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Abstract. This paper presents a stable matrix version of the wideband fast multipole method
(FMM) for the 2D Helmholtz kernel. It is known that the FMM may experience stability issues
in both high-frequency and low-frequency regimes, some of which can be mitigated and others are
inherent in nature. Inspired by recent studies, we propose a balancing strategy to overcome the
stability challenge that exists in the low-frequency regime. The balancing strategy utilizes some
simple properties of Bessel and Hankel functions so as to produce theoretically guaranteed norm
bounds for relevant low-rank expansion factors and translation operators. We then present an in-
tuitive and stable matrix version of the wideband FMM, which utilizes two different expansions of
the 2D Helmholtz kernels: one that always behaves well in the low-frequency regime based on our
balancing strategy, and the other that behaves well (under certain conditions) in the high-frequency
regime. The backward stability of this wideband FMM is rigorously justified based on our studies
of the norm bounds of the low-rank factors and translation operators. Some numerical experiments
demonstrate the effectiveness and the accuracy of the wideband FMM.
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1. Introduction. Given two sets of points X = {z;}M, and Y = {y;}, in the
complex plane C, consider the evaluation of the matrix-vector product

(L.1) o= Kq with K :=[HoKz: — y;)sexev,

where K is an M x N Helmholtz kernel matrix defined by the Hankel function Hy
of the first kind and of order zero, and k > 0 is the wavenumber. A brute-force
evaluation of the matrix-vector product costs O(MN). It is well-known that efficient
algorithms such as the fast multipole method (FMM) [21, 27, 29, 30, 31] may be used
to accelerate such matrix-vector multiplications. These fast multiplications serve as
a key component in solving various scattering problems (e.g., see [15, 17, 36]).

The FMM uses degenerate/separable expansions of relevant kernel functions to
construct rank-structured matrix (i.e., FMM matrix) approximations to the kernel
matrices. A comprehensive study of the separability of the Helmholtz kernel can be
found in [18], where the number of terms required for the degenerate expansion of
the Green’s function of the Helmholtz equation to be within a specific accuracy for a
given wavenumber k is shown.

It has long been documented that the FMM may encounter stability issues [4,
8, 12, 22]. Possible causes of these stability issues include artificially large entries in
the FMM matrix approximations and mixed products of large and tiny numbers. A
heuristic attempt to overcome such an issue involving the use of scaling was discussed
in [22]. In subsequent developments, a rigorous scaling strategy with justifications
was used in [8] to stabilize the FMM for some 1D kernels, and an improved scaling
strategy was given in [26] for 2D non-oscillating kernels such as the generalized Cauchy
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and Poisson kernels. The work in [26] also confirms the backward stability for the 2D
FMM applied to those kernels.

For the Helmholtz kernel, it is known that the expansion introduced in [28] be-
haves well in the high-frequency regime, but it becomes fundamentally unstable in the
low-frequency regime (i.e., when there is a significant ‘sub-wavelength structure’) due
to the divergent term in the expansion [12]. A few methods have been proposed in
attempts to overcome this instability. The work in [5] used results of [25] to identify
problematic blocks and used an H-matrix, which is able to be computed in a stable
manner, to approximate those blocks. In [11, 12], the wideband FMM was discussed.
The method uses a diagonal form expansion in the high-frequency regime and switches
to a different expansion in the low-frequency regime. In the later regime, one may
encounter instability in the form of overflow. A heuristic attempt has been proposed
to deal with it [12, 13], but it lacks a rigorous justification. Moreover, no connection
has been made on how this heuristic method affects the overall stability of the FMM.

The aim of the present paper is to address the previous issue encountered in the
low-frequency regime and extend the studies of [26] to the 2D Helmholtz kernel. Due
to the oscillating nature of the Helmholtz kernel (especially when there is a large k),
the underlying tools used to arrive at an appropriate stabilization strategy via scaling
are significantly different from those in [26].

The main contributions of this paper include the following aspects. Firstly, we
present a stable degenerate expansion of the 2D Helmholtz kernel for the low-frequency
regime. To this end, we introduce a balancing strategy based on the asymptotic
behaviors of Bessel and Hankel functions to eliminate the stability risk caused by
artificially large entries in the FMM matrix corresponding to this type of expansions.
The strategy applies scaling to the low-rank factors and translation factors in the
FMM so as to balance their norms. In fact, these factors can be shown to satisfy some
norm bounds that are important to ensure stable FMM matrix-vector multiplications.
Similarly, a stable translation relation is also given for the low-frequency regime. Our
derivations mainly utilize basic Bessel properties and are convenient to understand.

Secondly, we present an intuitive stable matrix version of the 2D wideband FMM,
where we integrate our stable degenerate expansion and translation relation for the
low-frequency regime and another expansion from [27] for the high-frequency regime.
This stable matrix version of the wideband FMM thus generalize the work in [26]
to the Helmholtz kernels and results in a much more elaborate scheme because of
the oscillatory kernel and the coexistence of two different types of expansions. The
matrix version follows [26] and interprets the FMM matrix in terms of some generators
corresponding to basis contributions from point sets as well as translations among
the basis contributions. This avoids distinguishing the so-called multipole and local
expansions and makes it convenient to understand the wideband FMM.

In the matrix version, we also provide an efficient and stable way to compute
the entries of low-rank factors and translation relations in the FMM by using some
recurrence relations and by exploiting the underlying symmetry.

Finally, we show the backward stability of the wideband FMM algorithm for the
2D Helmholtz kernel similarly to our previous work [26]. It has been known that
rank-structured matrix-vector multiplications, though quite fast, may potentially be
unstable for some situations [6, 9]. Here, we can rigorously show the stability by
analyzing the growth of the backward error. Such error growth is similar to earlier
results for simpler (and essentially one dimensional) hierarchical structured methods
in [8, 33, 34]. Here for the 2D wideband FMM, the hierarchical algorithm architecture
and our norm bounds for the generators lead to the backward stability.
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The organization of this paper is as follows. In section 2, we discuss degenerate
expansions of the 2D Helmholtz kernel, including our stable expansion for the low-
frequency regime and a well-known expansion for the high-frequency regime. Norm
bounds for low-rank factors stemming from these two expansions are discussed. In
section 3, we discuss translation relations associated with the two expansions. In sec-
tion 4, we give the stable matrix form of the wideband FMM and also show recurrence
formulas to quickly and stably compute the entries of the some low-rank factors and
translations relations. The study of the backward stability of the wideband FMM is
given in section 5. Some numerical tests are provided in section 6, followed by some
concluding remarks in section 7. Finally, the proofs of some lemmas in section 2 are
deferred to Appendix A. The following is a list of notation used throughout the paper.

o A=ajjli<icmi<j<n OF A = [;j]mxn denotes an m x n matrix A.

o [k(%4,Y;)]ziex,y;ey denotes the matrix given by the evaluation of x(x,y) at
all the points x € x,y € y. Sometimes, the definition of a matrix may use a
mixture of index sets and point sets.

o For A = [ai;]mxn, the following norms will be frequently used in the paper:

m n
[Allmax = max__agl, [[Alla =YY lagl,

1<i<m,1<j<n — <
=1 j=1

m n
Al == lféljagn; laijl, [ Alloo := 1285”2:1 |aij!.
i= j=

o diag(ay1,...,an,,) denotes a diagonal matrix with the specified diagonal en-
tries.

e R(z) and (z) denote the real and imaginary parts of a complex number z,
respectively.

e For a complex number &, § denotes its principal angle, where 6, € (—m, 7.

) 2J
o If j <k, define Hijk or [[ A :=AgAk_1---A;, where A;, i =j4,... .k, are
i=k

matrices of suitable sizes. If k < j, then Hijk A; := I (the identity matrix).

2. 2D Helmholtz kernel: stable degenerate expansions and low-rank
approximations. In this section, we discuss stable degenerate expansions of the 2D
Helmholtz kernel x(x,y) = Ho(k|z — y|) for both the low-frequency regime and the
high-frequency regime. We will mainly focus on the former case. The latter is well-
studied, but we will revisit some essential ideas so as to connect it with our stable
matrix version of the wideband 2D FMM and its backward stability analysis.

The degenerate expansion of k(z,y) involves the concept of well-separated sets.
We follow the one used in [8, 26, 29]. Two sets of points x C X and y C Y are
well-separated with a separation ratio 7 € (0, 1) if

(2].) 5x+5y S’Tle—Oy‘,

where 0« and dy are the radii of x and y corresponding to given centers ox and oy,
respectively. With well-separated x and y, we seek to find a degenerate expansion of
k(z,y) for each & € x,y € y so as to obtain a low-rank approximation of the kernel
matrix Ky y = [k(24,9)]z,ex,y;ey Of the following form:

(2.2) Kyy=UBV' +& ~UBVT,

where B is an 7 X r matrix with r a positive integer determined by the accuracy
requirement, and &, is the error matrix.
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2.1. Basic properties of Bessel functions. Before we present our stable de-
generate expansion of the 2D Helmholtz kernel, we first discuss some basic properties
and bounds of Bessel functions, which will be used in our subsequent analysis. Even
though the derivations of the properties are relatively elementary, we are not aware
of any references that explicitly record these results.

