e i-t: iteration time in seconds.

7.1. Test problem. The test matrix can be written formally as
(7.1) A=S5—-M+iD,

for some Hermitian positive semi-definite matrices S, M, and D. S is the negative
discrete Laplacian, M is the mass matrix that generates the indefiniteness of A, and
D gives the non-Hermitian part. For solving free-space problems, D is used to reduce
artificial reflections near the boundaries of the computational domain. One example
is a diagonal matrix which has positive diagonal entries for points near the boundary
and zero elsewhere, see for example [37].

If S,M,D = 0, and p(M) < 1, then S—M+1I = 0 and A satisfies the assumptions
of Lemma 3.1. Tt is helpful to know p; = p(S — M + 1) and ps = p(D), because they
characterize the spectrum of A. Since ps only depends on D, we study the combined
effect of S and M on p; for our test problem.

Fourier spectral method can be applied because the proposed method only re-
quires matrix-vector products of the discrete Laplacian. S can be diagonalized by a
3D fast Fourier transform (FFT):

S =FHEAF,

where F' is the transformation matrix of a forward FFT, and A is the diagonal matrix
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consisting of the eigenvalues of S. Each eigenvalue can be written as

(7.2) ;= (l“ﬁ;ﬂ)zimin(i?(N —i;)%),

where i is a zero-based multi-index in an N3 grid, and i, is the minimum sampling
rate (minimum number of points per wavelength). Clearly,

nin e (N 3,
pls) = < (22) Y (F) =3

d=1

The standard seven-point stencil can also be used to generate a sparse matrix S, then
the eigenvalues are replaced by

3 .
X lmin 2 15
i = <27T 22(1 — cos Nw)
j=1
The spectral radius is instead p(S) = max; |\;| < 312 ;.- Low-order finite difference
methods may need a large sampling rate [, which increases the size and spectral
radius of A.
The mass matrix M contains the variations of the wavespeed. For the simplest
diagonal case, the ith non-zero diagonal entry is simply
lrznin
M'L"L' = 2
l;

where [; is the local sampling rate on the ith grid point. For this case, p; defined in
Lemma 3.1 satisfies
9 l2 _ l2 .
pr=p(8 =M +1) <|[Sll2 + I = Mll2 = Olin) + 55—
max
Regarding the spreading of the spectrum, the minimum sampling rate (Iin) has a
primary influence, and the variations of the wavespeed (Ijmax/Imin) play a secondary

role.

7.2. Cost of shifted solution. We first compare the two formulations discussed
in Section 3. We test the cost of solving a pair of shifted problems corresponding to
the two cases (1.2) and (3.1). In order to draw a fair comparison, we force the shifted
problems to be equivalent. Let A be a Hermitian indefinite matrix, and complex
numbers z, s satisfy z + 1 = (s + 1)2. Then the pair of shifted problems are:

(7.3) (A—zD)y =,

and

(7.4) (1((8 AT }I) 7(81 1)1) ((s i)y) - (?) '

The results are tabulated in Table 7.1. Note that the cost of each matrix-vector
product is roughly the same. (7.3) is more suitable for the case that the spectrum of
A is compact and the imaginary shift is large, otherwise (7.4) is better suited.
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TABLE 7.1
Number of matriz-vector products for reducing the residual by 102. Boldface numbers indicate
a superior performance over the alternative case.

(a) Case one: solving (7.3)
Spectrum || z=1i|z2=1/2 | z=1i/4| 2=1/8
[—1.8] | 28 | 67 | 156 | 276
[—1,16] || 52 | 145 | 381 | 721
[—1,32] || 97 | 436 | s61 | 1691
[—1,64] | 331 | 916 | 1831 | 3736

(b) Case two: solving (7.4)
Spectrum || z =1i|2=1/2 | z2=i/4| z=1/8
(—1,8] | 67 | 121 200 | 441
[—1,16] || 85 | 157 | 229 | 609
[1,32] || 113 | 193 | 397 | 681
[~1,64] || 149 | 221 | 449 | 909

Fic. 7.1. Wawvespeed function.
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%107
2

300
200

100

Fic. 7.2. Solution of the problem in Figure 7.1.

7.3. Scaling test. This scaling test checks the cost of solving (1.2) as the fre-
quency and the problem size increase. We choose a wavespeed function that has eight
high-wavespeed anomalies. Figure 7.1 visualizes the wavespeed function. Figure 7.2
shows the solution of the largest problem size.

