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ABSTRACT

Context. Over recent decades, asteroseismology has proven to be a powerful method for probing stellar interiors. Analytical descrip-
tions of the global oscillation modes, in combination with pulsation codes, have provided valuable help in processing and interpreting
the large amount of seismic data collected, for instance, by space-borne missions CoRoT, Kepler, and TESS. These prior results have
paved the way to more in-depth analyses of the oscillation spectra of stars in order to delve into subtle properties of their interiors.
This purpose conversely requires innovative theoretical descriptions of stellar oscillations.

Aims. In this paper, we aim to analytically express the resonance condition of the adiabatic oscillation modes of spherical stars in a
very general way that is applicable at different evolutionary stages.

Methods. In the present formulation, a star is represented as an acoustic interferometer composed of a multitude of resonant cavities
where waves can propagate and the short-wavelength JWKB approximation is met. Each cavity is separated from the adjacent ones
by barriers, which correspond to regions either where waves are evanescent or where the JWKB approximation fails. Each barrier
is associated with a reflection and transmission coefficient. The stationary modes are then computed using two different physical
representations: (1) studying the infinite-time reflections and transmissions of a wave energy ray through the ensemble of cavities or
(2) solving the linear boundary value problem using the progressive matching of the wave function from one barrier to the adjacent
one between the core and surface.

Results. Both physical pictures provide the same resonance condition, which ultimately turns out to depend on a number of param-
eters: the reflection and transmission phase lags introduced by each barrier, the coupling factor associated with each barrier, and the
wave number integral over each resonant cavity. Using such a formulation, we can retrieve, in a practical way, the usual forms derived
in previous works in the case of mixed modes with two or three cavities coupled though evanescent barriers, low- and large-amplitude
glitches, and the simultaneous presence of evanescent regions and glitches.

Conclusions. The resonance condition obtained in this work provides a new tool that is useful in predicting the oscillation spectra
of stars and interpreting seismic observations at different evolutionary stages in a simple way. Practical applications require more
detailed analyses to make the link between the reflection-transmission parameters and the internal structure. These aspects will be the
subject of a future paper.

Key words. asteroseismology — methods: analytical — stars: oscillations

1. Introduction

Mechanical forcing, turbulent motions, or thermal instabilities
can perturb the equilibrium state of stars and generate inter-
nal waves (e.g., Samadi et al. 2015, and references therein).
These waves can propagate back and forth several times between
the center and surface of stars and a resulting positive inter-
ference can give rise to global resonant modes, the oscilla-
tion frequencies of which directly depend on the stellar interior
properties. The study of the oscillation power spectrum of these
modes (asteroseismology) can, in turn, provide us with pre-
cious information on the stellar structure. Over recent decades,
the high-quality seismic data first provided for the Sun by
the spacecraft SOHO (Domingo et al. 1995) and ground-based
telescope networks (e.g., GONG and BiSON projects, Chaplin
1997; Leibacher & GONG Project Team 1998) as well as sub-
sequent data gathered for thousands of distant stars by space-

borne missions CoRoT, Kepler, and TESS (Baglin et al. 2006;
Borucki et al. 2010; Ricker et al. 2015), have indeed brought
stringent constraints on the stellar dynamics and evolution (e.g.,
Chaplin & Miglio 2013; Grotsch-Noels et al. 2016; Mosser &
Miglio 2016; Christensen-Dalsgaard 2021). The exploitation of
such an amount of information and its physical interpretation
have greatly relied on analytical descriptions of the linear stellar
oscillations. In particular, theoretical expressions of the eigenfre-
quency patterns appeared to be crucial for extracting the prevail-
ing features of the observed oscillation power spectra, defining
seismic indicators that are relevant of the stellar structure, and
enabling statistical studies on large samples of stars via auto-
mated methods (e.g., see Farnir et al. 2019; Appourchaux 2020;
Gehan et al. 2021, for recent examples).

Most of the available analytical descriptions of the linear
stellar oscillations are based on asymptotic methods within the
JWKB approximation. This approximation assumes that the

A139, page 1 of 20

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/0004-6361/202243157
https://www.aanda.org
mailto:charly.pincon@obspm.fr
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0

A&A 661, A139 (2022)

wavelength is much smaller than the variation scale height of
the background state almost everywhere in stars (e.g., Olver
1975; Gough 2007). For example, asymptotic analyses predict
that the high-frequency acoustic modes, the propagation cav-
ity of which is mostly located in the uppermost layers of stars,
are nearly evenly spaced in frequency, with a frequency spac-
ing (or large frequency separation) directly linked to the mean
density of stars. In contrast, the low-frequency gravity modes,
which mostly propagate in the inner layers of stars, are asymp-
totically expected to be nearly evenly spaced in period, with a
period spacing related to the stellar core density (Vandakurov
1968; Tassoul & Tassoul 1968; Smeyers 1968; Shibahashi 1979;
Tassoul 1980). This leading-order description of the mode fre-
quency distribution is nevertheless insufficient for reproducing
all the diversity and details observed in the high-quality oscilla-
tion spectra of the Sun and thousands of other stars.

First, in low-mass main sequence stars, the deviation of
the observed acoustic mode frequencies from the nearly regu-
lar asymptotic pattern was shown to take the form of a low-
amplitude sinusoidal-like signal (e.g., Hill & Rosenwald 1986).
The origin of these small frequency perturbations is attributed
to sharp structural variations in some regions of stars where
the JWKB approximation fails, the so-called glitches (Vorontsov
1988; Gough & Thompson 1988; Gough 1990). For instance,
glitches are expected at the interface between convective and
radiative zones where discontinuities in the temperature gradi-
ent, in its derivatives, or in the molecular weight can occur,
depending on the mixing processes at work (e.g., Gough & Sekii
1993; Roxburgh & Vorontsov 1994; Monteiro et al. 1994, 2000;
Audard & Provost 1994), as well as in the helium ionization zone
where the first adiabatic index abruptly varies (e.g., Gough &
Vorontsov 1995; Gough 2002; Basu & Antia 2004; Houdek &
Gough 2007). Most prior works have assumed that the amplitude
of these acoustic glitches is small enough so that the induced
deviation from the asymptotic frequency pattern can be analyt-
ically modeled using first-order perturbation methods based on
the variational principle. These developments have permitted in-
depth studies of acoustic glitches in the Sun and brought about
stringent constraints on the position of the base of the convec-
tive envelope, on the extent of the overshooting region beneath
(e.g., Basu et al. 1994; Christensen-Dalsgaard et al. 1995; Basu
1997), and on the location of the ionization zone and the surface
helium abundance (e.g., Vorontsov et al. 1991; Perez Hernandez
& Christensen-Dalsgaard 1994; Monteiro & Thompson 2005).
The exquisite store of seismic data collected by space-borne mis-
sions CoRoT and Kepler subsequently enabled similar studies
in dozens of other distant main-sequence stars (e.g., Mazumdar
et al. 2012, 2014; Lebreton & Goupil 2012; Verma et al. 2017;
Farnir et al. 2020a). All the seismic information extracted from
acoustic glitches currently stand for one of the most important
sources of constraints for stellar modeling (e.g., Verma & Silva
Aguirre 2019; Farnir et al. 2020b).