Let H,(z) be the Hankel function of the first kind:

(2.3) Hp(z) = Jp(2) +1Y)p(2),

where z > 0, p € Z, and Jp,(z) and Y, (z) are respectively the pth order Bessel functions
of the first and the second kinds. It was shown in [3, Lemma 2] that, for fixed z > 0,

(2.4) [Hp, (2)| < |Hp,(2)| for all p; < ps and p1,p2 € NU{0}.
Meanwhile, for fixed p € NU {0},
(2.5) |Hp(z1)| > |Hp(2z2)| for all 21 < z3 and 21,22 > 0.

The next lemma studies the monotonicity of |H,(z)| and is proved in Appendix A.

LEMMA 2.1. The Hankel function H,(z) has the following properties.
(1) If z>1/2 and 0 < p < z, then |H,(2)| < \/4/T.
(it) If >0, p >0, and 0 < A < 1, then |H,(\z)| < A"Y2|H, )\ (2)|.

Next, following [3, (6)] and using Y}, (z) in (2.3), define

(2.6) Cp(z) == Yp(z)\/”:p (;;)p, peNU{0},z > 0.

By [3, Corollary 6], we have Cp,(z) > Cpyi1(2) > --->1forallp>2and p >z > 0.
The next lemma includes some basic properties of (2.6) and is proved in Appendix A.

LEMMA 2.2. Letp € NU{0} and z > 0. If p > 2 and 0 < z < p, then the function
Cp(2) in (2.6) has the following properties:

(i) Cp(2) < 22 Cpan(2),

(i1) Cp(2) is a strictly increasing function of z,

(iii) Cy(=) < [H, ()| (5)".

Also, we recall Graf’s addition formulas, which are essential to the theory of the

FMM for the Helmholtz kernel (see, e.g., [1, (9.1.79)], [4, Theorem 3.1], and [24, (1)]).
Suppose z1, z2 € C. We have

o0

(27)  Jp(Klzr = )P = (ke e gy (k2 )T
l=—00

Furthermore, if |2z1| > |22], we have

(2.8)  Hy(klzr — o))t a2 = N~ Hy (K2 ])eH P00 ) (k| zp])e Tt
l=—00

Given r € N, we provide the truncation errors of (2.7) and (2.8), as they are
used to derive truncation error bounds of degenerate expansions of the 2D Helmholtz
kernel. Some relevant analysis was performed in [2, 3, 4, 5, 23, 24, 28]. Various forms
of truncation bounds are available. For example, exponentially decaying truncation
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error bounds of (2.7) and (2.8) were provided in [5, Lemma 4.2] by following the
analysis of [2] and putting some conditions on the separation parameter and the
expansion order. Meanwhile, computable error bounds were given in [3].

Even though we can use the relatively sharp truncation error bounds of (2.7) and
(2.8) provided in [23, 24], these bounds have rather complicated expressions. The
bounds presented in this paper have simpler expressions and can be derived only
by using the previously discussed basic properties of Bessel functions. These basic
properties of Bessel functions make it more convenient to study the backward errors
later in the paper since they can be immediately used to bound relevant matrix norms.

We now present the following two lemmas on truncation error bounds of (2.7)
and (2.8) and their proofs are given in Appendix A.

LEMMA 2.3. Define
EJv(kzy, kzp) := Z Jp+z(k|zl|)eii(p+l)9“1Jl(k|z2|)e$il9k22,
[L|>7 or|p+l|>r

Suppose zmax > max(|z1], |22]). Let r > kzmax such that (kzmax)! ™" < U1!/r! for 1 > r.
Then,

8 (kz "
Jp © max
|ET (kZl, k22)| S T! ( 9 ) .

LEMMA 2.4. Define
Efo(kw, kt) — Z Hl(kl,w')eiilekwJl(kw)eﬁlekt.
t>r
Suppose |t| < tmax < Tw| for some T € (0,1). If r > max(ktmax /7, 2), then

< 2\/§ T Cr (ktmax) :

ar 1—7 T

| ;70 (kw, k)]

where Cy(+) is defined in (2.6).

2.2. Stable degenerate expansion for the low-frequency regime. In this
subsection, we present a stable expansion for the 2D Helmholtz kernel in the low-
frequency regime and describe a balancing strategy that leads to such an expansion. A
similar expansion (without the balancing strategy) was implicitly derived in [28]. In a
later study, a matrix representation of such an expansion was provided in [4, Theorem
3.2] and is called a non-diagonal form (since the factor associated with the multipole-
to-local expansion is not a diagonal matrix). The authors of [4] left the truncation
error of the degenerate expansion as an infinite series involving Hankel and Bessel
functions. For the sake of completeness, we provide a bound for the truncation error
using some basic Bessel properties presented earlier, which shows that the truncation
error diminishes as the number of terms in the expansion increases.

Suppose x = {z;}]_; and y = {y;}}], are well-separated with separation ratio 7.
As before, use ox and dx to mean the center and radius of x. Similarly understand
oy and dy. For any z € x, y € y, let

(2.9) t=(r—ox)—(y—oy), w=oy—ox.

Then 2 — y = —(w — t). The separation condition (2.1) leads to [t| < 7|w| < |w|.
Applying (2.8) to Hy(klz —y|) = Ho(k|lw —t|), using (2.7), and noting that J_,(z) =
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(—1)PJ,(2) for all p € Z and z > 0, we have the following degenerate expansion:
(2.10)

Ho(klz —yl) = > Hy(Klw|)e *0% i (K|t + B, (kw, k)

|k|<r

= Hilklw|)e *oe Yo (D'gemalk(@ = 0x))gik(y — oy))

[k|<r [1|<r k=1 <r
+ e (ka, ky)
=3 Y (He(Kw|)e ¥ (—1) gp_y(k(z — 0x))gu(k(y — 0y))) + &n(ka, ky)

|k|<r |l <r|k=1|<r

= > D7 bpagp(k(z — 0x))gu(k(y — oy)) | + en(ka, ky),

[l<r,pl<r \[p+i|<r
where g; (&) := J;(|¢])e'% for all £ € C,

bij = {(—1>J‘Hi+j(k|ox — oy[)eT I Mey 0 i <o
1,] T

2.11
(2.11) 0, li +j| >,

and the remainder term is

(2.12) ep(ka, ky) := B (kw, kt) + > Hy(Kw|)e " B (k(z — o0x), k(y — oy)).

k| <r

Here, E/T 21 and E ~41 are defined in Lemmas 2.3 and 2.4 respectively. This expansion
can then be used to obtain a low-rank approximation to the kernel matrix as follows.

PROPOSITION 2.5. Suppose x = {z;}{'_; and 'y = {y;}]L, are well-separated with
separation ratio T. Then, the low-rank approximation to the kernel matriz Ky y in
(2.2) with k(x,y) = Ho(k|z — y|) has the following form:

U= lgj(k(z; — ox))hi<i<n,—r<j<r, V= [9(k(yi — oy))]1<i<m,—r<j<rs

B = [bij]-r<ij<r

where g;(&) = J;(|€])e% for all € € C and b;; is given in (2.11). Moreover, &, in
(2.2) satisfies

18y/277+1 k(dx k(dx
(2.13) & < 8v2r Cri1 ( (0 + 6y)> , forall r>max (MJ) ,
m(l—7) T T

with Cr41(+) defined in (2.6). Additionally, the entries of U,V, B satisfy
(2.14)

2 or "
U max S 1a V max S 17 B max Z - - Cr k x .
vl v 1Bl > ) 2 (oary ) o =03

Proof. Applying the expansion (2.10) to the entries of Ky to immediately get
the low-rank factors. Our goal is to bound the remainder term e,(kz, ky) in (2.12).
For any = € x, y € y, t,w in (2.9) satisfies [t| < dx + dy < 7T|w|. We can set
tmax = 0x + 0y in Lemma 2.4 and obtain
(2.15)

2v2 kt kt
Hy max > max
EZ° (kw, kt)| < PPy & g TCT_H (T > , forall r>max ( . ,2) .
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Since tmax > max(dx, dy) > max{|z — ox|, |y — oy|}, we can utilize a step in the proof
of Lemma 2.3 in Appendix A (specifically, by setting zmax = tmax in (A.1)) to get

B2 (k(x — ox), k(y — oy) ‘<4 Z 171 (Kt o)

l=r+1

Recall that, for a fixed nonnegative integer k, | Hy(kz)| is a strictly decreasing function
in z> 0 by (2.5). Thus from |w| > (dx + dy)/T = tmax/T, we have
(2.16)

2 (Ko = 00Ky = 0y )] < [ (<222 ) B (e = o)ty — o)

Ktmax \ | - Ktmax
s4‘Hk( . ) > 1T (Ktmax)| <4 Hz< . )Jl<ktmx>

l=r+1 I=r+1

8V2 Ktmax \ [ 771
< —/——7C) — , forall v > |k,
_77(7“—1—1)0“( T >(1—7’) or all r = [K]

where we have used a similar calculation as in the proof of Lemma 2.4 to arrive at
the last inequality. Therefore, the bounds in (2.15) and (2.16) imply

[B(ke,ky)| < | (kw,kt)| + 37 [Hi(Kwl) B (k@ = 0x),k(y = o)
k| <r

1 ktmax r+l ktmax
<8\[Cr+1< >(T ), foralermax< ,2),
T T T

1—71

which gives (2.13).

