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Abstract: In this project, we provide an algorithm to compute efficiently and accurately the
full outgoing modal Green’s kernel for the scalar wave equation in local helioseismology under
spherical symmetry. The cost of computing a full Green function is well-known to be expensive
and has prevented its extensive usage in local helioseismology. It is however necessary in order to
interpret properly the measurements. One application is the calculation of synthetic helioseismic
observables such as the cross-covariance or the power spectrum. Usually, it is supposed that the
observations are coming from a single height — the “solar surface” — which requires only the Green
kernel at the surface of the Sun. While yielding satisfactory comparison with helioseismic data
at low frequencies, more realistic observables take into account contributions from all depths.
This approach requires a full Green kernel, i.e. its values at all source and receiver depths. In
this work, we propose a two-step algorithm which with two simulations gives a full kernel for
each harmonic mode and frequency. Our method also accounts for the singularity of the Green
kernel analytically and avoids discretization with a Dirac source directly. This feature does not
only help to reduce the need for mesh refinement around the source, and but also provides more
accurate values of the Green’s kernel in this region. We also demonstrate numerically that using
integrated simulated observables leads to a significant travel-time difference compared to using just
single-depth observables. In addition, our algorithm is coupled with exact Dirichlet-to-Neumann
boundary condition, thus provides optimal accuracy in approximating the outgoing Green kernel.
We also evaluate the performance of the high-frequency approximations of the nonlocal radiation
boundary conditions in terms of helioseismic quantities. Until now, these comparisons were only
carried out under pure Atmo assumption, and analyzed in terms of relative error of numerical
solution in the atmosphere.

Key-words: modal Green kernel, local helioseismology, solar model S+Atmo, solar model
Val-C, Hybridizable Discontinuous Galerkin discretization (HDG), observables, travel-time, ex-
pected cross-covariance, power spectrum, data analysis, radiation boundary condition, Whittaker
functions.



Calcul efficace du noyau de Green modal sortant pour 1’équation
des ondes scalaire en héliosismologie

Résumé : En héliosismologie, la fonction de Green associée a ’équation des ondes scalaire permet
de représenter des observables importants tels que la corrélation croisée ou les spectres de puissance.
Elle joue donc un roéle central dans I'interprétation des mesures et son calcul est crucial. Toutefois, les
algorithmes de calcul existants ont des cotits de calcul encore trop élevés pour en faire une utilisation
extensive en héliosismologie locale. Pour contourner cette difficulté, on suppose que les observations sont
effectuées a une altitude fixe qui représente en quelque sorte une “surface solaire” et ainsi, on se contente
d’utiliser la fonction de Green définie & la surface. Bien que cela donne des comparaisons satisfaisantes
avec les données héliosismiques a basses fréquences, générer des observables plus réalistes demande de
prendre en compte les contributions de l'intérieur du Soleil, c’est-a-dire a différentes profondeurs. Pour
cela, on a besoin de la fonction de Green compléte, c’est a dire, sa valeur doit étre estimée pour toutes
les sources et & toutes les positions de récepteurs. Dans ce travail, nous proposons un algorithme en deux
étapes qui permet, a partir de seulement deux simulations, de construire le noyau de Green complet.
Notre méthode prend en compte la singularité du noyau sans avoir & discrétiser la source qui est une
distribution de Dirac. La méthode numérique mise en oeuvre repose sur une formulation HDG du
probléme écrit en supposant la symétrie sphérique du soleil. Notre algorithme est focalisé sur la partie
réguliére du champ d’onde et ainsi il ne nécessite pas un raffinement du maillage autour de la source
tout en nous donnant des valeurs plus précises pour les récepteurs proches de la source. Nous illustrons
numériquement comment 'utilisation d’intégrales pour les simulations change de facon significative le
temps de trajet par rapport aux solutions & profondeur fixe.Nous effectuons des simulations pour deux
modéles de Soleil qui sont couplés & une condition de radiation sortante utile pour tronquer I’atmosphére
du Soleil et définir ainsi un domaine de calcul. Quand notre algorithme est couplé avec la condition aux
limites Dirichlet-to-Neumann exacte, nous obtenons une précision optimale des quantités héliosismiques
covariance et spectre de puissance. Nous comparons également la qualité des observables en considérant
différentes approximations haute-fréquences de la condition de radiation non-locale, toujours pour le
calcul des mémes quantités héliosismiques.

Mots-clés : Noyau de Green modal, héliosismologie locale, modéle solaire S+Atmo, modéle solaire
Val-C, discrétisation Galerkin hybride (HDG), observables, temps de parcours, covariance croisée, spectre
de puissance, analyse de données, condition aux limites de radiation, fonctions de Whittaker.
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1 Introduction

In this project, we propose an algorithm to compute efficiently and accurately the full outgoing modal
Green’s kernel for the scalar wave equation in local helioseismology under spherical symmetry. The goal
of local helioseismology is to reconstruct the interior of the Sun from observations of oscillations of the
acoustic waves at the surface due to convection. Due to the stochastic nature of the observations, the
helioseismic quantities (or products) of interest are the expectation value of the cross-covariance between
any two points at the surface or the power spectrum. In order to interpret the observations, one needs
to define a wave equation to model the propagation of acoustic wave equation in the Sun, written as
L1 = s; and its outgoing Green’s kernel, denoted by G(x,y;w), x,y € R?, is the key ingredient to
compute synthetic observables and helioseismic products, cf. Section 8 for a detailed discussion on this
quantities. Spherical symmetry allows for the decomposition of G into spherical harmonic basis, and the
task of computing the 3D kernel is parallelly decomposed into that of outgoing modal Green kernels,
denoted by Gy(r, s;w), in terms of scaled depth! r,s > 0, for each spherical modes ¢ and frequencies w.
By the ‘full’ modal Green kernel, we mean the knowledge of G, on a [rmin, "max) X [Fmin, "max] Where
Tmin > 0 is numerically small and 7,4 is a height in the atmosphere.

Current results in local helioseismology assume that the Sun has a surface that is well defined, in
r = 1, and work with simulated observables which are obtained from the solution of the wave equation at
the surface of the Sun. In this approach, calculating helioseismic products requires at most? the values
of the Green kernel for sources placed in s = 1, i.e. Gy(1,r). However, with the Sun being a plasma,
the observed oscillations are not just coming from the “surface” but represent an average over all depths

IThey are scaled by the radius of the Sun Rg such that » = 1 corresponds to the position Rg.
2In fact, under simplifying assumption of sources, the expected value of the cross-covariance and the power spectrum
are given by G,(1,1), e.g. [3, 14]. See also discussion in Section 8.

RR n° 9338
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weighted by the level of transparency (opacity). The computation of the helioseismic products now
requires the full Green function as defined above. Knowledge of a full Green function is also required to
interpret multi-height HMI (Helioseismic and Magnetic Imager) data [27] or to image the solar interior
using helioseismic holography [35]. With its importance as explained, the full Green kernel, is well-known
to be computationally expensive if the traditional method of computing the Green kernel is employed as
each simulation only gives the values of the Green kernel for one fixed source position. Our proposed
algorithm provides, in using only two implementations, the full Green function, for each spherical mode
£ and frequency w, thus in a square domain rather than just the union of two lines in the domain of
definition of G,.

To develop in details the method of computation, we first specify our working equation. With the
background of the Sun characterized by the density p and the sound speed c, both assumed to be
spherically symmetric, we start our investigation with the same scalar wave equation as in [3], and
denote by G its physical Green kernel,

v (1vg(x7 y>) - - D) gy y) = sx—y), (L.1)

p([x]) (Ix[) e(x1)

with § the Dirac function. Here, the ‘physical’ property is to be determined by the conjugate problem.
The quantity o denotes the complex frequency and contains a model of attenuation - such that:

4+ 2iwy (x| w), with w > 0 the angular frequency. (1.2)

2

o’(xl) = w
However, similarly to [5, 4, 1], we work with conjugated equation obtained by Liouville change of unknown,
since the latter offers a natural setting to define the unique physical (also called “outgoing” or “radiation”)
kernel G, solution to

(<20 = S () Gey) = x—y). with qi=p A, (1

From G, the physical Green kernel for the original problem (1.1) is defined by

G(x,y) = p'2(x)p"?(y) G(x, y). (1.4)

Under spherical symmetry, where the physical parameters only depend on the radius, one works with the
modal function Gy, which is a fundamental solution of,

( d2 _ m + q(r) + W) GZ = 5(7‘—8)7 (15)

Cdr? A(r) r2

with » = |x| and s denotes the radial source position.

To obtain the modal Green function numerically, the current approach is to directly discretize (1.5)
using, e.g., a finite element or finite difference method, cf. [15, 3, 8]. Since each resolution in this
approach only gives the value of the Green function for a fixed source, it would thus be expensive
to employ it directly to give the “complete” Green kernel which requires arbitrarily high number of
sources. Additionally, unlike in applications such as seismology or inverse scattering in which one is mostly
interested in the far-field or the backscattered data obtained away from the source, in helioseismology,
values at the same height of the source are particularly important. However, the presence of the Dirac
reduces the numerical accuracy of the response in the region around the source. To overcome this problem,
one usually refines the mesh around the source when solving (1.5) leading to additional computational
cost, cf. [8, 14, 3]. With solar background, it is particularly expensive, since this extra-refinement comes
in addition to the one needed to capture the profile of Sun’s background beneath its surface.

The procedure we propose in this work is based on a well-known formula for Green kernel of the ODE
and comprises of two steps. One first obtains solutions of two boundary value problems with zero source:
one regular solution in a neighborhood of the origin and an outgoing one in an exterior neighborhood.
They are then ‘patched together’ by a Heaviside function to give the global modal Green kernel. The
importance here is that while these solutions are regular, the singularity of the Green kernel is captured

Inria
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ezactly by the Heaviside function. Working with only regular solutions removes the need to refine the
mesh around the source position. In another word, with only two problems, one instantly obtains the
value of the modal Green kernel on a rectangle region away from the origin, and thus the 3D Green kernel
on a product of two punctured spheres. While the two-step procedure can be used with second-order
formulation (of the wave equation), it is more compatible with a first-order formulation. In our work, the
algorithm is implemented with Hybridizable Discontinuous Galerkin (HDG) discretization, which, with
unknowns being the numerical trace (boundary values), provides readily the derivatives of the solution,
needed for the calculation of the Wronskian in the aforementioned Green’s reconstruction formula. This
offers an advantage to second-order formulation which leads to a loss order of precision for the derivatives
computed from values of the displacement via a high-order finite difference scheme.

A second novelty of the work is in the numerical implementation and computation of the outgoing
Green’s kernel, and the investigation of the influence of radiation boundary conditions (RBC) on helio-
seismic products for realistic background. We carry out a comparison of the RBCs obtained in [4, 5] to
those in [3] for background S+Atmo and S+Val-C model in terms of power spectrum and time-distance
diagram. Until now, these comparisons were only carried out under pure Atmo assumption, and analyzed
in terms of relative error of numerical solution in the atmosphere. With the exact D-t-N coeflicient as
reference, our investigation reconfirms that, among the high-frequency approximations of the nonlocal
RBC coefficent, those obtained in [4, 5| are more accurate than those in [3]. However, what is new
in our study is the highly accentuated difference in precision order of the two families in presence of a
physical background like that of the Sun. Those in [4, 5] produce helioseismic products with improved
precision, with three orders of magnitude difference compared to those in [3]. In particular, our study
narrows further to a comparison between Zg ye ;, and Zf 4z ;. The first one is independent of ¢ while
the second one is not. Another fundamental difference is in the different wavenumbers that were used
in high-frequency approximations to obtain them. Coefficients that are independent of ¢ are extremely
useful, since they are first choices for RBC to be used in discretization schemes in 3D for not containing
tangential differential operators. However being independent of ¢ means that in general they are expected
to provide less accuracy than those dependent on ¢. Our numerical investigations show that Zg_gz_,, gives
a substantial improvement compared to Z§ 4, in terms of helioseismic products, and thus provides a
reliable RBC for future considerations with 3D discretizations.

In terms of applications in helioseismology, our work is the first to compute the complete and high-
definition kernel for the solar model S, ([9]) with either ideal atmospheric pressure, thus called S+Atmo,
or with atmospheric model VAL-C [34], called S+VAL-C. In particular, Gy is known on [, rmax] X [€, "max]
for a position 7, in the atmosphere in the S+Atmo, or in the chromosphere of the Sun for S+VAL-C. We
also note that this is the first time, that the modal Green kernel for the S+Atmo model is computed using
the exact Dirichlet-to-Neumann coefficient of [5]. Using this full kernel, we compute the power spectrum
for harmonic modes ¢ up to 2000 and frequency up to 12 mHz. The full Green kernel also allows us to
compute helioseismic products with integrated simulated observables. We demonstrate numerically that
using latter type of simulated observables leads to a significant travel-time difference compared to surface
observables.

The report is organized as follows. In Section 4, with justification given by the work of [2], we define
the physical Green kernel G and its harmonic expansion. We also explain the basis for the two approaches
using first-order system. The various RBCs are recalled and compared using the error with respect to
the analytical solution in Section 5. In Section 6, the method of HDG is explained, and is validated in
Section 7 using pure Atmo equation and its analytical solutions. In Section 7, also working with the same
toy equation, we show numerical results to validate the second approach. After, a preparatory discussion
to introduce the working notions and the helioseismic observables in Section 8, we compute the complete
Green kernel for S+Atmo and S+Val-C+Atmo together with the resulting helioseismic products in Section 9.
In this section, RBCs are compared in terms of helioseismic observables and the importance of the full
Green kernel to compute helioseismic products is emphasized.

RR n° 9338
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2 Preliminaries and notations

Let us give the symbols and notations used thorough the report, in particular, we place ourselves in the
context of helioseismology, that is, working with solar quantities. Each quantity is specifically introduced
at its first occurrence in the document.

Square root branch (-)'/? uses the principal argument with Arg(z) € (-, 7).

2.1 Physical parameters
R is the radius of the Sun given in m, Ry = 695510000 m.
R is the (non-scaled) position along the Sun’s radius.
r is the scaled radius, r = R/Rg.
R, denotes the radial position (in meter) where the atmosphere begins, usually R, = Rg + 500km.
ro = Ra/Rg is the scaled radius where the atmosphere begins.
f is the frequency in Hz; in solar applications, the frequency typically ranges from 0 to 11 mHz.
p is solar density (in kgm~3), and p denotes the dimensionless density.
c is the background solar sound speed (given in ms™1).
¢ is the scaled solar sound speed given in s, ¢ = ¢/Rg.

« is the inverse density scale height defined by o = f% and « is the dimensionless version,

Orp

x=—=

H = o~ ! is the dimensionless density scale height.

Under the assumption that the quantities attain a limit at infinity, we define

Hoo 1= rlin;o o(r), o, = Tllrgodra(r). (2.1)

In particular, in the Atmo model,
Koo = 6663.62, o, =0. (2.2)

This value of a, is also used in [3, Section 4.3.3].

2.2 Representation of the attenuation

The attenuation is encoded in (1.1) with the complex frequency o, specifically with the term ~. In the
context of the solar scalar waves, it can for instance be taken as a constant with

v

5 = 20pHz, constant solar attenuation. (2.3)
T
As an alternative, it can be represented with the power law [15, Eq. (79)] such that
B
w
Y(w) =70 |— (2.4)
wo

In [3, Eq. (4.14)], this formula is employed with

O _gsgpHz, 22 —3mHz, B =5.7T. (2.5)
2 2
While wy and 8 remains the same in [15, Eq. (79)], 7o takes the value
o
— = 4.29uHz. 2.
o 9nHz (2.6)

Inria
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2.3 Legendre functions
Legendre functions are solutions to the Legendre differential equations

d

d
1_2
FrAC

P+ P =0 (2.7)

Solutions that are polynomials of degree ¢ in t are call the Legendre polynomials and denoted by Py(t).
They are given by, cf. [25, Theorem 9.9]

(=D* d* 20 1 d ¢
P,(t) = ———(1-— = ——(t*—-1 {=0,1,2,... 2.8
f() 2L g1 dtl( ) 2[E'dt£( ) ) s Ly 4y ( )
They have the orthogonality property,
! 2
P,)Pp,(t)dt = —— dpm - 2.9
/,1 ®) ®) 2n+1 (2.9)

They also satisfy the recursive relation, cf. [29, Eqn 1.119 p. 22|,

(C+1)Pra(t) — (20+1)tPy(t) + £Pr1(t) = 0 , £=1,2, (2.10)

and
Po(t)=1 , Pi(t)=t. (2.11)

Thus
Pi(1) = 1 , Py—t) = (=1D)Pe(t) = Py(-1) = (-1)". (2.12)

We will also need the following result:

1 . 20 +1
(47T)2 z{: %:(QE + 1)(25/ + 1)/PZ(COS ef.l,,f.)Pg/ (COS 917:2_153)dr = zg: e Pg(COS 97%141;2). (2.13)

Proof. To prove it, we use the addition theorem of spherical harmonics (2.27) (twice) and the orthonor-
mality of the spherical harmonics (2.26)

rae CERIEER) [ Putcasty, p)Po(costy, p i (2.14)
= ZZZZY’” (01, 01) Y7 (62, 62) / Y7 (0,6)Y (0, ) sin 0d0de (2.15)
= ;Z‘Zm Zufﬁl )Y(" (02, ¢2) (2.16)
= %4: “P(cos by, ). (2.17)

:
L]

The associated Legendre functions, or Ferrer’s functions are defined as, cf. [29, Eq. (1.138) p. 24| or
[25, Section 9.3.1 p. 23§],

d—Pg(t), m=0,1,...0 (2.18)

P(t) = (1 = &)™

From [29, Eqn. (1.147) p. 24|, we have

(¢ + m)!

T D (2.19)

1
PP = | PF@Pa =

RR n° 9338
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Thus one can introduce the normalized version

N () = D

= (2.20)
P Ol L2 (-1,11)

thus

Np () = \/WPW - \/W G ER e SPN CEN

Remark 1 (Comparison with Legendre definition in Matlab). This is taken from https: // fr. mathworks.
com/help/matlab/ref/ legendre. html

1. The definition of Legendre polynomial Py in Matlab agrees with (2.8).

2. However, for the associated Legendre function, it is different from (2.18) by (—1)™. The Matlab
associated Legendre [P gatias(t) is computed by the intrinsic function legendre (n,X) which gives for
all values of m=0,1,...,n,

[PV katian(t) == (=)™ (1 — t2)m/2 %Pe(t) , m=0,1,...,¢ (2.22)
thus
[PV hatian(t) = (=1)" P ().

3. For their (fully) normalized associated Legendre function, the Matlab intrinsic function puts back
(=1)™, leading to the same definition

NP lnacn(t) = (—1)’”\/W PP lrare®) = \/W (- D,

(2.23)

thus
IN?'|natian(t) = N7*(t)

This is obtained in Matlab by calling the intrinsic function legendre(n,X, ‘norm’). A

2.4 Spherical harmonics

We denote the spherical coordinates by (r,0,¢) with 0 < § < 7 the colatitude angle, while 0 < ¢ < 27
is the longitudinal angle. The m-th spherical harmonic function of order ¢ is defined as [28, 14.30.1], see
also [11, Theorem 2.7] or [25, Equ. 9.37 p. 23§|,

elme (204+1) (€= |m|)! jm -
£ _ - P (cos ) el ™ ®
Nors I @ e (st e (2.24)

m=—0,....0, £=0,1,2,...

Y7 (0,¢) := NJ*(cosb)

where P}* are the associated Legendre functions defined in (2.18). They satisfy
At Y = —(L+1)Y" (2.25)

The {Y7"}n=—¢, .. ¢ form a complete orthononal system in L?(S?), cf. [25, Theorem 9.11 p. 238],
0=0,1,2,...

| Y060 VIR dosi (%) = G 0. (2.26)
Sl

where we note that dogi = sin 6 d¢ df.
In this report, we use the following properties of the spherical harmonics
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— the addition theorem, cf. [11, 2.29],

I
e N 2041
D2 Y70k 0x) Y70y, 0y) = — —Pilcosty). (2:27)
m=—¢
where 0x., is the angle between x and y, i.e.
Xy
cosblxy = . (2.28)
Y
— the Gaunt formula [13, 4.6.3] in order to compute the integral of the product of three spherical
harmonics
Gaunt (4, ¢/, 0" ;m,m’',m") / Y)Y R (F)YR (7) dog (7) (2.29)

A AV AN
_ozg(w/cug//(O 0 0)(m m/ m”)’ (2.30)

where oy = /47/(2¢ 4+ 1) and the terms in parenthesis correspond to the Wigner-3j symbol, see
e.g. [13, p. 45]. The Wigner-3j is non-zero only if m"” = —m —m/ and [{ — /| <" < {4 0.

