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ABSTRACT

Context. Magnetic fields affect stellar oscillations through eigenmode mixing. If the contribution of a magnetic field to the stellar
oscillation frequency is weak, this mode coupling can be determined using perturbation theory. The general matrix element between
two modes quantifies their coupling strength.

Aims. This study revises the calculation of the direct effect of a subsurface toroidal magnetic field on solar-like stellar oscillations and
provides corrected expressions for the general matrix element and the corresponding angular kernels.

Methods. We perturbed a non-magnetic, non-rotating equilibrium stellar model using a superposition of toroidal magnetic fields.
Applying quasi-degenerate perturbation theory and generalised spherical harmonics, we derived the general matrix element and com-
puted the shifts and splitting of the multiplet frequencies. We identified selection rules for mode coupling by analysing the symmetries
of the angular kernels.

Results. Previous studies underestimated the direct effect of a toroidal magnetic field by neglecting non-zero contributions in integrals
over products of scalar generalised spherical harmonics. We have developed an analytical method to calculate these integrals. For a
strong toroidal field located at the base of the solar convection zone, the frequency shift due to the direct effect can reach 14 nHz,
which is twice as large as previously reported. Modes couple through the toroidal field only if their azimuthal orders are equal and
the sum of the harmonic degrees of the modes and the magnetic field components is even. The toroidal field only partially lifts the
degeneracy of multiplet frequencies, leaving modes with the same absolute azimuthal order m within a multiplet degenerate.
Conclusions. We confirm that deep toroidal magnetic fields are not responsible for the observed frequency shifts between the max-
imum and minimum of the solar cycle. However, although their detection is strongly impeded by the much stronger effects of near-

surface fields, their existence cannot be ruled out.
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1. Introduction

The magnetic field distribution in the deep interior of the
Sun and the exact location of the solar dynamo remain active
research topics (Charbonneau 2020; Fan 2021). These related
features are driven by turbulent convective flows and large-scale
dynamo mechanisms (Leighton et al. 1962; Weiss et al. 1996;
Ossendrijver 2003; Miesch 2005; Fan 2009). The first signifi-
cant changes in solar p-mode frequencies with the solar cycle
were reported by Woodard & Noyes (1988).

Broomhall (2017) isolated the effect of the magnetic field
on acoustic modes and showed that the frequencies of the solar
p-modes vary in phase with the solar cycle by comparing obser-
vations between a maximum and a minimum of a solar cycle.
Relatively few studies have attempted to use helioseismology
to determine the internal magnetic field responsible for this fre-
quency shift, although local magnetic features such as sunspots
and near-surface flows are known to induce significant pertur-
bations (Cally 2000; Schunker & Cally 2006; Gizon et al. 2009;
Khomenko & Collados 2015; Rabello-Soares et al. 2018; Braun
2019).

General formalisms for computing multiplet frequency
splittings were developed primarily to account for rota-
tion and large-scale flow perturbations (Ritzwoller & Lavely
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1991; Lavely & Ritzwoller 1992; Sekii et al. 1990; Sekii 1991;
Schou et al. 1994; Hanasoge et al. 2017). Complementary local
helioseismic techniques, such as ring-diagram analysis (Hill
1988; Basuetal. 1999) and time-distance helioseismology
(Duvall et al. 1993; Giles 2000; Zhao & Kosovichev 2004;
Hanasoge et al. 2012), have been used to infer subsurface flows
and asphericities, providing independent constraints on the solar
interior.

Early theoretical work on the impact of global magnetic
fields on solar oscillations addressed the forward problem of fre-
quency splitting due to rotation and axisymmetric internal mag-
netic fields (Gough & Thompson 1990; Dziembowski & Goode
1991). This approach was refined by Antia et al. (2000) to study
magnetic fields in the convection zone. They set an upper limit
of 300 kG for a toroidal magnetic field at the base of the convec-
tion zone. Baldner et al. (2009) extended this work to include a
poloidal magnetic field component and compared the calculated
splitting coeflicients with observations over a solar cycle. They
found that a combination of a poloidal and two shallow near-
surface toroidal fields best reproduced the data.

Dziembowski & Goode (2004) further connected solar-cycle
frequency shifts to near-surface turbulent velocity and small-
scale magnetic fields, while also placing helioseismic limits
on a buried toroidal field at the base of the convection zone.
Antia et al. (2013) then used helioseismic measurements of
angular-velocity variations to constrain the strength of internal
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magnetic fields. Hanasoge (2017) derived Lorentz-stress sensi-
tivity kernels for general magnetic fields, and Das et al. (2020)
further developed these results. Their framework, formulated
within quasi-degenerate perturbation theory but reducible to the
degenerate case for isolated multiplets, demonstrates the for-
ward problem for both deep-toroidal and surface-dipolar mag-
netic configurations. These studies show that frequency shifts are
particularly sensitive to near-surface perturbations and provide a
formal basis for helioseismic constraints on internal magnetic
fields.

Building on these helioseismic approaches, magnetoastero-
seismology has explored how internal magnetic fields affect stel-
lar oscillations beyond the Sun, particularly in red giants. In
such stars a ‘fossil’ field can persist as a remnant of earlier
dynamo processes (Braithwaite & Spruit 2004; Duez & Mathis
2010; Stello et al. 2016). Mathis & de Brye (2011) developed a
formalism for magneto-gravito-inertial waves in magnetic, rotat-
ing stellar radiation zones, while Prat et al. (2019) applied sim-
ilar ideas to compute gravity-mode frequency shifts in rapidly
rotating stars. Several studies have applied these ideas to red
giants, demonstrating that strong internal fields can alter mixed-
mode frequencies (Bugnet et al. 2021), reduce asymptotic period
spacings (Loi 2020), and depress dipole stellar oscillation modes
(Fuller et al. 2015). More recent work has quantified core mag-
netic fields in red giants and explored the detectability of com-
plex internal field topologies using mixed-mode asymmetries
(Li et al. 2023; Das et al. 2024; Bhattacharya et al. 2024). Col-
lectively, these works, which mostly focus on gravity modes and
low-degree mixed modes (I = 1,2), show that internal mag-
netic fields leave measurable signatures in stellar oscillations.
This motivates extending helioseismic formalisms to asteroseis-
mic contexts and complements our focus on p-mode perturba-
tions.

In this context, Kiefer et al. (2017) and Kiefer & Roth (2018)
provide a complementary theoretical approach and numerical
results for the direct effect of a toroidal magnetic field on stel-
lar oscillation frequencies, using quasi-degenerate perturbation
theory (Lavely & Ritzwoller 1992) and properties of generalised
spherical harmonics (GSHs, Dahlen & Tromp 1998). The direct
effect is related to the inclusion of the Lorentz force in the wave
equation, neglecting the indirect effect of the magnetic field on
the stellar structure. We show that refining the assumptions used
for calculating integrals over products of scalar GSHs reveals
previously overlooked non-zero contributions, which can sig-
nificantly affect the estimated frequency shift induced by the
toroidal magnetic field.

While the approach of Das et al. (2020) applies to arbitrary
fields, our work focuses on the fully analytical solution for a
deep-seated toroidal field, providing explicit expressions and
angular kernels that are particularly relevant to solar p-modes.
In this paper, we refine the solution for the direct effect of a
toroidal magnetic field on solar-like oscillations by presenting a
thorough analytical method to compute integrals of scalar GSH
products. We provide a corrected general matrix element and
the corresponding angular kernels. Since a strong, large-scale
toroidal magnetic field generated by a dynamo at the base of
the convection zone is believed to produce active regions on the
solar surface (Fan 2009; Charbonneau 2020), we recompute the
shifts and splittings of multiplet frequencies induced by a strong,
purely toroidal magnetic field at the base of the solar convection
zone.

The structure of this paper is as follows. Section 2 describes
the equilibrium stellar model perturbed by a magnetic field.
Section 3 outlines the methods of quasi-degenerate perturbation
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theory. Section4 presents the general matrix element for the
direct effect of a toroidal magnetic field, the complete analyti-
cal solution for integrals over products of scalar GSHs, and the
selection rules for mode coupling. Section 5 presents the shifts
and splitting of unperturbed multiplet frequencies caused by a
strong toroidal magnetic field at the base of the solar convection
zone, which are discussed in Section 6.

2. Equilibrium model

In this section, we first introduce the eigenvalue problem for the
oscillations of a non-magnetic, non-rotating star (Section?2.1).
Following the approach of Kiefer et al. (2017), which is based on
Lavely & Ritzwoller (1992), we then consider the magnetic field
as a small perturbation to the oscillation equation (Section 2.2).

2.1. Non-magnetic, non-rotating equilibrium

The equation of motion for a gas cell in a non-rotating, non-
magnetic star is given by Euler’s equation for an inviscid flow:

0 1
—V+V-VV=——Vp+g,
P

ot M

where v is the local momentary velocity, p is the pressure, p is
the density, and g is the gravitational acceleration. These ref-
erence stars are static and spherically symmetric. We present a
brief derivation of the eigenvalue equation of adiabatic oscilla-
tions, whose solutions are the corresponding eigenfrequencies
and eigenfunctions.