We set up the solver based on the techniques described in Section 6. Six quadra-
ture points are used, and their locations change with respect to the angular frequency
w. For example, for the four problems in Table 7.3(a), we fix ¢ = 0.1 in (6.2) and
select € o< 1/w in (6.3), then the sets of quadrature points are

0.00 + 0.801 0.00 + 0.401 0.00 + 0.271 0.00 + 0.20i
—0.22 4 2.051 —0.15 + 1.251 —0.12 4 0.99i —0.11 + 0.851
—0.43 + 0.80i —0.30 + 0.40i —0.2540.27i —0.23 + 0.201
—0.43 — 1701 |’ —0.30 —1.301 |’ —0.25 —1.171 |’ —0.23 — 1.101
—0.22 — 2.961 —0.15 — 2.161 —0.12 — 1.891 —0.11 — 1.761

0.00 — 1.701 0.00 — 1.301 0.00 — 1.171 0.00 — 1.101

The first quadrature point in each set is closest to the origin. For these points, the
parameters for applying (4.7) are listed in Table 7.2.

Regarding different cases in Section 3, by estimating the spectrum we find that
for the spectral method one can apply Algorithm 2.1 to the original matrix A because
the spectrum is more compact, and the modified matrix iC' — I in (3.1) is suitable for
the finite difference method. The spectral method case includes a regularized inverse
Laplacian preconditioner is diagonalized by FFT with eigenvalues {1/ max()\;,1)},
where )\; is defined in (7.2); the finite difference case includes a ILU(0) preconditioner
based on the 7-point stencil discrete Laplacian.

Table 7.3 and Figure 7.3 are the test results for reducing the residual by 103. For
the spectral method, the sampling rate is 2.25 in the background, and is 4.5 inside the
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TABLE 7.2
Parameters of the polynomial iteration (4.7) for ome pole. The parameters are computed by
solving (4.8). z is the complex shift. The method stops when the residual is reduced by 5.

n z qg| 6 | mvs
80 | 0.8i |2]0.51| 10
1602 | 0.4i |3]091| 18
2403 | 0.271 | 31 0.88 | 27
3203 | 0.2i [3]0.85| 39

TABLE 7.3

Scaling test for fived sampling rate and increasing problem sizes.

(a) Fourier spectral method
n |w/(27) | its | mvs i-t
803 | 35.56 | 6 | 879 39.8
160° | 71.11 | 8 | 1795 | 719.6
240% | 106.67 | 9 | 2670 | 4610.2
3203 | 142.22 | 11 | 3754 | 14841.6

(b) Finite difference method
n | w/(2m) |its | mvs i-t
803 8.89 9 | 341 18.9
1603 | 17.78 | 8 | 536 | 293.7
2403 | 26.67 | 11| 842 | 1649.2
3203 | 35.56 | 10 | 1065 | 4954.5

4000

—a— Spectral 4 S : |

—o—Finite difference 10 =—Spectral
P -—-0mn 1/3) —e—Finite difference
3 3000 ---0(n*?)
3 3
S O
5 2000 )
© E
2 E e
Z1000 10
T
2 -

0 10 : : ——
80 160 240 320 80° 160°% 240°%320°
1/3
n n
(a) Matriz-vector products (b) Iteration time

Fic. 7.3. 3D Scaling test.
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anomalies. For the finite difference approach, the frequency is reduced by four times
to obtain a minimum sampling rate of 9. For both cases, the number of matrix-vector
products is proportional to the angular frequency O(w).

8. SEG/EAGE salt-dome model. The SEG/EAGE salt-dome model [1] is
a 3D wavespeed model commonly used in exploration geophysics. The physical size
is 12kmx12kmx4.5km. The wavespeed ranges between 1500m/s and 4500m/s, see
Figure 8.1 for sections of the wavespeed. At high frequency — 33.33Hz, we apply
Fourier spectral discretization on a 201x676x676 grid. Figure 8.2 visualizes the
solution wavefield. For 1072, 10~4, and 10~ relative residual, the proposed method
takes 17 iterations (984min), 32 iterations (1850min), and 51 iterations (2943min),
respectively. Figure 8.3 shows that linear convergence of the residual still holds even
when the wavespeed is rather complex.

5000
4500
4000
0 3500
_1 —
_ 3000
§ 2
~ 10 2500
-3
2000
-4 - 5
0
y (km) 1500

2
4 6 8 10 12 0
x (km)

Fi1G. 8.1. Wavespeed function of the SEG/EAGE salt-dome model.

9. Conclusions. An iterative method was proposed to solve the discretized 3D
high-frequency Helmholtz equation. In the framework of contour integration method
which implicitly decomposes the original problem into an inner and outer problem, a
fixed-point iteration was introduced to solve the outer problem. GMRES is suitable
for solving the inner problem because of our theoretical estimates on the distribution
of eigenvalues. 3D numerical examples show that the computational cost of this
method scales as O(w*) or O(n*/3). The method is especially suitable for solving
high-frequency problems when combined with spectral methods.
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o

Fia. 8.2. 33.833Hz solution wavefield corresponding to Figure 8.1.