Furthermore, in intermediate-mass main sequence stars, the
frequency pattern of the observed gravity modes can also be
affected by glitches. In these stars, the expansion and recession
of the convective core create a gradient in the mean molecu-
lar weight at its upper boundary, resulting in a large discon-
tinuity in the Brunt—Viisild frequency (Berthomieu & Provost
1988; Provost et al. 1990). Such large-amplitude glitches locally
induce an important wave reflection and result in an unequal dis-
tribution of the mode energy on both sides of the glitch: this
is referred to as the mode-trapping phenomenon. Unlike low-
amplitude glitches in the Sun, the deviations from the asymp-
totic frequency pattern of gravity modes that are induced by
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such large-amplitude glitches cannot be treated as small pertur-
bations. In this situation, the eigenfrequencies of gravity modes
can be better analytically expressed using the matching of the
asymptotic solutions on each side of the glitch (e.g., Miglio et al.
2008a,b). The period spacing between adjacent gravity modes
predicted by such models significantly differ from the uniform
asymptotic value predicted in the absence of discontinuity,
which offers an interesting potential to constrain the chemi-
cal mixing at the edge of convective cores in these stars (e.g.,
Degroote et al. 2010). The frequency pattern of gravity modes in
white dwarfs can similarly be affected by compositional layering
and therefore can similarly provide information on the internal
structure and transport processes in these advanced evolutionary
stages (e.g., Brassard et al. 1992; Kawaler & Bradley 1994).

Finally, in post-main sequence stars, the density contrast
between the core and surface is so large that the oscilla-
tion modes can propagate both in an inner cavity, where they
behave as gravity modes, and in an outer cavity, where they
behave as acoustic modes: these are the so-called mixed modes
(Scuflaire 1974; Aizenman et al. 1977). Both cavities are cou-
pled by an intermediate region where the modes are evanes-
cent (e.g., Hekker & Christensen-Dalsgaard 2017, for a review).
Neglecting the possible effect of internal glitches, the asymp-
totic frequency pattern of mixed modes presents the char-
acteristics of both the acoustic and gravity modes spectra
(Shibahashi 1979; Tassoul 1980; Takata 2016a; Loi &
Papaloizou 2020). The asymptotic analyses of mixed modes
appeared essential to analyze the large amount of seismic data
collected by the satellite CoRoT and Kepler for evolved stars and
represent a solid theoretical basis for interpreting these observa-
tions in terms of internal structure (e.g., Mosser et al. 2018). The
study of mixed modes put stringent constraints for instance on
the nuclear-burning state (e.g., Montalban et al. 2010; Mosser
et al. 2014; Vrard et al. 2016), the core rotation (e.g., Goupil
et al. 2013; Gehan et al. 2018; Deheuvels et al. 2020), and
the mid-layer structure of these stars (e.g., Mosser et al. 2017;
Hekker et al. 2018; Khan et al. 2018; Pingon et al. 2019, 2020),
as well as on the amount of core overshooting on the main
sequence (e.g., Montalban et al. 2013; Noll et al. 2021). Delving
into more details of the mixed mode oscillation spectra, acous-
tic glitches associated with the helium ionization zone could
also be detected (Vrard et al. 2015; Dréau et al. 2020). Other
seismic signatures, still not observed, have also been theoret-
ically predicted. On the one hand, Cunha et al. (2015, 2019)
proposed a more complex description of mixed modes includ-
ing the presence of buoyancy glitches, that is, the sharp gradient
in the molecular weight induced by the migration of the base
of the convective zone during the first dredge-up. On the other
hand, Deheuvels & Belkacem (2018) investigated the properties
of mixed modes during the ignition of the helium burning (i.e.,
helium sub-flashes). During this phase, the temporary helium-
burning shell is convective and mixed modes become evanescent
inside. The inner propagation cavity is thus split into two parts.
Mixed modes can thus propagate in three cavities separated from
each other by two evanescent coupling regions. Both previous
internal features were shown to produce remarkable seismic
signatures in the mixed mode spectra, with promising probing
potentials.

All the previous examples demonstrate the diversity of
potential resonance configurations throughout the Hertzsprung-
Russel diagram and the large amount of associated analyti-
cal descriptions. Despite this diversity, the effect of low- and
large-amplitude glitches as well as evanescent regions on the
mode frequencies results from a similar physical phenomenon.
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Indeed, either near sharp gradients or close to the boundaries
between evanescent regions and resonant cavities (i.e., close to
turning points where the radial wave number vanishes), the vari-
ation scale height of the background state is smaller than the
local oscillation wavelength, the JWKB approximation locally
fails, and an incident wave energy ray is partially reflected and
transmitted (see, e.g., Appendix C of Pingon et al. 2020, for a
simple example). Based on basic linear wave principles, Takata
(2016b) considered such a physical picture and reformulated the
mixed mode frequency pattern of red giant stars in a very general
way by describing the evanescent region as a simple barrier asso-
ciated with a wave reflection coefficient. Pincon (2019) adapted
the same picture to model the effect of one glitch on the oscilla-
tion frequencies of star, which had been actually already antici-
pated by Roxburgh & Vorontsov (2001). In this paper, we aim to
extend these previous representations to a multitude of resonant
cavities and barriers and to obtain a generalized formulation for
the resonance condition of oscillation modes in spherical stars
that is applicable to any configurations and evolutionary states
in a practical way.

The paper is organized as follows. In Sect. 2, we introduce
the theoretical background about gravito-acoustic oscillations in
stars and the modeling of the wave transmission-reflection prob-
lem. This introductory material is subsequently applied to obtain
a very general expression of the resonance condition following
two complementary pictures in Sects. 3 and 4. In addition, the
distribution of the mode energy and the mode amplitudes among
the different resonant cavities are addressed in Sect. 5. As a first
illustration, the resulting resonance expression is then applied on
simple usual oscillation configurations in Sect. 6 and the compat-
ibility with previous formulations is discussed. We present our
concluding remarks in Sect. 7.

2. Setting the stage

In this first section, we introduce the theoretical background and
set the main physical description of the stellar oscillation modes
used in the present paper.

2.1. General theoretical framework

In this work, we focus on the linear asymptotic and adiabatic
global standing modes of spherical stars. In other words, we
make the three following main assumptions on the oscillations.

First, we assume that the oscillations are small-amplitude
perturbations of the stellar equilibrium state (i.e., within the lin-
ear approximation) and that there is at least one region where
they can propagate as progressive waves and where the short-
wavelength JWKB approximation is met (i.e., within the asymp-
totic limit). Such a region is referred to as a resonant cavity.

Second, we assume that the waves are generated at a time
t = —oo, and we neglect non-adiabatic effects during their prop-
agation (i.e., within the adiabatic limit). We therefore focus on
stationary modes that persist indefinitely over time with a time
dependence in e/, where i is the imaginary unit and o is
the angular oscillation frequency. This seems reasonable in a
first step since, otherwise, excited progressive waves would be
rapidly damped and could not constructively interfere to form
eigenmodes.