2.5 Whittaker functions

For £ =0,1,2,..., we consider a subclass of Whittaker functions which are solutions to
1 3 - (3+0?
a§W+(fZ+f+%)W:0, keC,uecC. (2.31)
z z

A fundamental pair of solutions to (2.31) in an unbounded domain is given by the second Whittaker
functions W,

—im s 3m
WH’H%(z) , an,H% (e7"2), -5 < Arg(z) < 5. (2.32)

On the other hand, a fundamental pair of solutions near origin M and W,

MK7€+% (Z) ) WK,Z_’_%(Z) i |Argz| S ﬂ—v (233)
are defined with,
1 L (U+1—k) 2F
= eT27 2 2.34
M, 4y 1(2) = etz 2z+ 2) kzzo 20+2), K’ (2:34)

and for k with k —£—1 #£ 0,1,2,..., cf. [28, 13.14.8],

1
e? Z“l Sl k-1,
Wn,é-s-%(z) - (2£+1)l (- ( z_: WA 1—k) (=0 z
- (2.35)
_ Z é;; ok [z + ¢(+1—n+k) — p(1+k) — ¢(24+2+k)]>.

M is referred to as the reqular Whittaker M or the Buchholtz function M. It is the regular version
of the second Whittaker function?®,
M, 16 M0

M 1G) = Ty T @i (2.36)

3Tt is what is given by the intrinsic Matlab routine whittakerM(a,b,z).
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12 Barucq, Faucher, Fournier, Gizon & Pham

The derivative of M, ,, and W, , can be obtained by the following connection formulae, [4],

1 l 20+1
@ = (=3 = S Mua) + E (2.372)
, 1 ¢ 1
Wi es1/2(2) = 3 7 3 Wi ev1/2(2) — ﬁwwé,e(z); (2.37b)
, 1 K 1
Wi ey1/2(2) = 3~ 3 W er1/2(2) — ;WK+1,Z+1/2(Z)' (2.37¢)

Further discussions are given in Appendix B.1.

3 Conjugate wave equation with dimensionless coefficients

We choose 3D coordinate system with the Sun placed at the origin, and denoted by % positions in this
system. With R denoting the radius of the Sun, we introduced the scaled coordinates,

X
= — R = |X . 3.1
x = o | (3.1)
We have
Vi = RoVs. (3.2)
We introduce scaled radius which is dimensionless,
R
= —. 3.3
r= (33)
Define associated density function
r = p(r) = p(Ror). (3.4)

The dimensionless inverse density scale height is defined by

Orp(r)

a(r) = — o) (3.5)
The dimensionless density scale follows:
H(r) = « L. (3.6)
Since 9, = Ry 0R, in comparing « to « defined by
Orp(R
() = 12 (3.7
which is of unit m™', we have
op = 220y 5 =02 00 1, (3.8)
¢ p Rocp  Ro
In using the scaled sound speed .
¢ = o (3.9)

we render dimensionless the quantity
(3.10)

~19
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3.1 Original problem

We recall the main equation

1 § 3
i v <pva> A - i, with o® = w? + 2iwy. (3.11)

We first write the field u and the right-hand side f in terms of the scaled radius:

u(x) := u(Rg x), f(x) = f(Ro x). (3.12)
Using (3.2), we have
1 1 o?
V- <qu) - SeRpt o b (3.13)

Multiply both sides with RZ, we obtain

1 o? 9

3.2 Conjugated problem with dimensionless coefficients
Similarly to [5], we work with the conjugated problem by introducing the change of unknown,
u(x) = p~ M2 u(x). (3.15)
We define the dimensionless potential q,
q(x) == p/2A,p /2. (3.16)

The conjugated equation with dimensionless coefficients is

02

with right-hand-side
g = o'?RL¥. (3.18)

4 Discussion on Green function

While the original equation is given in (1.1) and (3.14), we work with the conjugated version, given
in (3.17) in three dimensions after adimensionalization. Then, following the spherical symmetry, the
solution is decomposed onto the one-dimensional modal ones, over the domain [0, rmax], With rmax > 1,
using the adimensionalized version where the position » = 1 corresponds with the Sun’s “surface”. In
terms of boundary conditions, a Neumann-like one holds in 0, cf. Section 4, while radiation boundary
conditions are imposed in rpax, [3, 5]

Denote the Green kernel of the original problem with dimensionless coefficients by

_ o’
(~9x 071V = ) Gs) = dx ). (@)
and that of the conjugate problem by,
a?(r
(-8 - S8 + )6 = dx-s) (12)
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14 Barucq, Faucher, Fournier, Gizon & Pham

with ) )

a(r) = oc4(r) n cx;'r) n oc;r)' (4.3)
They are related by

G(x,y) = p*(x) p'2(y) G(xy). (4.4)

For more details on the transformation, cf. e.g. [5, 1] and [4, Appendix a).

Assumption 1. The sound speed ¢ and attenuation coefficient vy are bounded functions, which are con-
stant outside of a compact set with coo and Yo, denoting their respective values on the exterior domain.
We assume that

Supp (¢ — ¢x0) 18 compact (Assumption 1a), (4.5a)

Supp (7 — Yeo) is compact (Assumption 1b). (4.5b)

Assumption 2. We assume that the background density p is such that « = —p'/p satisfies

a(r) € CY(Ry) N L*=(Ry), lim @ = o,
r—00 (4.6)
and o'(r) = (1 + r)~(F9) e > 0.

Note that the background quantities ¢ and p for the Sun using model S+Atmo or S+Val-C+Atmo satisfy
these assumptions. Under Assumption 2, the potential q has a finite limiting value denoted by q..,, such
that

2
lim q = g0 = aT"O. (4.7

00

Assumption 3. As r tends to 0, we assume that

lim 72 (i((:)) + q(r)) = 0. (4.8)

Under Assumptions 1 to 3, we can apply the result of [2, Theorem 6.2] to obtain the physical Green
kernel. To state the proposition, we introduce the following notation. Define potential Qy,

Qe(r) o?(r) e+1) o?(r) o2 (r) o/ (r) a(r) L(+1)
2 (r) +alr) + r2 Te(r) ey ot r + rz (4.9)
and operator Ly,
L, = —% + Q:;) = —dd? - ZQ((:)) +a(r) + M; 2 (4.10)

Proposition 1 (Expansion of Green kernel). Under Assumption 1-Assumption 3, the Schwartz’s

kernel G of the resolvent R := (—A—r2+q)~! can be written as an expansion in spherical harmonic
basis with
1 o0 4
G(x,y) = mz Z G (x|, y]) Y/ (y) Y'(x), x,y not on the z-axis (4.11a)
=0 m=—¢
(2.27) 1 >
= ——— (2¢ + 1) Go(|x|, | y]) Pe(cos bx.y) , (4.11b)
Tyl 2 y

where GJ*(r, s) = Gy, i.e., independent of m, is the unique distributional solution to

Lg Gz = (5(7”—8)7 (4.12)
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satisfying the boundary condition,

lim 7~ Gu(r) = 1, (4.13)

r—0

at r =0, and the asymptotic relation at infinity,
Gy = ¥l (1 + o(1)) asr — 0o. (4.14)

In (4.14), the phase function is defined for some ro > 0 as,

o(r) = / \ K2 = Tds = kr — — logr + k™2%0o(1), (4.15)
ro S 2k

where
o?  a?
k =4/ — —==. 4.16
¢z 4 (4.16)
Furthermore, if Yp and Wy are two homogeneous solutions to Lyw = 0 on (0,s) and (s,00)

respectively with v, satisfying BC' (4.13) at r = 0, and 1y condition (4.14) as z — oo, we have

—H(s — ) ¢(r) ¥(s) — H(r — ) d(r) ¢(s) _

Gyi(r,s) = W)

(4.17)

Here, H denoting the Heaviside function and W(s) := W{i(s),¥(s)}, denotes the Wronskian.

4.1 Remarks on boundary conditions
4.1.1 Boundary condition at zero

Using the Frobenius theory, e.g. [10, Theorem 4 p.165], the indicial equation at r = 0 for (4.10) is,

2
2 : 2 (0*(r) _
A +)\+}1£%7“ <c2(r) —|—q(7‘)) + l(l+1) =0. (4.18)
Under assumption (4.8), this simplifies to
M N —l+1) =0 = A=~ or A=/(+1. (4.19)

The regular solution at » = 0 is given by A = £+ 1, which explains the boundary condition (4.13). In the
case of (4.8), or other regular singular ODE with indicial roots of opposite signs, (4.13) can be replaced

by the boundary condition
. d Gg (7”)
1 —|—) =0, 4.20

50 " dr < r (4.20)
which also selects the regular solution at » = 0. This can be seen as follows.

A generic solution on the neighborhood of zero is a linear combination of a function that decays in
r*1 and one that blows up in 7*; in particular, cf. [10, Theorem 4 p.165],

w(r) = a (r_é h(r) + c(logr) Pt g(r)) + brftt glry , r>0, (4.21)

for some constants a, b and c, and functions g(r) and h(r) which are C* up to r = 0 with g(0) # 0, and
h(0) # 0. The presence of the log term is due to the integral difference of the two indicial exponents, i.e.
((+1)— (—£) € N. We have

Tdir% = a ((7671)7*4*1 h(r) + creg(r) + (é)c(logr)rzg(r)) + bﬁreg(r)

+a (W) + cllogr) i () + bt g(r).

(4.22)
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16 Barucq, Faucher, Fournier, Gizon & Pham

For w of the form (4.21), in order for lim, .o (w(r)/r)’ < oo, the constant a has to be zero. In fact,
(4.20) is a stronger condition, and requires that this finite value is exactly zero, which is indeed satisfied
by w of the form (4.21) with a = 0,

: wr)\" _ ¢ +1
— = > . .
}13%7“( . ) ili%(bﬁr g(r) + brtlg'(r) 0, ¢£>0 (4.23)
Remark 2. One can also consider a condition such that lim,_,or%(w/r)’ < oo, which also selects the
reqular family, i.e. which forces a = 0 when £ > 0. However, unlike the condition lim,_,or(w/r)" < oo,
this condition does mot imply a = 0 at £ = 0; in another word, it admits both the regular and singular
families,
d

2 %% = a((-1)h(r) + crg(r)) + a(rk'(r) + c(logr) r*g'(r)) + br?g'(r). (4.24)
However, in using h(0) # 0, then the stronger condition lim,_or?(w/r)" = 0 still rules out the singular
family for all € € NU {0}. AN

In addition to being ¢-independent, the condition (4.20) is more natural and is simpler to implement
in a discretization scheme, in the sense that it will lead to a Dirichlet-type boundary condition as shown
below.

4.1.2 Outgoing boundary condition

For the numerical discretization on finite domain, we need to replace the outgoing condition (4.14) by one
on an artificial boundary. The condition (4.14) is replaced exactly by the exterior Dirichlet-to-Neumann
operator, see discussion in [5, Section 4.1]. In particular in the case of the solar atmosphere, if p and ¢ are
extended according to the Atmo model on (rpax, o), then we have an explicit expression for the D-t-N
coefficient (cf. [5]),

W', (—2ikr)
. —dapt1/2
yAS = —2ik 2k 4.25
DtN(T) 1 W " €+l(721k7") ) ( )
—i el

where W is the Whittaker’s special function, cf. [5, 4], and k is defined by (4.16). The outgoing condition
(4.14) is then replaced by
0nGy = Zhn(r) Gy (4.26)
Under more general assumptions of extensions, one does not have explicit description of the D-t-N.
However, if the extension still maintains the structure of V,, . as discussed in Assumptions 1 to 3,
since we are working mode by mode, one can use the nonlocal radiation boundary condition, which is an
approximate condition,

o?(r)

Zr{onlocal(r) = i<c2(r) - q(’l’) -

We will also investigate the performance of other approximate radiation conditions listed in Section 5.

1/2
ae+ 1>) . (4.27)

r2

4.2 Numerical calculation of the Green function

With rpax > rq, we consider the numerical calculation of the modal Green kernel (4.12),

LeGe = 6(r—s); (4.28a)
!/
lim (Ge) = 0; (4.28b)
r—0 r
G/Z(rmaX) = Zo(Tmax) Ge(Tmax) - (4.28¢)
We recall the notation in (4.9) and (4.10),
d? Qi . Qe(r) a?(r) Le+1)

Le = ——5 + =% h = — - 4.2

¢ s + 2 wit > () + q(r) + = (4.29)
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4.2.1 Approach 1

We rewrite the working ODE (4.28) in first-order formulation in order to apply the Hybridizable Dis-
continuous Galerkin (HDG) discretization method discussed in Section 6. Denote by Gy = G¢/r then G
solves?

d (TQdé> + QG = 1(r—s);

dr dr (4.30)
limrG =0 , G'(r) = (=2 +Z)CG atr=rmax,
r—0
In using the first-order formulation, cf. Subsection 6.1, problem (4.30) is written as,
—r(rv) 4+ Q(r)w = r*6(r —s) on )0, rmax| ; (4.31a)
rw — w = rv on 0, max|; (4.31b)
lim v = 0; (4.31c)
r—0
v o= (f% + Z.) w at r = rpax - (4.31d)

In our applications, we also use the generic right-hand side g = rd(r — s), cf. (4.30), and u = Gy = G /r.
The numerical value of G is obtained from the second component of (v,w) which solves (4.31), on
[0, "max], i-€., G¢ = w.

Remark 3. With each implementation, i.e. with a fized value of s € (0,Tmax), one obtains the value of
the Green kernel Gy(r,s) on the vertical segment [0, Tmax] X So, and its symmetric reflection across the
diagonal r = s. In short, we obtain for each computation with a fixed source s, the value of Gy on

0, rmasdr % {50} (J  {s0}r X [0, Fimax]s- (4.32)

One can take advantage of the multiple right-hand sides features of direct solver such as MUMPS to calculate
at the same time and obtain the value of Gy on several vertical line segments (and hence their symmetric
reflexion). This however requires the use of the same domain discretization for all of the right-hand sides.

A

4.2.2 Approach 2

We make use of the formula (4.17). Consider 0 < a < b < Tmax, and rq < rmax. We construct the regular
homogeneous solution % on [0,b] and the Green function G, is then obtained on domain defined (4.17)
(see also Figure 1).

Step la Compute t(¢) on [0,b]. The numerical value of ¢ and ¢’ are obtained from (v, w) which

4This can be seen as follows.

—d? (Ge'r) + —QZZ Ger = o(r —s) = —T‘GZ —2& + fQ; rG, = o(r —s)
r r
11 é/ Qe ~ _ -1 2 At 1 ~
= -G - 27 4 LG = s(r—s) = 20" — 2@+ QG = ré(r—s)
r T

In using that (r2G) = r2G" +2rG’, we obtain —(r2G’)’ + Q; = r8(r — s). We carry out the same calculation to obtain
~ ~ !/ ~ ~
the RBC for G. Since G = (7’ Gg) = r & + Gp. At 7 = rmax, we replace G in using this identity to obtain,

Tmax é2 ('r'max) + él ("'max) = Zo("'max) Tmax éé ("'max) = é% (Tmax) = <* 1 + Ze (Tmax)> él (Tmax) .

Tmax
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18 Barucq, Faucher, Fournier, Gizon & Pham

rmax

| |
0 0o a b Tmax

r

Figure 1: Domain of definition (shaded region) of modal Green kernel Gy(r, s) obtained via Approach 2
by gluing together two homogeneous solution 1 to (4.33) on [0, b] and ¥ to (4.35) on [a, rmax| by formula
(4.17). In contrast, in Approach 1, with each resolution of (4.31) for a fixed source sg, one obtains the
value of the Gy only on the horizontal segment [0, rmax] X So and its reflection across the diagonal {r = s}.

solves
—r(rv) + Qr)w = 0 on]0,b[; (4.33a)
rw' — w = rv onl0,b; (4.33b)
v(ir=0) = 0; (4.33¢)
w =1 atr=»b, (4.33d)
by letting
w
() = wt) , Y@ = v+ —. (4.34)
. . " . w w\’
The second identity comes from the definition of v and w in (6.2), u = . and v = ru’ thusv =r (?> =
w -2,
r

Step 1b Compute ¢)(t) on [a, may] in a similar way. In particular, the numerical values of ¢ and 1
are obtained from (v, w) which solves

—r(rv) + Q(r)w = 0 on Ja, max] ; (4.35a)
rw — w = rv onla,rmax| ; (4.35b)
w =1 atr=a; (4.35¢)
v = (-4 Z)w atr=rpax, (4.35d)
by letting
B = v, PO =+ L (4.56)

Step 2 We put together the value of ¢ on [0, 5] and 1) on [a, rmax] to obtain

—H(s — ) (r) P(s) — H(r —s) b(r) P(s) .
W{(s), ¥(s)}

Ge(r,s) = (4.37)

Q = (o, rmadr x 0,0))  |J (0,0 x [, rmads) - (4.38)
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Modal outgoing Green’s kernels in helioseismology 19

Remark 4. This approach offers the following advantages.

— The functions v and 1[1 are reqular on their corresponding domain of computation, and there are
no singular sources. Because of the second reason, one does not need to refine the mesh around the
singularities of the source.

— One can take advantage of the feature of the HDG method which gives readily the derivative of the
solution. A

5 Radiation boundary conditions

In this section, we recall the different radiation coefficient Z, derived in the literature. They comprise of
new coefficients derived in [4] and [5], and old ones in [3]. A preliminary comparison of their efficiency
was given in [4, 5], using the exterior Dirichlet problem under Pure Atmo assumptions (listed in (5.8))
and high-order finite difference. Since the corresponding solution for each Z, can be described explicitly
in terms of Whittaker functions, we revisit this problem and present a comparison based on analytical
€ITors.

5.1 Radiation boundary conditions

The choice of radiation boundary conditions Z, is investigated in [5, 3, 4] where several possibilities are
given to compromise between complexity and accuracy. Let us first review those different conditions,
where the exponent ¢ indicates that the condition depends on the mode, which means its implementation
in dimension higher than one is difficult. Overall, eleven conditions have been derived. We recall k is
defined in (4.16),

o? a?,

1. The reference coefficient Z%,y corresponds with the exact Dirichlet-to-Neumann condition, with
W/ 1 (=21krmax)

—x+35

Zhn = —2ik , . (5.2)
W—x,€+% (—21k max)
It makes use of the Whittaker’s function W, and of
. . 2
X = % = %, where @ = @oo = @(Tmax) - (5.3)
2. The nonlocal modal radiation coefficient Zﬁonlocal is given by
2 2 1/2
’ _.c cs, (a3, o L(+1)
Znonlocal - la <]‘ - ; (4 + Trax + rrgnax
(] L O oe+1) \ V2
=1 - — = - = .
r k2 (Pmax K)?
3. The HF-family gives rise to five conditions, such that
Zs gro = 1k,
. i1
Zs gr1a = 1k — ﬂ@()‘oo?
‘ . i 1 L(L+1)
Zs yp-1p, = 1k — 2K Foax (0‘00 + T ) (5.4)
.o
Zygpo = 17’
(oo}
.o Coo [Ll+1) s a?
7.t - i —o (A2 T oo
A-HF-1 lcoo 2ic ( r2 o Tmax + 4
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4. The SAI-family adds two conditions:

) Qoo 1 1/2
ZSAI—O = ik (]. — k2) ;

T‘II! ax

£(e+1) (5.5)
(679

1 )1/ ° i 2 o K
Tmax k2 2 (1 e L>1/2 .
Tmax K2

ZgAI—l = ik (1 -

=

5. The RBC condition is 1
ZA—RBC—l = + ZS—HF—O . (56)

Tmax

6. We finally include a “naive” condition analogous in the spirit of Sommerfeld condition:

ZNaive = + — + li (57)

5.2 Analytic solutions depending on the radiation condition

To investigate the efficiency of the radiation boundary conditions introduced above in approximating the
outgoing solution, we compare with respect to the exact one given using Z]ch- To extract the analytic
solution, we consider the problem where the condition at the origin is replaced by a unitary Dirichlet
one in rmin # 0, and we use a homogeneous medium parameter, such that, in particular, a(r) = @ and
o’ = 0. Therefore, we consider the problem

d? 5 O L6+1) .
<_ ﬁ - k" + 7 + r2 w =0, m ]rmina Tmax[7
w(rmin) = 1) (58)
) = Za (i)
d’," max - L] max) *
This problem is obtained from (4.28a) and (4.29) using the potential
Atmo . (¢ 1
r r r

This is recalled in Subsection 7.1.

We denote the corresponding solution to (5.8) by wz, ¢ = wz,, where the reference solution is given
by Z%,x- As already mentioned, in [5, 4], we have carried out a preliminary study of this problem, using
finite difference discretization schemes and comparing the solutions wz, ¢.,. In the following, we provide
an analytical evaluation of the efficiency of the radiation boundary conditions.

Let us first give the analytical form of wz,. On [1,00), a basis of linearly independent solutions is
W_y, p41/2(—2ikr), Wy oq1/2(2ikr), (5.10)
with x given in (5.3). Thus, we have
wz, = az,0W_y 41/2(=21kr) + bz, e Wy r11/2(21kr), (5.11)

and
wy, = —2ikaz, e W' ,1,5(2kr) + 2ikbz, e W, ;1 /o(2ikr).

The coefficients az, ¢ = az, and bz, = bz, are determined by the boundary conditions such that,

for (5.8), fa 1
Zu .t (b) (0) : (5.12)
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with matrix

W7X7Z+1/2(_21k71min) Wx,€+1/2(2ikrrrlin)
Az,o =

—2kiW"_ (—2iKrmax)  2kiW’ (21K Fmae)
X,¢+1/2 xX,+1/2 (513)

z 0 0
’ W7X72+1/2(21k7"max) WX,Z+1/2(2ikrmax) '

The reference solution is given by the unique solution to (5.8) with Z{). \, and is given by

(r) = W_ye41/2(—2ikr)
fo,€+1/2<_2ikrmin) ’

which verification is given in the following proposition.