MATRIX-FREE HELMHOLTZ SOLUTION 23

10°

102 .
£
2
s 104F .
kel
3
o

10° y

10'8 | | | | |

0 10 20 30 40 50 60
Iteration
F1G. 8.3. Restdual history of FCI iterations of SEG/EAGE salt-dome model.
F. AMINZADEH, J. BrRAC, T. KUNZ 3-D salt and overthrust models, SEG/EAGE 3-D Modeling

A.

M

M

Series No.1, Society of Exploration Geophysicists, 1997.

. Z. Bai, G. H. GoLus, M. K. NG Hermitian and skew-Hermitian splitting methods for non-

Hermitian positive definite linear systems, SIAM J. Matrix Anal. Appl., 24 (2003), pp.
603-626.

. Z. BA1, M. BENz1, F. CHEN Modified HSS iteration methods for a class of complex symmetric

linear systems, Computing, 87 (2010), pp. 93-111.

. Bavwiss, C. I. GOLDSTEIN, AND E. TURKEL, An iterative method for the Helmholtz equation,
J. Comput. Phys., 49 (1983), pp. 443-457.

BECKERMANN, S. A. GOREINOV, AND E. E. TYRTYSHNIKOV, Some remarks on the Elman
estimates for GMRES, SIAM J. Matrix Anal. Appl., 27 (2006), pp. 772-778.

BENAMOU, AND B. DESPRES, A domain decomposition method for the Helmholtz equation
and related optimal control problems, J. Comput. Phys., 136 (1997), pp. 68-82.

P. BERENGER, A perfectly matched layer for the absorption of electromagnetic waves, J.
Comput. Phys., 114 (1994), pp. 185-200.

H. CocQuET, AND M. J. GANDER, How large a shift is needed in the shifted Helmholtz
Preconditioner for its effective inversion by multigrad?, STAM J. Sci. Comput., 39 (2017),
pp- A438-A478.

. CUMMINGS, AND X. FENG, Sharp regularity coefficient estimates for complez-valued acoustic

and elastic Helmholtz equation, Math. Models Methods Appl. Sci., 16 (2006), pp. 139-160.

. C. ELMAN, lterative Methods for sparse monsymmetric systems of linear equations, PhD

thesis, Yale University, 1982.

ENncqQuisT, AND L. YING, Sweeping preconditioner for the Helmholtz equation: moving per-

fectly matched layers, Multiscale Model. Simul., 9 (2011), pp. 686-710.

. A. ERLANGGA, C. VUIK, AND C. W. OOSTERLEE, On a class of preconditioners for the
Helmbholtz equation, Appl. Numer. Math., 50 (2005), pp. 409-425.

. J. GANDER, Optimized schwarz methods, SIAM J. Numer. Anal., 44 (2006), pp. 699-731.

. J. GANDER, F. MAGOULES, AND F. NATAF, Optimized Schwarz methods without overlap for
the Helmholtz equation, STAM J. Sci. Comput., 24 (2002), pp. 38—60.

. J. GANDER, I. G. GRAHAM, AND E. A. SPENCE, Applying GMRES to the Helmholtz equation
with shifted Laplacian preconditioning: what is the largest shift for which wavenumber-
independent convergence is guaranteed?, Numerische Mathematik, 131 (2015), pp. 567—
614.

GEORGE, Nested dissection of a regular finite element mesh, SIAM J. Numer. Anal., 10
(1973), pp. 345-363.

. H. GUTKNECHT, AND S. ROLLIN, The Chebyshev iteration revisited, Parallel Computing, 28
(2002), pp. 263-283.

. B. VAN GUJZEN, Y. A. ERLANGGA, AND C. VUIK, Spectral analysis of the discrete Helmholtz
operator preconditioned with a shifted Laplacian, STAM J. Sci. Comput., 29 (2007), pp.
1942-1958.

. T. KELLEY, AND D. E. KEYES Convergence analysis of pseudo-transient continuation, STAM

J. Numer. Anal., 35 (1998), pp. 508-523.

. Liu, J. X1A, AND M. V. DE HooP, Parallel randomized and matriz-free direct solvers for

large structured dense linear systems, STAM J. Sci. Comput., 38 (2016), pp. S508-S538.