The first and second bounds in (2.14) hold because of the fact that |.J;(kz)| <1
for all j € Z and z > 0 (see [1, 32]). The third bound in (2.14) holds because of (2.6)
and the fact that |H, (k|ox — oy|)| > |Y;(klox — oy])|. The proof is completed. |

Proposition 2.5 implies that, although the U,V generators have entrywise mag-

nitudes bounded by 1, some entries of B can have extremely large magnitudes if

k|ox —oy |

P> SOyl
2

large r is used in (2.10) for high accuracy, we have

. From (2.14), we observe that when oy — oy is very small, or when a
ek|o 557 > 1 and thus | Bl max
grows very fast. This poses a stability risk and may even cause overflow.

It is often preferred to control the norm of B as well [8, 9, 26]. Therefore, we follow
a strategy in [8] to scale the low-rank factors U, B, and V. While the strategy in [8]
uses some scaling factors based on Stirling’s formula, we follow the asymptotic behav-
iors of Bessel and Hankel functions to design some scaling factors for the Helmholtz
kernel. These factors are related to the heuristic ones briefly discussed in [12, 13].
The difference is that our present work rigorously justifies that these scaling factors
lead to the simultaneous control of the norms of all the low-rank factors, and such
norm control eventually leads to the stability. Our balancing strategy is as follows.

For p € Z, define the scaling factors for the set x as follows:

2 [p|
(2.17) Ax,p = max< 1, [p|! <k5 > ,

and define Ay ,, similarly for the set y.

LEMMA 2.6. The sequence {Axpltpez satisfies Axo < Ax,1 = Ax,—1 and Axp <
Ax,psign(p) Jor all p € Z\ {0}, where sign(-) is the sign function.
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. . P
Proof. Without loss of generality, assume p > 0, and let a, = p! (&) . Clearly,

feti — %. The sequence {a,};%, either monotonically increases if % > 1
p x x
2(p+1)

for all p > 0, or first monotonically decreases if o <1 for finitely many p’s and
afterwards monotonically increases for all other p’s. In either case, we have

ap < max{ag, ap+1} = Axpt1-
Therefore, Ax,p, = max{1l,ap} < Ax py1. 1]

Given these scaling factors, we can then modify the expansion in (2.10) to get
a stable non-diagonal expansion of the 2D Helmholtz kernel. Accordingly, a stable
low-rank approximation to Ky , can be obtained as follows.

THEOREM 2.7. Suppose x = {z;}}; and 'y = {y;}7, are well-separated with
separation ratio T < 2/e. Then, the low-rank approzimation to the kernel matriz
Ky in (2.2) with k(x,y) = Ho(k|lz — y|) has the following form:

(2.18)
U= [gj(k(z; — 0x))Axjli<i<n,—r<j<r, V= [g;(k(yi — oy)) Ay jli<i<m,—r<j<r,

B = [b; j]—r<ij<r with
b SIS S i (Klox — oy e ™9 Mey o) i j| <1,
2,] 0 ‘Z +]‘ o

where g; (&) := J;(|€])eV% for all ¢ € C. Additionally, (2.13) holds. Moreover, the
entries of U, V, B satisfy

(2.19) [Ullmax <1, [[V]lmax < 1,

(2.20) | Blmax < 87 max{1, Kyax}, 1Bll11 < 727 2 max{1, Kuax },
where Kyax = MaXy, ex,y;ey |F(Ti, Y5)].

Proof. With the incorporation of the scaling factors into the degenerate expan-
sion (2.10), the truncation error remains the same and is identical to that in Propo-
sition 2.5. We now analyze how the proposed scaling factors affect the norms of the
low-rank factors presented in Proposition 2.5. Recall that, for z > 0, |J;(kz)| < 1
for all j € Z, and also |J;(2)| < (2/2)7/;! for all j € N (see [1, 32]). For 1 <i < n,
—r < j <r, we have

|71
. 2
|wwmﬂmnmbmw{mwm—mwiwm—%nm(m) }

1 [ Kla; — o l51 . 9 \ VI |2; — o] 5]
SmaX {1, W (2> |]|' @ = max ].7 T S 1.

Therefore, ||U||max < 1. Similarly, we have [|V|max < 1.

Next, we show the upper bounds for norms of B. Since |H;;(klox — oy|)| =
[Hio51(Klox — oy )| and [Hiz(Klox — oy )| < |Hyyy15(Klox — oy )| for i+ 51 < by
(2.4), we may assume without loss of generality that 0 < 4,7 < r. Note that by the
definition of the scaling factors,

IR 1 [kéx\’
(221) Ax,j = mln{l,j! 7 .

There are three cases to discuss.
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(i) Suppose i = j = 0. If |ox — oy| > |z — y|, by (2.5), we immediately have
|bo,o| < |Ho(klz — y|)|. Now, suppose that |ox — oy| < |z — y|. Since x and y
are well-separated, we have

||$_y‘ — |ox _Oy” <z —ox| + |y_0y| <dx+dy < 7|ox _0y|-
That is, (1 +7) 7!z — y| < |ox — 0y|. Then,
|z —y
lox — oy

(ii) Suppose 1 <i+j < klox —oy|. By item (i) of Lemma 2.1, |b; ;| < |H;+;(k|ox—
oy|)] < /4/m.

(iii) Lastly, suppose 1 < i+ j and klox — oy| < i+ j. Since Ci4j(klox —oy]) >0
and |H;(k|ox — oy|)| < v/2|Y;(k|ox — oy|)|, we have

|bo,o| <

|Ho(klz —y)| < V147 |Ho(klz —y[)].

|bw| <\[‘>‘ . 1Yz+j(k|0x_0y|)’

xX,1°Y,)

V2 (Ko \' [ kéy\? 2 26i+7) 'Y
< Y= -y o _
=i (2> (55) Cuthion —osh 55 (ror =)

_ 2Ciy;(Kox — oy) ( 0x > < by )”’ ( +j>i“
/7t +7) lox — oy| lox — oy e

V3Cis; (Klox — 0yl) i1; (i +)) ( b ) ( 5 )
(i + ) 17! Ox + 0y 0x + dy

< \/ici+‘j(k|0x - 0y|)7_i+j

- (i +j) ’

where we have used Stirling’s formula in the fourth line. Furthermore,

42

Citj(klox —oy|) < Tci+j+1(k|0x — oyl)

4\/ i+j+1 i+i+1
< 24 ) % (%)

4 1 z+]+1 i+j
‘[\/ \/ +]+ —4 z+]+1(2) ,

where we have used items (i) and (iii) of Lemma 2.2 in the first and second
lines respectively, and item (i) of Lemma 2.1 in the third line. Thus,

V2riti W2VitiHT (e Nt _ 8 e \¥
i) < ~——Ciyj(klox — S S <=(z7r) .
|b; 5] < 7r(i—|—j)cz+j( lo oy|) < T (i +7) (2T) - (27)

Accordingly, if 7 < 2/e, then [b; ;| < 8/m.
Combining these three cases, we have the first inequality in (2.20). The second
inequality of (2.20) can be deduced from the fact that B is an (2r + 1) x (2r + 1)
matrix and || B|l1,1 < (2r + 1)?||Bllmax < 972||B|lmax - The proof is completed. d

This theorem indicates that we can control the norms of B while simultaneously
maintaining the maximum-norm bound 1 for the U,V factors. Later in section 5, the
norm bounds in Theorem 2.7 will be used to show the stability of the FMM for the
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Helmholtz kernel. Additionally, the low-rank factors U, V, B in Theorem 2.7 may be
viewed as scaled versions of those in Proposition 2.5. In what follows, U, B, V' refer
to the low-rank factors in Theorem 2.7, while U, B,V refer to the low-rank factors in
Proposition 2.5. We can immediately observe that

U=UAx, B=A{'BA;', and V=VA,,

where Ay := diag(Ax,—r; Ax,—r+15 - - - » Axr—15 Ax,r) With { A p}5—_, the scaling factors
in (2.17), and Ay is defined similarly.