We introduced oscillations as small perturbations around the
equilibrium state of the star, with equilibrium quantities labelled
using the subscript 0. We assumed that all perturbations were
sufficiently small to justify a linear approximation. We expressed
the perturbations in the Eulerian form, denoted by a prime and
defined for a quantity ¢ as

@(r, 1) = @o(r) + ¢'(r,1) . @
The displacement of a fluid element is given by
§=r-rg, 3)
and its velocity can be written as
3
) = = . 4
vir,f) = o “

By applying the linearisation given in Equation (2) to the equilib-
rium model’s quantities in the equation of motion (1) and using
the velocity expression from Equation (4), we obtained

0* v
Poa—j =P = =Vp' +pog’ +0'gg - (%)
The gravitational acceleration, g, can be replaced with the gravi-
tational potential, @, defined as g = —V®, where @ satisfies Pois-
son’s equation V2® = 47Gp. Considering the spherical symme-
try and time-independence of the equilibrium model, we adopted
the following separation ansatz for the perturbation of a quantity

(p:
¢ (1,0,¢,0) = §@P)Y/"O, )", (6)

where 6 represents the co-latitude, ¢ denotes the longitude,
Y]"(0, ) is a spherical harmonic characterised by its harmonic
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degree [ and azimuthal order m, and w is the angular frequency.
We focused on a single eigenmode, characterised by its harmonic
degree [, azimuthal order m, and eigenfrequency w,,;,,. Through-
out the paper, the corresponding indices on perturbation quanti-
ties ¢ and w are omitted for notational simplicity, unless needed
for clarity. This separation removes the time dependence, allow-
ing the linearised equation of motion to be expressed as an eigen-
value problem with eigenvalue w? and a linear operator Fo:

(N

1 ;P
W= —Vp' —g - 5py = Fo£),
Po P,

0

where, in the non-magnetic case, we applied the equation of
hydrostatic equilibrium Vpy = pog,. This form is convenient, as
it generalises naturally to the equilibrium operator % in the pres-
ence of a magnetic field. This eigenvalue equation, combined
with the appropriate boundary conditions, yields solutions only
for specific discrete eigenvalues w?. For each (I, m), this provides
a set of eigenfrequencies w,;,, characterised by their radial order
n, which indicates the number of radial nodes (excluding a possi-
ble node at the centre) in the corresponding radial eigenfunction
S,,n,m(r), as defined in Equation (11). At the surface, we impose
zero-boundary conditions, assuming that both the pressure and
the density vanish at r = R. Although a non-adiabatic atmo-
sphere is generally necessary for completeness, it is excluded
from this study for simplicity. The boundary conditions also
eliminate singularities at the centre and surface, ensuring reg-
ularity. A detailed description of these boundary conditions can
be found in Unno et al. (1989).

For a spherically symmetric star, the orientation of the coor-
dinate system, which is tied to the azimuthal order m, has no
physical meaning. Therefore, the eigenvalue wilm is (21 + 1)-fold
degenerate with respect to m. The degenerate eigenfrequencies
wy obtained from the boundary value problem are referred to as
multiplet frequencies. To solve the boundary eigenvalue problem
and determine the eigenfrequencies and eigenfunctions, we first
constructed a standard stellar model using the stellar evolution
code Modules for Experiments in Stellar Astrophysics (MESA;
Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023).
Using a MESA stellar evolution model as input, we used the pul-
sation code GYRE (Townsend & Teitler 2013; Townsend et al.
2018) to compute the eigenfrequencies and eigenfunctions for
the adiabatic oscillation modes of the model. Instead of adopt-
ing Model S (Christensen-Dalsgaard et al. 1996), we constructed
a standard solar model using MESA to illustrate that our method
is applicable to general stellar models beyond the solar case. The
root-mean-square of the relative difference in the sound speed
between our MESA solar model and Model S is only 0.2%. The
remaining discrepancies are primarily due to the omission of the
atmospheric layers and a simplified treatment of material mix-
ing. For a solar model, we computed modes up to 5200 uHz with
harmonic degrees reaching [ = 250.

In the following, we omit the tilde to distinguish between
@' (r,0,¢,1) and @' (r), as well as the subscript 0 for equilibrium
quantities, for readability, unless needed for clarity. The dis-
placement vector &, of which our eigenfunctions are composed,
can be explicitly derived from Equation (7) using the separation
of variables (6) and the gradient in spherical coordinates (A.4):

fzfrér"‘gh (8)
Lop v pf ) )
Ym
{wz(p ar or g
q)/ A 1 6Y’"A —iwt 9
+m(—+ )[%e“@;%% e ®)

evre w8008, ) Wlmé] el (10)
’ rhae"sineaqsf” '

Here, we decompose the displacement vector into its radial and
horizontal components, where &,(r) and &,(r) are defined as

Cdlap v o
E(r) = (p T pg), (11)
~ B r ,

&n(r) __rwz(p +(I)). (12)

2.2. Equilibrium model with magnetic field

The equation of motion (1) can be extended to include a mag-
netic field by adding the Lorentz force per mass (cgs units):

P 1
Ny VV———Vp+g+—(V><B)><B

o (13)

where B is the magnetic field. We continue to assume a time-
independent equilibrium model and neglect large-scale velocity
fields, so that

6Bo
=0, Vo(r) =
s Vo(r) =
To avoid confusion with the non-magnetic, non-rotating equilib-
rium quantities ¢y, we denote the equilibrium quantities in the
presence of a magnetic field by @y. Under equilibrium condi-
tions, Equation (13) simplifies to
1 1 _ _
0=-=—Vpo+go+ —(VxBg)xBg. (14
Po 47po
We introduced stellar oscillations once more by linearising all
quantities ¢ around the equilibrium model in the presence of a
magnetic field,
(15)

o(r, 1) = §o(r) + ¢'(r, 1) .

By applying linearisation to Equation (13), retaining only linear-
order perturbations, separating the time dependencies as in
Equation (6), and incorporating Equation (14), we obtained

W€ = Fo() + Fpé) .

The operator ¥ is defined analogously to % given in Equation
(7), but with equilibrium quantities @y. The operator ¥ repre-
sents the direct effect of the magnetic field and is given by

1 [ (€
4rmpo Po

(16)

Fl&) = — +V -.f}(v x Bo) x By

+(VxBo)xB +(VxB)xBo|, (17)

where the Eulerian perturbation of the magnetic field B’ is
expressed using ideal magnetohydrodynamics as

B =V x(£xBy). (18)

This result is consistent with Equation (19.13) in Unno et al.
(1989) and Equation (2.5) in Gough & Thompson (1990). How-
ever, our result differs from Equation (24) in Kiefer et al. (2017).
Kiefer et al. (2017) appears to have cancelled the density oy in
the first term within the curly brackets of Equation (17). This
approach is incorrect because the gradient operator in the numer-
ator still acts on the density. Eliminating the density neglects the
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effect of the gradient on gy, which is crucial for the correct for-
mulation of the operator. Consequently, the analytical expres-
sions for the operator ¥ and the general matrix element defined
in Section 4 differ from those of Kiefer et al. (2017).

Equations (14) and (16) show that the magnetic field affects
both the equilibrium structure and the oscillations. We con-
sidered both effects as small perturbations. To account for the
change in the equilibrium structure we expanded the equilibrium
quantities in the presence of a magnetic field, @, to first order
around the non-magnetic, non-rotating equilibrium model given
by the operator 7y, as follows:

@o(r, 0, ¢) = @o(r) + ¢1(r,0,¢) . 19)
This gives
Fo&) = Fo&) + F1(£), (20)

where 7 contains all linear-order perturbations to the stellar
structure due to the magnetic field and is referred to as the indi-
rect effect. The direct contribution of the magnetic field pertur-
bation is given by ¥, which couples the modes and thus modi-
fies the oscillation frequencies and eigenfunctions. Although 75
includes equilibrium structure quantities in the presence of the
magnetic field, we retained only the leading-order term, since
¥ is also considered a small perturbation to the oscillation equa-
tions. Finally, we obtained the total adiabatic oscillation eigen-
value equation

W€ = Fo&) + F1(€) + Fp6) = T (&) . @n
The direct and indirect effects can be separated due to the
additivity of the contributions, as shown in Equation (21).
Kiefer & Roth (2018) provide a calculation of the indirect effect
due to a magnetic field. In this work, we focus on the direct
effect of the magnetic field ¥5. We therefore neglected the indi-
rect effect 77 in Equation (21) and assumed that the equilibrium
state is described by the non-magnetic, non-rotating model given
by

wa,kfo,k = Fo(&os)

where k = (n, [, m).

(22)

3. Quasi-degenerate perturbation theory

The eigenfrequencies of the equilibrium model form a dense
spectrum, resulting in small frequency differences between
the modes relative to the oscillation frequency. Therefore, we
can apply the perturbation theory of quasi-degenerate states
(Lavely & Ritzwoller 1992; Roth 2002; Kiefer et al. 2017). The
eigenspace K consists of eigenfunctions with nearly identical
eigenfrequencies. The eigenspace K includes an eigenfunction
&, only if its degenerate eigenfrequency wé,k = ‘”(2),”1 satisfies

lwi, — Wiyl < Aw®  fork e K, (23)

rzef is a reference frequency set equal to the degenerate

frequency a)(z),j of the multiplet that we want to perturb. The fre-
quency range of the coupling modes within the eigenspace K is
determined by Aw? and provides a measure of the accuracy of
the perturbed quantities.