Third, we neglect the effects of stellar rotation and internal
magnetic effects on the oscillations; in other words, there is no
preferential axis from the point of view of the waves. Owing
to the spherical symmetry, the perturbations associated with the
oscillations are separable into angular and radial parts, and the

angular part is represented by the orthonormal set of scalar
and vector spherical harmonics, Y}, in the stellar frame, with
angular degrees, £, and azimuthal numbers, m (e.g., Ledoux &
Walraven 1958; Unno et al. 1989). In the following, we explicitly
focus on a (¢, m) harmonic; the Eulerian perturbation of pressure,
p’, and the oscillation displacement field, &, are thus expressed
as:

Pl =p'(r) Y6, s) e, ey
£(r,0) = [&0) Y10, 5) € + &(r) rVYO, )| e, ©)

where (7, 0, s) are the spherical coordinates in the stellar frame,
e, is the radial unit vector, V is the gradient operator, and gr and
&, are the radial and poloidal components of the mode displace-
ment, respectively.

The present theoretical framework is therefore appropri-
ate to investigate the frequency pattern of eigenmodes in the
slow rotator, low magnetic field, and adiabatic limits. We note
that the study of the small deviations from this leading-order
pattern that can be induced by rotational, magnetic, and non-
adiabatic effects is theoretically tractable in a subsequent step
using perturbative methods (e.g., Ledoux 1951; Dziembowski
1977; Dziembowski & Goode 1984; Pingon et al. 2021), which
is beyond the scope of this paper. Once the framework is set,
we introduce in the following the basics on the propagation of
gravito-acoustic waves that are useful for our purpose while
distinguishing two kinds of regions: first, the resonant cavities
where progressive waves can propagate and where the JWKB
approximation is met; and second, the regions where waves
are evanescent or where the JWKB hypothesis fails at some
point (i.e., in the vicinity of turning points or near sharp struc-
tural variations). These regions are referred to as barriers in the
following.

2.2. Wave propagation in resonant cavities
2.2.1. Adiabatic linear wave equation

Assuming an adiabatic equation of state, the continuity, momen-
tum and Poisson equations linearized around the hydrostatic
equilibrium of stars results in a fourth-order differential sys-
tem with respect to radius for the radial wave displacement,
the Eulerian pressure perturbation, the Eulerian perturbation of
the gravitational potential, and the radial derivative of this lat-
ter (e.g., Ledoux & Walraven 1958). Nevertheless, within the
short-wavelength JWKB assumption, the effect of the perturba-
tion of the gravitational potential on the wave displacement field
is known to be negligible at leading order. This is the so-called
Cowling approximation (Cowling 1941). It relies on the fact that
because of the large number of radial nodes in the vicinity of
the considered layer, the effect of the small-scale density per-
turbations integrated over the whole stellar volume is negligi-
ble on the local gravitational acceleration according to the Pois-
son equation (see, e.g., Appendix A of Pincon et al. 2020, for a
scaling-based justification). The validity of the Cowling approx-
imation for any angular degree, ¢, inside the resonant cavities
thus permits us to reduce the adiabatic linear wave equation to
the second order, which has the advantage of being analytically
tractable using the usual asymptotic methods (e.g., Olver 1975).

In these considerations, the formulation of Shibahashi (1979)
within the Cowling approximation can be used to describe the
leading-order behavior of the oscillations inside resonant cav-
ities. According to the work of Shibahashi (1979), the wave
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equation can be expressed as
>y
dr?

3

where the wave function and the squared local asymptotic radial
wave number are respectively defined as

s
¥=pler|l - £ & )
(on
2 2 2
2 _ 0 (N Sy
a0 v

In these equations, p is the equilibirum density, ¢ = T'; p/p is the
squared sound speed, with I'; the first adiabatic index and p the
equilibrium pressure, H, is the pressure scale height, and S, and
N are the Lamb and Brunt—Viisili frequencies, respectively, the
expressions of which are provided by

0L+ 1) ¢?

S?:—r2 (6)
g(1dlnp dlnp

N2=Z(——% 7
r(F1 dinr dinr)’ ™

where ¢ is the gravitational acceleration. Finally, the M(r) func-
tion in Eq. (3) is a radial function that depends on the variation
of the equilibrium structure (see Appendix A for an expression).

As mentioned earlier, the second-order wave equation in
Eq. (3) can be considered as a very good approximation inside
regions where the JWKB approximation is met. By definition,
these regions are far enough away from sharp variations in the
stellar structure (i.e., relative to the local wavelength) in such
a way that the M function in Eq. (3) remains on the order of
unity at most inside these regions'. We therefore understand
that the resonant cavities correspond to regions where K2 > 0
that are located between consecutive turning points (i.e., where
KZ = 0 for o> = N? or 0> = §7) and sharp gradients, but far
enough away from these latter layers for the JWKB approxima-
tion to be met (i.e., K> > 1/H§). According to Eq. (5), this is
the case where 02 < (S ? and N?) or o > (S % and N?), which
corresponds to low-frequency gravity-dominated waves or high-
frequency pressure-dominated waves, respectively.

From a general point of view, one particular solution of the
wave equation in Eq. (3), denoted by i, can be formally written
in a plane wave form as

y(r) =, ®)

where ¢(r) is a complex phase function. It is easy to check that
its complex conjugate, ¥*, is also a solution. Moreover, their
Wronskian ‘W, is equal to

* dlﬁ dlﬁ* . d¢ 2
Ww—(l/’ o Y4 )—ZIRe[dr]llﬁl ,
where R.[-] denotes the real part. Therefore,  and ¥* are lin-
early independent and thus form a vectorial basis for the solu-
tions of the wave equation if and only if R.[d¢/dr] # 0. This
condition is met inside resonant cavities, since 7(3 > 0. Itis
also worth noting by differentiating Eq. (9) with respect to r and
using Eq. (3) that their Wronskian ‘W, is conserved in resonant
cavities, as expected from the Liouville formula.

€))

' The M(r) function in Eq. (3) is singular at turning points where
o = §,. This singularity is however not an issue for the discussion since
it is not physical and can be easily removed by changing the dependent
variable appropriately, as recalled in Appendix A.
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2.2.2. Asymptotic form of the wave solution

In resonant cavities, we denote K, = \/‘ITE We assume that the
phase ¢ in Eq. (8) varies on a length scale on the order of 1/%,
which is supposed to be much smaller than the variation scale
height of the medium on the order of Hp. Under these consider-
ations, injecting Egs. (8) in (3), we can show that the ¢ function
in the cavity is equal at leading order in K, up to addition by a
constant, to (e.g., Gough 2007)

BriF) ~ 3 InK; + (), (10)
where
<p(r;7’)=f K.dr, (11)

with 7 an arbitrary reference point in the considered cavity. In
the latter equation, we have chosen as a convention the positive
branch in Eq. (10) such as (d¢/dr) = K; > 0 and the ¢ function
is associated with the progressive component of the wave func-
tion ¥ whose phase travels upward (given the temporal depen-
dence on e~"). Therefore, in resonant cavities, the ¥ function
merely reads at leading order

1

eup(r;r) ,

Y(rr) = 12)

T
which corresponds to a plane wave with a slowly varying ampli-
tude. Given Eq. (10), the Wronskian of the two basis solutions in
Eq. (9) is equal at leading order to ‘W, =~ 2iK;/K; = 2i, which
is constant as expected.