2.3. Stable degenerate expansion for the high-frequency regime. In the
literature, there is another well-known degenerate expansion of the Hankel function
that produces a diagonal matrix for the multipole-to-local expansion [27]. Its deriva-
tion and truncation error analysis are further studied in [2, 4, 5]. Because of the
nice diagonal property, such an expansion is often called a diagonal form [4] and its
computation can be done efficiently by the FFT. Additionally, for sufficiently large
arguments of the Hankel function (i.e., in the high-frequency regime), the scheme itself
is numerically stable. That is, we do not need to introduce any modifications in this
expansion. For small arguments (i.e., in the low-frequency regime), this expansion
becomes unstable [16, Section 1.3] due to the entries in the matrix B below (or, to
use the classical FMM terminology, the multipole-to-local expansion). This is where
we switch to the expansion discussed in subsection 2.2. Even though the expansion
in subsection 2.2 can be used in the high-frequency regime, it may not be as efficient
as the expansion in this subsection due to the non-diagonal factors. The foregoing
explanation describes a key idea of the wideband FMM [12].

Here, we briefly revisit one degenerate expansion of k(z,y) = Hy(k|z — y|) in the
high-frequency regime, present its matrix representation, and give some norm bounds
for the low-rank factors. We first recall the corresponding low-rank factors and the
truncation error. These results can be found in [2, Theorem 3.1] and [5, Theorem 4.3].
As before, assume x = {z;};"; and y = {y;}L, are well-separated with separation
ratio 7. Denote the low-rank factors in (2.2) from this expansion by U, B,V and
denote the corresponding error matrix by &,. Then,

(2:22) U= [f k(s — Ox))]lgign,lgjgg,url , V= [fi(k(yi — oy)i<i<m,1<j<2r+1,

(223) B .= diag(bl’l, ey b2r+1,2r+1) with
_ r _a\k ) .
biii= ) 2(+) - Hi(Klox — oy [Je™ ey o =350,
where
(2.24) &) := e ilEleos(z T —0) g ¢eCpeNl

Moreover, there exists a constant ¢, > 0 that depends only on 7 such that, given
0 < e < %, we have |€,| < e for all r > ¢, (k(0x + dy) — log(e)). It is also clear that

2
TP _

1T llimax = |V lmax = 1 since | £,(€)] = [e €I = 1 for all ¢ € C.

While the previous result suggests that we can theoretically pick r large enough
to obtain any desired accuracy, in practice, this may not be feasible. The entries
of B in (2.23) rapidly diverge, making them very challenging to compute accurately
with double-precision floating-point arithmetic. However, it is possible to find an
upper bound for the entries of B if we assume that the rank r is less than a certain
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quantity. The following lemma gives an upper bound for such entries, which is a direct
consequence of item (i) of Lemma 2.1 and will be used in our later stability studies.

LEMMA 2.8. Ifr < klox — oy|, then for all1 <p <2r+1,

- 1 - 4
< o0— - <4/-—.
|bp,p| < 1 szfr\Hk(klox oy|)| < \/;

The previous lemma indicates a tradeoff between ensuring the entries are bounded
and achieving a desired level of accuracy. To ensure that the entries are bounded, we
need to restrict the rank r, which in turn limits the accuracy of the high-frequency
expansion. Finally, we want to point out that there is actually a link between the
low-rank factors U, V discussed in subsection 2.2 and the low-rank factors U , V in the
current subsection. See [5, Proposition 4.6] for a discussion on the transformation
from a Bessel function to a plane wave, and vice versa.

3. Translation relations for the 2D Helmholtz kernel. We then discuss
translation relations for the U, V basis matrices. These translation relations are crucial
in accelerating the computational speed of the FMM. For the sake of presentation, we
rewrite U in (2.18) as Ux, where the subscript x indicates the dependence on the set
x. We intend to derive translation relations between Uy and U, for x' C x. Suppose
x’ has center oy, and radius d,/, while x has center o, and radius dx so that the
associated disks Dy, and Dy satisfy Dy C Dy, where

(3.1) Dy :={2€C:|z—0x| <dx} and Dyx:={z€C:|z—ox| <}

3.1. Stable translation relation for the low-frequency regime. We start
by presenting the stable translation relation corresponding to our stable expansion
of the 2D Helmholtz kernel in the low-frequency regime. The original version of this
translation relation was first discussed in [28]. In contrast to the original translation
relation, ours explicitly incorporates scaling factors.

THEOREM 3.1. Suppose x' C x and Dy C Dy, where Dy, and Dy are defined in
(3.1) and suppose there exists a constant B € (0,1) such that for all x' C x,
(3.2) max{dx’, |ox — 0x/|} < Bx.

Let Axp, Axr p be scaling factors as defined in (2.17) and g;(&) = J;(|£])e% for all
¢ € C. Let r > max{ekdy/2,1} such that (kéx)'~" < 1!/r! for all | > r. Then, the
following translation relation holds:

(3.3) Ux/’x = leTX’,x + "F’l‘a
where
Ux,’x = [gj(k(x - Ox)))\x’j]xex/ﬁrﬁjﬁﬂ Uy = [gj(k(-T — Ox/))>\x’,]']93€x”77“gj§’r‘7
Ty x = [tij]—r<ij<r with
tii = )\x,jgi—j(k(ox o Ox/)))\;’lﬂﬁ |Z - .]| < r,
2y 0, |Z _ ]| > T,
J.
Fr = B (Klz = oxe], Klox — oxr|)]aes, —r<jcr
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12 MICHELLE MICHELLE, XIAOFENG OU, AND JIANLIN XIA

Moreover,

4kdx
(34) H-Fr“max S /8T+1m7 HTx/7meax S 17 and ||Tx/,xH1 S 2r + 1.

Proof. The relation in (3.3) follows from Graf’s addition formula (2.7). We show
the bound for ||Fy|lmax- By (3.2), we have 8dx > max{|x — ox/|,|ox — ox/|} for all
z € x'. Letting z,.x = 80« in Lemma 2.3, we have

7, 8 (kpo )"
(3.5) E.% (klz — ox|, klox — Ox/|)‘ < ] ( 5 ) , zeEX
for all » > kdéxB such that (kéxﬁ)l’r < I!/r! for I > r. Combining the above

inequalities with the monotonicity of the scaling factors and assuming that r >
max{ekdx/2,1}, we have

175 e = A E/} (Klz = 0w Klox = ox])

Bl (Klz = 0w, Klox = 0x])| < Asr
8 (Wox\" (2
D\ 2 "\ kox
8 < ek B0y )T“ 4kBT 16y
< max ,
om(r+1) \2(r +1) (r+1)

< 5 max 8 ( ekdx )’““ Akby
- 2r(r+1) \2(r+1) Tr+1

4kd ekd " 4ké.
< r+1 X X < r+1 X
=F <r+1>m“"‘{<2<r+1>> ’1}—ﬂ r+1)

< max { ’E;’;l(km — o], klox — o)

where we applied Stirling’s inequality to (3.5) in the third inequality.
Then look at [|F;|[max- By Lemma 2.6, we have Ay i < Axji|+|j—i- To find an
upper bound for ||Tx/ x|/max, We observe that

HTX’,XHmaX = |ti,j| < )\x,|i\+\j7i\ |Jj*i(k‘0x - OX’|)| )‘;/l’m

_ [i—ilklox = oxe Dl (2 NPT Koy — o))
_max{ e (g + 17 =) . e

Ll =il il (Jox—ox V7 (0 \"
— = =] = <1
maX{Ax,J,’( H Or O =

where we use |J,(2)| < (2/2)P/p! for all p € NU{0} and z > 0 to reach the last line.0

In this (approximate) translation relation, the norm of the error term decays
exponentially with respect to 7. Note that the relation (3.2) means that 0y /dx or
|ox — 0x/|/dx is not too close to 1. This is typically the case for situations that are
not too extreme so that the FMM can be used to accelerate the computations. Then
proper hierarchical paritioning of the point sets can be used to make sure (3.2) holds.

IN

3.2. Translation relation for the high-frequency regime. Next, we state
the translation relation corresponding to the expansion of the 2D Helmholtz kernel
for the high-frequency regime, which is given in [4, Theorem 3.5] or [5, (4.8)]. As
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before, we assume that x’ C x and Dy C Dy, where Dy and Dy are defined in (3.1).
This relation is derived from the fact that f;(§) defined in (2.24) can be written as:

fi(&) = ¢~iR©S©) (cos(FE )in( T ) 1 < j< 241,

This can be used to immediately deduce that, for all z € x/,

fi(k(x = ox)) = fi(k(x — 0x')) fj(k(ox — 0x))-

For simplicity of presentation, we assume that the expansion order r is fixed for all
levels. (The variable expansion order case is discussed in [4, Theorem 3.5] or [5,
(4.8)].) Then, the following translation relation holds:

(3.6) U x = U Tor
where

Ux/,x = [fj(k(il,' - 0x))}z€x’,1§j§2r+1a Ux’ = [f](k(x - 0x’))]x€x/,1§j§2r+1;

Tx’,x = diag(t]’l, e ,£2r+1’27‘+1) With fNj’j = fj(k(ox/ — OX)).