We assumed that the change in the oscillation equation due
to the direct effect of the magnetic field was a small perturbation.

where w
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We therefore expanded the eigenfunctions and eigenfrequencies
of a mode j to first-order as

£,=8;+& ;. (25)
w? = a)(z),j + a)ij . (26)

The subscripts 0 and 1 in the expansion terms refer to the zeroth-
and first-order perturbations, respectively. Here, w%’j represents
the first-order perturbation of the squared eigenfrequency of
mode j. We further expanded the zeroth- and first-order eigen-
function perturbations in terms of the unperturbed eigenfunc-
tions according to the quasi-degenerate perturbation theory as
follows:

27)
(28)

fo,j = Dkek ajkfo,k >

&1 = 2kek bxbox »

where K* is the orthogonal complement of K in the set of all
unperturbed eigenfunctions. The expansion coeflicients aj; and
b are complex constants. We inserted the expansions (24)—(28)
into the not-exactly solvable oscillation eigenvalue problem (21),
discarding second- or higher-order perturbations and neglecting
the indirect effect. We then computed the inner product with
Poéy . and the resulting expression is integrated over the volume
of the star. This yields

0= Z ajk( fvé“ak/(% - wg,j)‘fo,kpodv + fvfa,k/(TB - ‘”ii)

keK

'fo,kPOdV) + Z bjk Lfa,k'(% - w%,j)fo,kpodv~ (29)

keK+

The unperturbed eigenfunctions satisfy the orthogonality rela-
tion (Unno et al. 1989; Lavely & Ritzwoller 1992)

fpof/tr <& dV = 6pi N, (30)
14
where we used the following abbreviations:
R ’ ’
Ny = f po(& & + I+ g E)r dr, 31)
0
Sk = 0ri0mwmOuwn - (32)

Using this orthogonality, together with Equation (22), and incor-
porating certain factors into the expansion coefficients, we derive

2 _ 2 2
Z ajkwy jOpk = Z apZii — Z by ; — wWo )0k »

keK keK keK+

(33)

where Zp; is a component of the so-called supermatrix Z,
defined for (k, k") € K as

1 £
Zi = 5 f &1 To€00P0dV — (W - 3 NG) . (34)
1%

The last term in Equation (33) is non-zero only when k = k’ €
K*, which decouples it from the remaining terms for k € K. This
yields a decoupled eigenvalue equation,

Z iy = Z ajkwijfsk’k , (35)
keK keK

which can also be expressed as

ZA = AA, (36)
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where A is a diagonal matrix and A is the eigenvector matrix.
The entries of A are the squared eigenfrequency perturbations,
Ayj = wiidk j for j € K. Each column of A corresponds to an
eigenvector a; that contains the expansion coefficients such that
Aygj = aj.. Numerical methods can solve the eigenvalue Equation
(36) for a given supermatrix Z. We define the general matrix
element based on Equation (34) as

H))Yy = Hy = fv EoxTBE0)podV 37

This element represents the (m’,m) component of the general

matrix H,, r;, where |m’| < I’ and |m| < I. Therefore, the com-
ponent Z.; of the supermatrix Z can also be written as

1
Zypk = _(Hk’k - (w(z),_f - w(z),k)Nk(Skfk) .

N, (38)

Solving the eigenvalue Equation (36) numerically yields the
squared frequency perturbations wij and the eigenvectors a ;. We
used these quantities to determine the zeroth-order perturbation
of the eigenfunctions EO’ ; from Equation (27). We matched the
frequency shift wij with the corresponding quantum numbers
(n,l,m) of the unperturbed mode by extracting the maximum
component aj  of the eigenvector a;. Since the perturbations
are small, we assumed that the main contribution to the perturbed
eigenfunction éo, ; originates from the unperturbed eigenfunction
with the same quantum numbers. Thus, the degenerate eigenfre-
quency wé, .. corresponding to the mode &, is subject to the

frequency shift w%’j. The perturbed squared eigenfrequencies are
then given by

2

w; =

W+ . (39)
The frequency shift dw; to a mode j is defined as
(Lavely & Ritzwoller 1992):
bw;=wj—woy . (40)
Substituting this into Equation (39) and assuming a small pertur-
bation while neglecting higher-order terms yields the following
approximation for the frequency shift:

2
wy;

(41

owj = ——.
J Zwo,x

4. General matrix element for a toroidal magnetic
field

We derived the general matrix element corresponding to a per-
turbation induced by a toroidal magnetic field following the
approach outlined by Kiefer et al. (2017). Our analytical results
differ from those presented by Kiefer et al. (2017) because we
derived a different perturbation operator (Equation (17)). We
obtained the general matrix element for a magnetic field by com-
bining Equations (17) and (37):

1 &' V)
Hyp == 4 fvf‘ﬂ;’k’[{% +V 'fo,k}(v X Bo) x By
+(VxBy)xB' +(VxB’)x BO]dV . (42)

Here, we omit the tilde denoting the equilibrium model under
the influence of the magnetic field to focus on the direct effect

and avoid confusion with the later use of the tilde notation. We
modelled the magnetic field as a superposition of purely toroidal
fields without longitudinal dependence. In practice, we achieved
this by setting m = 0 in the generalised spherical harmonics
(GSHs) of the magnetic field. Appendix D introduces the scalar
GSHs. Thus, the toroidal magnetic field is expressed as

B=B,=) B, (43)
where

d 0o .
B, = —as(r)a—eYSO’ 6, 98, . (44)

The radial profile of the toroidal field components with degree s
is denoted by a,(r), while the angular profile is given by the co-
latitudinal derivative of the scalar GSH Y2°(6, ¢). The sum over
the harmonic degrees s includes only even integers to ensure the
observed opposite polarities in the northern and southern hemi-
spheres (Hathaway 2015). By inserting the toroidal magnetic
field into Equation (42), applying the distributivity of vector and
dot products, using the sum rule for integrals, and replacing the
Eulerian perturbation of the magnetic field with Equation (18),
we obtained the following:

vV
Hyp = — 41—ﬂ D fvgak, {(f‘”‘p—o)po 4V goyk}(v x B;) X By
+ (V x By) x {V X (Egx X BS,)}
+ (V x{V x (€gy % B_Y)}) x By [dV, (45)

where s and s’ span the same index range.
We now focus on a single summand with fixed values of s
and s” and omit the indices s and s using the following notations:

R 0 A
B, = ~Bydy = —a(r) 5. Y0, 0% , (46)
N R
B, = —B,é, = —a(r)a—gxﬁ’;o(e, b)es (47)
ma a ma 1 m A
gO,k = fr(r)YlO’ e + §h(r)[%Ylo’ €y + m%Ylﬂ’ e¢] s (48)
£, =&Y+ E (r)[gYO‘m'*é 4+ L0 youreg ]
e R ST Y 7 Y S S
(49)

We chose &, and &, to be real-valued (Aerts etal. 2010). A
straightforward but lengthy calculation provides an explicit
expression for the operator of the direct effect of a toroidal
magnetic field perturbation ¥5(&,,), for fixed values of s and
s’. Appendix B presents the operator for the direct effect of the
toroidal magnetic field and the necessary computations to obtain
the corresponding general matrix element. The explicit expres-
sion of the general matrix element for a fixed s and s’ is given
by

Hyy =f§8,k/7'~3(§o,k)PodV
v

i [( aa‘frgr BIHPO + Zlfrg:r 3111P0 (9_61
4r Jy r or

aé& 0a  at €, Oa

aa,é,
or Or * r2

" or or r or
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L 0%, 2 06 0a _ . &a
— adé, FEae 2a§,E 5 a‘frfrﬁ)sl
atié, & aérfha_a) _§9- (afrfha_a %aﬁ)
+( r2 * r Br(S2 Ss) r 6r+ r or
aZlNr aa~r r aMl’ da
'(S3+S6)+( §2§h_ é;f + §§h_)S4
r r r or
. (a&frgh dlnpy aé &, oa aa, & aé & @)
r or r or r or r or
aaéné
(S7+S8s) + f;gh(59—510+511—2513+514—515
—516—518—519—520—522—523)_(aaf—2r§h+ﬂfh
% Zl‘frgh (9_61) _(aa‘frgh aé:rg:h @)
or * r o or S r2 * r or SajdV.
(50)

Here, we separated the radial contribution from the angular con-
tribution corresponding to the angular kernels S| — S »3, as given
by Equations (G.1) — (G.23). This allowed us to perform the
radial and angular integrations independently. We computed the
integral over the radial kernels numerically using the compos-
ite trapezoidal rule (e.g. Press et al. 2007). For the integrals over
the angular kernels, we used the analytical expressions derived
in the next section. The radial contributions associated with the
angular kernel S|, cancel out. For completeness, however, this
kernel is still provided in Appendix G. The general matrix ele-
ment of a superposition of toroidal magnetic fields, as defined in
(45), can be determined by reassigning the indices s and s’ to the
two magnetic fields in Equations (46) and (47), respectively, and
summing the components.

The linear operator F in the non-magnetic case, given in
Equation (7), is Hermitian (Chandrasekhar 1964; Unno et al.
1989). Furthermore, the general force operator in ideal
magnetohydrodynamics is self-adjoint and leads to a Her-
mitian formulation for the total system (Bernstein et al.
1958; Lynden-Bell & Ostriker 1967; Goedbloed & Poedts
2004). However, in our formulation, we decomposed the total
force into a modified equilibrium operator and the operator
of the direct magnetic effect, as defined in Equation (16):
F&) = 7:“0(5) + Fp(&). Although the total sum is self-adjoint,
the isolated operator of the direct magnetic effect ¥, presented
in Equation (17), is not. The terms required to restore the
Hermitian symmetry of ¥ are located within the pressure terms
of the modified equilibrium operator %y. In Appendix C, we
demonstrate that our full force operator reduces to the standard
self-adjoint expression given in Goedbloed & Poedts (2004) and
we explicitly identify the symmetric partners of the ¥ terms.