Wret(r) = wge (5.14)

Proposition 1. The ezact solution to (5.8) with ZY,y is given by (5.14).

Proof. We first rewrite the second row of Apy, by substituting Z]‘StN in (5.13) by its explicit expression
of (5.2). We have

w’ 1 (—2ikTmax)

. . . —xtt5 .

[Apenlor = —2kiW" 1 /o (=2ikrmax) — 721kw f(_QikT ) W_y r41/2(21 Kk Pmax) - (5.15)
_X7€+§ max
We obtain readily that [Apiy]e1 = 0.
We next consider the (2,2) component. We have
WA £+1(—2ikrmax)

A — 2kiW’ 2ikrmay) — | —2ik —2 "2 W 2i K 7 ):
[Aptn]22 x,e+1/2( ) Wix’é+%(_2lkrmax) xot+172( )

_ 2kiW;’e+l/2 (2 ik Tmax) W—x,€+1/2(_2 ik Tmax) + W—x,€+1/2(_2 ik Tmax)wx,€+1/2(2 ik rmax)
W—x,€+1/2(_2ikrmax) '

(5.16)
We next observe that the denominator of the right-hand side is given by the Wronskian,
W{ WX7€+1/2(2 i k?“) , W—x,€+1/2(*2 1 kT) }
( Wy er1/2(2ikr) W_y e41/2(—2ikr) >
= det

AKW! 1 p(2ikr)  —2KiW' o (—2ikr)
= —2ki Wy r1/a(2ikr) W oy n(=2ikr) — Wy pi1)a(—2ikr) 20k W/ 1 o(2ikr).

On the other hand, by [28, 13.14.30|, the Wronskian has value

W{W, pi1/2(21kr), W_\ py1/0(e” ™ 21ikr) } = €7X. (5.17)
We thus obtain )
—exmi

A = ) 5.18

e YN TT. (>15)

Putting together the above computations, we obtain the simplified form of AZ% -

fo,f+1/2(_2ikrrnin) Wx,@+1/2(21krmirl)
= _exmi (5.19)

Azp 0

Wx,2+1/2 (2 ik rmax) '

As a result of which, we have

1
aZ][th — -1 1 — W_ Vi 1/2(*21krmin)
(i) = 2ab (0) = (77 o2

which leads to the form of solution in (5.14).
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5.3 Analytic evaluation of the boundary condition efficiency

The efficiency of the choice of Z, is assessed by comparing the coefficients az, , and bz, ¢ which define the
analytic solution from (5.11). They are compared with the reference ones given by (5.20). We introduce
the following norms to evaluate the difference,

2 2
iy . — laz, e —aze o + |bz,.l
., |a/thN’£|2 , (5 21)
3 ||uZ€)tN7e - UZ.,ZHLz(Tmm,Tmax)
Zot —
* ||uZlDtN,f |L2(7'min77'max)

In Figures 2 and 3, we picture the error norm ¢z, respectively without (v = 0) and with (y = 107%)
attenuation, where the coefficients a; and b, are computed for all choices of impedance conditions using
(5.12) and (5.13). The computations use an interval between rpi, = 0.95 and 7ya = 1.05, with the
values of the parameters extracted from the Atmo model, for the scaled radius:

the (scaled) velocity is ¢=c/Rsy=987x10"6s7! and  as = 6663.62. (5.22)
In the figures, we investigate for the modes ¢ between 0 and 1000 and frequency w/(27) between 5.5 and
12 mHz.
10!
mN
g
= 1074
g®
— .
250 500 750 0 250 500 750 0 250 500 750 250 500 750 250 500 750 10
(a) ez“‘“"e nonlocal (C) EZA—RBC—1 (F) (d) EZA—HF—U (f) e ezf HF-1 T
<11 10"
o
g 4
g 8 10
= 4 -9
250 500 750 0 250 500 750 0 250 500 750 0 250 500 750 250 500 750 10
(8) tzg,, ,(7) (h) éze  (7) (i) tzg . o (F) () zg . (F) (k) tze (F)

SAI-1 S-HF-1b

Figure 2: Comparison of the error norm ¢z, (5.21) for the different choices of boundary conditions, using
constant Atmo parameters (5.22) without attenuation (y = 0).

The error in the coefficients az, ¢ and bz, ¢ (Figures 2 and 3) represents well the error for the global
solution u (Figure 4). We observe the robustness of the different choices of impedance conditions: Z£_ ;,.a
gives the smaller error while Z&,; ; and Z§ g 4, also behave well. In the family of conditions that do not
depend on ¢, Zg,;_o and Zg_yr_,, appears the most effective. We note that all conditions have difficulties
for high ¢ at low frequencies, and that Zyaive and Z,_ gz, perform poorly for any combination of w and
£. This analytical evaluation of the efficiency confirms perfectly the numerical evaluation we provided in

[5].
6 Numerical implementation using HDG
For the discretization of the problem using inhomogeneous parameters, we use the Hybridizable Discon-

tinuous Galerkin (HDG) method, which works with first-order problems. Namely, the HDG method gives
access to the solution and its derivative with the same accuracy, such that we are able to readily compute
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Figure 3: Comparison of the error norm éz, (5.21) for the different choices of boundary conditions, using
constant Atmo parameters (5.22) with attenuation v = 107%.
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Figure 4: Comparison of the error norm ez
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. (5.21) for the different choices of boundary conditions, using
v =0).

the Wronskian in the Approach 2. In addition, the global system is built for the numerical trace, that is,
it is only made of the degrees of freedom which are on the skeleton of the mesh (on the interfaces), hence
reducing the size of the linear system compared to standard DG method. We detail below the numerical

implementation.

6.1 First-order formulation

From (4.30), a prototype of the equations we have to solve is

2

/)’

- () + Quu = g; (6.1a)
limru' = 0; (6.1b)
r—0

ul(,r) = (_% + Z.)U, at 1 = Tmax - (61C)
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This is encountered in Approach 1, in which the generic right-hand side g, takes the form r§(r — s). For
Approach 2, g = 0 and other types of boundary conditions are used, see Table 1.

We derive in details how (6.1) is written in first order formulation. The problems in Approach 2
are derived similarly with the only difference being the boundary conditions discussed in Table 1. We
introduce the new variables w and v, where we omit the index ¢ for clarity:

’w =ru |, vi=ru, first-order variables. (6.2)

With this choice of variables, since

(r?u') = (rv), (6.3)
equation (6.1a) is rewritten as
—(rv) + %w =g = —r(rv) + Quw = rg. (6.4)
The relation between w and v is given as,
rw = ru 4+’ = rw = wtru. (6.5)

The radiation condition in terms of (w,v) is obtained by multiplying both sides of (6.1¢) by Tmax, and by
using the definition of w and v. In short, the first-order problem associated with (6.1) is given in terms
of w and v by,

—r(rv) + Qu = rg,

rw —w =rov,

(6.6)

1
lim v = 0, U(Tmax) = (_ + Zo) w(’rmax) .

r—0 T max

Here, the boundary conditions have been re-written accordingly, and we give in Table 1 the corre-
spondence between the conditions given in terms of v and the ones in terms of (w, v) in the first-order
formulation.

Boundary conditions Second-order for u First-order for (w, v), (6.6)
Dirichlet in 7 u(rg) = g w(rg) =rog

Limit at the origin lim, o rv’ =0 lim, ,ov =0
Radiation boundary condition in r; # 0 u = (=1/r+Z4)u v = (=1/r+Z¢)w

Table 1: Correspondence between the boundary conditions in terms of u (second-order formulation) and
in terms of (w, v) (first-order formulation).

6.2 Domain partition and jump operator

We consider a non-overlapping partition of the one-dimensional domain Q := [ryin, Tmax), in IV elements
K.:
N
[Tmina Tmax] = U Ke7 (67)
e=1

such that the discretized domain is composed of N + 1 nodes {r;}**. We denote by X the set of nodes,
using ¥Z to denote the boundary nodes (that is, the two nodes that coincide with r,;, and Tmax) and
¥ for the interior ones, between two elements K,:

N
S =Jok., 2P = {rmim, rmax}, B =32\ (6.8)
e=1
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At a node (i.e., interface point) r shared by elements K~ and KT, we define the jump, denoted by
squared brackets, of a scalar function v by

[v]], == ( hm V) vax+(r) + ( lim v) v+ (r). (6.9)
T—r—
Here we denote by vgi the outward pointing normal vector of K defined along dx. For an interval
K = [a,b] with a < b then Jx = {a,b} and our convention is vk (a) = —1 and vi(b) = 1.
At the boundary nodes of the domain, we use the same notation of the jump to refer to the trace on
the boundary. In particular, for the left boundary point, we have

IIU]”Tmin = ( hm )VQK(rmin) = lim ’U(’l”), (610)
Tﬁrlnln T*}rx)i[]

while for a right boundary point,

[v]

Foa = ( lim Y VoK (fmax) = — lim o(r). (6.11)

T—Imax T—lmax

6.3 Derivation of the HDG problem

In the HDG method, one considers the variational solution (w,v) of (6.6) on each interval K. together
with the selected boundary conditions at the end nodes (X¥) from Table 1. On the interior nodes (27)
a conservativity condition is imposed:

[wl|g: =0, [v]|g = 0. (6.12)
For the sake of clarity, we shall refer to a discretized element by K instead of K. in the following.

6.3.1 Volume problem

Let us write the variational formulation for (6.6) on an interval K by integrating against a test function
¢ to obtain the continuous local problem:

- [oorre+ [ Quo = [ rgo.

(6.13)
/rw'qﬁ— /wd) = /rvd),
K K K
where we define ) )
Q(r) o e o o LU+
- - 4= 4= T .14
r2 c2+4+2+r+ r2 (6.14)
We carry out integration by parts to obtain
[roeoy + [ Quo— ¥ 0Pl wwerli= [ roo:
K
reoK (615)

~[weoy = [ wo+ ¥ ol twanl = [ roo.

re0K

We now define the approximation variables wy, and vy, respectively for w|;{ and v\;{. For the traces,

wlox and v|sx are respectively approximated by w and ¥. The quantities @ and U are further called
the numerical traces. These numerical traces (at the nodes) are then expressed in terms of the auxiliary

unknown X and of the traces of wy, and vy, and a penalization parameter 75,
w/Va\K = Ak re oK ;
- o (6.16)
VVork = vpVarx + 75 (wh — N)vs, , r€IK.
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Here, A, acts like a Lagrange multiplier and will play the role of the unknown in our global system.
By incorporating the approximation variables in (6.15), we have

' - 29) vvokl = ;
/Krvh(“é) + /Kme > ()l vvar] /KT9¢

redK

(6.17)
- [wneey = [ wo+ X wolamrl = [ roo.
K K redK K
We further rewrite by using (6.16) to replace the numerical traces @ and v such that
/rvh(r¢)’ + / Qung — Y (1 qb)lr(vhl/ax + 7 (wp, — /\)VaK)‘ = /Tg¢;
K K r K
oK (6.18)
_/’wh(r(b)’ _ /u}h(b + Z (T(ZS)\V@K)’ = /T®¢.
K K redi ' K

We rewrite the first equation by carrying the (reverse) integration-by-parts to absorb the boundary term
in vy,

[oronor = 3 02 ol (wvox + 7 (wn — Nl
K redK
(6.19)

= —/K(rvh)'r(b— Z(TQ o), 7K (whyaK - )\V@K)|r.

redK

The approximate local problem is given as

~[ewyro + [ Quio = 3 (ol (wnvae — Avor)l = [ raos (6:20)

redK
f/ wy, (r¢) — / whd + D (réAvek)l = /rv(b. (6.20b)
K K redK K
We see that the volume problem is local (independent) on each cell. We shall later sum over the cells to
build the global linear system for A.
6.3.2 Interface and boundary problems

The local interface and boundary problems are now derived from the conservativity equation (6.12)
[@), =0, rex. (6.21)

and the boundary conditions. We first rewrite these jumps more explicitly in terms of the numerical
trace.

1. Jump at an interior node: Consider an interior point r shared by the element K~ on the left
and KT on the right. Using (6.16), the jump is given as

[[@]]’ = (vff’+ 4+ rKT w{f _ KT )\) Z/K+<I’) + (v,llr + 75wk KN UK (), (6.22)

where we denote

. K+ . K
lim v, = v lim w, =w
h > h
r—rt r—rt

’ , and Vor+ = a , vor- =vE . (6.23)

2. Jump condition at a boundary node: For a boundary point r, the jump is given by

[

<)

]Hr = (U,If + Kk — K )\) vE(r). (6.24)
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Then, one can replace with the boundary conditions listed in Table 1. For instance, the radiation
boundary condition writes as

. 1 . .
[[U]]|I’N+1 - ( N1 +Z°> (w V89)|VN+1 with  ry41 = Tmax- (6.25)

We are now ready to derive the local problems associated to the nodes. We distinguish between an
interior element and a boundary one. It is convenient to refer to the two nodes of an element K. by

rlel) < ple2) (6.26)

We write the restrictions of vy, wy and A to an element K, as

K K K, )\(671)
vt wpts AT = AR = e ) - (6.27)
Local problem for an interior element Consider interior interval K, it means thate =2,..., N —1.

The interval K, has a neighbor K._1 on the left and K.y; on the right. The two nodes of the element
K. are further referred to as r(¢1) and r(&2) for the left and right nodes respectively. The conservativity
condition (6.12) is written as, using the notation of (6.27) for A,

(vfe Lok wff _ K. )\(e,l)) Ve (o))

I (Ui(e_l 4 pKen wi(e—l _ TKE,l)\(eq,z)) VKE,I(r(eJ)) —0: o)
6.28
(UiIz{e+1 + TK“'H w}fl(e+1 —TK""H )\(e+1,2)> Z/K“'H(r(e’Q))

+ (U}Ife + TKe wilfe _ TKe )\(ea2)> VKe(r(eaQ)) =0.

Local problem for a boundary interval Specific to one-dimensional case, there are only two bound-
ary elements, labeled to as K1 and K. One of the two nodes of the boundary element is an interior one,
where the conservativity condition is imposed. On the nodal boundary, one imposes the selected bound-
ary condition from Table 1. For instance, at the element K; where the limit at the origin lim,_,ov = 0
is imposed, we have

(U}Ifl + TKI w{fl _ TKI )\(171)> VKl(r(lvl)) — O;
(Uli(z LK wffz _ K )\(2,1))1/1(2(',(1,2)) (6.29)
+ (vfr + e — e N@2) Ke (1 (12)) = g,

At the element Ky where the radiation boundary condition is imposed, we have

(U}iﬁv 4 KN K Ky /\(N,1>) VKN (((N:D)
KN*] KN,1 KN—I _ KN,1 (N—l,Q) KN,1 (N,l) — .
+ (v, + 7 wy, T A v (r ) 0; (6.30)
1
(U}IL(N + 7B~ w,f” — 7K~ )\(N’Q)) VKN(r(N’Q)) = <_r(N72) + Z.) wffN VKN(r(N’Q)).

6.3.3 Statement of the approximate problem
Using the HDG method, the approximate problem is the following.
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Find (wp,vp, A) that solves

1. The local volume problem (6.20) on each interval K, fore=1,... N,

2. together with the interface/nodal problem made of (6.28) and of the appropriate boundary conditions
such as, e.g., (6.29) and (6.30).

6.4 Discretization

6.4.1 Domain partition and discretization basis

Partition We start by creating a partition of the interval [rmin, "max] With nodes r; =0, ..., ryp1 =
Tmax, Which set is denoted by ¥ = {r1,...,ry41}

1. This gives the N elements/intervals K, for e =1,... N, with
K, = [r(e’l)7 r(e’Q)} =[re, ret1] of length he =req —re. (6.31)

2. Assign the discretization order (polynomial order) for each interval K.. Denote this sequence by
Pt ---s 5 PN-

3. On the element K., associated with polynomial degree p. and m. local degrees of freedom, denote the
associated basis on K, by

BTy e DLy ey Drn (6.32)

Using the Lagrange polynomials basis, we have m, = p. + 1.

Discrete unknowns The unknowns are represented as a polynomial on each element K. such that
Me Me
Ke . K. K . Ke . Ke Ke
Wy~ = Z\Nz 7 Up o = ZVZ bpc - (6.33)
=1 =1

The numerical trace is represented by a vector A of length NV 4+ 1 with
A= (A, s AN (6.34)

Note that here we have a global indexing for A. Since we are in one dimension, the number of degrees of
freedom for X is Ngor := N + 1. The restriction of A to the interval K, is

. A&
A° = A|}{e = ()\(6’2)> . (635)

For a generic element K, we also use notation for the restriction of A,

AF
Nx = ) (6.36)

Connectivity map The connection map relates the global indexing of A to the nodes of an element.
We define
Ble,i)y=2(e—1)+i , 1<e<N,i=12 (6.37)

such that the global index for the node 7 of the element e is given by S(e, 7). The above definition also
implies,

Ble,2) = Ble,1) +1 , 1<e<N. (6.38)
We define the connectivity operator A which gives the restriction to an element K¢,
Al
A= : (6.39)
AN
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Its components are defined as follows. With operator 8 defined in (6.37), we have,

x1
for a vector of length Ny X = ( ) ,

TNgof

(6.40)

Ax = (Ixj ) where j is such that j = (e, 1).
j+1

That j + 1 = B(e, 2) is due to (6.38).
We also give the action of its transpose that goes from a local index to the global one (for the degree
of freedom of the numerical trace A),

a
(A% (b) = ae; + bejiq. (6.41)
Here, e; is the column unit vector of size myg whose components are zero except at position ¢, we have:

e, € elementary row and column unit vector respectively. (6.42)

6.4.2 Discretization of the local problem

Consider the local volume problem (6.20) on an interval K with
K =, ], 0K={f, r} (6.43)

with outward pointing normal vy,

vl = v (hE) =1 ulS = v () =1, (6.44)

For the local volume problem (6.20), we replace wy, and vy, by their approximation forms of
(6.33), and the restriction (6.36) of A to K. We rewrite the boundary term in (6.20a)

K Z wh Vo — /\VBK)|r
redK
= T Z d)k e thaK)‘r + 75 Z d’k e ()‘Vax)‘
reoK reoK

The first term on the right-hand side can be written as

— 5T e (wn vy )l

redK

= 7% (r5)? o (r)) ZW/¢er2 — ()2 8 () wa(b/rl)
=1

(6.45)
MK mig
= =75 () Ohmre D WE Sempe + 75 ()? 01 D WG
=1 £=1

= =75 () S WE. .+ 75 (r1)? 61 WE .

Here we have used the definition of the Lagrangian polynomial. Note that rf is the start point of K,
and in the index of the basis this corresponds to 1, while r& is the end point and in the index of the basis
this corresponds to mg, thus

Or () = dens  BE(13) = Oumyc (6.46)
Similarly, for the second term in the right-hand side, we use

Nox = A Mg = AF, 6.47
1 1 2 2
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and obtain

TN P OO (o)l = w3t T8 (52 o (5) A+ oS TR (rf)? o (i) AT

redK

= TE(5)? Gk AX — 75 ()2 610 A

The boundary term in (6.20b) is

K\K K K \K K K K
E (rdpAvar)le = Okmp VAN 4+ 600 vE MK = i MR — 5 MK
redK

The discretized version of equation (6.20) in the basis {¢} using test functions {¢X} is

*mKVK (00 + r(e))ron WE [ Qo off
; ¢ /K ¢ ¢ k Z I/ v Pk
- TK (ré()Z 5k7nK WK + TK (I’l ) Okl Wl

mg

b B () B M — ()2 Gy A = /Krga»f;

ZW//@ (68 + r(o8) Zwe/d’e o

mg
~ B M+ B M VI [ ol o -
=1 K

with unknowns
K K K K
W , VvV D S AR T

Recall that d;; = 1 for ¢ = j and O for i # j.

(6.48)

(6.49)

(6.50a)

(6.50b)

(6.51)

Step 2| We next write problem (6.50) in matrix form. Note that each row of the local matrix and

right-hand side comes from testing with the test function qﬁkK for k =1,...,mg. The column varies with

the degree of freedom of the unknowns (6.51).