Moreover, the entries of Txf,x obviously satisfy ||T~ % x|l1 = 1. In addition, if we further
assume that x” C x’ and Dy C Dys, where Dy is defined similarly as in (2.24), then
the following translation relation can be directly deduced: Tk x = T/ Tk x.

4. Stable matrix version of the wideband FMM. Based on results in the
previous sections, we describe a stable matrix version of the wideband FMM for the
2D Helmholtz kernel. We also discuss some recurrence relations for quickly and stably
computing certain generators. A detailed discussion of the matrix version for the basic
2D FMM can be found [26, Section 4]. The matrix version of the wideband FMM
for the 2D Helmholtz kernel is slightly more involved, since we may use different
expansions depending on the levels of the hierarchical partitioning of the point sets.

4.1. Wideband FMM matrix. In the following discussion, we follow the no-
tation in [26, Section 4]. Without loss of generality, suppose the point sets X,Y (at
the beginning of section 1) are located within a square domain which is hierarchically
partitioned into L levels following a quadtree so that the leaf-level subdomains contain
O(1) points. Suppose the root level is at level I = 0 and the leaves are at level [ = L.
As discussed earlier, we may set a switching level L such that for all levels [ > L we
use the degenerate expansion in subsection 2.2 and the translation relation in subsec-
tion 3.1. Otherwise, we use those in subsections 2.3 and 3.2. One way to determine
the switching level is by setting a condition on the product of the wavenumber k and
the size of a partition box at a given level [11, 12, 14]. The numerical experiments in
[11, Table 1] and the discussion in [12, Section 3] suggest that this switching level also
depends on the target accuracy and our desire to control the entrywise magnitudes
of B (see the discussion related to Lemma 2.8).

In the hierarchical partitioning, subsets that satisfy (2.1) correspond to far-field
blocks in the kernel matrix K in (1.1). The other blocks of K are categorized as
near-field blocks and are stored in dense forms. Far-field blocks can be approximated
by low-rank forms following the two types of degenerate expansions of Hy(k|z — y|)
discussed before. Following the terminology in the matrix version FMM in [26], each
subset x C X at level | > L contributes a basis matrix U. The U basis matrices at the
leaf level are directly obtained as in Theorem 2.7, and those at levels L—1, ..., L+1 are
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14 MICHELLE MICHELLE, XIAOFENG OU, AND JIANLIN XIA

implicitly available through the translation operators T" as in Theorem 3.1. Similarly,
we can obtain the V factors and their translation operators. Theorem 2.7 also gives the
factors B. These factors can be used to approximate any far-field block corresponding
to the low-frequency regime and are called generators of the FMM matrix.

For the high-frequency regime, although the generators U,V in (2.22) are only
first used at level L, their row sizes may be large for them to be efficient. Thus, we
form the basis contribution U in (2.22) at level L and use the translation operators
T in (3.6) to implicitly produce upper level basis generators U. Similarly, produce
the leaf-level V generators and associated translation operators. Also, use (2.23) to
obtain the B generators (only for levels L, ..., 2). (Note that at level [ = 1 the subsets
are all near-field neighbors.)

With all these generators, K in (1.1) can be decomposed as

L-1 L
(4.1) K=K+ gOpOwhT 3 vOpOu)T ¢,
=2 I=L

where

o KO corresponds to the near-field blocks,

e UD, BO vV are block diagonal matrices containing low-rank factors that
make up each far-field block at level [ using the expansion for the high-
frequency regime discussed in subsection 2.3,

e UL, BW VU are block diagonal matrices containing low-rank factors that
make up each far-field block at level [ using the expansion for the low-
frequency regime discussed in subsection 2.2, and

o &= ZZL;; (‘:'(Z)JrZZL:E EW with £D and £V error matrices from the low-rank
approximations and translation relations.

Note that the basis matrices U(l), f/(l), UW® and VO satisfy the following nested
relations because of the translation relations:

OO = gD RO O Z U RO O — g RO 0 ) g0

where R®, R are block diagonal matrices such that each diagonal block contains a
translation generator associated with a node at level [. Similar to [26, (4.7)], we can
use these relations to rewrite (4.1) as K = K + &, where

(4.2)
K= KO 4 g RE-1) . RpE-D) (3@—2) ( (RPBO(ROYT 4 B®) .. )

(RE-DYT 4 B@—l)) (RE-D)T . (RE-DYT ()T
+yu® (R(L—l) ( . (R(i)B(E)(R(E))T + B(E+1)) . ) (R(L—l))T_|_B(L)> (VENT,

K is the wideband FMM matriz, which is the approximation to K as produced by
the wideband FMM. Like in [26], here the U,V U,V generators can be simply un-
derstood as the basis contributions from relevant point subsets, the B, B generators
reflect translations between basis contributions of far-field subsets, and R, R genera-
tors reflect translations between parent and child basis contributions. This avoids the
need to distinguish multipole and local expansions in the usual FMM and makes it
convenient to understand the wideband FMM.
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We can determine the total error of the wideband FMM matrix by using a sim-
ilar argument used in the backward stability analysis (Theorem 5.2) and taking into
account of the errors coming from the low-rank approximations in both frequency
regimes and the translation relations in the low-frequency regime.

The wideband FMM matrix K can be multiplied with a vector ¢ quickly with
O(r(M + N)) complexity when we choose 7 = r and set the number of points in
each finest-level subset to be O(r). It simply follows the structured matrix-vector
multiplications that have been well studied for various kinds of hierarchical structured
matrices [7, 10, 20, 21, 35]. For convenience, we show the multiplication algorithm in
Algorithm 4.1 so as to facilitate our later stability analysis.

Algorithm 4.1 Wideband FMM matrix-vector multiplication ¢(= Kq) ~ Kq

1: 0B (V(L))Tq

2. forlevel =L —1,....L —1do

3. o) — (R(l))Tﬁ(H—l)

4: end for . .

5. {(Lfl) <_B(L71),D(L71)

6: for level | = L —2,...,2 do > Bottom-up traversal using subsections 2.3 and 3.2
7o 0 (RW)TH0+D

8: 10— B

9: end for

10: 4?2

11: for level [ =3,...,L —1do > Top-down traversal using subsections 2.3 and 3.2
122 a® « RE-Dgl=1 4§D

13: end for R

14: for level = L,...,L do

15 a® « RE-Dgl-D

16: end for

—
~

$1 +— UL gL)

’U(L) $— (V(L))Tq

L)  BL)y (D)

for level =L —1,...,L do > Bottom-up traversal using subsections 2.2 and 3.1
o (Ra))T (D)
t@)  BW4yM

: end for _

@) — (D)

. for level =L +1,...,L do > Top-down traversal using subsections 2.2 and 3.1
w®  RU=1),(=1) 4 4+

end for

o UL 4 K0)g

DO 91+ P2 > Evaluation

NN N NN NN N N e
i A A T =

4.2. Recurrence relations for computing generators. We provide some de-
tails on how to quickly and stably compute the entries of low-rank factors and transla-
tion relations associated with our stable expansion for the low-frequency regime. For
the high-frequency regime, the entries of U and V are plane waves with a modulus of
one, so there is no risk of running into overflow issues. As discussed earlier, the choice
of the switching level may depend on the accuracy, which is implicitly influenced by
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how well we can compute the entries of B. In the wideband FMM algorithm, we in-
tentionally set the switching level to ensure the entries of B are computed accurately,
avoiding overflow or stability issues that cannot be corrected by our stabilization
strategy. Thus, we focus on the generators from the low-frequency regime.
Theorems 2.7 and 3.1 state that the matrices U, B, V, and the translation factors
T satisfy some norm bounds. The entries of these factors can often be computed
accurately and in a stable manner by direct calculations. However, certain situations
may arise, where direct calculations become problematic. For example, when we
have to multiply an extremely large number with an extremely small number, even
though the result is relatively moderate in magnitude. For that reason, we present the
following relations that can compute the entries of U, B,V in stably and efficiently.
Recall that the following recurrence relation holds for[1, (9.1.27)]:

2
Zpir + Zp1 = ;pzp, peNU{0}, 2>0, Z,€{J, Y, H)}

The recurrence relation for J, is backward stable and can be computed by the Miller’s
recurrence algorithm (e.g., see [19] and references therein). In the forward direction,
the recurrence relation for J, is numerically unstable. On the other hand, the re-
currence relation for Y}, is forward stable. Given these considerations, the following
relations can be used to quickly and stably compute the entries of U, B, V,T.