2.2.3. Wave energy luminosity

Physically speaking, the propagation of gravito-avoustic waves
is not only described by the propagation of their phases, but also
by the propagation of their energy. To analyze this, we find con-
venient to consider the radial wave energy luminosity. Within
the Cowling approximation (resulting from the short-wavelength
hypothesis), it is defined at leading order by the integrated quan-
tity at time ¢ and radius r (e.g., Lighthill 1978; Unno et al. 1989):

. t+T/2
Lo~ 1 f ( f f Re [P/ (r, )] Re [0:(r, T)] 7 sin ededs) dr,
T t-T/2 0.5
(13)

where v, is the Eulerian perturbation of radial velocity and 7 is
the oscillation period. By recalling that the wave velocity field
is given by v = (0&/0¢) and by expressing within the considered
framework its radial component as

Ur(r’ t) = 51‘(") Y;ﬂ(g, S) e—l(Tt, (14)
we obtain the simple relation
be(r) = —ic&(r). (15)

In order to express Eq. (13) further within the JWKB approxi-
mation, we then write the wave function ¥ in a general way as
the linear combination of ¢ and y*, that is,

P(r, 1) ~ e ap wir, ) + ar y* (7). (16)

where a, and a, are two complex constants representing
the amplitudes of the progressive and regressive components,
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respectively. Using Egs. (4), (5), (12), and (15), the (complex)
radial part of the velocity in resonant cavities is therefore equal
to:

~ | O 12
0~ —i|——
' pric

To obtain the Eulerian perturbation of pressure, we can then
use the relations derived by Shibahashi (1979), and given in
Egs. (A.5) and (A.6), while neglecting at leading order the vari-
ations of the structure equilibrium compared to that of the wave
phase, which provides

1/4

2_ 2
S;-o i —ip
a, e’ +ae?).

e (17)

1/4

o s o (opc\V2|N? =02 : 5

P ~sgn(S€—0')1(7) W ape#’—are ‘P)’
(18)

where sgn() is the sign function. Therefore, using

Egs. (1), (14), (17), and (18), and taking advantage of the
time dependence on ¢~ and the orthonormality of the spheri-
cal harmonics, it is straightforward to show that the radial wave
energy luminosity in Eq. (13) finally reads
Lo~ sen (0 = 52) S (al = larl). (19)
First, we check that the radial wave energy luminosity does not
depend on r and ¢ within the hypothesis of adiabatic oscillations,
as expected. Second, we see that it is equal to the sum of two
distinct parts that are proportional to |ay|* and |a,[*, which result,
respectively, from the progressive and regressive components?.

Third, we see that in general, the mean wave energy flux is pro-
vided by

Ly 1 .,
~167r< 4

Fu(r) = i p'or + ﬁ’*ﬁr). (20)
In the case where there is only one progressive or one regressive

component (i.e., a; = 0 or a, = 0, respectively), we retrieve the

well-known formula for plane waves given by Fo = p'or /8.
Finally, it is worth mentioning that the Wronskian for the wave
function W is equal to

d¥ dv*

Wy = (W*— - ‘P—) = (lapl* = laHWy. 21

dr dr

At leading order in the resonant cavities, Wy, = 2i, and we see
that the Wronskian of the wave function ¥ is thus directly related
to the radial wave energy luminosity, which explains its conser-
vation within the adiabatic limit.

Another important point is the presence of the term sgn(o> —
S ?) in Eq. (19). This term is actually related to the direction of
the propagation of the wave energy. Indeed, the radial group and
phase velocities in resonant cavities, v, and v, are equal, accord-
ing to Eq. (5), to:

o oo Ko
Uy = i% and Vg = a—(](r = mvw (22)

2 In general, the oscillations are represented by a linear combination
of an infinite number of (¢, m) harmonics. Given the orthonormality of
the spherical harmonics, it is straightforward to show that the total mean
wave energy luminosity is equal to the sum of each harmonic contribu-
tion, and that each harmonic contribution has the same form as Eq. (19).

where the plus and minus signs correspond to the progres-
sive and regressive components, respectively. Therefore, two
cases have to be distinguished. On the one hand, in the case of
pressure-dominated oscillations, we have o > (S7 and N?) so
that vg and v, have the same sign. As a consequence, the wave
energy propagates in the same direction as the phase wavefront.
Therefore, the progressive (regressive) component is associated
with a positive (negative) mean wave energy flux propagating
upward (downward). On the other hand, in the case of gravity-
dominated oscillations, we have 0> < (S7 and N?) so that v, and
v, have opposite signs. The wave energy propagates in the oppo-
site direction of the phase wavefront. In this case, the progressive
(regressive) component is associated with a negative (positive)
mean wave energy flux propagating downward (upward). This
behavior is in agreement with the term sgn(o> — %) in Eq. (19).

2.3. Barriers and basic wave reflection-transmission problem

There are some regions in stars where the waves are evanes-
cent (i.e., where K? < 0) or where the JWKB approximation
is not met, as in the vicinity of sharp variations in the medium
(e.g., discontinuity in the chemical composition, thin ionization
region) or turning-points (i.e., where K> = 0). These are the
so-called barriers. While in the case of one infinite-length cavity
a purely progressive or regressive solution can exist (i.e., as in
Eq. (16) with a, = 0 or a, = 0), this does not hold true in the
presence of one single barrier. Indeed, an incident wave coming
from a first cavity is partially reflected back near the barrier and
partially transmitted toward a second cavity on the other side
of the barrier. It is thus necessary to consider the reflected and
transmitted waves as well, the amplitudes of which depend both
on the amplitude of the incident wave and on the properties of
the barrier, and they have to satisfy the conservation of the wave
energy flux. In general, this physical problem can be described
by reflection and transmission coeflicients, as already proposed
by Roxburgh & Vorontsov (2001) or Takata (2016b) in the con-
text of stellar pulsations.

To describe the wave reflection-transmission problem, we
considered a first cavity C, underlying a second cavity C,
with n € N*; both are separated by an intermediate barrier. We
chose two reference radii 7;; or 7, that are located below and
above the considered barrier, at the interfaces with the resonant
cavities C,, and C, 1, respectively; these layers define the upper
and lower boundaries of the cavities C,, and C,,;;. Within such
a framework, we can first express the wave function inside the
cavity C, in a similar way to Eq. (16), but with an explicit repre-
sentation in terms of the propagation of the energy and with the
origin of the wave phase set to the upper boundary, r;;, that is,

(23)

where the superscripts (—) and («) denote the wave compo-
nents in the cavity C,, whose energy propagates upward and
downward with the complex amplitudes a,(;) and aﬁl:), respec-
tively. As the phase and group velocities for pressure-dominated
(gravity-dominated) modes have the same (opposite) direction,

we can directly conclude:

V() =aS) W) + a,(;) WO,

n,+

)y gy — ) YT e_i”" for pressure modes
AL { U*(r;F) e for gravity modes (24)
YR = (-, (25)

where we recall that the y(r; 7) function is defined in Eq. (12).
The same representation can be used to express the wave func-
tion inside the cavity C,41, using the lower boundary ;| as the
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Base problem
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Fig. 1. Schematic view of the base wave transmission-reflection prob-
lem. An incident wave energy ray in the cavity C, with an amplitude
of aﬁ,:) encounters a barrier located between the radii r; and r;,,, and
associated with the (complex) reflection and transmission coefficients
R, 1 and T, 4. A part of the energy ray is reflected back into the cav-
ity C,, with an amplitude of af,:), and another part is transmitted into the

overlying cavity C,.; with an amplitude of a(njl) .

origin of the wave phase, that is,

Wi (r0) =a) Wt +als) WO, (26)

where af;’l) _and afj:l) _ denote the complex amplitudes of the
wave compbnents in the cavity C,4; whose energy propagates
upward and downward, respectively. We emphasize that ¥, and
Y.+ are two different representations inside different cavities of
the same and unique global wave function ¥, which denotes the
solution of the wave equation throughout the star.