Definition of local matrices Define the following local matrices of size mx X myg. The first equation

n (6.50a) uses matrices
T = [+ i) el

and

ol == [ eFQuffs
The second one (6.50b) uses
o= oo+ refy) o M = [ ret ol
K K
To capture the boundary terms, we define

RK = _(r§)2 EmeK + (r{()QEll'

(6.52)

(6.53)

(6.54)

(6.55)

Here, we have used elementary matrices E;; whose components are zero except at position (¢, j) where

they are equal to 1.
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Matrix form of local volume problem The matrix form of problem (6.50) is

VK 2K FK
AK (WK> + c¥ <A§> = <0> . (6.56)

Here 0 is a column vector of size mg. The unknowns are the local vectors of size my,

vE =1 = ., WE=[ and . (6.57)

; : \K
VE VE 2

The equation (6.50a) contributes the first block (of size mx X mg), and (6.50b) to the second block. The
matrix AKX is of size (2mg) x (2mg) and defined as

_TK QK + TKRK
K ._
AK = ( e ok . (6.58)
The block RX is contributed by (6.45). We define matrix C¥ of size (2mg) x 2,
— K (K2 o 7K ()2 e
g (FTEE e R e 650
rK e, —rf e,

where e; is the column unit vector of size myx whose components is zero except at position i. The upper
block comes from the contribution of (6.48) and the second one from (6.49). The upper block of the local
right-hand side is
Fi
FE = ... ], FK ;:/rg¢§. (6.60)
FE K

6.4.3 Discretization of the local interface and boundary problem

Step 1| We first discretize the local interface problem contributed by each interval K.. We simplify the
notation by writing

yEe (o)) = pled) | pEe(re2)) = o) (6.61)

We use the basis functions to express vfe and w,[fe,

Me Me

ot = D OVEdE L wp = ) Wi g, (6:62)
14 14
then
o (rteD) = Vit
’U}Ife_l(r(e’l)) _ ,U]{L(e—l(r(efl,Z)) _ an:l;
U}Il(e+1(r(e,2)> _ Ufe+1(r(e+1,1)) _ VT+1;
v () = i

and similarly for w,jf‘f.
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For an interior element Equation (6.28) leads to

(V(e,l) + re W(e,l) — € /\(5’1)) V(e,l)

+ <V(87Lme) + 7_871 W(sfl,me) _Tsfl )\(6171,2)) I/(efl.Q) = 0;
(6.63)
(V(e+1,1) 4 getl Wf15+1 _ etl )\(e+1,1)) Jle+1.1)

+ (V(e,mg) + re W(e,mg) _ 7€ )\(e’Q))V(e"Q) = 0.

With 0 is a column vector of length 2, this is rewritten as

e Ve e )\(671) e
B (e | + L e | TRO=0, fore=2. N-1, (6.64)

with the local matrices and remainder term defined as follows. The local matrices B¢ is of size 2 x (2m,)
and is defined as

(e,l)e e (e,l)e e
B .— (” LT 1) = (WD o) (el 4 el) . (6.65)

pedg  qeylee €m. T €.

Local matrix L€ of size 2 x 2 is defined as,

Gy 0
L® == —7° 0 e (6.66)

The remainder term R¢ is a column vector of length 2 and for e =2,..., N — 1, is equal to

R . ple=12g — ge-lyle-12)g Vel N 0 —relyle=11) Ae=1.1)
o 01><7ne 01><7ne Weil 0 0 /\<€7172)

(6.67)
01><me 01><'me Ve+1 0 0 )\(e+1,1)
+ plet1,1) e, rot! plet1,1) e wetl + _retly(et+ll) AetL2) |7
Recall that e; is an elementary row vector.
For left boundary interval On the first node K7 where we impose (6.29), we have
(V(e,l) Lorew(el) e )\(671)) yen) —0;
(V(e+1,1) 4 el WEli-‘rl _ e+l )\(e+1,1)> Jle+1,1) (6.68)
+ (V(e,me) + 7€ W(e,me) — 7 /\(5,2))1/(6,2) = 0.

The local problem is also of the form

% 1 ALY 1
B Wi + L \(12) + R = 09y1. (6.69)

The matrices B' and L! are defined as in (6.65) and (6.66). Since there is no contribution from the left,
and only from the right (from K3)

Rl L O1><mC 01><mC V2 n 0 0 /\(2’1) (6 70)
T v2De, 72,210 ¢ W2 _r2,21) A22) ) ’
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For right boundary interval On the final element K, the system depends on the choice of boundary
conditions, for instance, for the radiation boundary condition (6.30), we have

(V(N,l) Lo ANWIND N /\(N,l)) O AY

(N—=1,m) N—-1\w(N—1,mpy) _ _N—1y(N-1,2) (N-1,2) _ .
+ (v + Nl FN-1) )1/ 0; 6.71)

(VOVma) N W@oma) N A(N2)) ) (V2) < (;2) +Z> \(V.2),(N.2)
r(V,

Therefore, the local interface/boundary problem for K is of the form

N v N AL N
B W& + L A(V.2) + RY = 0241, (6.72)

where BY is defined as in (6.65). However L¥ is different due to the boundary condition, such that
_ N, (N 0

A ( 1 )V wa | radiation boundary condition.  (6.73)

s _ N
0 D) Z T

In addition, there is no contribution from the right, thus the remainder term takes the form,

RV <1/(N1’2)emN TNlV(Nl’Q)emN> (VN71> . 0 —7N-1,(N-11) </\(N1,1)>
’ 01><me 01><mE W]\“‘fl 0 0 )\(N—1,2) .

(6.74)
On the other hand, assuming a Dirichlet boundary condition on w, one has
(V(N,l) LAWY N A(N,l)) J(N,1)
T (V(x\r,rl,me) L NSl -Lmy) N )\(]\’71.2)> y(N-12) _ g, (6.75)

A2 = 0,

As a result of this, the local interface/boundary problem for K% is of the same form of as in (6.72),
however BY and LY are different and are given by,

(N,1) N (N,1) _ N (N1)
BN ._ (1/ e Vv e1> : LN . ( Ny (1)> (6.76)
lemN 01><mN O

Step 2| We put together the local interface and boundary problems into a global form by using the
connectivity operator A of (6.41). Recall that we have derived the local interface problem contributed

by each interval K.,
e ve e )\(671) e
B We + L £\(©2) + R® = 0. (6.77)

To derive the problem for A, we sum them up according to the correct contribution

D (A <Be (\X/) + Le (ii:) + Re> = 0. (6.78)

e=1
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N Ve Ae1)
;(Ae)t (Be <W> +Le (Aw))) - 0. (6.79)

6.5 Summary of discretized HDG formulation and algorithms

This gives®

Here, we retain only the global index of the interval K., and write
Afe = Al A Fe = a2 vEe e wRe —we (6.80)

We have introduced the restriction to K. of the vector A. We proceed similarly for the volume unknowns

(discretizing wy, and vy,),
Ve )\(e,l)
We = < ) . A= . (6.81)
We A(€:2)

6.5.1 Local volume problem

From (6.50), we have obtained the local volume problem on an interval K., fore=1,..., N,
K ye Fe
AW+ CFA = ]

with A® defined by (6.58), C¢ by (6.59) and F¢ by (6.60). We can solve for W€,

W = —(A9)1CK A 4+ (A9 <FO> : (6.82)

6.5.2 Conservativity problem

From (6.79), we have obtained the conservativity condition and boundary conditions (at the left and

right boundary),
N

D (A (BTWE + LX) = Owyoeni - (6.83)

e=1

Use (6.82) to replace W€ in terms of A°,

N
Fe
Z(Ae)t B¢ (_ (Ae)—ch)\e + (Ae)—l ) + Le\E — ONdofX].'
e=1 Ome x1
5When count in terms of K., each condition at the interior, i.e. for rj with j =2,..., N, is already doubled up. Thus

summing up gives

N ve )\(c,l) N ~ ~ )\(e,l)
e\t e [ e _ e\t e [
;(A) <B <wc U \eo) TR ’;(A) BY + L e | )

where, for an interior element,

e=1, B®=2B°, Le=2L,.
For the boundary elements K7 and Ky, we have
5 plel) gy reylel) g (1 . p(el) 0
T \2ede,.  2rculede, ) T Lo anen)
and
BN _ ov(eD) g 2replel) g PN 2p/(e:1) 0 .
l/(e,z) em(3 T€ y(eaQ) e,m(i ’ 0 V(e,2)
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We move all terms acting as a right-hand side to the right:

N N

DA KA = (A9 s (6.84)

e=1 e=1

Here, we have defined the local matrix K€ of size 2 x 2,

K¢ := —B*(A®)"'C® + L€, (6.85)
and the local source S°¢,
F€
S¢ .= —B¢(A9)! ) (6.86)
Omexl

Note that there is only the contribution of the volume source here.

6.5.3 Global problem
Replace A® = A°X in (6.84). The global unknown X solves

KA =S, (6.87)

where the global matrix K is of size Ngor X Ngof, and the global right-hand side S of size Ngof,

N N

K= Y (A)'K A, S = (A9)'s. (6.88)

e=1 e=1

We review in Algorithms 1 and 2 the overall procedure to solve the global and local problems respectively.

7 Validation of the HDG implementation

To validate our implementation, we compare with the analytical solutions that are obtained for different
combinations of boundary conditions. We first consider the boundary value problems, and the delta-Dirac
source is studied in Subsection 7.3, where we also compare between the Approaches 1 and 2. Here, the
analytical solutions are given for the solution u while our computations are done with the unknowns
(w, v) of the first-order problem (6.6). We remind the relations between those unknowns already given
in (6.2):

w = ru, vi=ru. (7.1)

The correspondence between boundary conditions is given in Table 1.
To evaluate the accuracy, we compute the relative error in the same way as (5.21), and define

s — lwrer — wHDG] L2
Y =
l|wret || 22

: (7.2)

and similarly for v, where the indexes ‘ref’ and ‘HDG’ refers to the reference solution and the numerical
one respectively.

7.1 Validation problems with zero sources

Analytical solutions can be derived in the case of homogeneous medium parameters (i.e., constant) and
depend on the choice of boundary conditions, as was done in Subsection 5.3 to investigate the efficiency
of the boundary conditions. For the validation of our HDG implementation, we will work with the Pure
atmo operator, obtained from (4.28a) and (4.29) using the potential

QéAtmo

r2

00+ 1)

2 .

oo

= -k + +

r T

(7.3)
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for e« 1to N do

With interpolation degree p., compute matrices of size m, = p. + 1: T¢ (6.52), Q¢ (6.53), S¢
and M€ in (6.54) ;
/* Construction of local matrix K¢ */
Compute matrices A defined by (6.58), (A¢)~1;
Compute matrix C¢ defined by (6.59) ;
/* Computation of B® and L° */
Compute matrix B¢ for e =1,..., N — 1 defined by (6.65) ;
Compute matrix L¢ defined by (6.66) fore=1,...,N —1;
Compute BY according to boundary condition ;
Compute LY according to boundary condition ;
Compute matrix K¢ = —B¢ (A°)~1C® + L%
/* Construction of global matrix K (6.88) using the definition of the
connectivity matrix (6.40) and its transpose (6.41) */
for k< 1to2do
for {+ 1to2do
i = 2e—1) + k;
jg= 2(e-1) + ¢,
Kij — Kij + Kiﬁ
end
end
/* Construction of lobal rhs S¢ defined in (6.86) */
Compute upper block F¢ defined by (6.60);

Fe
Compute S¢ = —B¢ (A¢)~! ( > ;

Omexl
/* Construction of global rhs S (6.88) */
for k<« 1to2do
i =2e—1) + k;
S; « S; + SZ;
end

end
Algorithm 1: Construction of global coefficient matrix K of size Ngor X Ngor and global right-hand-
side K of length Ngo for linear system (6.87). Recall that Ngof = N + 1 where N is the number of
intervals in the partitioning of = [0, R].

/%

Resolution */

Solve the linear system KA = S constructed in Algorithm 1 ;

/%

Post-processing */

for e« 1to N do

/* Extract A° from A using and the connectivity operator A (6.40) */
i =2e—-1) + 1;

A = Ag

A = Aig1;

/* Compute the unknowns W€ and V° using (6.82) */

Compute (\\//v> =—(A9)"! (CK <i;> + (2)) o

end

Algorithm 2: Resolution (6.87) and post-processing.

and investigate the three following problems, using Dirichlet, Neumann and the radiation boundary
conditions.
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We first recall how the Whittaker equation is retrieved in this case to provide the exact solutions for
our validation tests. To be concise, we rewrite the prototype equation (4.28a) as,

—(r?u') + Quu = ¢ (7.4a)
s —r?d —2rd + Quu = (7.4b
2 Qe g
= —UN — ;U;/ + ﬁu = 7’72 (74C)
The unknown w defined by
u = % (7.5)

solves

(—df - Q‘)w . (7.6)

2
For @, of the form (5.9), ODE (7.6) takes the form,

o ll+1
(d2k2 4 = X i )>w9. (7.7)
T T r

For g = 0, then the generic solutions of the above equation are obtained from the Whittaker equation
(2.31) via a change of variable, z = 2612 K7 (f. [3, Eqn. 2.3, 2.6], and are given as linear combinations
of any two of the following three Whittaker functions (depending on the interval where the ODE (7.6) is
considered),

w(r) = W,X7¢+1/2(—2ik7“) , w(r) = WX7@+1/2(21kr) , w(r) = MX’Hl/z(QikT), (7.8)

with ' L
io iacs,
X~ 5= 92 (7.9)
The reference solution u is obtained by using relation (7.5). We refer to Subsection 2.5 for the definition
of the above Whittaker functions.

7.1.1 First validation problem

The first validation problem consists in imposing Dirichlet boundary conditions on both sides with,

2, 1\ Atmo
- =0, € [Tmin;s Tmax]
Problem (7.13) () + Q™ r € [rmin, Timax] (7.10)
u(rmin) = 7o , u(rmax) = T1 -
The corresponding analytic solution for mode £ is given by
W_ —2ik r W% 2ikr
Moot — g X,z+1;2( ) + b, X,£+1;2( ) 7 (7.11)

where a; and by solve the linear system (see Subsection 5.2)

Wy er1/2(=2ikrmin) Wy ry1/2(2ikrmin)
Tmin Tmin Qay 70
= . (7.12)

W—x,2+1/2(_2ikrtxlax) WX,Z+1/2(2ithxlax) bf

Tmax Tmax

Problem (7.13) is equivalent to first-order problem on [rmin, "max)s

A
rw —w=rov, (7.13)

w(TmiIl) = Tmin 70 w(rmax) = Tmax T1
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L

whose exact solutions are obtained by using the identities (6.2),

Wyet = agW_X7£+%(—2ikr) + bgWX7e+%(2ikr); (7.14a)
Upef = —21kagW’_X)€+%(f21kr) + 21kbgW;7é+%(21kr) - (7.14b)

We note that the w in the above first order system is also the same w given by relation (7.5). The
boundary conditions are obtained via the correspondance in Table 1.
7.1.2 Second validation problem

The second validation problem is given by the boundary condition that treats the singularity at the origin
and a Dirichlet condition on the right side, such that,

- (7'2 u/)/ + Q?tmo u=20, re [Ov Tmax] )

Problem (7.17) (7.15)
hH(l)’I"U = 0, U(Tmax) =T1-
r—

Here the exact solution is in terms of the regular Whittaker M function or of the Buchholtz function M,

M 2ikr max M 2ikr max
treg = Tietet/2 ) e Morr/s(2) rme (7.16)
My o41/2(2ikrmax) 7 My o41/2(2ikmax) 7
Problem (7.17) is equivalent to the first-order problem on [0, 7max],
1) + Q0w = rg,
rw —w =rv, (7.17)
U(O) =0 , w(rmax) = Tmax 71 -
The exact solutions to (7.17) are
M 2ik r M 2ik r
Wref = T1 Tmax X7£+1/2(. ) = T1 Tmax X,l+1/2(. ) ; (7183«)
MX7€+1/2(21krmax) Mx,€+1/2(21krmax)
vt = w0l = = (7.18D)
! 2ik 7 M 21 k
= 71 T 2ik X 22KT) Mok (7.18¢)
Mx,é+1/2(21k rmax) r Mx7g+1/2(21k T’max)
M’ 2ikr M 2i k
= Tl Tl’l’laX Qik X’ZJFI/Q(. ) - 7-1 TInaX X’e+1/2 (. ! T) . (7.18d)
Mx,€+1/2(21krmax) T Mx,€+1/2(21krmax)

7.1.3 Third validation problem

Eventually, with ZéDtN given in (5.2), we consider the case with the radiation boundary condition with,

d d
<_T2 +QEAtmO)u:0a r e [rmina rmax];
Problem (7.21) dr dr (7.19)
U(T = rmin) =170, u/(rmax) = (_1/rmax + ZeDtN)u(rmax) .
The exact solution to (7.19) is given by
W_ —2ik ;
Upef = Xse+1/2( 1 ’I") Tmin . (720)

70 -
W—x,é+1/2(—21k7"min) r

Problem (7.19) is equivalent to the first-order problem (7.21),
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—r(ro) + QM w = rg,

rw —w=rv, (7.21)

1J(Tmin) = Tmin 70 ) U<Tmax) = (_1/Tmax + ZéDtN)w(’rmax)

with analytic solutions,

W_X7g+1/2(*2ik 7')

Wref = T0 T'min . ) 7.22a
¢ 0 fo,f+1/2(_21krmin) ( )
Vet = W — = (7.22b)
T
_ _Trmeik Wl—x,€+1/2(7.21k7’) B T T'min W_ng_%l/z(—?ik?”) ' (722(})
fo,€+1/2(_21krmin) r V"/v7)<,€+1/2(_21kTmin)

7.2 Numerical validation

We probe our numerical implementation with the three problems introduced above. We select the fol-
lowing constant parameters:
c=c/Ry=10"%s"1, a=60, (7.23)

and investigate the case with attenuation and without (y = 0).

Validation problem of type Dirichlet-Dirichlet For Problem (7.13), we consider the interval
[0.5, 1], and picture the comparison between the analytic solution and the approximation using the
HDG method in Figure 5. In Figure 6, we plot a restriction of the interval for better visualization, and
compare the results for different modes. Then, in Figures 7 and 8, we illustrate the case with attenuation,
using v = 1074, Visually, we cannot observe any difference between the analytical and computational
solutions. To further validate the implementation, we picture the relative error (7.2) for different order
of polynomials in Figure 9.

I I I
analytic = = = numeric

AR
AL AL AL ALY

Figure 5: Real parts of the analytic and numerical solution for Problem (7.13) with Dirichlet boundary
conditions 79 = 0 and 71 = 1, for a computational interval [0.5,1] at frequency 6 mHz for mode £ = 0
without attenuation (y = 0). The numerical solution uses polynomials of order 4 and discretization step
1073 (i.e., 501 elements).

We observe the convergence of the method with a relative error that reaches 1076 for sufficiently
high order of approximation. The pattern of the convergence is different between w and v such that
the convergence of v is faster than in w, but both eventually reach the same precision. Here, we do not
observe a difference between the mode 0 and 100 in terms of accuracy.
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I I I 1’000 I I I
9| analytic = = = numeric | | analytic = = = numeric
500
B ©
L
€ 0 . <0
—500
—92 | | | | | | | |
0.95 0.96 0.97 0.98 0.99 1 0.95 0.96 0.97 0.98 0.99 1
T T
(a) mode £ = 0. (b) mode £ = 0.
2 I I I I I I
’ analytic = = = numeric ’ analytic = = = numeric
500 |- =
1
B ©
T )
S ~ = B
-1
\ \ \ \ 500 \ \ \ \
0.95 0.96 0.97 0.98 0.99 1 0.95 0.96 0.97 0.98 0.99 1
T T
(c) mode ¢ = 100. (d) mode ¢ = 100.

Figure 6: Real parts of the analytic and numerical solution for Problem (7.13) with Dirichlet boundary
conditions 79 = 0 and 7; = 1 at frequency 6 mHz without attenuation (v = 0). The original computational
interval is [0.5,1]. The numerical solutions use polynomials of order 4 and discretization step 1073 (i.e.,
501 elements).

11 analytic = = = numeric

nMn

Im(w)
=
|

-1 | | | | | | | | |
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

T

Figure 7: Imaginary parts of the analytic and numerical solution for Problem (7.13) with Dirichlet
boundary conditions 79 = 0 and 71 = 1, for a computational interval [0.5, 1] at frequency 6 mHz for mode
¢ = 0 with attenuation v = 104, The numerical solution uses polynomials of order 4 and discretization
step 1072 (i.e., 501 elements).

Validation problem of type Neumann-Dirichlet For Problem (7.17), we consider the interval [0, 1]
and show the solutions in Figure 10, where we focus on the interval near the origin. The evolution of the
relative error with the order of the polynomials is shown in Figure 11.

This test-case allows us to validate the boundary condition at the origin, and we observe similar
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I I I I I I
analytic = = = numeric 500 |- analytic = = = numeric ||
1 I —
B g
0 | -
E £of f
—1 .
! ! ! ! ! ! ! !
0.95 0.96 0.97 0.98 0.99 1 0.95 0.96 0.97 0.98 0.99 1
r r
(a) mode £ = 0. (b) mode ¢ = 0.
T I I I T I I I
analytic = = = numeric 500 |- analytic = = = numeric ||
1 l—
B ©
0 |
£ Eof |
_1 N
! ! ! ! ! ! ! !
0.95 0.96 0.97 0.98 0.99 1 0.95 0.96 0.97 0.98 0.99 1

r

(c) mode ¢ = 100.

(d) mode ¢ = 100.

T

Figure 8: Imaginary parts of the analytic and numerical solution for Problem (7.13) with Dirichlet
boundary conditions 79 = 0 and 73 = 1 at frequency 6 mHz with attenuation v = 100 pHz. The original
computational interval is [0.5, 1]. The numerical solutions use polynomials of order 4 and discretization
step 1072 (i.e., 501 elements). The analytic solution w is given by (7.14a).