We first discuss the recurrence relations for the entries of U. For 1 < i < m, let

Gipr1 =0, thip=1,
Vi = ﬁ (7k‘2ijj(1,i‘1/~iu+1 - i:: 1Em‘+2> , 0<j<r—1,
i = Jo(klox — oy|)ib; g Ui,
Gij = (=1, 1<j<r
Then, U = [ui,thiSWL*TSjST = [eijek(mi_"")’(/Ji,j]lgigﬂ.h,rgjgr. Note that we have
used the underlying symmetry of the entries in the last line. The entries of V' can be

computed similarly.
Next, we discuss the recurrence relations for the entries of B. Let

vo,0 = Yo(klox —oy]), vio= /\1_1Y1(k|0x —oyl),

o Axpiea 2i ) Ax,i=2 .
vio = Mo (klox_oyll/z—l,o i1 Vi—20), 2 <:< T,

voio=(—1)'v0, 1<i<r,

Viol,j+1 = %A;\yjil vij, 0<j<r—1, |i+j]<r,
V_j = (—1)i+jyi7j, 0<j<r—1, |i+j<m
and
Ary10 =0, firo=1,
Rio = % (k\zo(ztloi‘/]i+l,0 - f\\:lﬁ [1:1'_5_270) , 0<i<r-—1,
(4.3) Hi0 = Jo(k|?x — oy|)iig,ofti,05
pio = (=1)'pio, 1<i<m,

>\x,i A L j . . .
Pic1j41 = 5ok, 0<i<r—1, fi+j[ <,

iy = (="M, 0<i<r—1, [i+j|<r
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Then B = [bi;]-r<ijor = [(—=1)7e 7 CFDMey o0 (5 4 i 5)] < j<p. Once again,
we note that we have used the underlying symmetry of the entries to obtain v_; _;
and p_; —; forall0 <i<r—1and|i+j] <r.

Finally, the entries of T' can be computed the same way as (4.3) by changing the
line for Mi—1,5+1 to

A Ay . o
P11 = sy X iy, 0<i<r—1, [i+j[<r

x,i—1

Then, T' = [t; j]—r<ij<r = [e D MCOv=00 ;] ciier

5. Backward stability analysis. Now, we study the backward stability of the
wideband FMM matrix-vector multiplication Algorithm 4.1 based on the norm bounds
presented in subsections 2.2, 2.3, 3.1, and 3.2.

Assumption 5.1. For convenience, the backward stability analysis utilizes the fol-
lowing notation and assumptions.

e For simplicity, suppose |X| = [Y| =N for X,Y in (1.1).

e The FMM tree 7 is a full quadtree with L levels such that there are 4! nodes
at level [ for 0 <[ < L.

e Fach node i € T is associated with some generators of the FMM matrix in
(4.2). For convenience, use U, Vi, R; etc. to denote the generators associated
with i at level [, where Rj; is the translation generator and is a diagonal block
of R® in (4.2). The symbols f]i, f/i, R; etc. can be similarly understood.

e For each node i € 7T, denote its level in 7 by Iv(i). If L < Iv(i) < L,
U; and V; have column sizes 2r + 1 (see (2.18)). Similarly, U; and V; for
2 <1v(i) < L — 1 are assumed to have column sizes 27 + 1 (see (2.22)). Each
Riis (2r +1) x (2r +1) and each R; is (27 + 1) x (27 4+ 1). If v(i) = L, Uj
and V; have row sizes |x;| = |yi| = No = O(1).

e The sparse block matrix K has a maximum of w columns in any of nonzero
near-field blocks. w is related to the maximum number of points in the leaf
nodes at level L.

e For each level where the expansion in subsection 2.2 is used, the assumptions
in Lemma 2.8 hold and 7 is chosen accordingly. This assumption is related
to the switching level L used in the algorithm. For the other levels, the
assumptions in Theorem 3.1 hold and r is chosen accordingly.

e The inequality 3 max{ye,t1,Y2r+1, VN, } logo(N) < 1/2 holds, where

Yn 1= M, (€mach: machine epsilon).
1- T €mach

e The error matrix £ in (4.1) satisfies |€| < e, where we assume € > €yacn for

convenience.

In addition, use fl(-) to represent the result from a floating point operation. To
simplify the presentation, the stability analysis also uses the standard multi-index
notation like in [26]:

a:=(a,...,0p), o;€{0,1}, 1<i<n, nelN

Also, let |a| := oy + -+ + a,. For k > j, define

>\ 2J
(H A,») =AY AT and A (H Ai> = (A" Ap) .. (A1 Ay
i=k

i=k
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where A®A; := A; and A'A; := AA,; for j <i <k and terms like AA; appear in the
perturbation analysis below.

THEOREM 5.2. With Assumption 5.1, the wideband FMM (Algorithm 4.1) is
backward stable and the multiplication of K in (4.2) with a vector q satisfies

fi(Kq) = (K + AK)q  with
54 - 211

||AK||max < maX{727‘+1772’F+15 rYNo} 1Og2(N)p(Ta 7’:) max{l, ||K||max}

1w [ K [ max + 2e,

where p(r,7) = (2F +1)2 + (2r + 1)2(L—i+2)'

Proof. The proof of the theorem is similar to the proof of [26, Theorem 5.8],
except that the norm bounds of some translation matrices may be larger than 1,
which leads to potential error growth that needs to be quantified. We follow the
notation in [26] and apply a similar procedure twice (once for each expansion used in
the FMM matrix). For each expansion, we carefully track the error propagation of
the bottom-up and top-down traversals. Below, we give the main steps of the proof
and leave out lengthy technical details of certain steps that can be referred to [26].

Lines 1-17 of Algorithm 4.1: We first consider the high-frequency expansion of
the FMM algorithm. The floating operations in lines 1-4 of Algorithm 4.1 yield

(RE"D 4 ARE=NT . (RE-D 4 ARE-D)T(V(D) 4 AV(D)Tg
_ (V(iq) + AV(EA))TQ,

where
. 3 L—L+1 .
ATE-D . (AV(L))(R(L—l,L—l))_i_ Z (VDA% (RE-LL-1)Y)
|a|=1
1
(5-1) L-L+1 3 ~
+ Z (AV(L))(Aa(R(Lfl,Lfl))).
|a|=1

From subsection 3.2, we have || T x|l1 = || T xlloo = 1 for x' C x. Let i,j be two leaf
nodes at level L. The subscript below stands for a node at level L if it is attached to
V& or UL, If it is attached to RE—19) | then it stands for a product of L—j matrices
of size (2r+1) x (2r+1) (corresponding to the node indicated by the subscript), where

the nth matrix of this product, Ri(L_"), is a submatrix of R~ . We have

HATE) (BEHED) oo < o (27 4 1),

L—L+1 B
(VJ(L)) > (Aa@j(hl’bl))) < (2F + 1)272741 logy N,
|a|=1

~ L—L+1 ~ B
AV 37 @B <298, (27 + 1) log, N,

lal=1

oo

where we used [26, (5.12)] for the last two estimates. It follows that

HAVE) Ty = AV o0 < 672741 (27 + 1) logy N.
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For a given @1 at the end of line (13) in Algorithm 4.1, line (14)-(17) yields
L—L+1

(U(L)+AU(L)) RI-LL-1) 4 Z Aa(R(L—LL—l)) ﬂ(a(i—l))

jal=1

= (U0 4+ ATED)A(aE~D),
where AT is defined as in (5.1) with V replaced by U. Moreover,

IATE Y|y < 672711 (27 + 1) log, N.

Thus, we have fl(¢1) = (Knigh + AKnignh) and by the proof of [26, Lemma 5.7],

1
|
—

Khigh = {7 (L= p(L-2.k) Bk) (R(E—Z,k))T(V(i—1)>T’
k=2
L-1 &6 .
AKpigh = Z Z (A,BI 0(L*1))(A52M(k))(AﬁsZ(k))(A&B(k))(ABsﬁ(k))T
k=2|B|=1

(AP (L=INT
with |AZ®)| < emacn, M® .= Z/W\(i_lk), MO) = RO pk) .= R(i_27k),
L-1-k . L-1-k B
AM®) = 3 Ae (1\7@*27’“) , AP = N A (R@*""’“)) 7
|a|=1 |a|=1

AMG .= ARG 4 AZG+DRG) 4 AZUFDARG).

Moreover, M®*) AM®) P®)  AP®F) satisfy the following bounds by repeating the
calculation done in [26, Lemma 5.6]:

I <1, 1B <1,

L-1-k ,7

. L-1-k
AR < > < 1 >(372f+1)|a < 672741 10g5(N),
la|=1

~(k ~(k ~(k
AP inax = [APH [max = |APM]|1 < 27711 log, (N).

Using a similar argument as in [26, (5.19)-(5.20)], we have

7

N

Lines 18-28 of Algorithm 4.1: Now, we deal with the low-frequency part which
is coupled with the near-field evaluation. Following the proof of [26, Lemma 5.7], we
have fl(¢g) = (Kiow + AKjow)q, where

|ARpign| < Yoit1 logy (N) (27 + 1)°.