Consequently, the general matrix elements derived solely
from ¥p do not exhibit Hermitian symmetry (see also
Kiefer et al. 2017). More precisely, the matrix is real-valued but
asymmetric. The lack of symmetry is structurally evident in
terms such as —aaé, ‘?92:2’ multiplied by the angular kernel S;.
This term lacks a mirroring pair within the integrand of Hy.
We verified this numerically by exchanging the modes k" and
k in Equation (50), finding that Hy; # Hy. This asymmetry
in principle allows complex eigenvalues and thus complex fre-
quency perturbations. Any complex component of the frequency
can be associated with a damping factor for the mode in question.
This behaviour contrasts with toroidal flows, such as rotation
(Lavely & Ritzwoller 1992), or poloidal flows, such as merid-
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ional circulation (Roth & Stix 2008), for which the supermatrix
is Hermitian (Kiefer et al. 2017).

4.1. Calculation of integrals over products of scalar
generalised spherical harmonics

The angular kernels S| — S3 include trigonometric functions
and derivatives of scalar GSHs. We represented these deriva-
tives and trigonometric functions in terms of GSHs. We achieved
this with the tools derived in Appendix D. The derivatives of
GSHs are expressed using Equations (D.5)—(D.9). We eliminated
the trigonometric functions using the Equations (D.11), (D.12),
(D.14), and (D.15). Equations (G.24)—(G.46) provide the results
for the extended angular kernels. Calculating the general matrix
element in Equation (50) requires integrals over the angular part
of the product of four, five, and six GSHs. We derived com-
plete analytical solutions for these integrals. Previous studies by
Dahlen & Tromp (1998) and Kiefer et al. (2017) provide incom-
plete solutions for these integrals, omitting non-zero contribu-
tions.

Dahlen & Tromp (1998) presented a formula for analytically
calculating the integrals of the GSHs products on the unit sphere,
using the Wigner 3-j symbols described in Appendix E:

N,m*y,Ny,my v,Np,m: _ N+m l ll 12
LY] Ylll 1le2 2dQ—47r(_l) " 717’11712(_1\, N, NZ)

) l [ I
-m my; mp |’
21+1

where y; = /5 and the following orthonormality relation is

61y

satisfied for GSHs with the same upper index N:

p (52)

f YY" dQ = Sprmbi -
Q

Applying the orthonormality relation (52) yields the following
equation for the product of two scalar GSHs:

m m l l /
Yy = 3 a1V ymmz( NN N )
ILN,m

. ( l ll 12 )YlN,m )
—m m myp

We used the symmetry relation (D.16) to derive a similar result
for the product of two generalised Legendre functions:

Ny,m| pNy,my l ll 12
P pY _Z(zzn)(N N, Nz)

ILN,m
(!l L b
m my mp
Equation (51) is valid only when N = N; + N,, because the
orthonormality relation (52) applies solely to GSHs with the
same upper index N. Equations (51) and (53) facilitate the
derivation of analytical solutions for integrals involving prod-
ucts of four or more scalar GSHs. Invoking the selection rule
(E.8) for the Wigner 3-j symbols gives the following condition

for non-vanishing integrals over products of three or more scalar
GSHs:

mp; = E m; .

i>1

(53)

)va”" : (54)

(55)
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The selection rule (E.8) implies that integrals are non-zero only
when N; = },.; N;. In the tensorial context considered by
Dahlen & Tromp (1998), in which the upper index was associ-
ated with the polyads of a tensor field of the appropriate rank,
this condition naturally holds, since only then does the inte-
gral over the product of GSHs yield a scalar matrix. However,
Dahlen & Tromp (1998) imposed that this condition always
held, assuming that surface integrals involving the product of
two scalar GSHs with N # N’ “never arise in practice”. Our
calculations include such integrals over scalar GSHs, which
requires the development of a more general method. First, we
demonstrated that non-vanishing integrals over the product of
three scalar GSHs exist for cases where N # N|+N,. To illustrate
this, we evaluated an integral over products of GSHs with low

indices. Using Y?’l = — /% sinfe’ and Y22’0 =—/213sin0,
we find that

01401120 4 — 3 [1516

fQYl Yy, dQ—8 87715;& .
This integral is non-zero while violating the condition N =
N| + N,. Moreover, a more general argument follows from con-
sidering the symmetry relation (D.17) foreven N # 0 and m = 0.
In this case, the integral over the product of three scalar GSHs
with N = N + N, is non-zero according to Equation (51). Using
the symmetry relation (D.17) for even N # 0 gives Y]N 0= Y, O
The integral remains non-zero, but the condition N = N; + N,
is violated. Thus, we argue that assuming integrals over prod-
ucts of scalar GSHs with N| # },;.; N; vanish, as suggested by
Kiefer et al. (2017), is incorrect.

We derived a general solution for integrals over the product
of three scalar GSHs. These integrals can be expressed in terms
of an integral involving a generalised Legendre function as

YN[ iy YNz,mz YN},m3 do
a N b I8

L+l L+l

IR Y:
I=lb=51 =l -

) ) lz l3 l l2 13
—N2 - N3 Nz N3 —mp mp ms3

_ r Iy ! ron
—N;+ Ny + N3 Ny —-N, - N3 0 mp —my

1
.f P;N|+N2+N3,Ow) d/.l ,

1

= 27T617l1 my+m3 YL Y LYl

(56)

where Equations (D.1) and (54) are applied, along with the selec-
tion rules of the Wigner 3-j symbols (E.8) and (E.10). A closed
formula can be found for the remaining integral in Equation (56).
With the symmetry relation (D.18), Equation (D.19), and the
notation N’ = —N| + N, + N3, the integral is written as

1 1
f P du =D f P ) d

. d=N) Y
= (=D ﬁ[lww)dﬂ. (57)

Dong & Lemus (2002) provide a closed formula of the integral
over the associated Legendre function Pf’ for N >0and !> 0:

! [(=DN + (=D)/]2¥2NT(4)r(25H)
f RAOLTE 22

(EDrE)

, (58)

where I'(x) denotes the gamma function. The integral is zero if
I + N is odd, since then the integrand Pf’ () is an odd function.
The symmetry relation (D.21) is applied for the case N < O.
The special case / = 0 is treated separately, because Pg(p) =1
simplifies the integral.

Therefore, Equation (56) is fully determined for all |N;| < [;,
|m;j| < I;, and [; > 0, where i = 1,2, 3. Integrals involving the
product of four or more GSHs can be reduced to those over three
GSHs by repeatedly applying Equation (53). The selection rule
(55) is also valid in the general case.

4.2. Selection rules

Two modes, k = (n,l,m) and k' = (n’,I’,m’), couple through
the magnetic field if the corresponding general matrix element,
which measures the coupling strength between the modes, is
non-zero. The general matrix element becomes zero if the inte-
grals over all angular kernels vanish, as indicated by Equation
(50). We set the azimuthal orders m of the toroidal magnetic
fields to zero. The methods described in Appendix D, which
express trigonometric functions in terms of GSHs and compute
the derivatives of GSHs, affect only the number of GSHs and
their upper index N, leaving the order m unchanged. Hence,
Equation (55) is satisfied for all angular kernels if and only if

m=m. (59)
This result implies the absence of coupling between modes
within a multiplet, except for self-coupling.

A second, previously unreported selection rule for mode cou-
pling arises from the symmetries of the angular kernels. All
angular kernels exhibit the following symmetry about the equa-
torial axes:

Sx(,u) — (_1)l+l’+.r+s’Sx(_#) .

For even [+’ + s + 5, the angular kernels are axially symmetric
about the equatorial axis, whereas for odd [+1’ + s+, the kernels
are point symmetric about (6, S ,(6)) = (7/2,0). The integral of
the angular kernels with respect to y = cos 6 is symmetric. Con-
sequently, it vanishes if the angular kernels are odd functions of
. This symmetry yields a zero general matrix element and a zero
supermatrix element for odd [+ !’ + s + s”. Therefore, in addition
to Equation (59), modes couple through the toroidal magnetic
field only when

(60)

[+1 +s+s iseven. (61)

This is especially true for all self-coupling terms in which s = s’.

4.3. Magnetic field model

The radial profiles of the toroidal magnetic field components
given by Equations (43) and (44), were modelled using Gaus-
sian functions:

_ Bscale _ r—p 2
a(r)——o_mexp( 0.5( = )),

where Bi.qe Scales the distribution to a maximum value By, 0
represents the Gaussian width, and u gives the location of the
maximum magnetic field strength. Following Antia et al. (2000)
derived an upper limit of Bp,x = 300 kG, we modelled the
toroidal magnetic field near the base of the convection zone
using Bnax = 300kG, ¢ = 0.713Rg, o = 0.05 Re, and har-
monic degree s = 2. Figure 1 shows the magnetic field model.

(62)
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Magnetic field model

300

240

180

120

60

r/Ro
o
o
o
B in kG

—60

-120

-180

-240

1.0

0.0 0.25 0.5 0.75 1.0
rRo

-300

Fig. 1. Magnetic field model located at the base of the convection zone
with B = 300kG, ¢ = 0.713 Ry, 00 = 0.05 R, and harmonic degree
s = 2. The right-hand side shows the radial and co-latitudinal distri-
bution, while the left-hand side emphasises the longitudinal symmetry.

The distribution is symmetric in ¢ because the azimuthal orders
m of the magnetic field components are set to zero.