4 T ] T T
10°xr\\ -A- Ey, L=0 | *a -A- £,,£=0
DO -X- £,0=0 10-2 |- -X- £, 0=0
N - k= Eu, £ =100 ‘\ - k= £, £ =100
»
X &y, £ =100 % M &y, £ =100
W 10,3 [ \\§\ | W \\ \A
N \‘\ 1074 IS \‘ —
LY
\\ XI\ o \\ \“
R o Bal L o
_ W ey~
1076 [ ! ! ! - 107° [ ! \ us |
2 4 6 2 4 6

order

(a) Without attenuation, v = 0. (b) With attenuation v = 107%.

Figure 9: Evolution of the relative error (7.2) for Problem (7.13) with Dirichlet boundary conditions
70 = 0 and 71 = 1 at frequency 6 mHz for a computational interval [0.5, 1]. The numerical solutions use
a discretization step 1073 (i.e., 501 elements) and we vary the polynomial order.

accuracy as in the previous case only with Dirichlet boundary conditions, where the relative error given
by (7.2) reaches about 1076,

Validation problem of type Dirichlet - DtN Finally, we validate the HDG implementation in the
case of a radiation boundary condition with Problem (7.21). We consider the interval [0.5, 1] and the
DtoN condition given (5.2). The analytical and numerical solutions are represented in Figure 12, where
we restrict the interval near the radiation boundary. In Figure 13, we provide the evolution of the relative

RR n° 9338



42 Barucq, Faucher, Fournier, Gizon & Pham

1073
T I I I I I I
analytic = = = numeric 05 analytic = = = numeric
O
g 0
—0.5 L L L !
0 1 2 3 4 5
" 1072
(a) mode £ = 0. (b) mode ¢ = 0.

Figure 10: Imaginary parts of the analytic and numerical solution for Problem (7.17) with Dirichlet
boundary condition 7; = 1 at frequency 6 mHz with attenuation v = 10~%. The original computational
interval is [0, 1]. The numerical solutions use polynomials of order 4 and discretization step 1072 (i.e.,
1001 elements). The analytic solution w is given by (7.18b).

[ I ] I
1074, ) . mhe £, £=0
" -X- £, £=0 -2 | W\ -x- E,t=0 |]
» + A
., - %= £y, £ =100 N - k= Eu, £ =100
™
5 R Ev, £ =100 % M Ev, £ =100
W 107° V. — W N N
NS 4 IS A
Y% 10 r N Y T
\ ~< kN A3
Y ST [ R S . / N X
\X - -\- P e e a”“ bt ‘\
—— Sl “A el L w
107°% | ! ! ! . 1075 [ ! i, S
2 4 6 2 4 6
order order
(a) Without attenuation, v = 0. (b) With attenuation v = 100 pHz.

Figure 11: Evolution of the relative error (7.2) for Problem (7.17) with Dirichlet boundary condition
71 = 1 at frequency 6 mHz for a computational interval [0, 1]. The numerical solutions use a discretization
step 1073 (i.e., 1001 elements) and we vary the polynomial order.

error with the order of the polynomial approximation.

From these three test-cases, we have been able to validate our numerical implementation using the
HDG method. The accuracy for Dirichlet, Neumann and radiation boundary conditions is assessed, and
we obtain similar accuracy in all cases, with a relative error that reaches 10~°. Both the two variables of
the first-order HDG problem have been validated (w and v).

7.3 Validation of point-source problem

We now consider the more interesting configuration of having a delta-Dirac right-hand side at position s,
with the radiation boundary condition on the right end and the Neumann-like condition in zero, which
amounts to solving the problem,

—(r2u) 4+ QMM = ri(r—s), r € [0, Tmax) ,

Problem (7.25) (7.24)
liII(l)T’U, =0, dru(rmax) = (_1/rmax + Z)u(’rmax) .
r—

As discussed in Subsection 6.1, the above problem is equivalent to
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analytic - = = numeric

0.95 0.96 0.97 0.98 0.99 1
r
(a) mode £ = 0.
1072
T I I I
5 ’ analytic = = = numeric
2
ol |
— | | | |
0.95 0.96 0.97 0.98 0.99 1

T

40

Im(v)

analytic - = = numeric

—20
0.95 0.96 0.97 0.98 0.99 1
r
(b) mode ¢ = 0.
I I I
’ analytic = = = numeric
20 —
z
g
~ 0l -
—20 ! ! \ !
0.95 0.96 0.97 0.98 0.99

T

1

(c¢) mode ¢ = 100. (d) mode ¢ = 100.

Figure 12: Imaginary parts of the analytic and numerical solution for Problem (7.21) with Dirichlet
boundary condition 79 = 1 at frequency 6 mHz with attenuation v = 10~%. The original computational
interval is [0.5, 1]. The numerical solutions use polynomials of order 4 and discretization step 1073 (i.e.,
1001 elements). Exact solution w is given by (7.22a).

1 T T
‘\ - £y, =0 N mhA- £y, =0
XY -X- E,,0L=0 oWy -x- E,,0=0 ||
B XY | 10 e
0 NN - %= Eu, £ =100 NN - %= Eu, £ =100
¥ % £, £ =100 % Sy £y, £ =100
W N §§ w N Sa
a LR 1041 N N .
1074 A o Wl
N kY N 0N
3 \\ N t\
\, N
R L e % s }% g N
_ _ [ I
107°% [ ! ! ! . 1075 [ ! \ T 4
2 4 6 2 4 6
order order

(a) Without attenuation, v = 0. (b) With attenuation v = 100 pHz.

Figure 13: Evolution of the relative error (7.2) for Problem (7.21) with Dirichlet boundary condition 5 =
1 at frequency 6 mHz for a computational interval [0.5, 1]. The numerical solutions use a discretization
step 1073 (i.e., 1001 elements) and we vary the polynomial order.

—r(rv) + QMM w = r25(r—s),

Tw/ —w =TV,
( 1
T'max

In Subsection 4.2, we have given two ways to compute the solution with either

(7.25)

lim v = O, ’U(’I“max) == + Z) w(rmax) .

r—0
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1. using a direct discretization: this is the Approach 1 of Subsection 4.2.1,

2. assembling the solutions of two boundary value problems, as explained in Proposition 1: this is our
Approach 2 (Subsection 4.2.2).

We next give the explicit form for the exact solution w to (7.25).

7.3.1 Analytic solution

The exact solution w to (7.25) is also the solution to

(dz — K 4 O‘%" + WH))w = §(r—s). (7.26)

r2

It is thus given by

wref(ra 8) — _H(S — T) 1/’(7") ¢(S) _ }—I(T — 3) w(r) ¢(S) , (727)

W{(s), ¥(s)}
where H is the Heavyside function and v and 1[) are given by

1/) = Mx,[+1/2(2ikr) or MX,4+1/2(2ik7’) , (728&)
w = W,X’g+1/2(—2ik’r) + awx’g+1/2 (21'(7") . (728b)

The constant a is determined by the boundary condition at r = ryax,

2ik (= W' 141 /0(—2ikrmax) + aW/ o1 /2(2iKrimax))

| | (7.20)
= (Z,) (W—X,€+1/2(_21krmax) + aWX75+1/2(21krmax))
such that N ) )
. 21kW7X,Z+1/2(—21k7“maX) + (Za)W_y p41/2(—2ikrmax)

2kW 1 (2iKranace) — (Za) W o172 (21K mace)

(7.30)

We note that when Z = Z§,  then a = 0. We also note that ¢ and 1 can be chosen as constant multiples
of the solutions of the boundary value problems given in (7.17) and (7.21) respectively.

Computation of the Wronskian Here we will give explicit expression for the Wronskian of ¢ and 'JJ
given in (7.28).

1. If in (7.28a) we work with ¢ = M, 411 /2(2ikr), we have that

o MX7E+1/2(21kT) W_X7g+1/2(—2ik’l") + GWX72+1/2(21|(7’) Y
W= |2M Ly (2ik) 2K(=W o (=2ike) +aW ., (2ike))| = Hk (G FaCy), (7:31)
with
o — ’Mx,eﬂ/z(?%kr) Wy e1/2(=2ikr) | 1 ’Mx,e+1/2(2%k’") Wy et1/2(=2ikr)
vorrya(2ikr) =W o (=2ikr) | (26 4 2) MY gy o (2ikr) =W 4y o (—2ikr)
1
— 1 41 ,
F1+/¢+x) (=)
(7.32)
and
CQ . MX,[+1/2(2ik7’) Wx,l+l/2(2ikr) o 1 ’MX7[+1/2(2ikT’) WX1[+1/2(2ik7")
=) . ) . =—— |+ . ) .
12 (2ikr) Wx,€+1/2 (2ikr) (20 +2) Mx,f+1/2(21kr) WX’Z+1/2(21kr) (7.33)
) .
T OT(+1-x)°
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2. If in (7.28a) we work with ¢ = M, ,41/2(2ikr), then

W(s) = 2ik(C + aCy), (7.34)
with T(20 +2) T(2 +20)
G = F(1+€+x)(_1)é+1 = T+ 1-x)° (7:3)

For the above result, we have used [28, 13.14.27] which gives

My ev1/2(2ikr) Wy py1/2(—2ikr) Me(ﬁrl)ﬁi - M(—l)“rl

M gy1ya(2ikr) =W o (Z2kr)[ 7 (1 + £+ ) T(1+£+x) ’
and [28, 13.14.26],
My o1/2(2ikr) - Wy p1yp(2ikr)|  T(2+20)
M;7z+1/2(21k7‘) W;7€+1/2(21k7‘) T(l+1—y)"

Exact solution with Z{,,\;, As mentioned earlier a = 0, the analytical solution (7.27) has the simplified
form,

MX1 g+1/2(2ik7”) W,X1 g+1/2(—21k8) VV,X7 g+1/2(—21k7") MX’4+1/2 (21k8)

- T(2012 — H(r—s) - T(2012
QIkM(*l)@rl QIkM(fl)“l

Wret(r,s) = —H(s—7)

(7.36)
If the regular solution v (7.28a) is obtained with M, we have an equivalent expression for the exact
solution,

MX, g+1/2(21k’f‘) W—X7 g+1/2(—2ik8)

W_ —2ikr) M 2ik
Wrep(r,8) = —H(s—7) — H(r—ys) o t1/2(Z20Kr) My e1.1/2(21ks)

21k rrrg (D 21k rrpy (-1
(7.37)
This simplifies to
~D)Pr(1 44+ . .
w(r,s) = (=1) 2(ik X) (H(s —7) My g41/2(2ikr) W_y p41/2(—2iks)
(7.38)

+ H(T — S) W_X7g+1/2(—2ik7")/\/lx7g+1/2 (21k8)> .

The specific calculation is written in Subsection 7.3.1.

Remark 5 (Relation to the Helmholtz equation). When o = 0, the first equation of (7.25) reduces to

d? (+1)
_ k2 = —3s). .
( e + k* + - we(r,s) = §(r —s) (7.39)
With zero right-hand-side, the equation
d? (+1)
4K = 4
(e tsn)g o, -
can be rewritten as the spherical Bessel equation
d? 2d Le+1)
-~ _ 2 _1 =0. 41
( dz? zdz + 22 )g 0 (7.41)
By putting back the term r, i.e., for g(z) = @, then g(z) solves
d? 004+ 1)y .
(—@—1—# o )g—O (7.42)
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We now carry out the change of variable z = kr, thus g(kr) = G(r) with G(r) solving (7.39).
In short, for the solution (r) on [0,b] and outgoing solution 1(r) on [a,rmax] to (7.40), we choose

b(r) = rickr), @) = rhiV(kr). (7.43)

Note that hﬁl) = j¢ + iye, using [28, 10.50.1], their Wronskian is given by

. . . i
W), b (0} = iW{je(0) . )} = . (7.44)
and "
~ rje(kr) rhzl (kr)
WH{p(r),v(r)} =
W), v} jo(kr) + rkis(kr) S (k) + ko khSY (ki) .15)
g2 felkr) bPGr)| s 0
- i (k h(l)/ Kk - (k’l")2 Tk
Jo(kr) by (kr)
Using formula (4.37), the Green function to (7.39) when a =0 is then
= ik (H(s — r) rje(kr) shiM (k H(r — s)rhi" (kr) s jo(k
we(r, 8) i (s =r)rje(kr)sh,’(ks) + H(r —s)rh, ' (kr)sje(ks) (7.46)
7.46
= ikrs (H(s — 1) je(kr) hy)(ks) + H(r—s) hé”(k?")jg(kS)) .
In addition, when { =0, '
. sin z 1y €%
- 2= hy' = — A4
Jo P ) 0 iz ’ (7 7)
such that (k) (k) N N
~ sin(kr sin(kr e e
= = = = .4
gy = o 20D o) gy S (7.48)
and ) " e s
wo(r,s) =ikrs | H(s —r) sin(kr) .e + H(r—s) .e sinfk s)
kr iks ikr ks (7.49)
1 . .
= (H(s —r) sin(kr) ™ + H(r —s) ™" sin(ks))
A

7.3.2 Numerical experiments

We validate our HDG implementation by comparing the numerical solution with the analytical one. The
constant parameters are selected to take the value in the solar atmosphere, extracted from the Atmo
model, which are scaled such that we take

¢=6.86x10°/Rs, =9.87x 107 %s7'; o =6663.62. (7.50)

The (scaled) radius varies from 0 to 1.05 and we consider a fixed source in s = 1. We investigate
different frequencies (6 and 10 mHz), and modes (£ = 0 and ¢ = 100), as well as the case with or without
attenuation, respectively with v = 0 and v = 0.1. The comparisons between the two approaches and
the analytical solution are pictured Figures 14 and 15 where, for the sake of clarity (because of the fast
oscillations), we zoom on an interval around the source location. In the case of Approach 2, we take the
parameters

a=10"%, b= Tmax = 1.05 (7.51)

which give the interval of computation for ¥ and ¥, see (4.33) and (4.35).

We observe that the two approaches capture well the analytical solution, and we cannot distinguish the
difference between them. However, in the Approach 1, which discretizes the delta-Dirac source function
on the right-hand side, the singularity remains at the source position, leading to drastic inaccuracy at
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Figure 14: Comparisons of the solutions at 6 mHz for mode ¢ = 0 without attenuation (y = 0, on top)
and with attenuation (27 = 0.1mHz, at the bottom) for a source located in s = 1.
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(c) Real part at 10 mHz for ¢ = 100, 27y = 0.1mHz.

(d) Imaginary part at 10 mHz for ¢ = 100, 27y =

0.1mHz.

Figure 15: Comparisons of the solutions at 10 mHz for mode ¢ = 0 and ¢ = 100 with attenuation
21y = 0.1mHz, for a source located in s = 1.

this location. While the singularity is only contained in the real part without attenuation (y = 0),
when incorporating the attenuation, the singularity (leading to an inaccurate solution) also appears in
the imaginary part. This observation highlights a major difficulty of the naive discretization approach:
the discretization of the source needs to be carefully addressed. This is even more important as, in
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helioseismology, one is mostly interested by the value of the solution at the source location (namely,
Gy¢(1,1)). In order to overcome the issue, one needs to refine around the source position, as advocated
in [8, 14, 3]. This can however be cumbersome when several sources must be taken into account, such
that the mesh for the numerical resolution must be updated for every source to take into account the
refinement, or that one uses the same mesh but which would be over-refined everywhere. On the other
hand, Approach 2 provides the accurate solution at the source position, without any need for specific
discretization.

In Table 2, we give the relative errors between the approaches, computed on the whole interval (from
0 t0 Tmax), using (7.2). For the Approach 1, the relative error excludes the source position, which shows
the singularity of the delta-Dirac source. It confirms the accuracy of the numerical solutions, with a
relative error that is always less than 0.1%. We also observe that the Approach 2 gives slightly better
results.

Table 2: Relative error (7.2) between the analytical solution and the computations using Approach 1 or 2.
For Approach 1, due to the singularity of the delta-Dirac function, the solution at the source position is
not taken into account in the relative errors. The error is multiplied by 100 to give the result in percent.

3 mHz Approach 1 Approach 2
(=0 ,v=0 2.4 x1072% 6.9 x 1073%
£=100,v=0 1.8 x 107%2% 6.6 x 10°%
(=0 ,v=10"" 1.8 x 107%% 5.5 x 1075%
£=100,v=10""1 1.8 x 1071% 5.5 x 107°%

10 mHz Approach 1 Approach 2
(=0 ,v=0 2.1x1072% 9.9 x 1073%
¢ =100,v=0 2.2 x1072% 9.4 x 103%
(=0 ,y=10""% 6.3 x 1073% 8.3 % 1073%
¢ =100, v =10"% 6.3 x 10°% 8.3 x 1073%

8 Observables in local helioseismology

In helioseismology, the data are time series representing the surface oscillations ®(#1,%;) at spatial points
71 on the CCD (charge-coupled device) camera and at times ¢;. The data can come from satellites such
as MDI (Michelson doppler imager) on board of the SOHO (solar and heliospheric observatory) satellite
(from 1996 to 2010) [31] or the HMI (helioseismic and magnetic imager) on board of the SDO (solar
dynamics observatory) satellite since 2010 [32] but also from ground-based telescopes such as the GONG
(global oscillation network group) network (since 1996) [18].

The temporal resolution h; is of one minute for MDI and GONG, and of 45 s for HMI. This resolution
determines the Nyquist frequency — the highest frequency that can be observed — wmax/(27) = 1/(2h+)
(~11.1 mHz for HMI and 8.33 mHz for MDI and GONG). The spatial resolution is linked to the number
of pixels of the instrument which is of 4000 by 4000 for HMI (4kx4k) 1000 by 1000 for MDI (1kx1k).
GONG had initially a 256 x 256 camera which was replaced by a 1k x 1k camera in 2001. One pixel
is around 0.03 heliographic degrees for HMI and 0.12 heliographic degrees for MDI and the actual data
from GONG (which has a spatial step of 1.45 Mm at the disk center).

In this section, we define some classic quantities used in local helioseismology such as the cross-
covariance function, the power spectrum and the wave travel times. These quantities will be used in
Section 9 to compare the different boundary conditions and to show the importance of the knowledge of
the full Green kernel.
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8.1 Classical helioseismic quantities
8.1.1 Observables

In order to analyse the data, a relationship between the observed wavefield ® and the modeled wave
displacement £ is necessary. It can be written formally as

@(1,t5) = O, (E(r, ). (8.1)

where 71 is a point on the camera, t; is the time and O is an operator that depends on the point #; and
on the wave displacement at any location r in the solar interior. The data are then generally Fourier
transform to the frequency domain

h N¢/2—-1
@(fl,wk):ﬁ > B(#y,ty)e (8.2)
j:—Nt/Q

where T is the observation time, N; = T'/dt the number of data samples during the time T, and ¢; = jdt
is the discrete time variable. The inverse Fourier transform is defined as

N¢/2—1

(f1ty) =ho ) B(Fnwr)eT Y, (8.3)
k=—N./2

where h,, = 27/T is the frequency spacing, and wy = kh,,. We suppose that the observable operator O
does not depend on time and we can thus write equivalently (8.1) in the frequency domain

O (1, wy) = O, (E(r,wk)>. (8.4)

Remark 6. An example of such operator often used to interpret Dopplergrams [7] [6] is an approzimation
of the line-of-sight velocity such that

Oy, (£(r,wn)) = —iead(i1) - €(r1, w0, (8.5)

where i(f“l) is the line-of-sight unit vector corresponding to the observation point 71 and r1 = (1,71) is
the 3D point at the solar surface. It requires the knowledge of the 3D displacement and cannot be obtained
directly in the framework of this report.

8.1.2 Filtering

To analyze the data, the observable is generally decomposed into spherical harmonics such that

Lmax

O (71, wi) Z Z O (wi) Y[ (61, 01), (8.6)

=0 m=—1

where )
BT (wy) / / 6. 6,00 Y77 (6, 9) sin 0d6do. (8.7)
0

Of course, 6 and ¢ are only available on a discrete grid and the integral needs to be replaced by a sum at
available locations. Similarly to the Nyquist frequency for w, the largest available harmonic degree L ax
is m/hg = Ny where hy = 7/Npy is the number of available pixels. Thus, due to the number of pixels on
the camera, L., = 1000 for MDI and 4000 for HMI.