Such a representation of the oscillations in the resonant cav-
ities is appropriate to define properly the reflection and trans-
mission coefficients while accounting for the conservation of the
wave energy flux, as already formalized in Takata (2016b). First,
in the base wave reflection-transmission problem, an upward
incident energy ray propagating in the bottom cavity C, encoun-
ters the barrier and is reflected back downward, while a part
of the energy ray is transmitted through the barrier and prop-

agates upward in the overlying resonant cavity C,.;. In other
words, we assume “5;1),7 = 0 (see Fig. 1). In this base config-
uration, the reflection and transmission coefficients, R, ,+; and
Ty.n+1, are respectively defined as the ratio of the amplitudes of
the reflected and transmitted components to the amplitude of the

incident component inside the resonant cavities, that is,

(<)

an,+ s
Ry = - = |Rn,n+l|€l ol (27)
a, +
(=)
n+l,— Vs
Tn,n+1 = ) = |Tn,n+1| e ' (28)
Ay +

where 6, ,+1 and y,,4+1 are the phase lags introduced at reflec-
tion and transmission, respectively. In this work, we will assume
that the phase lags take values between [—m,]. We note that
the notion of phase lags is readily defined well inside the cav-
ities where the JWKB is met and where the progressive and
regressive wave components are distinctly defined. In addition,
the conservation of the mean wave energy flux throughout the
star, provided by Eq. (19) inside both cavities, translates into the
constraint:

())?

(=)|?
- |an,+

=)
|, |

=) [ = Roi[ +[Toni[ = 1. @9
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Adjoint problem
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Fig. 2. Schematic view of the adjoint wave transmission-reflection prob-
lem. An incident wave energy ray in the cavity C,,; with an amplitude
of a;:f _ encounters a barrier. A part of the energy ray is reflected back
(=)

n+1,—

into the cavity C,,; with an amplitude a , and another part is trans-

mitted into the underlying cavity C,, with an amplitude of af,j).

Second, in the adjoint wave reflection-transmission problem, a
downward incident energy ray propagating in the resonant cavity
C,+1 encounters the barrier and is reflected back upward, while
a part of the energy ray is transmitted through the barrier and
propagates downward in the underlying resonant cavity C,. In
other words, we assume af;) = 0 (see Fig. 2). In this config-
uration, the reflection and transmission coefficients, R, and
Ty+1.4, are defined, respectively, as
(=)

n+1,—

10410
Rn+l,n = I = |Rn+1,n| el (30)
an+1,—
(<)
T _ n+ =T 1Ynrin 31
n+ln — (—) - n+l,n 4 s ( )
n+l1,—

where 0,41, and y,.1 , are the phase lags introduced at reflection
and transmission. The modulus of the reflection and transmission
coeflicients must also satisfy the conservation of the wave energy
flux as in Eq. (29).

Using basic wave principles of time-reversal symmetry, lin-
ear superposition and energy conservation, it is possible using
a reasoning similar to Takata (2016b, namely, their Sect. 2), to
connect the wave coeflicients of the base problem and those of
the adjoint problem. As demonstrated in Appendix B, they fol-
low the relations

|Rn+],n| = |Rn,n+l| , |Tn+l,n| = |Tn,n+1 | 5

Yn+ln = VYon+ls 6n+l,n =7 - 6n,n+l + 2'}/11,n+1 > (32)
which is similar to the results found by Takata (2016b) when
Ynns1 = 0. As a result, we finally see that a barrier between

two cavities C,, and C,, is entirely characterized by only three
parameters: Ry 41, Onn+1> and y, ,+1. The modulus of the trans-
mission coefficient can then be retrieved using the conservation
of the wave energy flux.

To complete these definitions, we emphasize that the choice
of the origin of the phase in the cavities, that is, the so- called
cavity boundaries within our framework, is somehow arbitrary
and that any change in the latter is compensated by a modifica-
tion of the values of the phase lags, d,,+1 and 7y, ,.1; the final
physical solution of the problem in contrast does not depend on
this choice. We note that in practice, it is often convenient to take
the boundaries as equal to the turning-points or the middle radius
of glitches, as we see later in Sect. 6.
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Fig. 3. Schematic view of a star modeled as an ensemble of resonant cavities, {C;},<;<y, Where the waves can propagate and the JWKB approxi-
mation is met. The cavities are separated from each other by barriers corresponding to either evanescent or rapidly varying regions associated with
complex reflection and transmission coefficients R; ;,; and 7, (gray shaded regions). The lower and upper boundaries of the cavity C; are located

at the radii r; and r]

. The upward and downward energy ray in the cavity C; are associated with the amplltudes a

) and a respectlvely, where

the plus (mmus) sign is chosen when the origin of the wave phase in Egs. (11) and (12) is chosen at 7} (r}). The boundarles at the stellar center

and surface are modeled as totally reflective barriers.

2.4. Central and surface stellar boundary conditions

Close to the center and surface of stars, the wave energy lumi-
nosity must vanish at some point. This condition is required by
the regularity of the oscillation displacement near the center and
the fact that the density vanishes beyond the surface. The core
and surface of stars can thus be modeled as totally reflective bar-
riers (e.g., Unno et al. 1989).

Inside the first cavity just above the stellar core, which is
denoted by C|, the wave function can be generally written within
the considered convention as

Wi =a YD) + a7 Y O s, (33)

The reflective boundary condition at the center then requires

(<)

(H) Oc
a1 s

(34)
where ¢, is the phase lag introduced during the reflection. This
ensures that the modulus of the amplitudes of the upward and
downward components are equal and hence that the incident
wave energy flux is totally reflected. Similarly, inside the last
cavity just below the stellar surface where the stellar density van-
ishes, which is denoted by Cy with N € N*, the wave function
reads

Yy(r,t) = a(q) ://(_))(r 5+ a((_) l//(<_)(l’ 5. (35)

The reflective boundary condition at the surface then requires

(=) _ igs (=) (36)

aN — aN +2

where J; is the phase lag introduced at the reflection.
At this point, all the basic ingredients have been introduced

to formulate in a general way the resonance condition of global

modes in stars by taking simultaneously into account the effect

of an ensemble of barriers, as we see in the next sections.

3. Infinite-time reflection picture for multi-cavity
oscillation modes

In this section, we consider a star composed of N successive res-
onant cavities {C;},<;<y between the center and surface, which
are separated from each other by N — 1 intermediate barriers.
In order to make explicit the properties of the oscillation eigen-
modes, we follow the propagation of an incident energy ray

along its infinite-time travel through the ensemble of cavities and
impose a condition for constructive interferences. The problem
is graphically represented in Fig. 3. This is actually very simi-
lar to the computation of the transmission transfer function of a
Fabry-Pérot in optics, but with an ensemble of resonant cavities
and totally reflective boundaries.