Modes are affected by the direct effect of the toroidal mag-
netic field only if they pass through the layers where the field is
present. The modes must penetrate at least to rgesn = 0.863 R
to be within 30 of the magnetic field distribution. The P-modes
are confined between a lower turning point , and the surface.
The lower turning point r; for p-modes is located where the fre-
quency is equal to the Lamb frequency, w = S (r,). This gives

W A
w+1n 2

t

(63)

Multiplets with lower turning points larger than ryes, are
expected to exhibit negligible frequency shifts. Therefore, we
excluded multiplets with 7, > reqn from this study. This is par-
ticularly true for multiplets with / > 138.

5. Results

We computed the frequency shifts in a solar model caused by
the direct effect of a toroidal magnetic field located at the base
of the convection zone for modes up to 5200 uHz in the range
2 <[ <137. We excluded modes with / > 138, since their lower
turning points lie outside the region where the toroidal magnetic
field is significant. For each degenerate multiplet ‘”(Z),x we con-

structed an eigenspace K, around a)rzef = w(z)x. Contributions

from multiplets with frequency gaps larger than about 0.1 uHz
are negligible compared to the self-coupling terms. Based on

this, we chose an eigenspace width of Av? = ﬁ_fr); = 700 nHz>.

Figure 2 shows the m-averaged frequency shifts as a func-
tion of the unperturbed multiplet frequencies. Multiplets with
the same harmonic degree [ are connected. The overall form of
the shifts matches those obtained by Kiefer & Roth (2018) (cf.
Figure 3 therein), but their magnitudes, reaching up to 14 nHz,
are about twice as large in our study. All multiplets show a posi-
tive frequency shift.

Figure 3 presents the m-averaged frequency shifts as a func-
tion of the lower turning point r,. The vertical line marks the

A133, page 8 of 19

137
14

12

100
10

v in nHz
harmonic degree /

Chniaaann

1000 2000 3000 4000 5000
vin yHz

Fig. 2. Multiplet frequency shifts, averaged over m, as a function of
their unperturbed mode frequencies. Multiplets with the same harmonic
degree [ are connected.
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Fig. 3. Multiplet frequency shifts, averaged over m, as a function of

their lower turning point. Multiplets with the same harmonic degree /

are connected. The dashed vertical line indicates the threshold radius

rmresh = 0.863 Rg, above which modes are not affected by the magnetic
field.

radius ripesn = 0.863 Ry, beyond which modes are expected to
be unaffected by the direct effect of the toroidal magnetic field.
As r, approaches rinresh, the frequency shifts of the modes tend to
zero. Modes with 7, above ryyesn propagate outside of the mag-
netised regions, where they experience negligible shifts due to
the direct effect of the magnetic field. This can be confirmed by
examining the radial contributions in Equation (50). Multiplets
with turning points near the maximum of the magnetic field dis-
tribution exhibit the greatest frequency shift. The shifts decrease
for multiplets with lower turning points beyond the location of
the maximum field strength.

Figure 4 displays the lifting of the degeneracy of the multi-
plet frequency with respect to the azimuthal order m. The abso-
lute frequency shift of the multiplet modes is plotted against m/[
and the harmonic degree . The colour code indicates the radial
order n. The degeneracy in m of the unperturbed multiplet is not
completely lifted by the interaction with the toroidal magnetic
field. Modes within a multiplet remain degenerate if they have
the same absolute value of m. This is a result of the symmetry
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Fig. 4. Frequency shifts of m-resolved multiplet modes as a function of
m/l and [. The colour represents the radial order n.

in the angular kernels under the exchange of m < —m, assum-
ing selection rule (59) is fulfilled. The symmetry of the angular
kernels is verifiable using Equations (D.1), (D.5), and (D.16).
For all multiplets with [ > 53 and n > 9, the frequency shift
reaches its maximum at m = 0 and decreases monotonically on
both sides, approaching zero at |m| = [. For harmonic degrees
| > 65, the frequency shift at a fixed m/! increases with radial
order n. The mode m = 0,1 = 69, n = 19 exhibits the max-
imum frequency shift within the considered mode range. The
plateau of the largest frequency shifts for m = 0 modes aligns
with multiplets having lower turning points near the maximum
of the magnetic field distribution at u = 0.713 Rg. For multiplets
with [ > 80, the frequency shift magnitude decreases sharply due
to their higher lower turning points. For multiplets with [ < 53,
only those with intermediate radial order n display a maximum
shift at m = 0. The number of multiplets with / < 53 that exhibit
this behaviour decreases with decreasing /. For modes in other
multiplets, the frequency shifts exhibit a local minimum atm = 0
and two maxima.

6. Discussion and conclusion

Our calculations refine the results of Kiefer et al. (2017) and
Kiefer & Roth (2018). While our corrected analysis produces
quantitative differences, the qualitative trends and conclusions
largely align with their findings. The theory presented here is
also applicable to stellar models.

A toroidal magnetic field in the stellar interior couples stel-
lar oscillation eigenmodes and partially lifts the degeneracy of
the multiplet frequencies. The general matrix element between
two modes quantifies their coupling strength. In this study, we
present a revised expression of the general matrix element for
the direct effect due to a toroidal magnetic field. Equation (50)
is used for forward calculations of the direct effect of a strong
toroidal field located at the base of the convection zone. The
presented theory enables an investigation of the direct effect of
subsurface toroidal magnetic field distributions on stellar oscil-
lation frequencies. We obtained frequency shifts to the oscil-
lation modes by computing the eigenvalues and eigenvectors
of the supermatrix following the quasi-degenerate perturbation
theory (Lavely & Ritzwoller 1992). Only modes with the same
azimuthal order can couple through the toroidal magnetic field
(Equation (59)). In addition, the sum of the harmonic degrees of

the coupling modes and the toroidal magnetic field components
must be even (Equation (61)).

We found that previous studies omit non-zero contributions
when calculating integrals over products of scalar GSHs. To
address this, we derived a complete method for computing such
integrals. The general solution for these integrals, which also
includes cases where N; # ;.1 N;, is applicable outside helio-
seismology, for example in the addition of angular momentum
in quantum dynamics.

This study does not include the indirect effect, which repre-
sents changes in the equilibrium structure induced by the mag-
netic field. For magnetic models with s = 2, the indirect effect on
the mean multiplet shift is much smaller than the direct effect and
can be neglected (Kiefer & Roth 2018). However, a complete
description of the frequency perturbations requires its inclu-
sion. Detailed computations of the indirect effect are provided
by Kiefer & Roth (2018). The reported absolute values of the
indirect effect are likely underestimated because Kiefer & Roth
(2018) assumes that integrals with Ny # ;.| N;, which are
involved in the computation, vanish. This assumption leads to
the neglect of non-zero contributions.

For a strong magnetic field distribution located at the base
of the solar convection zone, the m-averaged shift of the multi-
plet frequencies is of the order of tens of nanohertz. Although
this shift is nearly twice that obtained for the same magnetic
field model by Kiefer & Roth (2018), it still does not explain the
observed frequency shifts over a solar cycle. Broomhall (2017)
measured the shift between the maximum and the minimum of
solar cycle 23 using data from the Global Oscillation Network
Group (GONG). These shifts are of the order of several hundred
nanohertz up to microhertz. Hence, near-surface magnetic fields
are likely responsible for the observed frequency shifts. How-
ever, the existence of deep magnetic field distributions cannot be
ruled out. The detection of such fields is strongly hampered, as
effects of near-surface fields are stronger by orders of magnitude.
The case of the Sun thus differs from that of evolved stars, where
a deep fossil field in the stellar core may strongly affect stellar
oscillations (Fuller et al. 2015; Bugnet et al. 2021).

The recent study by Vasil et al. (2024), based on magne-
tohydrodynamic simulations, contributes to the discussion of
whether the solar dynamo operates solely near the solar surface.
Further studies on the effects of near-surface magnetic fields on
oscillations are therefore of particular interest. For this purpose,
the solar model should be extended to include an atmosphere.
The refined theory is expected to yield significantly different
constraints on the model parameters of a near-surface magnetic
field that reproduce the observed shifts of Broomhall (2017),
compared to those provided by Kiefer & Roth (2018).

Kiefer & Roth (2018) conclude that plotting observed fre-
quency shifts as a function of their lower turning point, as shown
in Figure 3, provides hints about the location of the magnetic
field configuration. The location of a local maximum in the mag-
netic field strength can be inferred from the lower turning points
of multiplets, whose shifts begin to decline monotonically at a
specific harmonic degree. However, the superposition of differ-
ently located magnetic field components can hamper such con-
clusions, since deeper fields produce smaller shifts even if they
are stronger than near-surface fields. The revised calculations,
which yield larger frequency shifts, combined with sufficient
observational resolution, could facilitate identifying dips in such
plots that indicate local field maxima.

This work provides a refined analytical solution for the direct
effect of a toroidal magnetic field, potentially serving as a step-
ping stone towards inversion techniques for solar and stellar
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magnetic field studies. The solution facilitates more detailed
studies and tighter constraints on the location of solar and stel-
lar dynamos. Furthermore, we developed a computational frame-
work implementing the quasi-degenerate perturbation theory for
a toroidal magnetic field, enabling precise calculations of super-
matrices and frequency shifts. This extends its applicability to a
wide range of astrophysical scenarios, including different stel-
lar models and magnetic field configurations. For example, it
allows parametric studies of detectability thresholds of magnetic
field configurations in the Sun and other stars above the measure-
ment noises of related instruments for helio- and asteroseismol-
ogy (e.g. GONG, HMI, Kepler, TESS, and PLATO). The code
is publicly available on GitHub', promoting transparency and
encouraging community collaboration in future research.
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manuscript.
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Appendix A: Mathematical auxiliaries

This appendix lists the vector identities and formulae used to cal-
culate the general matrix element for a toroidal magnetic field
described by equation (50). The calculations use spherical coor-
dinates with radius r, co-latitude 6, and azimuthal angle ¢.