Depending on the considered problem the data are then filtered in order to be more sensitive to the
desired quantity. The filtered observable i)lm (wk) is obtained by multiplying by a filter F

7 (wr) = OF (i) FY" (wr), (8.8)
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where F}"(wy) is the spherical harmonic coefficient of the filter F(wy). In this report, we use a phase-speed

filter (x| Ro )2
m WEk ® — U;
F7' (wi) = exp <— 2002 > ,

where v; is the mean velocity and dv; the standard deviation. Other classical filters can be used for
example to select a range of harmonic degrees between Ly and Ly

Fo' (wk) = 6(19,24)5 (8.10)

(8.9)

or similarly a range of frequencies [wp, w;]. The § can be replaced by a smoother filter (Gaussian, smooth
rectangle) in order to avoid edge effects (aliasing).
The filtered data can then be transformed back to spatial variables

Limax £

(P, wr) = Y > PP (wk)Y" (61, 1) (8.11)

=0 m=—¢
Assumption 4. We suppose that the filter does not depend on longitude (and thus not on the azimuthal
order m) and is the same at all spatial locations on the camera (for all points © on the solar surface).
8.1.3 Cross-covariance and power spectrum

As the sources due to convection have zero mean, the expectation value of the observable E[®(71,wy)] is
equal to zero and thus the data cannot be analyzed directly on the observed signal. Thus, one generally
considers the cross-covariance between any two points at the solar surface. In the frequency domain it
just corresponds to a multiplication and

C(#1, 79, wi) = O(71, wi)P(7a, wi). (8.12)
The expectation value of the cross-covariance is denoted by
C(F1, Pa,wi) = E[® (71, wi) D(Pa, wi)]. (8.13)

To facilitate the derivation of C in Subsection 8.2.3, we also define the expectation value of the cross-
covariance for unfiltered data

Cu(’lA"lﬂA“g,wk) = E[@(f‘l,wk)é(?'g,wk)]. (814)
The power spectrum is

PE™ (wi) = E[|O" (wi)|?]
27 2m
/ / / / C rl,rg,wk)Yl (el,gbl) (92 (]52) SlD91d91d¢1 sm92d92d¢g (815)

It corresponds to the spherical harmonic transform (in #; and #2 of the expectation value of the cross-
covariance.

8.1.4 Travel-time and amplitude measurements

In time-distance helioseismology, the travel-time (7) and amplitude (a) between the observed and a
reference cross-covariance are often used. They are defined as the solution of the minimization problem

)

/OC w(t) [C(’f“h ’f‘g, t) — acref(,,gh ’;‘Q,t — T)]2 dt, (816)

— o0
where w is a window function chosen in order to select a given wave packet (for example the first arrival
wave packet, see e.g. Fig. 1 in [26] for a sketch). The reference cross-covariance C*f can be obtained
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Ass. Source Surface Integrated Depth
Dot (P1, wk) = Ding (71, wi) = Peptn (71, wk) =
Observabl ; " ‘ pblT 1
e U(Ror,wn) [ K(rt)d(rntrw)dr dm(i), 71w
(8.36) (8.39)(*) (8.41)() (8.42)()
Cross-covariance (8.37) (8.46) (8.47) (8.48)
(8.38) (8.51) (8.52) (8.53)
(8.37) (3.56) (3.61) (3.64)
Power spectrum (8.38) (8.65) (8.66) (8.68)

Table 3: Summary of the three defined observables and the corresponding equations to compute the
expectation value of the cross-covariance and the power spectrum depending on the hypothesis on the
source covariance matrix. The unknown ¢ is solution the wave equation given by (8.21).

(*) These expressions are for the unfiltered data.

by averaging the observations or computed from a reference solar model. Linearizing around reference
values such that 7 = 79 + 7 and a = 1 + da, the solution of the minimization problem at first order is,
cf. [26, Equation 6 and 7]

o7 (1,72) = / W, (1, o, t) (C(71, 72, 1) — C™ (71,70, 1)) dt, (8.17)
50(';'1,';'2) = / Wa(’f‘l,"z27t) (C(’f‘h’;’Qat) - Cref('f’l,’f'Q,t)) dt (818)

where the weighting functions W, and W, are given by, cf. [26, Equation 8 and 9],

N R w(t)BtCref(rl, T2, t)

Wo(#1, 7, 1) = , 8.19
(F1,72,1) = = W(t")OCreE (71, 79, 1) 2dt! (8.19)
. w(t)CrE (71, o, t)

Wiy, g, t) = 8.20
(F1,72,1) = [ wt)Cref (71, 7o, 1) 2dt (8.20)

8.2 From the scalar wave solution to simulated observables

In order to consider a scalar problem instead of solving for the full 3D wave displacement &, we follow
the approach of [15] and solve an equation for the quantity 1 = pc?V - € which is (up to the minus sign)
the Lagrangian perturbation of the pressure. It satisfies

1 o?
Lp:==V-| -V |- —75¢=5, (8.21)
P pc
where s(r,wy) is a stochastic source that represents the excitation of waves due to convection. It is a
random process with zero mean and covariance matrix M (v, ', wy). B
We consider three different possible observables ®(71,wy,) (and their associated filtered version ® (71, wy))
for this scalar problem:

— the observable at the surface which is classically used for helioseismic studies. In this case, the
operator O is given by

Or, (E(r.)) = plr)(r)V - €, 1), (322
where 71 = (1,71), and the observable ®g,¢(1,wy) is directly the solution of (8.21) at the solar
surface

q)surf('f’lywk) = 7/1(7'1, UJk). (823)

It supposes that the Sun is a solid body with a clearly defined surface at height 1 corresponding to
the solar radius in unscaled quantities.
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— the observable integrated over depth. As the Sun is a plasma, the observables cannot be considered
to come only from the solar surface but correspond to a weighted average

q)int(,f‘hwk) :/K(T,fl)@b(r,i‘l?Wk)d’f’? (824)

where K is called the contribution function®. In our numerical experiments, we use an approxima-
tion and consider that K is roughly a Gaussian that peaks at a given depth rg, (71)

r—rm(71))?
K(r,7) = \/% . exp ((;25))) ) (8.25)

where 0 Rg = 50 km and
T'fh (7%1) = Teq + (Tpole - Teq) COSQ (91) COS2(¢1)7 (826)

with roq R = 0 km, and 7p01e R = 300 km. With this simplified formula the observed height at
the equator is roq while it is 7,01 at the pole. The integral must theoretically be done over the full
depth range but it can in practice be done only from a few hundred kilometers below the surface
as deeper layers inside the Sun are optically thick.

— the observable at a given height. To avoid the integration from (8.24), it is possible simplify the
previous approach and to define a formation height”

rm (1) = argmax, K(r,71). (8.27)

We then define a third possible observable which corresponds to the solution of the wave equation
at the formation height rg, (1)

Deptn (71, wi) = Y (rm(T1), 71, wk)- (8.28)

In the next subsections, we derive the expressions to compute these observables as well as the expectation
value of the cross-covariance and the power spectrum as a function of the Green’s function Legendre
coefficients. A summary of the results is given in Table 3.

Remark 7. Integrating the observable over height (and thus the full Green kernel) is also required if
we define our observable as a perturbation to the emergent intensity due to acoustic oscillations. In
this case, the background emergent intensity is defined in an equilibrium state (perfect sphere of radius
R with background sound speed ¢y and density po). The oscillations perturb the solar surface and the
thermodynamical quantities and thus the observed intensity. For adiabatic oscillations, the Lagrangian
perturbations of density, pressure and temperature are linked to the divergence of the displacement and
thus to the unknown of our scalar equation v. We could then define the function K such that, at first
order,

OI(#1,wy) = /f((r, 71)0(r, 71, wi ) dr. (8.29)

Ezxample of intensity perturbations computed with such an approach can be found in [30].

6The contribution function expresses how much of the observable is coming from the depth 7 at the position #1. Tt
depends on the opacity which is a function of pressure, temperature and chemical composition of the Sun. An example of
contribution function can be seen in [22, e.g. Fig. 1] and the expression of the contribution function corresponds to the
term inside the integral in [22, Eq. 3].

"The formation height is the height from which most of the photons are emitted and which thus contributes the most
to the observable. It is increasing towards the limb which implies that the observable is coming from a height with lower
density and temperature at the limb compare to the disk center. The emitted intensity is thus decreasing with latitude
which makes the limb appears darker than the center of the Sun, an optical phenomenon called limb darkening.
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8.2.1 Connection to the Green kernel

The solution of (8.21) can be obtained from the Green’s function of the linear operator £

Y(ry,wy) = /g(rl,nwk)s(r,wk)dr. (8.30)

For a radially symmetric background, the Green’s function can be written as a function of the Legendre
coefficients G, solutions of (1.5) (see Proposition 1)

1
G(ry,r,wy) = o ZZ:(% + 1)Ge(r1, 7, wi)Pe(cos O 7). (8.31)
Thus, the three possible observables can be obtained from the solution of the modal ODE as
R 1 gg(l, r, wk)
D (71, wg) = In 2(24 +1) / TP@(COS 97%1.,,;) s(r,wy)dr, (8.32)
[

By (7 = LSoorsny (ko) [ 9T o drdr’ 8.33
int (P1,Wx) = E;( +1) (r',71) 7 ¢(cos rl.r)5(7’7wk) rar, (8.33)

X 1 Go(rm(P1),r, wi)
D eptn (71, wi) = WZQH 1) / T Py(cos by, ) (i wr)dr (8.34)

14

Note that due to seismic reciprocity we have G(ry,r,wi) = G(r,r1,wi) and G(r1,r,wi) = Gi(r,r1, wg).
Thus the Green’s function and consequently the observable ®g,,¢ can be obtained from the computation
of a single Green’s function (at all harmonic degrees [) with a source located at the solar surface, while
®;,,, requires the full Green’s function for all sources and receivers (in the support of K) and ®qeptn needs
the Green’s function at all heights r; corresponding to the observation points 7.

8.2.2 Assumptions on the sources of excitation

To obtain the ®(7#1,wy) one needs to generate a realization of the random process s. This source term
corresponds to the stochastic excitation of the wave by convection.

Assumption 5. The source term is a Gaussian process with zero-mean and source covariance matriz M

Els(r,wg)s(r’,wg)] := M(r, v’ wy). (8.35)
Assumption 6. The sources satisfy Assumption 5 and are spatially uncorrelated
E[s(r,wr)s(r’,wi)] = M (v, r,w)d(r —7'). (8.36)

While Assumption 5 can be justified by the law of larger number, Assumption 6 should be taken with
care as the sources have a horizontal correlation length depending on the scales we are interested in (e.g
~ 1 —2 Mm for granulation, ~ 30 Mm for supergranulation, see e.g. [L7]) and an unknown vertical
correlation length. An example of source covariance matrix with a correlation length in time and space
is given in [16], although they considered uncorrelated sources for their numerical examples as it greatly
simplifies the computations.

As little is known about the source covariance matrix M, simple forms are often assumed in order to
reduce the computational cost.

Assumption 7. The sources satisfy Assumption 6 with a covariance matriz M that depends only on
depth
M(r,r,wi) = M(r,w). (8.37)

This is the most commonly used simplification and includes for example the choice from [6, 24] where
M(r,r,wy) = 0(r — ry), where 7, is the height where the sources are generated.

A more physical assumption coming from the geophysics litterature [33, 12| is that the energy is
equipartitioned. It was introduced in helioseismology in [15].
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Assumption 8. The sources satisfy Assumption 6 with a covariance matriz M and the energy is equipar-
titioned which implies for our problem that [15]

M(r,r,wy) = O(wy) (Zég n 20/522)5@ - 1)) , (8.38)

where Il is a function that describes the time correlations of the sources.

8.2.3 Expectation value of the cross-covariance as a function of the Green function

In this subsection, we give the expressions of the expectation value of the cross-covariance as a function
of the Green kernel under the different assumptions on the source covariance matrix. We suppose that
at least Assumption 6 (spatially uncorrelated sources) is satisfied.

Unfiltered data Using the definition of the observables ®gy, ¢, Pint and Pyeptn given by (8.23), (8.24)
and (8.28), the expectation value of the cross-covariance for unfiltered data is given by

Célurf('f’hf'?awk) = E[(I)surf('f'lawk)q)surf('f'%wk)] = /g(]-a'f'l,Tywk)g(l,'f'Q,T,Wk)m(’f’)d’f’, (839)
Cing (P11, P2, wi) 1= E[@ing(P1, W) Pine (P2, wi)] (8.40)
///KT PO)K (", 72)G(r!, 71,7, wr)G (1" o, 7, wi )M (r)drdr’ dr’ (8.41)
Cleptn (P1, P2, wr) 1= E[@deptn (1, wi) Pdeptn (P2, wi )] /g rm(P1), 71,7, wi)G(rm(f2), 7o, 7, wi )M (r)dr.
(8.42)

Without any additional on the source covariance, the expressions for the expectation value of the filtered
cross-covariance are lengthy and not instructive. We will thus derive these expressions only in the case
of Assumptions 7 and 8.

Under Assumption 7, using the representation of the 3D Green function from Proposition 1 and the
result (2.13), one obtains

20+ 1
47

Csurf(rhr%wk) PZ(COSQfl-’f‘z)/‘gf(larawk)‘zm(nwk)drv (843)

Cil;]t(lf'17 ,’;27 wk) =

2 1 / 11
Z%PZ(COS‘gfﬂl.'f‘Q)///K(T/,’f'l)K(T//,’f‘g)gg(T Ty wi)Ge(r ’T’Wk>9.7t(r,wk)d7“dr'dr'/,
/I
‘

,r/,r//
(8.44)
C(lilepth('fila'f’%wk) =
1 20+ 1 _ )
o P 3 Z p= Pg(COSH,f.l,f.Q)/gg(Tfh(’l"l),T, wi)Ge(rem (T2), 7, wi )M (r, wg )dr.  (8.45)

14

Filtered data Under Assumption 7, it is now also possible to write the expression of the expectation
value of the cross-covariance for filtered data. Projecting ® into spherical harmonics and using the
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definition of the filtered data (8.8), we obtain similar expressions than above but now with the filter

o 20+ 1
Count (1, P2, wk) = ) ?F?Pe(cos O, i) / 1Ge(1, 7, wi) M (r, wy )dr, (8.46)
l

Cing (71,72, wi) =

NI 1"
e i B R e (A
7
0

T‘/T.//
(8.47)
Caepth (71, T2, wk) =
! Z%+1F2P (cos Os 7 )/g (rm (71), 7, Wi ) Ge (7 (72, 7, wi )M, wy ) dr. - (8.48)
Tf'h(f'l)'lﬂfh('f'Q) ~ An e 175 L\T'th\T'1), Ty WK )Ye\Tth\T'2), T, Wk y Wk . .
Here, we used again the addition theorem and the orthonormality of spherical harmonics.
If moreover we have Assumption 8, then it was shown in [15] that
—_— - H(wk)
G(ri,m,wi)G(ra, 7w ) M(r, wy)dr = WIm[g(rla"'Qawk)]v (8.49)
1 TI{wyg)

> (20 + DIm(Gi(r1, 2, wi)|Pe(cos b7 4,). (8.50)

T Ay 2w 7

For the last equality, we use Proposition 1. In this case, the expressions for the expectation value of the
cross-covariance become

H(wk)
8wy,

Court (71, T2, wp) = > 20+ DFFIm[Gi(1, 1, @) Py (cos Op o, ), (8.51)

¢

o TI(wy, R , . Im[Gi(r, v w

Cint(’f’l,r27wk) = 8( k) Z(2€+1)F§//K(T,T1)K(T ,Tg)Mdrdr’Pz(cosﬂi,li.2),
TWE 4 rr

(8.52)

H(wk) 1

87TOJk T'th (’f’l)’l"fh(’f’g)

2(26 + 1)F%Im[g1(rfh(’f"2), I‘fh(’f‘l),wk)]P[(COS 077.1_,;.2). (853)
4

Caeptn (71, T2, wr) =

Remark 8. For a radially symmetric medium, under the hypotheses (8.37) or (8.38), the expectation
value of the cross-covariance for surface observations depends only on the angle between the observation
points 71 and 7o (see (8.46) and (8.51)). In this case, we simply write Court (0, w). A

To evaluate Cqy,f, one only needs to evaluate the Green’s function for a source at the surface while a
source at a given height (that differs depending on co-latitude and longitude) is required for Cgeptn and
the full Green function for Cj,;. Thanks to the approach 2 to compute the Green function proposed in
this report, the computation time required to compute Ciny Or Cgeptn is only twice as much as the one
to compute Cgyt using the approach 1 (as two simulations are required for the approach 2 but the full
Green function is obtained while approach 1 requires one simulation but gives only the Green function
for one source location).

Note that the number of Green functions to be computed is independent of the hypothesis on the
source covariance matrix. However the computational cost to evaluate the expectation of the cross-
covariance is larger if one only supposes that the sources are uncorrelated as an extra integral over depth
must be performed (see e.g (8.39) compared to (8.46) and (8.51)).

Time-distance diagram The inverse Fourier transform in time of the expectation value of the cross-
covariance C(71,79,t) is called the time-distance diagram and allows for a visual representation of how
waves propagating through the solar interior are observed at the surface as a function of time and distance
(see e.g. Fig. 12 in [15]). In order to compute the time-distance diagram, the Green function must be
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computed for all harmonic degrees ¢ and frequencies wy in order to be able to perform the Legendre
and inverse Fourier transform. It is thus important to have an efficient method to compute the full
Green function as this routine should be called many times. It is however embarrassingly parallel as the
frequencies and harmonic degrees are independent.

8.2.4 Power spectrum as a function of the modal Green function

If the only assumption is that the sources are spatially uncorrelated, then the expressions of the power
spectrum are obtained by plugging (8.39), (8.42), and (8.41) into the definition of the power spectrum
(8.15) and cannot be further simplified.

If we assume also (8.37) then the horizontal integrals can be done analytically using the orthonormality
of spherical harmonics (2.26) and we obtain for the case of surface data

2m 2m
surf wk / / / / Cburf rl,rg,wk)Yl (91,(]51) (92,¢2)51n 91d91d¢1 bln92d92d¢2, (854)
200 +1 _—
= Z Fp,/|g£, (1,7, wi) |2 (r, wy,)dr

27 2
/ / / / Pg/ COSQT Py )YZ (917¢1) (92,¢2) sm91d61d¢1 sm02d92d¢2, (855)
= F?/Ige(l,r,wk)\gm(nwk)dn (8.56)

where we used the addition theorem (2.27).
In the case of integrated data, the power spectrum is given by

2w T 27 T
Pﬁ”(wk) :/ / / / Cint (71,72, wi) Y[ (01, 1) Y] (02, ¢2) sin 01d01 dpy sin O2dfadpa, (8.57)
2[/_1_1 27 27
Fe'/ / / / Py (cos Oz 5, ) YT (01, 01) Y] (02, d2) (8.58)

g@’ (7"/, T, Wk)g[/ (T//u T, wk)
r/,r.//

// /K(r’, 71)K (", 72) sin 61d6, d¢ sin O2dO2d o M (7, w )drdr'dr”.

(8.59)

The main difference with Py, is that the functions K depend on 77 and 72 and the horizontal integrals
cannot be evaluated as easily as before. One solution is to evaluate these integrals numerically, however
it can become cumbersome for high harmonic degrees. It is also possible to decompose K into spherical
harmonics

K(r'i) =Y Z Ko ()Y, (8.60)
61 ml——él

and to use the Gaunt formula (2.30) in order to compute analytically the integral of the product of three
spherical harmonics, to obtain,

A L0

Pt ZFZ’ Z Z Z Gaunt(¢,¢', 01, m, —m', —m +m’)

e l1=|0—0"| ba=|€—L'| m'=—L
n+m’ (T/) Kéz,—m—m (7"”)

1

Kél,—'r
Gaunt(£, ¢, lo,m,m’, —m —m’) /

r! T

/ Gor (r',rywi)Gor (" ry wi )M (1, wi ) drdr dr” . (8.61)

Here L = min(¢, ¢1,¢5) and we have use the fact that the Gaunt integrals are non-zeros only if the sum
of the three m is equal to O.
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For data whose formation height is varying, the power spectrum is given by
2w 27
Pﬁ;pth (wr) / / / / Caepth (P1, P2, wi) Y7 (01, 61)Y]" (02, ¢2) sin 01d0: d¢y sin 2dbadpy, (8.62)
26/ 11 2m 2m
Htlp / / / / Py (cos by, 3 YT (61, 61 ) Y7 (02, 62) (8.63)

/Qef T (1), 7, Wi )Ger (0 (72), 7, W)

T (P1)7m(72)

M (r, wg)dr sin 61db1d¢; sin O2dfadps. (8.64)

It is possible to write that rm (1) = [§(r' — rm(71))dr’ and to project the Dirac delta function into
spherical harmonics in order to evaluate analytically the horizontal integrals as previously. However, the
convergence of the Dirac delta function into spherical harmonics is very slow and many coefficients would
need to be kept. It is thus more efficient to evaluate numerically these integrals.

With energy equipartition (8.38), the expressions of the power spectrum further simplify

H(wk)

l,m _
Pt (@) = 2wy,

surf

Im[G,(1, 1, wy)], (8.65)

040 o+
Pt () }:F@ DY §j Gaunt(¢, €', €1, m, —m', —m + m’)
v Ly=|€—L'| Lo=|€—L'| m'=—L

n4+m’ (.1 KZQ,—m—m "
(’I“ ) (T )Im [gg/ (r/, 1"//700};)] dr’dr”,

Kﬁl,—v
Gaunt(¢, ¢, o, m,m’, —m —m’) /

,r/ ,’n//
(8.66)
m H 2[ + 1 27T 27
Phsgalen) = oot SR [ [ [ et Y 0uo0 VB se
Im [Ger
m [Ge (rfh(”)’ P2 @0] G0 0, dey sin 02 d02des. (8.68)

Ten (71) 7 (72)

With observations at the surface, the power spectrum (at a given ¢ and wy) is proportional to the
imaginary part of the Green function Legendre coefficient G, with a source and receiver at the surface.
With integrated data, the knowledge of the full Green function for all sources and receivers is still required.