3.1. Cavities Cy and C,

As a first step, we focus on the two lowest cavities C; and C;
while considering the reflective condition at the bottom bound-
ary of C (i.e., close to the stellar center). In the following, {7}
denotes a set of given radii in the middle of the cavities {C;}. We
then consider the case of an incident downward energy ray at
7, and at a given time fy with an amplitude a(zi__). According to
Eqg. (26), the wave function at 7, is provided by

oo to) = a5 7 (Foutoiry) + as” W O (Fautoiry). (37

The goal is then to express a( ) as a function of a(;_). Unlike
the adjoint wave reflection- transmission configuration presented
in Sect. 2.3, the amplitude of the reflected component has to
account for the reflective boundary condition at the stellar cen-
ter and the fact that the wave energy that is transmitted from C;
to C; can come back into C,. This reflected part can thus be
decomposed into two components, namely as:

a7 =) (=)

Ay =Qp + . (38)

The first term a( )  corresponds to the part of the incident energy
ray that is dlrectly reflected on the barrier between C; and C; as
in the associated adjoint wave reflection-transmission problem,
that is,

=) _
@ R

=Ry d”). (39)

The second term 0‘(2,_}) corresponds to the part of the incident
energy ray that is transmitted to Cj, that then indefinitely travels
back and forth between the center and the upper boundary of Cy,
and that is finally transmitted back to C,. Based on Eq. (23), the
wave function at 7, in C; can be written as

V(7. 00) = GH) W F 10317 + a(‘_) T, 105 1)), (40)
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The wave amplitudes in Eq. (40) can be expressed as the super-
position of an infinite number of contributions resulting from the
infinite-time multiple reflections of the energy ray transmitted
from C,, that is,

=) _ =) (—>)
a,, =ag +Za

(<)

(41)
(42)

First, a; ;/ corresponds to the part of the incident energy ray that
is transmltted from C, to Cy, that is,

(<) (<)

al’T = T2’1 612,_ (43)

Second, a< ) corresponds to the transmitted part that is in addi-
tion reﬂected close to the core and returns back to 7. To express
this amplitude as a function of the wave coefficients within the
conventions presented in Sect. 2, we need to change the origin of
the phase in Eq. (40) from r} to ] where the reflection occurs.
From Egs. (12), (24), and (25), we deduce for any integer i that

Y o to; 1) = €70 Y #1031, (44)
YOG toy 1) = MO Y D Gt 1), 45)
with

==+ | %Kdn (46)

where the plus (minus) sign has to be chosen when the radial
group and phase velocities have the same (opposite) direc-
tions, that is, in cases of pressure-dominated (gravity-dominated)
modes. In comparing Eq. (40) with the expression of the wave
function at 7, but with | as the origin of the wave phase, that
is,

Wi(F1,t0) = a2y Frtos ) + a{ T O o), 47)
we then can understand, by using Eqgs. (44) and (45), that a
change in the origin of the phase from the upper boundary of
the cavity C;, r , to the lower boundary, r;, is associated with
the transformatlon of the amplitudes

(=) _ -i0; (—>)
ai,— =e z+ ’

(48)

(<) +i0; (<—) (49)

ai,— =e z+'

Starting from the amplitude a(T:), we first change the origin of
the phase to |, which is equivalent to multiply the amplitude
by ¢'®' according to Eq. (49). With this convention, the reflected
amplitude is just lagged by a phase d. compared to the incident
one according to Sect. 2.4. To conclude, we have to change the
origin of the phase back to r{ to retrieve the convention used in
Eq. (40), which is equivalent to multiply the amplitude again by
€9 according to Eq. (48). As a result, this gives

(=) _ 21@)1 0, (“)
X = € Q-

(50)

Third, a( ) and a(l_k)) in Eqgs. (41) and (42) correspond to the
parts of the downward and upward components having traveled
back and forth k times inside C;. For instance, the downward
term having made only one back and forth is deduced from the
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reflection of the amplitude a/( on the barrier between C; and

C,, that is,

(<) _ (=) _
@) =Ripa, g =

Rip @€ e%al). (51)
We retrieve a factor ¢*® that results from the total “optic” path
covered by the initial downward energy ray transmitted from C;
to come back to its initial position during a back and forth in C.
Based on the same reasoning as before, it is straightforward to
express the other components by recurrence for k > 1 as:

a9

20, i
€A

()—R1,2€

@k 52)

(=) _ 2i®] ei(? (<) (53)

X = ¥ -1
As a consequence, the upward and downward amplitudes in C|
can be linked through Eqs. (41), (42), (50), and (53), which
merely results in

(=)

_ 210, 16
Cll L =€

“dl. (54)
In other words, the upward and downward components in C;
have the same modulus and are just phase lagged during the
infinite-time travel of the wave energy ray inside C,. This means
that the downward and upward energy rays carry the same
amount of energy (but in the opposite direction) in such a way
that the total wave luminosity vanishes in C, as expected from
Eq. (19) and the conservation of the wave energy flux under the
totally reflective core constraint. Finally, the amplitude of the
wave transmitted to C; is equal to:

o5 =Tipa)?), (55)
so that using Egs. (42), (43) and (50)—(53), and expressing 75

as a function of T’ ; through Eq. (32), it can be rewritten as:

+00
. . k
- 50+2712+20 5420
a/(ZT) —a2 <) |T | (1(0:+27124201) E [Rl,zel( * ‘)]

ei(6c+2)/1,2+2®1)

1 — Ry »€l(%:+201) . (56)

Therefore, the total amplitude of the upward component in C; is
equal to, according to Egs. (32), (38), (39), and (56):

|T1,2|2 o1(0+2712+201)

(=) _ () i(m—612+2712)
a =a R] 2l e ’ =+
2,— 2,— s i
| | 1= |R1’2|e1(6°+61'2+2®1)

(57

Using the energy constraint |T1,2|2 =1- |R1,2|2, Eq. (§7) leads
after some manipulations to

iA
as?) =™ al”), (58)
where A, | represents the total phase lag introduced by the reflec-
tion on the intermediate barrier and the infinite-time travel inside
C; of the initial downward incident wave. It reads

Apy =7+ 2y, — 615 — 2arctan (g cot Dy), (59)
with
60 61 2
D=0+ —+—— 60
1 1+ > (60)
1—|Ry,|
Q2= "7 (61)
1+ |R]’2|
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The factor g » in the last equation is called the coupling factor of
the cavities C; and C,, which can take values between zero and
unity. Equation (58) also shows that as in C, the upward and
downward components in C, have the same modulus because of
both the totally reflective core constraint and the energy conser-
vation; the total wave luminosity thus also vanishes in C,.

We thus conclude that the combination of the cavity C| and
the overlying intermediate barrier is equivalent to one single
totally reflective barrier underlying the cavity C, and introduc-
ing an effective phase lag A, at the reflection of a downward
incident wave.