[42]
[43]

[44]

X. LIU, Y. XI, Y. SAAD, AND M. V. DE HOOP

T. A. MANTEUFFEL, The T'chebyshev iteration for nonsymmetric linear systems, Numer. Math.,
28 (1977), pp. 307-327.

T. A. MANTEUFFEL, Adaptive procedure for estimation of parameter for the nonsymmetric
Tchebyshev iteration, Numer. Math., 28 (1978), pp. 187—208.

X. Liu, J. X1A, AND M. V. DE HooP, Interconnected hierarchical rank-structured methods
for directly solving and preconditioning the Helmholtz equation, submitted, 2018, Purdue
CCAM Report CCAM-2018-1.

S. P. MacLACHLAN, AND C. W. OOSTERLEE, Algebraic multigrid solvers for complex-valued
matrices, SIAM J. Sci. Comput., 30 (2008), pp. 1548-1571.

J. M. MELENK, On generalized finite element methods, PhD thesis, The University of Maryland,

1995.
G. OPFER, AND G. SCHOBER, Richardson’s iteration for nonsymmetric matrices, Linear Algebra
Appl., 58 (1984), pp. 343-361.
D. OsEI-KUFFUOR, AND Y. SAAD, Preconditioning Helmholtz linear systems, Appl. Numer.
Math., 60 (2010), pp. 420-431.
L. REICHEL, The application of Leja points to Richardson iteration and polynomial precondi-
tioning, Linear Algebra Appl., 154 (1991), pp. 389-414.
Y. SAAD, ILUT: A dual threshold incomplete LU factorization, Numer. Linear Algebra Appl.,
1 (1994), pp. 387-402.
Y. SAAD, Least squares polynomials in the complex plane and their use for solving nonsym-
metric linear systems, SIAM J. Numer. Anal., 24 (1987), pp. 155-169.
Y. SAAD, Iterative methods for sparse linear systems, SIAM, (2003).
Y. SAAD, Numerical methods for large eigenvalue problems: revised edition, STAM, (2011).
Y. SAAD, A flexible inner-outer preconditioned GMRES algorithm, SIAM J. Sci. Comput., 14
(1993), pp. 461-469.
Y. SAAD, AND M. H. ScuuLTZ, GMRES: A generalized minimal residual algorithm for solving
nonsymmetric linear systems, SIAM J. Sci. Stat. Comput., 7 (1986), pp. 856—869.
E. B. SAFF, AND R. S. VARGA, Zero-free parabolic regions for sequences of polynomials, SIAM
J. Math. Anal., 7 (1976), pp. 344-357.
SHEN, J. AND WANG, L., Spectral Approximation of the Helmholtz Equation with High Wave
Numbers, STAM J. Numer. Anal., 43 (2005), pp. 623-644.
C. SHIN Sponge boundary condition for frequency-domain modeling, Geophysics, 60 (1995), pp.
1870-1874.
C. C. STOLK, A rapidly converging domain decomposition method for the Helmholtz equation,
J. Comput. Phys., 241 (2013), pp. 240-252.
G. SzEGO, Uber eine eigenschaft der exponentialreihe, Berlin Math. Ges. Sitzunsber., 23 (1924),
pp. 50-64.
P. TANG, AND E. PoLrizzi, FEAST as a subspace iteration eigensolver accelerated by approxi-
mate spectral projection, STAM J. Matrix Anal. Appl., 35 (2014), pp. 354-390.
H. E. WRIGLEY, Accelerating the Jacobi method for solving simultaneous equations by Cheby-
shev extrapolation when the eigenvalues of the iteration matriz are complex, Comput. J.,
6 (1963), pp. 169-176.
Y. X1, AND Y. SAAD, Computing partial spectra with least-squares rational filters, SIAM J. Sci.
Comput., pp. A3020-A3045.
. XI, AND Y. SAAD, A rational function preconditioner for indefinite sparse linear systems,
SIAM J. Sci. Comput., 39 (2017), pp. A1145-A1167.
. ZEPEDA-NUNEZ, AND L. DEMANET, The method of polarized traces for the 2D Helmholtz
equation, J. Comput. Phys., 308 (2016), pp. 347-388.

<

jul



	Introduction
	Problem of interest
	Existing work
	Outline of the proposed method

	Review of the contour integration framework
	Eigenvalue distribution of the discretized Helmholtz operators
	Polynomial preconditioners for solving shifted problems
	Stationary Richardson iteration
	High-order polynomials

	Solving the inner problem
	Characterization of small eigenvalues
	GMRES convergence

	Techniques for improved performance
	Quadrature on an ellipse
	Shifting the center
	Preconditioning the inner problem

	Numerical examples
	Test problem
	Cost of shifted solution
	Scaling test

	SEG/EAGE salt-dome model
	Conclusions
	References