Remark 9. For surface data, under hypothesis (8.37) and (8.38), the expectation value of the cross-
covariance depends only on the angle between 71 and 75 and the expression of the power spectrum simplifies
to

surf

2 1
PE™ (W) = £+ / Csurt (0, wi )Py(cos 0) sin 0d6. (8.69)

In this case, the power spectrum is then mdependent of m and corresponds to the Legendre transform of
the expectation value of the cross-covariance C.

9 Numerical experiments with solar models

Now that our HDG implementation has been validated from the analytical solution, we perform numerical
experiments using inhomogeneous medium parameters that follow the solar profiles. Our code is written
in Fortran90, and combine mpi and OpenMp parallelism®. Furthermore, our code is linked with the library
Arb, [19] for the efficient computation of the special functions.

9.1 Model parameters from S+Atmo and S+Val-C

The propagation of the scalar waves is governed by the medium wave speed ¢ and the inverse density scale
height «, together with its derivative o’. In the interior of the Sun, these are extracted from the model

8The code used, Haven will soon be made available online and will be open-source.
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S of [9]. In the atmosphere, we consider two models: Atmo, where the velocity is smoothly extended to a
constant and the density follows an exponential decay ([14, 15]); and the model Val-C, [34]. Consequently,
we designed the two solar profiles, S+Atmo and S+Val-C, which we picture in Figure 16. In particular, we
see that the atmospheric profile given by the model Val-C contains a drastic increase of both parameters
c and «, while the profile of the Atmo models is smooth.

-10° 104
S+Atmo
1]
- - = S+Val-C 1
Saf N
[ 1
m
o 1
£ i
v?2 1—
\-
T L
0 | !
0 0.5Rg Rg R 1.0035Rg
(a) Wave speed profile from model 8. (b) Atmospheric wave speed profiles.
.1013

S+Atmo
10 12 |

| | = = = s+al-c

o (s‘l)

<10
c10

| |
0 0.5R@) Rg Rg 1.0025R ¢,

(c) a profile from model 8. (d) Atmospheric profiles of a.

Figure 16: Profiles of the solar parameters, the model S is used for the interior and is combined with the
atmospheric models Atmo or Val-C.

For the computation using model S+Atmo, as the models are artificially smoothed, the interval of
computation is ended as soon as the wave speed is constant and the density exponentially decaying
(which means that « is constant). This amounts to

r € [0, 1.0008], scaled computational interval for model S+Atmo. (9.1)
On the other hand, the profile S+Val-C is given for

r € [0, 1.00365], scaled computational interval for model S+Val-C. (9.2)

9.2 Power spectrum and numerical efficiency of the radiation conditions

One of the main quantity in numerical helioseismology is the power spectrum P. Under the hypothesis
of energy equipartition (8.38) and supposing that the data are observed at the surface of the Sun, it is
directly proportional to the imaginary part of the Green’s function as given by (8.65):

PLI@) = 5 tmige(1,1,0) 0.3

The scaling function IT depends only on the frequency and can be given, for example, by [15, Eq. (85)],

2 -1
M(w) = (1 + ('““’0> ) with =2 = 3.3 mHz and — = 0.6 mHz. (9.4)
w1 2T 27

We picture the power spectrum for the model S+Atmo in Figure 17, for frequencies from 1 mHz to 12
mHz and modes from 1 to 1000. For the computations, we use a constant attenuation /(27) = 20 pHz.
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(a) Power spectrum. (b) Power spectrum on a logarithmic scale.

Figure 17: Power spectrum (9.3) associated with the model S+Atmo using radiation boundary condition
Z%n- It uses a constant attenuation v/(27) = 20 nHz.

Note that, contrary to the existing literature, our computation uses the exact Dirichlet-to-Neumann map
condition Z%, given in (5.2).

The high-frequency waves have less energy than the ones below the acoustic cut-off as high-frequency
waves are propagating in the atmosphere and are only partly reflected back to the interior of the Sun (see
Subsection 9.3). To clearly see the structure of the power spectrum at high frequencies, we also represent
the spectrum on a logarithmic scale.

In order to compare the models S+Atmo and S+Val-C, we plot some slices of the power spectrum at
fixed harmonic degree ¢ = 200 in Figure 18. These simulated data are compared with a slice of the
power spectrum from HMI (observed) data. The HMI power spectrum have been computed from one
month of data in December 2010. In order to reduce the noise, we compute the power spectrum daily and
average over the 31 realizations, see e.g., Section 2 of [21] for details. At low-frequency, Figure 18(a), the
computations using the two models are very similar, and we have a good correspondence with the peak
locations of the observed HMI data. The shift in the peak location is known as the “surface effect” in
helioseismology as in due to the imperfect modeling of the surface by the background model S [30]. The
widths of the peaks can be adjusted by tuning the attenuation term ~ in (1.1). The attenuation should
be a function of frequency and harmonic degree which was not done for this study (see e.g. Fig. 8 in [15].

On the other hand, for frequencies above the acoustic cut-off, Figure 18(b), the models S+Atmo and
S+Val-C give different solutions, while none of them agree with the HMI data. Contrary to waves below
the cut-off which are trapped inside the Sun, high-frequency waves are traveling into the atmosphere and
are partly reflected back inside the Sun. They are thus carrying information not only about the interior
but also about the structure of the atmosphere. The use of high-frequency waves to learn about the
atmosphere is an interesting inverse problem but it probably requires a more sophisticated wave equation
as magnetic phenomena are very important in this area.

After this comparison between models and data, we investigate the efficiency of the radiation boundary
conditions for the computation of the power spectrum. In Subsection 5.3, we have evaluated their
performances analytically, using the reference solutions with homogeneous background parameters. Here,
we compare the efficiency for computations using the solar model S+Atmo, where the reference solution is
given by the solution of (7.25) using the exact Dirichlet-to-Neumann map condition Z]%tN? see Figure 17.
Our computational interval uses a scaled radius from 0 to 1.0008, that is, the boundary condition is set
as soon as the velocity is constant and the density exponentially decaying. It is the smallest possible
interval, and it allows us to clearly identify the performance in the choice of conditions. Therefore, we
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T I I I
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(a) Comparison at frequencies below the cut-off.
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(b) Comparison at frequencies above the cut-off.

Figure 18: Comparison of the computed power spectra (9.3) using solar models S+Atmo and S+Val-C
with the HMI observed data at harmonic degree £ = 200. In each of the plots, the three functions are
normalized to have their maximum at 1.

evaluate the performance with the relative error

| Pz, (W) — P (W) |l
Lz L (9.5)

P
) =
2. 6 [Pezs @]

where the index Z, indicates the choice of condition and Pfurf 7t
DN

is the reference power spectrum
computed with ZeDtN, pictured in Figure 17. The relative errors for a choice of six conditions are shown
in Figure 19, in particular, we focus on the conditions that do not depend on ¢.

We see that the nonlocal boundary condition provides the more accurate results, and that the maxi-
mum error is on a line that corresponds to the cut-off frequency, in particular for high-degree modes. On
the other hand, Z§ 4 , gives the worst results, while all other conditions give very similar errors, with a

slight advantage towards Zg,;_o and Zg_gz_1,- To confirm the observations, we provide the means of the
relative errors:

mean ( egﬁonlml ) =1x107", mean ( 27Z3f.HF-1 ) =453x107",
mean(e ) = 9.26x107°, mean(ey ) = 9.28x1077,
mean(ez ) = 910x107%, mean(e ) = 9.10x107%.
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Figure 19: Relative error (9.5) for the power spectrum associated with the model S+Atmo depending on
the choice of radiation boundary condition, placed in 7y, = 1.0008. The computations use a constant
attenuation ~y/(27) = 20 pHz.

9.3 Influence of the radiation conditions on the time-distance diagram

In this subsection, we use the set-up from [14] in order to see the difference between Zg yr 4, and Z§ ue 4
in terms of time-distance diagram. They are both high-frequencies approximations of the nonlocal RBC
coefficient, however the first one is obtain in expansion with respect to k~! while the latter in terms of
o1, Also Z{ 4, depends on ¢ but not Zg_yr_;,, meaning that Zg - ,. it is much more convenient to be
implemented in 3D. In order to study the behaviour of waves below and above the acoustic cut-off, we
select frequencies around wry,/(27) = 3 mHz and wy/(27) = 6.5 mHz respectively by using a Gaussian
filter,

- ERY
Fo(wi) = exp (—W) , for e=1L,H, (9.6)
20%

and op/(27) = 0.3 mHz. We then filter around a given velocity by applying a phase-speed filter as defined
in (8.9)

Fo(wk)e = exp (— (Iwk|R2®5/fg_ te) > ; (9.7)

with parameters vy, = 125.2 kms™!, vy = 250.4 kms~! and dv = 12.3 kms~!. The final filter Fq(wy), is
given by

Fe(wr)e = Fo(wr) Fe(wi)e- (9.8)

To compute the time-distance diagram, we first compute the expectation value of the cross-covariance
for surface data Cgyys using (8.51) (under the energy equipartition hypothesis (8.38)). In this case, the
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cross-covariance depends only on the angle 6 between the two observation points,

H(wk)
8wy

Csurf(aa wk) = Z (26 + 1) Fe(wk)z Im[gl(la 13 Wk)] PZ(COS 0) ) (99)

14

with II defined in (9.4) and Fy in (9.8). The time-distance diagram is next obtained from the inverse
Fourier transform of Ceyur (0, wi), i.e.

Ny /2-1

Csurf(eytj) = hy, Z Csurf(oawk) e ikl (910)
k=—N./2

In the above expression, the frequency resolution in frequency domain h,, = 5 pHz, and N, = 2'°.

We represent Coyrt(6, 1) associated with filters Fz, and Fg in Figure 20 and Figure 21 respectively. In
Figures 20(b) and 21(b), we show cuts through the first and second skips for the boundary conditions
Zs wr 1. and Z§ 4 ;. We have the following observations:

— In Figures 20(a) and 21(a), the time-distance diagram shows clearly different skips (three in Figure 20(a)
and two in Figure 21(a)) corresponding to waves going directly from #; to 72, or being reflected at the
surface once or several times.

— For waves below the acoustic cut-off (Figure 20), both boundary conditions looks similar because waves
are reflected before the boundary due to the stratification. Nonetheless, we still observe a difference
between the approximations of the RBCs, of about 3 to 4 order of magnitudes, with a clear advantage
towards Zg_yr_;, in Figure 20(c).

— Above the cut-off, Figure 21, we can visually observe the difference in the solutions for the two boundary
conditions. The condition Zg g ;, gives the appropriate result (that is, the closest to the Z§,y) and
we still have between 2 to 3 orders of magnitude difference in the accuracy, see Figure 21(c).

Thus, making the expansion of the boundary condition with respect to the wavenumber that depends
on the stratification leads to an improved performance, even with a condition that is independent of the
harmonic degree £.

9.4 Comparisons of the Green’s kernel

While the analysis of data (cross-covariance or power spectrum) supposing that the Sun has a real surface
uses only the Green’s function at the surface, the full Green kernel is required when the solar surface
is considered as optically thin. We illustrate here the computational Approach 2, which gives access
to the Green’s kernel Gy(r, s,w), for all r and s. For each frequency and each mode, we only need two
simulations to assemble the function, which we compare for two solar models, S+Atmo and S+Val-C+Atmo.
For boundary conditions, we use Zf, for the model S+Atmo and Z’ ... for the model S+Val-C+Atmo,
the kernels are pictured in Figures 22 and 23, for different frequency and modes, using for attenuation
the power law given by (2.4) and (2.5).

We see that the wavelength reduces when the waves reach the atmosphere, for the two choices of
models. Between the models S+Atmo and S+Val-C, there is a difference in amplitude in the solutions,
see Figure 23, that must come from the increase of the model parameters in Figure 16. Nonetheless, the
patterns for the two models are quite similar. At a fixed frequency (i.e., 7 mHz in Figure 23), we observe
that increasing the mode results in that the waves are concentrated near the position (r = 1,5 = 1),
while at lower modes, the whole map has similar magnitude. In this case of (relative to the frequency)
high modes, this area near the surface overpowers any other interval of the Green’s function.

In the following section, we specifically make use of the Green’s functions for the quantities of interest
of helioseismology. We remind that the computation of G from G simply needs a multiplication by the
density profile as given in (4.4).
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Figure 20: Time-distance diagram representing the expectation value of the filtered cross-covariance given
in (9.10) with a phase-speed filter centered at 3 mHz (i.e. with Fy,(w) in (9.8)) as a function of separation
distance and time: two-dimensional diagram and sections for § = 14° and 6 = 28°, indicated by the red
dashed lines on the left panel.

9.5 On the importance of the approach 2 for time-distance helioseismology

From the full Green’s function Gy(r,s) computed for all sources s and receivers r using Approach 2,
we can compute efficiently the cross-covariance by taking into account the contributions from different
depths using (8.52)

o e m|[G(r, r', wi)]
Cint(’f'l,?“g,wk = 87rw eZ:: 2£—|— 1 Pg 0089 //K T, 7’1 2) - — —=dr dr” (911)
r (8.53)
) . H(wk) 1 Lmax . )
Caepth (71, T2, wr) = - - Z (204 1) Im[Gi(rm (P2), v (1), wi)[Pe(cos O 4,), (9.12)

8w T (71) T (F2) =

and compare it with the classic approach (8.51)

Lmax

Z (2¢+1) Im[Gi(1, 1, wk)] Pe(cosbp ). (9.13)
=0

Csurf(rh TQaWk
87ka
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Figure 21: Time-distance diagram representing the expectation value of the filtered cross-covariance
given in (9.10) with a phase-speed filter centered at 6.5 mHz (i.e. with Fy(w), in (9.8)) as a function of
separation distance and time: two-dimensional diagram and sections for § = 36° and 6 = 72°, indicated
by the red dashed lines on the left panel.

Contrary to Subsection 9.3, we do not use a specific filter to select particular waves but just keep the
harmonic degrees up to Liax = 300. The function IT is the same than before and is given by (9.4). For
our numerical experiments, we work with a simplified contribution function K given in (8.25)

r—rm(f1))?
K(r,7) = ﬁexp (—%) (9.14)

and formation height in (8.26)
Tt (71) = Teq + (Fpole — Teq) cos?(0y) cos?(¢p1), (9.15)

with
0 Ro=50km ; 1eqqRo=0km , andrpee Re =300 km. (9.16)

In our numerical experiments, we compute the cross-covariance using Ly.x = 300 in (9.11)—(9.13). We
then take the inverse Fourier transform and represent the cross-covariance as a function of time for points

Inria



Modal outgoing Green’s kernels in helioseismology

65

1073
1 — _ 2
- — - - .
- . )
L 1
LB B F B L
L E R L LAl
LR L2 LU
....."” -1
UL LU
0.8 -2
0.8 1
s
(a) Imaginary part at 3 mHz.
2
1
0
—1
-2

(d) Real part at 3 mHz.

1073
1 2
——/ | 1.
1)
@« /] 0
7/
1/ 1
I/l
0.8 i -2
0.8 1
T
(b) Imaginary part at 7 mHz.
1073
1 2
7
* 7 0
/1]
/ -1
1]/}
0.8 - -2
0.8 1

(e) Real part at 7 mHz.
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Figure 23: Imaginary parts of the solar Green’s functions Gy(r, s,w) for the models S+Atmo and S+Val-C.
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71 = (7/2,0) at the equator and 79 = (27/3,0) corresponding to a latitude of 30° in Figure 25,

N /2—1
Co(T1,72,t5) = hy Z Co(T1, 79, wy) e ¥+ ;. with e = surf,int,depth (9.17)

k=—N,/2
We use the same frequency space hy, and N; as in (9.10). The integration in (9.12) is theoretically going
form 0 to infinity. However, due to the shape of the function K (and more generally to the opacity of

the Sun), we integrate from —300 km to +500 km which corresponds to a distance of at least 40 to the
center of the Gaussian. The integration is done using the trapezoidal rule.

In order to have a better idea of the differences between the three definitions of the cross-covariances,
st Cint and C4°Pt™h (given in (9.17)), we compute the travel-time perturbation 67 using (8.17),

67 (11, 79) = / W (1, Pa,t) (C(71,72,1) — CT (71, 7o, 1)) dt,

L. 9.18)
t ref t (
with W, (i1, g, t) = — e WDAC 12D
fioo w(t)OyCret (71, 7o, /)2t
and the amplitude differences da using (8.18),
(oo}
6a(f17$2):/ Wa(#1,72,t) (C(P1, P2, t) — C™ (1, 7o, 1)) dt
- . 9.19)
t ref t (
With  Wa(i1,f0,1) = e 201 P20)
S w(t)Cret (7, g, 1) 2dt
As it is the usual choice in helioseismology, we first use cref .= Cyyt for Figure 26. However, Ci, is

supposed to be a better representation of the observed cross-covariance and we also use it as reference,
Cr*f := Ciy, for Figure 27. For our numerical experiment, we fix #; the equator #; = (7/2,0) and vary
79 in the form 75 = (02,0). We represent 67 and da as functions of # € [0,7/2]. We note that when
0> — 0, we approach the ‘limb’ (or the edge) of the Sun.

In order to compute the weighting function W in (9.18) and Wy in (9.19), one needs a window function
w in order to select the first-skip wave packet. We follow [21] to use w in the form of a rectangular function,
of width 20 mins with center ¢,

1, |t —tewr(0f, 4,)] < 10min;

. (9.20)
0, otherwise

w0, 3oy ) = {

The center tctr(ﬂf,l,fnz) is obtained using the ray approximation and is ploted in Figure 24. Similar
numerical values for centers can be found in the second column of Table A.1 of [20]. The derivative
of Cet is computed using sixth-order finite differences. The integrals in frequencies are going from
—Wmax 10 Wmax Where wpay is the Nyquist frequency in the case of observations. For example, for HMI
Wmax/(2m) = 11.1 mHz, see Section 8. Here, we use wmax/(27) = 12 mHz and integrate using the
trapezoidal rule.

We have the following observations.

— Close to the equator the cross-covariances are close to each other and there is only a small time-lag
as the formation height rg, (#2) is close to the solar surface (8.26). However, getting closer to the limb
(62 — 0), the formation height is around 300 kms above the surface, generating a travel-time difference
of about 0.3 s. This difference is significant as the measurements of travel-times to infer the meridional
flow at the surface of the Sun are smaller than 1 s [21].

— On the other hand, depending on the formulation, the amplitude of the cross-covariance changes but
there is no general trend depending on 63. The amplitude differences are up to 2% and are more
difficult to interpret than travel-time measurements. Such measurements have not yet been used to
infer the solar interior so it is not clear if this modeling error is significant or not.
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Figure 24: Function t.,(0) used for the computation of the weighting function w (9.20).

As mentioned above, since our numerical experiments currently use a simplified contribution function
K, we expect more definitive conclusions with a more accurate contribution function, e.g. one computed
from the opacity in the solar atmosphere. Nonetheless, we already observe that integrating over depth
leads to significant differences compared to computations at a fixed height, see Figure 27.
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Figure 25: Comparison of the expectation value of the cross-covariance function C(#1,72,t) between the
points 71 = (7/2,0) and 73 = (27/3,0) as a function of time for the different types of observables Coyyr,
Cint and Cgeptn as defined by (8.51)—(8.53) under the hypothesis of energy equipartition (8.38).

10 Conclusion

In this work, we have proposed a two-step algorithm to compute efficiently and accurately the full outgoing
modal Green kernels for the scalar wave equation in local helioseismology under spherical symmetry. It
gives Gy(r, s) for all pairs of sources and receivers at a given frequency and harmonic degree from only
two simulations. It is computationally way more efficient than the classical method (approach 1) which
requires as many simulations as sources and it is more accurate as it treats analytically the singularity at
the source location. Without this two-step algorithm, the full Green’s kernel are expensive to compute
which limited their use in local helioseismology.
Below are the tasks that were carried out in this work.

1. The implementation of the algorithm with the HDG discretization is validated with analytical
solutions for the pure Atmo problem.

2. The algorithm with the HDG discretization and exact DtN coefficient is used to obtain high-
definition modal Green kernels for realistic solar background.
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Figure 26: Travel time §7(71,72) (8.17) and amplitude da(#1,72) (8.18) between Ceurr and Cing Or Cdepth-
The point 7 is fixed at the equator 71 = (7/2,0) and the point 73 = (02, 0) is varying with 0 < 02 < 7/2.
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Figure 27: Travel time d7(71,#2) (8.17) and amplitude da(71,72) (8.18) between Cin, and Ceurr OF Cdepth-
The point 7 is fixed at the equator 71 = (7/2,0) and the point 73 = (62, 0) is varying with 0 < 0, < 7/2.

3. Explicit expressions of helioseismic products (power spectrum and cross-covariance) are derived in
terms of Green’s function under varying assumptions on the correlation of sources and different
types of simulated observables.

4. We have investigated the influence of the radiation boundary conditions on the helioseismic products
and confirmed the robustness of those obtained in [4, 5]. In particular, we have shown that among
the family of high-frequency approximations of the RBC, the conditions that are independent of
the harmonic mode provides high-accuracy results.