L
Ry 1= Y U RELR) g (REZLINT (7 ()T . g (),
k=L
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L 7
ARy 1= Z Z (Aﬁl H)(A’BQ U(L))(ABSM(k))(A&Z(k))(AﬂSB(k))(AﬁﬁP(k))T
k=L 1B|=1
A(AFVINT L (AKO + AHK© + AHAK©),

with |AH| < emacnl, M®) .= MET=1LR) pG) .= RG) | p(k) .= RIL-1k),

L—k L—k
AM® = 37 Ac (M@—Lk)), AP® = 3 Ae (R(L‘l”“)),

loe|=1 loe|=1

AMG) .= AR 1+ AZzUFDRG) L AZzG+D ARG,

Let i, j be two leaf nodes at level L, and let the subscripts i, j carry the same meaning
as before if they are attached to U, V, and R. In what follows, if the subscript is
attached to B(), then it stands for the multipole-to-local expansion at level k for the
points in the nodes i and j. The above matrices satisfy the following estimates (which
can be obtained by using the same procedure as in [26, Lemmas 5.5-5.7] and taking
into account of the norm bounds in subsection 3.1)

L
IAD Hilloo < €2y 18720 < 7a2, 0 (20 + 1),
1A% ME) ||y < (642041 logy N)P3(2r + 1)27F,
ok o ok 72
18520 < et 185 B T < 28 (2 max(L 1w )

k - L
185 Py < (292ns Togy N)P(2r + D)F, ATV < o (2r + 1),
where AH; is a submatrix of AH. A similar argument as in [26, (5.19)-(5.20)] yields
IAR10W| S Lﬂ?lo(2r+1)2([l_i+2) maX{L ||K||max} maX{72r+17 ’YNO} IOgZN + 3’7w|K|7

Line 29 of Algorithm 4.1: Finally, the floating operation for line (29) in Algo-
rithm 4.1 yields

(¢) = (I + AG)(Knigh + ARnigh + Kiow + AKiow)q = (K + AK)q,
where K = f(high + f(low, |AG| < €machI, and
AK := —E + AKpigh + AKiow + AG(K — E) + AGAKpigh + AGAK oy
It follows that
|AK| < |E| + (1 + €mach)|AKnigh| + (1 + émach) | AKiow| + |AG| K| + |AG|E|

54 . 211 "
< T maX{l, HKHIIla.X} maX{’Y2r+17’Y2F+1,7NO} 10g2(N)p(T7 T) + 77w|K| + 257

where p(r, 7) := (27 + 1)2 + (2r + 1)2=L+2) The proof is completed. 0
This theorem indicates that the wideband FMM is backward stable. In the bound
for |AK|, the term that depends on N is log,(N)p(r,7), where the main growth

results from the factor (2r + 1)2E=L+2) Since typically L = O(log N), this factor
is a polynomial term in N. Thus, in the worst case, the backward error has about
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polynomial growth. In comparison, it is known that some other rank-structured
matrix-vector multiplications may be unstable [6, 9], even if the corresponding dense
matrix-vector multiplication is stable. Theorem 5.2 confirms the stability of the our
wideband FMM with balancing for the low-frequency regime.

The bound for |AK| in Theorem 5.2 may be conservative in terms of the ranks 7
and r. To achieve a sharper dependence on the ranks, it is necessary to find sharper
bounds for || B||1,1 in Theorem 2.7 and || Ty x||1 in Theorem 3.1. However, finding these
sharper bounds is challenging, as they involve more sophisticated properties/bounds
of Bessel and Hankel functions. We would also like to mention that the backward
error in Theorem 2.7 is not exactly in the form of a relative error. This is mainly due
to the bound for ||B||1,1 in Theorem 2.7. Now, if || K||max > 1, then we can obtain a
relative backward error bound as follows
11

18K s < ((S2 w1721, o2 N0 )4 9002} ) 1

6. Numerical experiments. In this section, we show some numerical tests to
evaluate the performance of the stable wideband FMM. As mentioned earlier, a source
of instability /overflow stems from the low-frequency regime. Thus, the following
numerical experiments mostly aim to evaluate the performance of our stable expansion
of the 2D Helmholtz kernel for the low-frequency regime in subsection 2.2.

In the tests, we compare two versions of the FMM.:

e Stable (L): our stable wideband FMM with balancing in the degenerate ex-
pansion (Theorem 2.7) and the translation relation (Theorem 3.1) for the
low-frequency regime;

e Regular (l~/) a regular wideband FMM without any balancing for the low-
frequency regime (and in particular, with the unscaled expansion in Proposi-
tion 2.5 and with unscaled translation relations).

For the high-frequency regime, both versions use the degenerate expansion in
subsection 2.3 and the translation relation in subsection 3.2. Following the hierarchical
partitioning of the domain, the high-frequency regime is involved when L>4.

To carry out the experiments, we replicate the setting of [26, Section 6.1] and
utilize its sets X and Y. The points in the sets X and Y are randomly sampled from
the standard normal distribution, shifted, and scaled so that ®(z), 3(z) € [0,400] for
each z € XUY. See [26, Figure 6.1] for a visualization of the scaled sets. In all of the
following examples, we further scale both sets to observe how the magnitudes of the
B generators behave and how the matrix-vector multiplication results are affected.

Since the wideband FMM matrix has all the U,V generators and translation
matrices 7' with max-norms bounded by 1, we mainly inspect the impact of the
norms of the B generators. Each table lists the expansion order r, the maximum
value of || B||max for all the B generators (denoted B), and the accuracy of the FMM
matrix-vector multiplication. The accuracy is measured by ||¢ — ¢||2/| 9|2, where ¢
is the result of the direct matrix-vector multiplication in (1.1), while ¢ is the result of
the FMM matrix-vector multiplication via Algorithm 4.1, and ¢ is a random vector
generated from the standard normal distribution. The total number of levels is L = 8.
Each partition at the leaf level contains at most Ny = 32 points. We use the separation
ratio 7 = 0.6 and r = 7. All the computations are done in Matlab. We run several
tests with different wavenumbers k and scaling of X and Y.

First, Table 6.1 shows some test results with L = 0, i.e., using only expansions
and translation relations based on the low-frequency regime. We observe that B from
the regular FMM grows rapidly as we increase the number of expansion terms r.
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This raises stability risks. Meanwhile, B from the stable FMM is bounded, which is
consistent with our theoretical findings. When r increases beyond a certain number,
it is not surprising that the regular FMM encounters overflow (so some of the entries
under Regular appear as Inf and NaN in Matlab). Even though the regular FMM is
quite accurate for certain r, the method is susceptible to stability issues, as pointed
out in [8, 26]. For example, the accuracy may quickly deteriorate if we recompress or
reorthonormalize some generators in the regular version.

TABLE 6.1
Comparison of the stable and the reqular versions of the wideband FMM, where k = 1 and the
sets 10710X and 10719Y are used (i.e., we multiply the sets X and Y by 10710).

Stable (L = 0) Regular (L =0)

B 16—l B [6—4l>
" [4]2
10 | 1.3376E+1 3.9548E-07 | 3.6792E+98  3.9548E-07

15 | 1.3376E+1 1.0273E-08 | 4.9886E+150 1.0273E-08
20 | 1.3376E4+1 3.3858E-10 | 3.9286E+203 3.3858E-10
25 | 1.3376E+1 1.4195E-11 | 1.1309E+257 1.4195E-11

30 | 1.3376E+1 1.0863E-12 Inf NaN
35 | 1.3376E+1 8.3062E-14 Inf NaN
40 | 1.3376E+1 1.0250E-13 Inf NaN
45 | 1.3376E+1 1.0399E-13 Inf NaN
50 | 1.3376E+1 1.0404E-13 Inf NaN

Next, in Table 6.2, we compare the two versions of the wideband FMM with vari-
ous switching levels. One direct observation is that B from the stable wideband FMM
is typically several magnitudes lower than that from the regular wideband FMM. Ad-
ditionally, the regular FMM that relies solely on the high-frequency expansion gives
highly inaccurate results. For the stable wideband FMM, the magnitudes of B are
much smaller. If we take into account of the condition of Lemma 2.8 in setting the
switching level L, then the choice of 7(=r) in the tests cannot be as high as we wish.
For example, with the consideration of all pairwise distance of centers multiplied by
the wavenumber at level 4, Lemma 2.8 dictates that we need to choose r = 10 to
ensure the entrywise magnitudes of the B generators are bounded by /4/m. This
may limit the accuracy. On the other hand, if B is allowed to be larger so that larger
r is used, then higher accuracy can be achieved.

We want to point out that the condition in Lemma 2.8 is very conservative,
and leads us to use stable low-frequency expansions at more levels if we want to both
achieve high accuracy and have bounded B. The conservative condition in Lemma 2.8
primarily comes from the challenge in quantifying the behavior of the Hankel function
when its degree is larger than the argument, since it can grow very fast. The authors
of [14] also made a similar remark on the growth of the Hankel function.