3.2. Ensemble of N cavities

As the next step, we add a third cavity C3 and an intermediate
barrier above C,. We then consider the case of an incident down-
ward energy ray at 73 with an amplitude a(;__) at a given time #.
According to Eq. (26), the wave function at 7 is provided by

YD F ) + a2 WO Ft0r3). (62)

As previously, the goal is to express the total reflected amplitude

agj) as a function of the incident amplitude a;__). Actually, the
computation is similar to that performed in Sect. 3.1 when con-
sidering two cavities because we have previously shown that the
cavity C; and the overlying barrier just below C, together can
be represented as a totally reflective barrier associated with an
effective phase lag A, ;. Therefore, we can conclude in a straight-

forward way similarly to Eq. (58) that

Y3(73,t0) = a

di) = ai e, (63)
where A3 is the total phase lag introduced during the reflection
on the barrier between C, and C3 and the infinite-time travel
throughout the cavities C; and C,. Its expression is provided by
the set of Eqs. (5§9)-(61) while replacing 6. by A, and the sub-
scripts 1 and 2 by the subscripts 2 and 3, respectively (e.g., |R; 2|
must be replaced by |R,3|). The region between the stellar core
and the barrier underlying the cavity Cs can thus also be con-
sidered as a totally reflective barrier associated with an effective
phase lag at reflection Aj ;.

At this point, it is then obvious that the generalization to the
case of N cavities can be obtained by adding one by one sup-
plementary overlying cavities and using the same reasoning as
before at each step. To do so, we consider a downward incident
energy ray in the cavity Cy. Analogously to Eqgs. (58) and (63),
we understand that the amplitudes of the downward and upward
components in each cavity are linked for 1 < i < N by the
expression
(<)

i

al? = et (64)

iji—1 a

where the total effective phase lag, A;;_;, introduced by the
infinite-time reflections and back-and-forth travels through all
the underlying cavities, {C}} ;<;, can be formulated by the recur-
rence relation for i > 2:

A,’y,‘_l =1+ 2)/,'_1’,‘ - 6,'_1’,' — 2 arctan (q:'—l,i cot (I)[_l) (65)

Airia | Gicti
2 2
The general definition of the coupling factor between the cavities

C;_y and C; is provided by

1-|Rio |

qi-1,i = m

D1 =0; 1+ (66)

(67)

Finally, the initialization of the recurrence for i = 1 is ruled by
the core boundary condition in Eq. (60), which is reduced to

A = 6. (68)

We also note that Eq. (64) implies that the modulus of the upward
and downward components in all cavities are equal and thus that
the total wave energy luminosity is null everywhere. As men-
tioned before, this is the consequence of both the totally reflec-
tive core condition and the mean energy flux conservation.

3.3. Upper surface boundary and resonance condition

In the final step, we add the surface totally reflective barrier
above the cavity Cy, so that Eq. (36) must apply. Simultane-
ously, using Eqgs. (48), (49), and (64) for i = N, we also have to
impose:

a;;r) = @O A= aﬁ. (69)
This provides the following resonance condition:
05 Ann-i
Oy + —+ —— =nn, 70
Nt 2 (70)

where 7 is an integer corresponding to the mode radial order. In
the adopted stationary configuration, the resonance condition is
actually equivalent to consider that a downward incident energy
ray in the cavity Cy has to travel throughout the ensemble of
cavities and come back to its initial position with the exact same
amplitude in order to constructively interfere. In order to give a
usual physical meaning to the radial order » in Eq. (70), it may
be convenient to choose the branch of the arctangent function in
such way that for any real &, we have:

lin} arctan (gtane) = €. (71)
q—?

Using this convention, the radial order n can be interpreted
throughout the paper as the difference between the number of
radial oscillation nodes in the p-dominated cavities, n,, and
that in the g-dominated cavities, ng, over all the cavities (i.e.,
n = n, — ng). Using the principal branch for the artangent func-
tion, n in Eq. (70) would be instead interpreted as ny, the number
of radial nodes over the cavity Cy.

Hence, the mode eigenfrequency spectrum is obtained by
solving the set of equations Egs. (65), (66), (68), and (70) for any
radial order n and accounting for the implicit frequency depen-
dence of the wave number integral and the barrier parameters.
To express the resonance condition in a practical form, we can
define the phase T; for 1 <i < N such as

Oiiv1  Oij-1
T,‘ = ®i + — + - - =, 72
2 2 2 (72)
and we can set
(51!0 =0, and 6N,N+l =7+ ds. (73)

Using the relation between 9;;_; and y;_;; in Eq. (32), the recur-
rence resonance relation in Egs. (65) and (66) can be written for
2 <i £ N in the form of

tan ®;_y = g;—1,; tan (O; — 1), (74)
where the core and surface boundary conditions in Eqs. (68)
and (70) translate respectively into

1
Dy =7 + g and @y = (n + E)n. (75)
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For N = 1, Eq. (75) is sufficient alone and leads to Y| = nmr.
Depending on the problem, it can also be convenient to express
the resonance condition as a series of frequency-dependent sine
terms, as we see in Sect. 6.4. Such an alternative formulation is
provided in Appendix C.

3.4. On the need for the multi-cavity approach

Before going further, it is worth discussing the need for the
multi-cavity approach, since we show in Sects. 3.1 and 3.2 that it
is possible to reinterpret the multi-cavity problem as the single-
cavity problem. Indeed, the combination of the cavities and bar-
riers below a given cavity C;; can always be reinterpreted as
one single totally reflective barrier with an effective reflection
phase lag redefined appropriately. Actually, the same conclusion
holds true for the combination of the cavities and barriers above
a given cavity, C;y. This can be easily shown following the
same reasoning as in Sects. 3.1 and 3.2, except that the com-
putation of the mode amplitude has to be made starting from
the surface totally reflective condition and going toward deeper
cavities. We may therefore wonder whether the multi-cavity pic-
ture, which is more complicated, is justified or not. The answer
to this question depends on how the wave number integrals and
the reflection coeflicients vary with frequency over a considered
range. On the one hand, if the wave number integral and the
reflection coefficients on both sides of the considered cavity are
constant over the frequency range of interest, then the single-
cavity picture appears sufficient to describe the oscillations. On
the other hand, if the mode parameters vary even slowly with fre-
quency, then we can expect that the effective phase lags resulting
from the combination of the cavities above and below the con-
sidered cavity behave in a complicated way with frequency. In
this case, the use of the single-cavity picture is not judicious.
In practice, for real stars, the wave number integrals and the
reflection coefficients always vary with frequency and choosing
a multi-cavity approach to describe the oscillation modes there-
fore appears necessary to understand their frequency spectra and
develop useful seismic diagnoses.

4. Linear boundary value problem picture

In Sect. 3, we describe the eigenmodes using a physical picture
that is analogous to ray tracing in optics. In this section, we aim
to describe the eigenmodes in a more mathematical way that con-
siders them as the solution to a linear boundary value problem.
Besides checking the validity of the previous scenario, such an
approach also has the advantage of being more convenient to
discuss the distribution of the mode energy and the mode ampli-
tudes ratios throughout stars, which is addressed in Sect. 5.