5. We have presented an application where the full Green kernel allows for a more physical treatment
of the Sun’s surface, being optically thin. We have shown that using depth-integrated observables
lead to a significant travel-time difference compared to taking into account only the contributions
from the surface.
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A Further discussion on modal Green’s function
A.1 Modal Green’s formula with Heaviside function
In this appendix, we characterize a Green function associated to operator L,
Lu = —(a(r) W)+ b(r)u, (A1)

on (0,00). In particular, we derive the formula of the Green kernel built from two homogeneous solutions
associated to L, employed in Subsection 4.2.2. We first introduce the needed notations. Denote by

D = C=(0,00). (A.2)

the space of smooth and compactly supported functions on (0,00). We follow usual convention and
consider the (translated) delta-distribution 6(r — s) given by

(0(r—s), o(r))pp = ¢(s), (A.3)

and we denote by H the Heaviside function. We denote by W{w(s) , ¥(s)} the Wronskian of two functions
1 and ¥, i.e.,

W{U(s), D()} = ()i (s) — D(s)¥'(s). (A.4)
We also write the left and right-hand-side limit of a function as,
fs*) = lm f(r). (A.5)

For simplicity, we assume a(r) > 0 € C*(0,00) and b(r) € C(0,00) with b(r) € O(r~!) and a(r)
constant outside of a compact neighborhood of » = 0.
Proposition 2. A Green function G defined (A.8) is in C(0,00) N C? (0,3) U (s,oo)). Its jump atr = s
s given by

G'(s7) — G'(s7) = —. (A.6)
As a result, G has the form,

_ SHGs =) () dls) — Hir = ) d0r) ¥(s)
cin = () W(s) ’ (A7)

where 1y and 1y are two homogeneous solutions associated to L, with Lip = 0 on (0,5) and Ly =0 on

(s,00), and W(s) := W{u(s), 9(s)}-
Proof. Statement 1 By definition, G(r) = G4(r) is a distributional solution on [0, c0) to

/

—(a(r)G") + b(r)G = §(r—s). (A.8)

The regularity imposed on G is observed from the fact that two distributional derivations result in a delta
distribution. In addition, G is a classical solution i.e. C? on (0,00) \ {s}. Specifically,

—(a(r) G')/ + b(r)G = 0 on (0,s) U (s,00). (A.9)
The derivatives in (A.8) are distributional derivatives, and for a test function ¢ € C2°(0, 00), we have

(G, =(a(r)¢'(r) + b(r) ¢(r))p, , = (s). (A.10)
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With G being a continuous function on (0, c0), its action can be written as

= (G, ~(a(r)¢'(r)) . &(r))pyp = /O h G(r) (— (a(r)¢) dr; (A.11a)

. (/0 + /OO> G(r) (— (a(r)¢) dr. (A.11D)

and (A.10) can be written as
I + / b(r)p(r)ds = ¢(s). (A.12)
0

Integrate each integral by parts, we obtain

(/ / )G/ (r)dr — G(s ) a(s7) ¢/(s7) + G(s)a(s")¢/(s1) . (A13)

Since G, a and ¢ are continuous at r = r, the above jump is zero. Continue to integrate the above
integrals by parts

(/ / ) (G'a(r)) ¢(r)dr + G'(s")a(s7)(s7) — G'(s")a(s")d(sT). (A.14)

Substitute this back in the left-hand-side of (A.12), we obtain

(/ /) dr+/ olr (A.15)

+ G'(s7)a(s7)(s7) — G'(sT)a(sT)o(sT) = ¢(s).

< / / ) "4 b)) () dr + G'(s ) alsT) d(s™) — (s a(sT) B(s) = o(s).
=0 due to (A.9)
(A.16)
We thus arrive at
G Yals) dls™) — G'(sP)als) o(sT) = b(s). (A17)

Since a > 0 and with ¢ chosen so that ¢(s) > 0, we obtain the value of the jump of G’ at r = s.
Statement 2 From its properties obtained in Statement 1, we next obtain (A.7). If we define
Y(r) = G|(O,s) ) 1;(7“) = G|(5,oo) , (A.18)

using (A.9), we have that t and ¢ are two homogeneous solutions associated to L on (0,s) and (s, c0)
respectively. In addition, they satisfy the continuity and jump (A.6) at r = s,

(:f'((i)) —_ff(&) G) - (?) (A-19)
- G) B _% :%3 ﬂzg) <?>) B _a(s);V(s) (ig;) (A.20)
o G(r,s) = H(s =7)9(r) +H(f—8)z/~)(r)
= =G =V e — =80 e Y
O
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Remark 10. Instead of (A.18), a more constructive approach to obtain G is specified by a boundary
condition at r = 0 and as r — co. These boundary conditions determine a basis of family of homogeneous
solutions {cy1} and {dy2} associated to L and these conditions and on (0, s), (s,00) respectively. Then

<
G {cyl(r) ,0<r<s , (A.22)
dys , T>S

with constants ¢ and d are determined from the continuity and jump condition at r = s,

Gier i) ()= (&) e

V)

= () = e o vio) () = wpam (i) - @
" Glrs) = ~H(s = r)v1(r) g2 — Bl =) yalr) s (A.25)
A
A.2 Expansion of 3D kernel in spherical harmonics
Here we verify the expansion (4.11) of G,
(—Ax - ‘;2((:)) + q)G — (x—s) (A.26)

in terms of the spherical harmonics and the modal outgoing kernel G, given by (4.17). We recall the
modal operator,

d? Q(r) d? a?(r)

Cdr? r2 dr2 c2(r)

0 +1)

L, := + q(r) + ot (A.27)

2.
For g € L2(R3), and u = (—A — ‘:2((;)) +q)~!, we write v and g in their harmonic expansion, for x not
on the z-axis,

oo L mm 0o lhm
UZZZwTZY[’g:ZZ?f

=0 m=—¢ £=0 m=—/¢

Yy

with )
Ye _ / / u(r,0,8) Y7 (0, ¢) sin 0 d df .
r o Jo )

Substitute the two expansions in the equation

c?(r)
0’2(7“) o L w™ oo L (A28)
- (2 Z0 ) v - 3 e
¢ (T) =0 m=—/ " =0 m=—/
and we obtain
Lewy* = hy* , with h)" = rg)".

The outgoing-ness of u, given by the outgoing resolvent, means that modal solutions wj* are regular (i.e.
it satisfies (4.13)) at » = 0 and inherits the outgoing condition (4.14). This also implies it is given by the
outgoing modal Green kernel Gy (4.17),

o0
Wy — / Gy (r, ) P (7)
0
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Injecting this gives,

1
|

u(x)

</OO Gy (r,T) hy* (F) df) Y70, 6)

(/ G ([ [ 7o ¥70.9) sdabad) ar ) 7 0.0

/ (Z Z |X| ¥ Y;,n(ew(by) an(am(bX)) 9(y)dy

20 2 Tl

NHMN

1
|x|

5

The second form of G' comes from the property of the spherical harmonics, cf. [11, 2.29],

20+ 1
Z Y7 (O, 6) Y7 Oy by) = 47; Py(cos fr.y) - (A.29)

m=—{

For an L} . it suffices to have the definition off a set of measure zero. However, we can define the
value of G for these values.

Source on z-axis but not at the origin For yg on the z-axis but not the origin

G(x,yo) = lim ! /CG(X,Z) do(z), (A.30)

0+ 27e

where C, is the circle formed by the intersection of sphere of radius of |y| and the cylinder of radius e
aligned along the z-axis,

Ce = {xeRlx| = |yol} () {x=(2.4.2) € R 442 = &2}

We consider the surface integral

1 1 oGP, Jz)) o
G(x, z) do(z) = — o Y (O, fx / Y7 0z, $2) doe
e c. ( ) () 27T;m;Z ‘X| |Z‘ E( ) 0 é( ) (Agl)
= G|, [2]) ' |
= - Y 9xa¢x Y ez .
; ‘X| |Z‘ Z( ) Z( )
Since
27 )
/ eMldp = 260, (A.32)
0

taking the limit as ¢ — 0%, we obtain, for yo # (0,0,0) on the z-axis

G(z,y0) = Z GZ|()|(| ||;’|0}IO|) Y?(Gx) Y2<O)~ (A.33)
£=0

Source at the origin For y = (0,0,0), define

. 1
G(x, yo) := lim 471_62/5(0 : G(x, z) do(z)

e—0+t
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We first simplify the integrand in the limit,

4 T 2
1 / Gz |x| / Y .
— G(x, z) Y7 (0x, Px Y7 (0,, ¢z) sinb, do, db,
dme? S(0,¢€) ( 47T ;%mz Ye ( ) o Jo ¢ ( )
_ 1 Go(Ixl,e)
C4m o |x|e
= G(x,0) ==~ lim GY(xl.e).
%0 1= g i G
(A.34)
On the other hand, for € > 0, GJ(|x|, €) is the outgoing distributional solution of,
LoGO = 5(’1"76) , €>0.
and thus is given by,
Go(r,s) = —H(s —1) o(r) 7’;’323 — H(r —s)) ¢o(r) fcgg (A.35)

Here W(s) := W{t(s),4(s)}, the Wronskian. Note indicial roots of the equation is 0 and 1. The choice
of 1o is modulo a constant multiple. We can choose® g so that (without changing the overall GY)

11m 1;0 (S)
s—0 W(s)

= 1. (A.37)

The choice leads to,
lim  Go(r,e) = o(r).

r>e,e—071

In this way, we have reconciled with the direct method!? to obtain G when y = (0,0, 0).

A.3 Other variants of the modal Green functions

Variants independent on m As introduced in Section 4, we work with the modal Green function G*
cf. (4.12) associated to operator Ly (4.10) which does not depend on the index m,

(5:2 T Q:?) Ge = 8(r—s). (A.38)

For this reason, we also write G7* simply as Gy,

G*(r,s) = Ge(r,s). (A.39)

9With choice of 1&0 fixed, consider ©o = dyreg where yreg is a fixed regular homogeneous solution on (0,00), and
d a constant to be determined. For all nonzero d, using {to,dy2} in (A.35) gives the same expression of G8, since
W{d yreg , Yo} = dW{yreg,¥0}. We next choose d so that

lim QLO(S) -
5=0 W{d yreg(s) , Yo(s)}

- 1. (A.36)

10Tn the latter approach, one starts with the equation 3D, (—A — c2(<':) + q(r)) ® = §(z). Since P only has radial

dependence, we look for ®(x) of the form ®(x) = L:) which solves (,L _ o) + q) g = &(r). Choose g = 4o, where

dr? 2 (r)

o an outgoing solution to Lo on (0, co).
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One can also work with the unreduced unknown (employed in the HDG pre-formulation) G, = %, which

solves!!
d? 2.d Q) ~ 1
(‘drz oot e )Gf = 0 =s) (A.402)
& —rz—dQ — 2r£ + Q(r) = rd(r—s) (A.40Db)
dr? dr G = ' .
. = Gf . 12
We also note the variant Gy = — which solves
rSs
d? 2 d QMY = 1
( A )Gf = 5= (A-412)
d? 2 d QM) = 1
o (dm - rg - S9)E = @) )
o (2L ol _ o) = s (AL
" dr? rdr " e = Ar=s) e

Variants dependent on m In applications, one usually works with a fixed source, and hence rather
than considering G(r, s) as a Schwartz kernel, one considers it as a function of receptor’s position. In
particular, for a fixed source s, G is a function x — G(x,s) with s being a parameter, and expansion
(4.11) gives the harmonic expansion,

£ m
Z Z (G@ (<], [s) ¥ ﬁ T )> Yy (x) , for x,s not on the z-axis. (A.42)

X
{=0 m=—/¢

In this perspective, one can work with the scaled modal Green function

r o= G (r,s) , with s:= s (A.43)
which solves P2 o)
r
(_dr2 -2 ) &1 = Y (s)d(r—s) , s:=]s|. (A.44)
Equivalently, one can work with the reduced scaled modal Green function
ros B7(,s) , si=s| (A.45)
which solves P2 p
2 ~ Y (8
v + Q(T’) 6?1 _ 4 (S) 5(7’ _ 5);
dr? rdr r2 s (A.46)
E2d QW) am  YPG) '
S|l —-—— — | &) = o(r —s);
( dr? rdr + r2 ¢ r (r=s);
HThis can be seen as follows. Replace Gy in its ODE by r@g, substitute in the ODE satisfied by G¢(A.38)
d? - d -~ d - .
— 5 (G QT(;) (rGe) = 8(r—s) & —r Gy —2-GC QT(;) (rGe) = 5(r—s)
d? - 2d - Q(r) ~ 1
ﬁ—ﬁG[ — ;EGZ — 2 G[ = ;5(1”—5).

12Replace GY* in its ODE by T‘Ség, substitute in the ODE satisfied by Gy (A.38),

= d2 - d AT
QT(;)(TSGZ) =0r=s) & —rsg5G - 253Gy - Q()

2 -
—ﬁ(rsGZ) — (r G!) = o(r—s)
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An equivalent form of (A.46) more convenient for numerical discretization is

(‘TQd: - 27”% + Q(r)) & = rY['(8)d(r —s);

" ; (A.AT)
2% el B _ m(a —
<:>< U 2r o T Q(r)) &y sYJ'(8)d(r—s).
Note that r?d? — 2r dr is also written as d,r?d, . We also have the variant (’zj;n which solves
2 2d Q) am 1
- _ 2= _ = —Y""(§ — A4
( dr? rdr 72 )6Z rs * (8)0(r —s) (A.482)
L 2d Q) am 1o .
“ (d R )"5@ = pYrEr=s (4.480)
s (L Sl L om)) & = i)t - (A48¢)
dr? dr et ' .

Unlike Gy, Gy and ég which do not depend on m, 62”,@5;” and & do. We give a list of summary of
their relations,

G (rys) m Gy (r, s)

Gl (r,s) = Ge(r,s) ; C;’Z"(r,s) = £y é[ (r,s) = =1~ (A.49a)
r rs
O () = Y@ G () . 6p(rs) = S g G, (A.49D)
~m B0, s) o Gelr, s)
®£ (7"75) = T = Yf (S) 77“5 (A49C)

Corresponding harmonic expansions In terms of these modal kernels, the harmonic expansion of
the 3D Green kernel G, for x and y not on the z-axis, is

0o 14 0o
- +1
Oy) = G X G YR VTG Gullxl |y P eosbey)
(= =0
(A.50a)
[e'S) 14 [e%S)
1 1 20+ 1
= H1X X G YRR YPG) = 5 3 Cllxl Iy B2 L) p, (cos )
=0 m= =0
(A.50Db)
m o = +1
= Z Gz ([, [y]) Y7 (%) ZG ([, |y ( )Pe(cosex.y) (A.50c)
£=0 m=—/¢ {=0
where 0x.y is the angle between x and y, i.e.
cosbyx.y = ——. A.51
T ] (4.5)
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Using the scaled version, the harmonic expansion of G(x,y) takes the form,

oo 4
Gixy) = > X O I¥) VIR (A520)
=0 m=—/¢
oo L
= 2 X (v Y7 ) (A520)
{=0 m=—¢
o L em
= > > & (xLIyD) YI(R) (A.52¢)
=0 m=—¢

When y is on the z-axis, then only the mode with m # 0 are involved in both (A.52) and (A.50). This
affects the expressions (A.52) using the scaled modal kernel more, since in (A.50) the expression using
P, is applicable despite the position of y,

Gley) = o SO |y)) YI®) (A.53)
=0
= =Y 8. |y YI®) (A.53b)
vl =
> <0
= 3" & (], ¥]) YO (A.530)
£=0

B Further remarks on Whittaker functions

B.1 Connection formula for Whittaker functions

Connection formula for Whittaker M The identity for the derivative of M can be obtained from
[28] as follows. From [28, Eq. (13.15.15)], we have

d" L w2 n i H—l(”""l)
T e2? 22 M, ,(2) | = (—1)"(—2p)pe2” 2" 2 M 1 1 (2). (B.1)
2z R—5m,u—5n

Take n=1and p=£¢+1/2in (B.1). The left-hand-side is

d lzé 1lz€ lz —1 lzéd
% e2” z Mﬁ7g+1/2(z) = 562 z Mmg_i_l/g(z) + le2” 2 Mn7g+1/2(z) + e2” z fM,g’g_i_l/g(Z).

dz
(B.2)
r
Using the definition (a)n = (?(—g)n) identity (—a)n = (—1)”(0, —-n+ 1)7“ cf. [28, Eq. (5.2.6)],
I'(2¢+2)
— l = — — = — — = — = —-—
( 2(£+2))1 (-2 1)1 (1)@ +1) =14 1)1 = ~(20+ )1 = ~p5) s
(20 +1)! ’
= BN =—(20+1).
The right-hand side is
1, 011 1, 4
(—1)(=2(£+ %))y e22 2220 MK7%,2+1/27%(Z) = (204 1)e2? 2712 Mm%,l(z). (B.4)
1
By dividing both sides (i.e. (B.2) and (B.4)) by e2°2¢, we obtain
1 L d 2041
§ M,{_[Jrl/g(z) + ; Mn,£+1/2(2) + %MHJJA/Q('Z) — ( \/E ) 1\/[,%_%7@(2)7 (B5)
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which can be written as

d 1 Y4
@MK,Z+1/2(Z) = - (2 + Z) My o41/2(2) +

(26\/21) M

Connection formula for Whittaker M One can obtain the identity for M by dividing both sides
by I'(2¢ + 2)

(). (B.6)

N

p B 1 ¢ (20+1)I'(2¢+1)
wir12(2) = <—2 - z> M e1/2(2) + Jz D202 Mn_%l(z).

Using the identity that I'(2¢ + 2) = (2¢ 4 1) I'(2¢ + 1), the right-hand side further simplifies as

’ 1 14 1
K€+1/2(2) = (‘2 - z) MH,Z+1/2(Z) + \ﬁMnfé,z(z)' (B.7)

Connection formula for Whittaker W We start from [28, Eq. (13.15.25)], with one-time differenti-
ation,

d —lz #_l —lz pn—1
- e 27272 Wy u(2) ) = —e7 272 Wn+%,u7% (2). (B.8)
The left-hand-side gives
5%, =75 1 H—3 / B.9
2772 (o5 + B2 ) Wau(a) + Wi (2) (B.9)

=

1
Put this expression back into (B.8) and divide both sides by e” 272" 2

1
%WKA—%,N—%(Z) . (B].O)

1 'u‘ié /
(-5 + 552) Wl + W) = -

z

After rearrangement, we obtain

1 p—3 1
! _ - 2 _
Weule) = (5 = E52) W) = =W, 1 162, (B.11)
We can also start from [28, Eq. (13.15.26)], with one-time differentiation,
d 1. 1
2% (6_2Z z257 W,wt(z)> = —€ 272" W, q,(2). (B.12)

The left-hand-side gives

(e S (= 1) We(s) + 2 W ()

L (B.13)
— 52 K z !
= e 2°z ((/@ — 5) W n(z) + zWK)M(z)>
1
Put this back into (B.12) and divide both sides by e 27 2%
z
(k= 5) Wenle) + 2 W) = = Wesnu(e). (B.14)
After rearrangement and divide both sides by z, we obtain
, 1 K 1
Wﬁ,u(z) = 5 — ; WKVIJ‘(Z) — ;W,{+17#(Z) (B15)
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B.2 Relation to Bessel functions

Following [23, p.305], the Whittaker functions are related to the Bessel functions by

Mo,(i2) = T(1+p) 2% T 2102, (),

. w1 iz 3

. T 1 .z z
The spherical Bessel functions z, are solutions to

?2d oe+1)

(_ciz? L Yt o) =0 (B.17)
while general Bessel functions Z, are solutions to
dz? zdz 22 )T .

The spherical Bessel functions of the first kind are denoted by j,, second y, and third hgl) = j¢ + iy and
n$? = j, —iye, of. [28, 10.47.3-10.47.6]

) = \35,06) = (V45T s
h0() = (/57 1Y, (2).

They can be defined explicitly, cf. [28, 10.49.1-10.49.7]. In particular, for a specifically defined series
ap(C+ %) cf. [28,10.49.1],

(B.19)

1 _ 1z ck—0— 1a’k£+ )
hlf - Z Tkl

When z :=2kr, and p= ¢+ %, then

e

e—ig(w—m _ e—i%% _ it _ (_i)e 7 eii%(l-&-Qu) _ eii%(f-{-l)
and (B.16) simplifies to
Mo(i2kr) = T(€+ 3) 2% (=) (2kr)/2 Jgy/a(—kr)
= VrT(+ 2)22F (=1)% i (2k7) jo(—kr) (B.20)
= rT(+ 3)22F 1 (2kr) je(kr).

In the last equation, we have also used j,(z) = (=1)"jn(2), cf. [28, 10.47.14]. The relation between the
Whittaker W and the Bessel functions (B.16) simplifies to

1 k
Woei1/2(i2kr) = (2kr)2 i1 HZ)l (kr) = H’;h@)(k ):
2 (B.21)

1
T (2kr)z i HY) (kr) = i kg (k).
2

ol ol

WO,£+1/2(_i 2 k’f') =
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