Here, A(r,0, ¢) and B(r, 0, ¢) denote general vector fields.
The curl of the cross-product of two vector fields A and B is
given by:

VX(AXB)=A(V-B) -B(V-A)+B-V)A-(A-V)B.

(A.1)

The divergence of a vector field A in spherical coordinates is
given by:

10 1 0
VA= (P4, A . %4,,
r26r(r )+r1 989( o Sin )+rsin06¢ ¢
(A.2)
and its curl is:
1 0Ay 1/ 1 0A
Al a2 (L
% rsinf 00( 4sin6) 0p e r\sinf 0¢
O(rAg)\, 1/0(rAg) O0A,\,
T Tor )e“?( or 06 )e¢‘ (A-3)

The gradient of a scalar field f(r, 6, ¢) in spherical coordinates is
expressed as:

of

1 1
Vf=e o+, W .

+ —_—
(%’e rsin96¢e¢

The Laplace operator of a scalar field f in spherical coordinates
is defined by:

(A.4)

- 52 o) it
B r2 or\" or)] r2sin o0 00/ r2sin?9 02
(A5)

The material derivative of the vector fields A and B in spherical
coordinates can be computed as:

(AV)B:(A GBr+ﬁaB, A¢ %—AQB€+A¢B¢)é
" or r 00  rsinf d¢ r "
(2B Aot As 0By b,
or r 00  rsinf 0¢ r
A¢B¢ COtH)A ( 8B¢ Ag aB¢ A¢ BB¢
|t A — =+ ——
r or r 00  rsin€ d¢
A B, AyBgcot
+ 22 #26 )eq, (A.6)
r r

Appendix B: Perturbation operator of direct effect
and calculation of general matrix element

Section 4 presents the general matrix element for the direct
effect of a toroidal magnetic field. This appendix outlines the
derivation of the general matrix element and provides an explicit
expression for the perturbation operator.

Using the mathematical tools described in Appendix A, the
operator for a toroidal magnetic field perturbation F3(& ), is
derived for fixed values of s and s’ through a straightforward
but lengthy calculation. For clarity, the eigenfunctions are repre-
sented as follows:

£(r,60,) ()Y
§0,k = [ fg(r’ 0, ¢) ] = é‘:h(r)agyom (Bl)
§¢(r’ 9’ ¢) ‘(":h(r sm(f 6¢ lom

The first expressions for the magnetic field components (46) and
(47), along with the representation of the eigenfunctions (B.1),
are substituted into the magnetic field perturbation operator (17),
leading to the following result:

1 [(@Gox - VIpo
Feor) = __[{p—o

I +V- go,k}(v X B;) X By
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ror r2 09
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(B.2)

or 72

The four terms in the first equality are kept separate and enclosed
within curly brackets. The left scalar product of equation (B.2)
with po&,, is computed and integrated over the entire stel-
lar volume. Subsequently, the second expressions from equa-
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tions (46), (47), and (B.1) are inserted, using the notation for
the complex conjugated eigenfunctions given in (49). Finally,
sorting by the angular kernels S; — 23, as defined in equations
(G.1) = (G.23) in Appendix G, results in the general matrix ele-
ment for the direct effect of a toroidal magnetic field, given in
equation (50).

Appendix C: Restoration of hermiticity in the total
force operator

In this appendix, we demonstrate that our full force operator,
defined in equation (16), reduces to the expression given in
equation (6.23) of Goedbloed & Poedts (2004). We note that
Goedbloed & Poedts (2004) used a magnetised equilibrium, did
not include perturbations of the gravitational potential, and did
not use cgs units.

We begin by rewriting the first term of the operator of the direct
magnetic effect 7, presented in equation (17), as:

1 { € - V)po

CAnpo L po

_ _{(f V)po +poV - €
P

+V~§}(fo30)xf;0

}(Vﬁo + BoVo)

1 ~
= = V- (poé)(Vpo + poVéo)
Po

= 2vpo+ Ev . (C.1)
Lo

Po
Here, we used the magnetised equilibrium condition (14) to

eliminate the term containing the equilibrium magnetic field. We
also applied the product rule for divergence:

V-(fA) =

and the linearised continuity equation (e.g.,
Lynden-Bell & Ostriker 1967; Christensen-Dalsgaard 2002;
Goedbloed & Poedts 2004):

A-Vi+fV-A, (C.2)

P ==V(po§) . (C.3)
We can express the modified equilibrium operator % as:
~ 1 ’ ’ p, ~
Fo&)=—Vp' -9 - =Vho (C4)
Po 0
1 )
= -p—V(g Vo +ypoV - &) — g + ——2 (p°§ V5, (C.5)

0

where we used equation (C.3) and the linearised energy equa-
tion (e.g., Lynden-Bell & Ostriker 1967; Christensen-Dalsgaard
2002; Goedbloed & Poedts 2004):

p=—€&-Vpo—ypoV-E£.

Plugging equation (C.1) into the expression for 5 given in equa-
tion (17) and summing it with % yields:

(C.6)

7'-27?0-?-773

1 .
= —Vp' + ZVgy + Vo
Lo Po

_ _((VxBo)xB’ +(V><B’)><Bo)

- (C.7)
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This is equivalent to — %ng(é‘), where Fgp is given in equation
(6.23) of Goedbloed & Poedts (2004), except that we applied
the linearised continuity equation and perturbed the gravitational
potential resulting in an additional V¢’ term.

Next, we explicitly identify where the Hermiticity breaks down
in ¥ and find the symmetric partners in %o. We use the inner
product:

n.6) = f’l* -&podV, (C.8)
v

where 7, & are two displacement fields. To simplify the proof

and follow the formalism of Goedbloed & Poedts (2004) more

closely, we assumed fixed boundary conditions:

E-n=0 atr=R, (C.9)

where n is the normal vector of the surface. Under these bound-
ary conditions, surface integrals vanish; these are equivalent
to the volume integrals of divergence terms after applying the
Gauss-divergence theorem. For the zero-boundary conditions
(Unno et al. 1989) discussed in Section 2.1, the surface terms do
not vanish but instead form a symmetric boundary energy term
(Bernstein et al. 1958; Lynden-Bell & Ostriker 1967). There-
fore, Hermiticity is preserved even when & - n # 0. We split
Fp(€) into three parts:

M(E) = ((V x By) B’) (C.10)
NE) = ((V X B') X BO) C.11)
0¢) = (C.12)

Tzvﬁo + TV<I~50 ,
Po Lo

where in the last operator we applied equation (C.1).
Goedbloed & Poedts (2004) show that n*- N (€)p and the second
pressure term 5* - V(ypoV - &) form symmetric expressions plus
divergence terms, which can be discarded upon integration due
to the boundary condition (C.9). We can also show explicitly that
the work done by the perturbed gravitational field is Hermitian:

- f N g (EpodV = f N Ve [E1podV
14 v
@ [V orogpav
14
- f ¢'[EIV - (Pon)dV (C.13)
14

where we used g’'(§) = —V¢'[€] in the first equality. The first
integral in the last equation is again a vanishing boundary term.
Using the continuity equation in the form p’[5*] = =V - (6on")
and the Poisson equation V¢’ = 4nGp’, we get:

- [ g @mav = [ s1e1tr1av
__ ’ 2 g1k
vads[f]w[n Jav
(C2) 1 Y Ik
2 fv V- @€V T DAV

- fv Ve'£] - V¢’[n*]dv]

V¢ [£]-V¢'[n*ldV,  (C.14)

" 4nG
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where in the last step we again discard the boundary term.
The remaining terms are exactly the inhomogeneity terms given
in Goedbloed & Poedts (2004):

[ - V(£ Vo) - %Vﬁo + 0@ + M©®)]

=" [VE- V) + V- (oo + (V% Bo) x B'].

Following the derivation in Goedbloed & Poedts (2004), these
terms reduce to a symmetric form plus divergence terms that
vanish upon integration. Thus, we have shown that the Hermitic-
ity of M(€) and O(€) is restored by combining them with terms
in Fo.

(C.15)

Appendix D: Properties of generalised spherical
harmonics

Here, an overview of generalised spherical harmonics (GSHs)
and their properties is presented based on the conventions from
Dahlen & Tromp (1998). The GSHs constitute an orthonormal
basis, allowing tensor fields of any order to be expanded in
terms of GSHs. Scalar GSHs are used to represent the oscil-
lation eigenfunctions and the toroidal magnetic fields in this
study. This approach facilitates the analytical calculation of inte-
grals over products of scalar GSHs. All essential identities and
relations of the GSHs and the generalised Legendre functions
necessary for our calculations are provided. The formulae from
Dahlen & Tromp (1998) are applied to derive expressions for
derivatives of GSHs and eliminate trigonometric functions.
The scalar GSHs YZN (0, ¢) are defined as:
Y,""(0.¢) =

'}/IP;V’m(H)eim(b , (D 1)

2041

4 2
Legendre functions. In this notation, the GSH reduces to the
ordinary spherical harmonic function YIO"” = Y for N = 0. The
generalised Legendre functions of degree /, order -/ < m < [,
and upper index —/ < N < [ are defined by Phinney & Burridge

(1973) as:
I+ m)!

Pt
28N A+ NI -N)I(I -

. (1 +#)_7(m+N) d_

and P;V o

where u = cos#@, y; = () are the generalised

—1(m-N
periC) 2

I- !
e [ = ) 1), (D.2)
and satisfy the following ordinary differential equation:
{(1 - 2)— - 2;1— + [1(1 +1)
-2 N
_ %]}p’%m(ﬂ) =0 (D.3)
1- 2 !