When a higher frequency is used, similar results can be observed. See Table 6.3.

7. Conclusions. In this work, we gave a stable matrix version of the wideband
FMM for the 2D Helmholtz kernel. We used some simple properties of Bessel functions
to derive a degenerate expansion of the 2D Helmholtz kernel for the low-frequency
regime and showed a balancing strategy to mitigate the stability risk. We proved the
norm bounds of the low-rank factors. A stable translation relation with balancing was
derived for the low-frequency regime, along with the norm analysis for the translation
operator. An efficient implementation of such a strategy was also discussed.
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TABLE 6.2
Comparison of the stable and the reqular versions of the wideband FMM with different L, where
k = 10 and the sets 102X and 1072Y are used (i.e., we multiply the sets X and Y by 1072).

Stable (L = 0) Regular (L = 0) Regular (L = L)
llo—3ll llo—2ll llo—2ll
r| B ol B 9l B ol

10 | 8.10E-1  3.94E-3 | 3.76E+08  3.94E-3 | 3.58E+7 4.88E-3

15 | 8.10E-1  2.22E-4 | 5.06E+15 2.22E-4 | 3.2E+14 8.37E-1

20 | 8.10E-1  2.22E-6 | 3.9TE+23 2.22E-6 | 1.94E422 4.16E47
25 | 8.10E-1 4.85E-9 | 1.14E+32 4.85E-9 | 4.47E+4+30 9.47E+15
30 | 8.10E-1 1.80E-11 | 9.16E+40 1.80E-11 | 3.00E439 1.82E+25
35 | 8.10E-1 4.99E-13 | 1.72E+50 4.99E-13 | 4.86E+48 1.75E+34
40 | 8.10E-1 2.15E-14 | 6.72E+59 2.15E-14 | 1.66E+58 3.25E+44
45 | 8.10E-1 5.32E-15 | 4.94E4+69 5.32E-15 | 1.09E4+68 9.48E+53
50 | 8.10E-1 5.28E-15 | 6.37TE+79 5.28E-15 | 1.26E+78 1.02E+4-64

= e
r B Lk B Bk
Stable (L = 4) Regular (L = 4)

10 | 8.10E-1 4.89E-3 | 3.76E+8 4.89E-3
15 | 8.10E-1 1.93E-4 | 5.06E+15 1.93E-4
20 1.98 2.21E-6 | 3.97E+23 2.21E-6
25 | 416E+2 5.89E-9 | 1.14E+32 5.89E-9
Stable (L = 5) Regular (L = 5)

10 | 8.10E-1 4.88E-3 | 3.76E+8 4.88E-3
15 | 5.93E+1 1.93E-4 | 5.06E+15 1.93E-4
Stable (L = 6) Regular (L = 6)

10 | 2.75E+1 4.88E-3 | 3.76E+8 4.88E-3

The stable wideband FMM is developed based on a combination of these tech-
niques for the low-frequency regime and some expansion and translation strategies
for the high-frequency regime. The matrix form is presented in terms of some FMM
generators, including those reflecting basis contributions and translations between ba-
sis contributions. This simple interpretation makes it convenient to understand the
wideband FMM. We further showed that this wideband FMM and is backward stable
in comprehensive stability analysis.

As one possible future direction, we may consider the possibility of obtaining
sharper bounds for the matrix norms discussed in section 5 and for the entries in
Lemma 2.8. This may involve more sophisticated properties of Bessel and Hankel
functions. The stabilization idea in this work may also potentially be extended to the
FMM for the 3D Helmholtz kernel.
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A. Appendix: proofs of Lemmas 2.1 to 2.4.

Proof of Lemma 2.1. We first prove item (i). Suppose z > % and 0 < p < z.

Since |Hy(2)| < |H.(#)| for a fixed z > 0 by (2.4), it suffices to show |H,(z)| < \/g
for z > % By Nicholson’s formula [32, Section 13.73 (pg 444), Section 6.15 (pg 172)],

8 [ [ .
|Hy(2)|* = */ / e~ 2zsinh(®) cosh(v) cosh (2pt)dtdw.
o Jo

T2

Let G(z) be the first derivative of |H,(z)|? with respect to 2. Then,
G(z) = = / / e~ 2#sinh(t) cosh(v) (¢ 6inh(22¢) — sinh(t) cosh(2zt) cosh(v))dtdv.
™ Jo Jo

Since for z,v,t > 0, t < sinh(t), sinh(2zt) < cosh(2zt), 1 < cosh(v), and ¢sinh(2zt) <
sinh(t) cosh(2zt) cosh(v), we have G(z) < 0. Therefore, for = > 1, |H.(2)]* <

|Hy o (1/2)]° = 4/

We then prove item (ii) of Lemma 2.1. Since sinh(¢) is convex for all ¢ € [0, c0)
and sinh(0) = 0, we have Asinh(t) > sinh(A¢) for all A € (0,1) and all ¢ € [0, c0).
Therefore,

(0P = 5 / / =Xz sinh(1) cosh() ok (9t dtdly
0 0

This manuscript is for review purposes only.


https://www.math.purdue.edu/~xiaj/work/fmm2d.pdf
https://www.math.purdue.edu/~xiaj/work/fmm2d.pdf

26 MICHELLE MICHELLE, XIAOFENG OU, AND JIANLIN XITA
8 o0 o0
—2zsinh()\t) cosh
< —2/ /0 e~ 22 sinh(At) cosh(v) cosh(2pt)dtdv

8 A —2z sinh(t) cosh(v) 2 -1 2
== 3e cosh (22¢) dtdv = A |H,, 5 (2) .
o Jo

The proof is completed. ]
Proof of Lemma 2.2. We first prove item (i). According to [3, Lemma 4], we have

YZ(IZ()Z) 2 for p>2and 0 <z < p. Thus, by (2.6), we have
ez l
Cp(x) _ vy (5)" <2 (1 + l)p+2 < 42
p+1(z) \/w(erl) ez p+1 p - e’
Ypt1(2) 2(p+1))

Next, we prove items (ii) and (iii). Since Cp(2) = —/7% (2p) (Yy(2) + £Y,(2))
and the following recurrence relations hold for Bessel functions (see [32, 1]):

Yo1(2) + Ypa(2) = 2Y,(2) and  Ypo1(2) — Yy (2) = 2, (2),

we have C')(2) = —\/F (%) L1(2).
According to [1, Sectlon 9.5] o [ Le mma 1], ) <0 for 0 < z < p. It follows that
Cp(2) < Cp(p) = =Y, (p)/E (%) <|H, |\/”p ( ) . This completes the proof. O

Proof of Lemma 2.3. Recall that |Jk(kz)| is an increasing function in z if 0 <
kz < |k| (see [1, Section 9.5], [32], or [3, Lemma 1]). Thus,

\E;]p(kzl,kzgﬂ < Z |Jp+l(kzmaX)Jl(kzmaX)‘
|l|>7or |p+1|>r

Z | Jp-+1(k2max)| + Z |Ji(kzmax)| = 42 |1 (kzmax)| -
[p+i|>r [1]>r l=r

Since |Jp(2)] < (2/2)P/p! for all p € NU {0} and z > 0 (see [32, 1]), we have

So, C, ( ) is a strictly increasing function of z.

IN

(A1)

oo oo oo
T
S )| € 34 ()’ < 30k (%) gt = 3 (S5)
l=r l=r l=r
for all 7 > kzmax and (kzmax)' ™" < I!/7!. The proof is completed. O

Proof of Lemma 2.4. Note that |J,(2)] < |Y,(2)| and |H,(z)| < v2|Y,(2)] for
all 0 < z < p. Additionally, |J,(2)| < (2/2)?/p! < (27p)~ 1/2( )p(2 )~P for all
p € NU{0} and z > 0 (see [32, 1]). Thus, we have

| B (kuw, kt|<2ZIH Kbmax ) J (Kt max <2WZ|Y Kbmax) ) (Kt max) |

l=r

oo l .
<22y () () oA ()

B30 () o' < B ().

r 177' T

where we used (2.6) in the third line and the fact that C,(z) > Cpt1(2) for all p > 2
and p > z > 0 (see the remark before Lemma 2.2). O

This manuscript is for review purposes only.



	Introduction
	2D Helmholtz kernel: stable degenerate expansions and low-rank approximations
	Basic properties of Bessel functions
	Stable degenerate expansion for the low-frequency regime
	Stable degenerate expansion for the high-frequency regime

	Translation relations for the 2D Helmholtz kernel
	Stable translation relation for the low-frequency regime
	Translation relation for the high-frequency regime

	Stable matrix version of the wideband FMM
	Wideband FMM matrix
	Recurrence relations for computing generators

	Backward stability analysis
	Numerical experiments
	Conclusions
	References
	Appendix: proofs of prop:monoCpz,prop:monoHz,lem:remainderJ,lem:remainderH