This differential equation has non-zero solutions in the form of
equation (D.2) only for |m| < [ and |N| < [, while it is trivially
solved for other values. Therefore, a logical extension for the
definition of the generalised Legendre functions is to set P;V M=
O for |N| > lor |m| > I.

For a fixed N, the generalised Legendre functions fulfil the
following recursion relation:

(i@ — mcot H)PNm(,u) ( T+ my(I = m+ P!

s

+JI—mi+m~+ l)PfV""“) .

(D.4)

This equation forms the foundation for numerically computing
the (2/+1)- (21 + 1) generalised Legendre functions for a given /,
with |m| < [ and |[N| < I (e.g. Masters & Richards-Dinger 1998).
The longitudinal derivative of order k of a GSH, as derived from
equation (D.1), is:

ak m ) m

W — ¥ = (im)* Y (D.5)
The co-latitudinal derivative of a GSH is expressed in terms of
yNELm g

a YNm _ 1 NyN—l,m N+lyN+1,m D 6
50! —E(Cz -6 I ) (D.6)
where cﬁv = V([ + N)(I- N + 1) is a constant that satisfies two

symmetry properties:

0 1

— N N+1
¢ =¢ .

and ¢" =¢ (D.7)
We regularly employ these symmetry relations throughout the
thesis. To obtain higher-order derivatives, we apply equation
(D.6) iteratively. For example, the second- and third-order co-

latitudinal derivatives are given by:

62
mo_ N N-1yN-2.m N+1 +1 N.m

@Yz _Z[Cl ¢ Y (cl cl +¢ )Y,

+ C;\H—l +2Y[N+2,m] , (D.8)

3
0 N,m_l[c C -1 N2yN 3,m (NCN—ICN1+CNCNCN
693 l 8 [ ¢ ! 1>~
N N+1 N+1 N-1,m N N _N+1 N+1 N+1 N+1
+c)c )Y, +( g+ g g
+ C;\H—l ;\/+2 N+2)YN+1m C;V+IC;V+2 N+3yN+3,m] )

(D.9)

We discuss the cases in which these recursive relations are valid.
In general, we define GSHs only for |N| < [. Therefore, we con-
clude that |N| < [ — k, where k is the order of the derivative.
However, by setting YZN ™ = 0 for |N| > [, the relations are valid
for [N| < I — k + 1, as the prefactors of the terms containing a
GSH with |[N| = [ — k + 1 are zero. Thus, the value assigned to
YIN " for |N| > [ is arbitrary. In other cases, the formulae break
down because some of the prefactors become imaginary. There-
fore, we can also use equation (D.9) for / = 2 and N = 0. This
is relevant for the calculation with s = 2 in the angular kernel
S0, given in equation (G.20). Similar reasoning applies to the
recursion relations discussed later in this section.

The GSHs satisfy the following recursion relation for |N| < [:

m N,m 1 NyN-1,m
Ncotd— ——|Y,"" = =(c; Y,
s ! 2(

N+1yN+1 m)
in6

(D.10)

We aim to express trigonometric functions in terms of GSHs in
order to exploit methods for calculating integrals over products
of GSHs. We can find suitable relations by setting N = 0 or
m = 0 in the recursion relatlon above. This yields a relation for

eliminating a factor of — e 9 when N =0,m#0,and [ > 1:

1
YO,m — __Cl (Y—lm

Yl,m .
sing ! ")

(D.11)
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If m =0,N # 0, and |[N| < [, then we obtain an expression for
cotd:

1
cotgy"’ = fV(c,NYlN*”) + iy Ny (D.12)

We can derive further relations by taking the co-latitudinal
derivative of the recursion relation (D.10):

[Ncote— i]l( NyN=lm N+1Y1v+1m)
sin@12
mcotd B N ]YN’m
sin 6 sin2@l!
= [Cfvcf\/—lnylm (NN e ey
C;VH +2YZN+2’m]- (D.13)

Substituting N = 0 into this equation and using the identity

Y 10 )/IP1 w) = |2 —sin@ gives the following for m # 0
and [/ > 1:
HYO’m _1 0 Y—l,m Yl,m 1 2 Y—Zmle
cotor; _Ecl( [ )+E gcl (Y,
-y (D.14)

If we set m = 0 and use in addition to Yll’0 = 1/% sin @ the
identity Y?’O = ,/% cosf, we getfor N # Oand [N| <[ - 1:

0_ [T, NyN-1,0y,00 N+1yN+1,0y0,0
—\/j(ClYl AT (S

__\/7 NleN20Y10+(CN+1 N+1

— el )YN()YI 0 e N+2YN+2 0Y1 0] (D.15)

We emphasise that this relation remains valid even for [ =
and N = 1. This is particularly important for calculating the
angular kernels Sy, 14,5 19, S22, and S,3, given by equations
(G.11), (G.14), (G.19), (G.22), and (G.23), respectively, where
s = s’ = 2. Therefore, no modifications to the equations are
required for the case of s = 5" = 2.

An important symmetry relation for the GSHs is derived
from the following symmetry relation of the generalised Leg-
endre function:

PPN ) = (=1 P (u) (D.16)
For m = 0, the GSHs satisfy:
Y0 0) = DY 9) (D.17)

This relation is applied throughout the calculation of the explicit
expressions of the angular kernels. Additionally, we have the
following symmetry relation for the generalised Legendre func-
tions:

PP () = (1" VP W)

This relation is used to derive the solution to the integral over the
product of three GSHs.

We relate the generalised Legendre functions to the associ-
ated Legendre functions P}"(u):

(D.18)

(-m!,
(I+m)! Fi

P (u) = ") (D.19)
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where we define the associated Legendre function in contrast to
Dahlen & Tromp (1998) as (Arfken et al. 2012):

="

dl+m
i 2\m/2 2 1
Pl ==, (=) W(ﬂ -1 (D.20)
This definition is more commonly used. This is important for
the correct application of the symmetric integral formula over
the associated Legendre function, as given in equation (58).

The associated Legendre functions obey the following sym-

metry:

(- m)!

O Ty

(D.21)

The following three GSH relations are used to analyse the
symmetries of the angular kernels about the equatorial axis at
6 = /2 (Dahlen & Tromp 1998):

Y]N,m* — (_1)—m—NYl*me , (D.22)
P;V’_'"(,u) _ (_1)1+Npi\’>m(—,u) , (D.23)
PP () = (<D ). 0.24)

Appendix E: Wigner 3-j symbols

The Wigner 3-j symbols provide the maximal symmetric form
for expressing the addition of three angular momenta result-
ing in zero total momentum. They are closely related to the
Clebsch-Gordon coefficients. The most symmetric form is given
by (Racah 1942; Edmonds 1960):

L L b
m; mp ms

= (=Dl + D7V (lmybmoll bl — m3)

i+t NGO+ L -G -L+ B0+ L+ B)!
‘V(ll + lz + l3 + 1)

A+ m) = m)! (s + mo)!(a — m)!

—1*
A+ m)\(l5 — m3)! Zkl (Dk) .

= (-1

(E.1)

Here, [; are non-negative integers, —/; < m; < [; are integers, and

Dy =k!\(-li + L+ I3 — k) (L —my — k)!(Iz + m3 — k)!

(l] —lz—"h +k)'(l1 —l3 +H12+k)!, (EZ)

where k € Ny runs over all values for which D, # 0. The
Wigner 3-j symbol remains unchanged for even permutations of

columns:
L L LY [ L B L
m mp mz |\ my mz m

(B L b (E3)
\mz o omg omp | ‘

For odd permutations of the columns, the following holds:
L I b _ Iz L h
“\mz ompy my

my m3z mp
L h b
- mp m ns
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(<)l L I b
- nms nny ny
o hbes [ h bk
=(=-1)"""" ( m my ms | (E4)
Changing the sign of the bottom indices yields:
( ll 12 13 ) - (_1)I1+I2+I3 ( ll 12 13 ) . (ES)
-m; —mp —m3 mp nmp mj

From this property, we conclude for m; = m, = m3 = 0 that:

L L L _ (_1)ll+lz+13 h b Ik
0O 0 0]~ 0O 0 O
L L L . .
=10 0 ol 0 ifl; + 1, + I3 is odd. (E.6)

The coupling of angular momenta obeys certain selection rules,
which are also expressed in the Wigner 3-j symbols. These rules
are summarised as follows:

( b bk );&0, (E.7)
my mp mj

if and only if:

my+m+m;=0 A (E.8)
lmi| <1 Vi A (E.9)
|l[—lj|SlkSll'+lj fori,j,k:l,2,3 A (E.10)
Iy + I + Iz is (even) integer (if m; = my = m3 =0). (E.11)

Appendix F: Convergence of general solution for
integrals over product of three GSHs

We briefly demonstrate how the general solution in equation (56)
for integrals over the product of three GSHs converges to the
expression presented by Dahlen & Tromp (1998), given by equa-
tion (51), in the case N; = N, + Ns3.

The orthonormality relation for two generalised Legendre
functions of the same order m and upper index N is given by
Dahlen & Tromp (1998) as:

2
- El
TR (ED)

For N =0, m = 0 and / = 0, this simplifies to:

1
I PPy ) du =

1
f 1 PYO(u)du = 26y » (F2)

since Pg,o = 1. This corresponds to the result of the integral over
the generalised Legendre function in equation (56) for the spe-
cial case Ny = N, + N3. The Kronecker delta d;( eliminates the
sum over [’ in equation (56), resulting in two Wigner 3-j symbols
of the form:

0 I l 0 4 l
0 m; —m 0 N 1 -N 1 :
Applying the triangle condition (E.10) of the Wigner 3-j symbols

restricts the second sum over /, yielding a factor ¢;,;. The two
Wigner 3-j symbols then reduce to:

0 I I 0 4 L
0 N -N 0 m -m

S n o0 4 Lo
- -N, 0 N, —m, 0 mi
(21)!

= (-1 Ny+m
A TR

(E3)

where we have used equation (E.3) and equation (C.229) in
Dahlen & Tromp (1998). Combining the above results recovers
equation (51).

Appendix G: Angular kernels

Section 4 presents the general matrix element for a toroidal mag-
netic field. The terms in the general matrix element, as shown
in equation (50), are sorted by their angular contributions. This
yields 23 distinct angular kernels, denoted S | through S 3. These
kernels include contributions from the GSHs associated with the
two eigenfunctions and the magnetic field components arising
from the Lorentz force. They also include trigonometric func-
tions from spherical coordinates and derivatives of the magnetic
fields and eigenfunctions in spherical geometry. Although the
radial part corresponding to the angular kernel S |, cancels out,
we list it here for completeness. The angular kernels are defined
as:

S YO'"*YIO’"agY?O;eY?,O (G.1)
S» =c0t9Yo’”*(%Y10m59Y?0§6YSO (G.2)
S3= Ylom*aaaz ! geygoaaeyi)’o G.3)
2
S4= @ e aisZ Y ;QY?();gyc (G.4)
Ss = Y}?*”’*%Y}’*’"a% Svoj—; K, (G.5)
Se = Y}?v’”’*a%yl"vm:—; 2-06% 00 (G.6)
S7 = coté’:eY?’"*Y?m;eY?Oé%Ys (G.7)
Sg = HYI(,)’”*YZO"’?Y?O(;Y?O (G.8)
So = co? - Lyos O yom 0 yoo (G.9)
" 96! 96" a6
Sio= cote(fey(’m*;; Y,‘)’”:QYE(’;HY?O (G.10)
S B e
S =cotG;HYl(,)’”*:HY?'";;ZY?O;G o (G.12)
&F%W£W£W%? @1
Sis =c0t€;9Yl(,)’”*a%Y?mggY?0;; (G.15)
Si6 = %Yﬁ*’”'*%iﬁ?’m% ?’0% (G.16)
Si7 = %y}?m’*%yﬁm%y&% (G.17)
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= %Yﬁ’”"*;—; om0y (G.18)
- S ?””f—;Y?’O%Y?O (G20)
= ﬁ%Y}?””’*%Y?’m%Y?”%Y&O (G21)

o a% v 53;¢ oy Syt (G22)
B sinlzG@%) ’(’)’m’*ag;p 4 ,m;_;yg,oa%y o (G.23)

In all angular kernels, we express the derivatives of the GSHs
using equations (D.5) — (D.9) and eliminate the trigonometric
functions using equations (D.11), (D.12), (D.14), and (D.15).
This leads to angular kernels depending only on constant fac-
tors and products of GSHs. The equations derived in Section 4.1
allow us to perform the angular integral over these products of
GSHs analytically. The explicit expressions of the angular ker-
nels are listed below, incorporating the symmetry relations for
the constants and the GSHs, as provided by equations (D.7) and
(D.17), respectively, to improve readability:

S

S»

S3

Sy

Ss

Se

S7

Sg

So

Al ydmrydmyoylo (G.24)

1 : :
0.0.0 0v/0,m" +y~1,my,0,0y,1,0 _  0y0,m %y,1,my,0,0y,1,0
T GRS TSt AR S (A F e

+C§ Y?,ln’* Yl—l,m YSZ,O Y;’,O _ 6’2 YO,m’* Yll m Y?,O YSI’,O) (G25)

sty
1 : ,

0.0.0 ( 2v0m+y2my1,0y1,0 2v0,m"xy,~2,mv,1,0y,1,0
chcscs,(clYl, Yy OrL0 4 gyt Ay oy

S P D D (G.26)

1 , ,
__-,0.0.0.0 —1,m" % y,—1,my,1,0y,1,0 —1,m" %y, 1,mvy,1,0y,1,0
Zerereie A RO O PR A A R

+Y, Yy Oy 0w vy 0y ) (G.27)
%C?C?C(S), (C(S], Y](?,m'* Yl—l,m YSI,O Yg,O _ C(;/ Yl(’),m'* Yll,m Y:O YS,O
=Yy Y Y vy Oy (G.28)
}chjcgcfg, (Sypry 20y - Sy y Oy )
S S PR b (RRE T S P b o (G.29)
é—llc?, A (v Py 0y 0w 2y Y0y

0y 1,m"*y,0,my,0,0 /1,0 2y lm'+y,0,my,2,0v,1,0
=Yy )y oy - 2y vy ) (G.30)
1 : :
000 =1,m"%y0,my0,0y1,0 _ y—1,m"*y0my,2,0y,1,0
gerelel (oY 0 — vy Oy
1,m’'+y,0,my,0,0y,1,0 1,m’" % v,0,my,2,0y,1,0
S e P S0 RIS Flas b b 4o (G.31)

%60?, C?C?CS, (cgcg, Yljl””’* Y, Lm Y00 Y?O
R TS TS H AR PR TS b
R0 PR TR o ARG PR T o f
S PR () 0 FEETG 2 PRt (i Fab
SECTe2 MRS Fi Fub PREN IO (RS TR fut Vi
SIS () 0 FEETGE2 e A Fab

2 2 ylm'sy—1,my,2,0y,2,0 0 .0 y1,m'xy,1,my,0,0+v,0,0
=g YUY YUY e Y, Y TY Y
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0 2 ylm'+y,1,my0,0v,2,0 2 0 ylm'xy,1,my,204y,0,0
+ceg Y, Y TY Y e Y, Y Y Y

G S P b e (G.32)

R T A A
+ Yy YRy =20y Ty 0y 0
=202y, by 20y L0 4 2 Oy ey my 00y 1O
+ ety Py Py 20y L — 2y y Ay d0y L0
=2y Ay ROy v 2y y 0Oy O
+2002y, " Y)Yy - Ay, Oy O
—cicly, 11, o’ le"" Y0 Y:O)

m T ’
0.0.0.0 0 0 yv—1,m"%y,~1,my,0,0y,0,07,0,0
3 cl,clcscs,(\/7 g[cs%'Yp Yy eTY Y

0 2 v—1m'*xy,—1,my,00vy,2,01,0,0
—-ccpY, Y YUY Y
2 0 yla'sy—1my,2,01,0,01,00
+c5¢0Y, YUY Y Y
2 2 v—1m'sy—1,mvy2,0v,2,01,0,0
—cey Y, Y TY Y
ss'hp 1 s s 1
0 0 yv—1,m"*y,1,m+y,0,0+v,0,07,0,0
+coe, Y, Y, TY YUY
st i s K 1
0 2 v—1m'*y,1,my,0,0y,2,0y,0,0
—cey Y, Y)Y Y TY
sEs 1 N s 1
2 0 v—1m'+y,1,my,2,0v,0,01,0,0
+cc, Y, Y TY YUY
st i s s’ 1
2 2 v-1m'xy1,my,2,01,2,01,0,0
- ey, YUY
0 .0 y1,m'y,~1,my,0,0y,0,0y,0,0
_CS(’S’YI' YI YS Yx’ Yl
0 2 vy 1,m'=y—1,my0,0v-2,0y,0,0
+ Oy iy lmy0oy20yt
2 0 ylm'sy—1,my,2,01,0,0y,0,0
- YUY, TY Y Y
+ Czci Yll,,m * Yl—] m YE,O Yi,() Y?,O
0 .0 y1.m'+y,1,my,0,07,0,01,0,0
—c,c, Y, TY,TY YUY
ses 1 N s 1
0 2 ylm'+y,1,my0,0v2,0y,0,0
+ e Y, YTY YUY
1,m" 1
=2y YRy

2 2 ylm'sy1.my2,0y,2,0v,0,0
R T A b G

- @ G 250 s T S0 P O
_ CQC%/ Cgr Y;] m’ Yl_ 1,m Yi),O Ys3',0 Y1] ,0

+c2(ched =20y, by 20y Loy 10
_ C%C%/ c?/ Y; 1,m’ Yl_ 1,m Yg,o Y::,’O Yll ,0

+ (et =2 )y 0y Oy
_ C?C?/ C:;', Y;l,m'* Yll mn Y?,O Ysl,O Yll 0

+ C%(C?r C%/ _ zc(s)l C(s)' Y;l,m’* Y[l m Y?,O Ysl/,O Yll,O
_ cz C%/ C?/ Y;l,m'* Yll mn Y?O Y;,O Yll 0

SR G T0) s TRaD R0 o O
+ Yy y iyt 0y oy o

- (el =28 Y Oy Oy 0
+ cz C%/ C?/ Y; % Yl—l,m Y?O Y;,O Yll 0

R GEPISA) i (0 R S

+ C?C'?/ C:;', Yll/ RS Yll Jm Yg,O Ys3,,0 YII,O

202 2 0.0 \yla'sylmy2,0y101,1,0
—ci(cucy —2¢5c)Y, " Y YUY Y

(G.33)

2R Yy lmy20y30 Y}’O]) (G.34)
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S YRy IOY Y Ty 0y ) (G.40)
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