4.1. Amplitude vector

In each resonant cavity, the general solution for the wave func-
tion V¥ takes a similar form to Egs. (23) and (26) depending on
whether the origin of the phase is taken at the lower or upper
boundary of the cavity, respectively. In each cavity C;, we thus
define the amplitude vector in both cases as

(=) (=)
a;_ = af’;) and a;, = af;i) }
’ a;_ ’ a

i+

(76)

To find the stationary modes oscillating between the central and
surface boundaries of the star, we need to make the link between
all the amplitude vectors from the cavities C; to Cy.
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4.2. Connection through the intermediate barriers

Around each barrier located between the cavities C; and Cjyq,
a first solution for the wave function is the solution of the base
wave reflection-transmission problem presented in Sect. 2.3 and
is denoted by WV, This solution is associated in both cavities
with the amplitude vectors up to a given proportionality constant:

%) Tiin ) 1
aHl’oc( 0 ) and ai3+oc( Risi )

As shown in Appendix B, another solution can then be obtained
by complex conjugation and time reversal. In other words, ¥ =
YO* (7, —4) is also a solution. According to Eq. (25) (see also
the example in Appendix B), this solution is associated with the
amplitude vectors, up to the same proportionality constant as in

Eq. (77),
R*
) and agi)oc( ”1’“ )

Y

aHl’_ ( Ti;+1

The two solutions ¥ and ¥ are linearly independent and
constitute a basis for the solution of the wave equation around
the considered barrier (indeed, it is straightforward to show that
their Wronskian is not null). They are thus sufficient to deduce
the general transformation making the connection between a;, | —
and a;, for 1 <i < N —1 in the following matrix form

(77)

(78)

ai, =B a1, (79)
where B, ;;; is the transformation matrix:
i R* T*]
Biir1 = ( BiAl Bl i+l )
Riivi Ti,i+1 Ti,i+ 1
S:: T Oen s
= C(— ‘;“)Ai,mc:(z - Tl) (80)

where we have used Eq. (32) to decompose the matrix and where
we have defined

ce=( % 5 |

e
1 |Ri,i+1| )
lRi,i+1| 1 ’

81

1
Ai’,’ =TT 82
. |T1] ( ®2

For our purpose, it is useful to specify how the C and A, ;;; matri-
ces transform a given amplitude vector in the form of:

e+i€
w(e) = ( s ) | (83)
It is straightforward to find that
C(e) w(e)) = w(e + £1) (84)
Aiis1 w(e) = A;jv1(e) w(arctan [g;;. tan (£)]), (85)

where, using the convention in Eq. (71) for the branch of the
arctangent function?,

2
i
Aiii(e) = \/ u

3 When using the principal branch of the actangent function, Eq. (86)
has to be multiplied by an additional factor of sgn(cos(g)).

(1- Qii+1) cos? (&)

(86)
qii+1
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4.3. Wave function matching in the middle of the cavities

At this point, we need to connect the general solution around
the barrier between C; and Cj;; to the general solution around
an adjacent barrier, for instance, between C;_; and C;. It is thus
sufficient to make the link between a; , and a; _ inside the cavity
C; for 1 <i < N. This is provided by Egs. (48) and (49), and can
be written in the following matrix form:

a,_=GC;a;, =C(-0)a;.,, 87

where ®; and C are defined in Eqgs. (46) and (81). This simple
transformation is actually equivalent to match the two JWKB
solutions for the wave functions coming from r; and r;", respec-
tively, inside the cavity C;, as usually done for instance in the
usual asymptotic analyses of stellar pulsations (e.g., Shibahashi
1979; Tassoul 1980; Takata 2016a).

4.4. General transformation between adjacent cavities

The two last operations can be composed to describe the general
transformation of the amplitude vector from a cavity to an adja-
cent cavity, that is, the transformation from a;,; . to a; .. Using
Egs. (79) and (87), we getfor 1 <i < N —1:

(88)

a, = Bi,i+1Ci+1 Aiy1+ = Ei,i+1 Aiy] +-

It is also useful for the following to deduce the transformation
of a vector amplitude w(e) as defined in Eq. (83) by the matrix
E;i+1. Using Egs. (80), (84), (85), and (87), we find for 1 < i <
N —1 that

Ois1,i
Eiiet w(e) = Az (s —Yip + %) w[Qii(e)], (89)
with
Oivl,i Oii
QH_](S) = arctan [Qi,i-H tan (8 - TH_] + +12’ 2 )] - ,2+1 , (90)

where we have used Eqs. (32) and (72) to express the result as a
function of the phase T;.

4.5. Surface boundary condition

We first apply the totally reflective boundary condition at the
surface of the star, which is represented by Eq. (36). In terms of
the amplitude vector in Cy, it reads:

ay. =ay w(—ﬁ), o1

2
where ay is a complex constant. Imposing this surface condi-
tion, it is then possible to deduce the amplitude vectors in the
underlying cavities by successively applying the linear general
transformation E;;;; in Eq. (88) from i = N — 1 to i = k. This
gives

s =[ﬁ E--+1]aN w(—é) (92)
’ i=k ; 2)

Using Eq. (89) and setting for convenience

Qv =6~ %, 93)

this can be expressed in the simple form

A+ = A W[y 0 -+ 0 Qi1 (0)], 94

where (o) is the composition operator and ay is given by

N-1
a Gisl,iv2
=+ l_[ﬂi,m [an 00 Quy1(0) = Tiy + —=1|,
ay i 2

(95)

We note, according to Eq. (94), that in a given cavity, the ampli-
tudes of the upward and downward components have the same
modulus. This is the result of the totally reflective surface bound-
ary condition in Eq. (91) and has already been demonstrated
using the infinite-time reflection picture.

4.6. Central boundary and eigenvalue conditions

In the final step, we apply the bottom boundary condition close
to the core of the star, which is represented by Eq. (34). In terms
of the vector amplitude, this translates into

a a w(éc)
_=aq w(=
1, rwl5 )

where @, is a complex constant. Another expression of a; _ can
also be obtained but satisfying, this time, the surface boundary
condition. Using Eqgs. (87) and (94), it is provided by

a-=Cias=aw[Qo---0Qy.(0)-0].

(96)

o7)

Equations (96) and (97) have therefore to be met simultaneously
to obtain a solution of the boundary value problem. The eigen-
value condition is thus met if the amplitudes are chosen such as
a, = (—1)”a1 and

Qpo---0Qpu.1(0) = nm, (98)
where we have defined

19
Qi(e) = —s+ T — % + g (99)

and where n is the radial order. It is straightforward to show
that Eq. (98) is equivalent to the recurrence condition found
in the infinite-time reflection picture and provided by Egs. (74)
and (75). Both approaches are therefore equivalent. The bound-
ary value problem scenario nevertheless turns out to be more
convenient to discuss the mode amplitude, as we show in the
next section.

5. Local mean mode energy and amplitudes

In addition to the eigenfrequencies, it is also interesting to know
the distribution of the mode energy throughout the ensemble of
cavities. This can provide information about the regions that the
modes can efficiently probe and this is essential for predicting
the surface mode displacement and, thus, the observed oscilla-
tion power spectra (e.g., Chaplin et al. 2005). In this section, we
briefly address this point based on the present basic formulation
of eigenmodes.

5.1. Mean mode energy in each cavity

Owing to the equipartition of the potential and kinetic energy of
short-wavelength gravito-acoustic waves (e.g., Lighthill 1978),
the mean mode energy averaged over one oscillation period 7' =
2n /o in the cavity Cy is defined as:

+T/2 i
& = 1 f ( f f f p|R. licé(r, t)]|2 erZZer dr,  (100)
T Jorp Ui s

A139, page 11 of 20



A&A 661, A139 (2022)

where d2X = sin 6d6ds is the solid angle in the direction (9, s).
First, to express Eq. (100), we note that the horizontal mode dis-
placement can be related to the Eulerian pressure perturbation
through the momentum conservation in the horizontal direction
and the equality (e.g., Unno et al. 1989):
. )74 .

b pro?

Then, using Egs. (2), (15), (17), (18), and (101), and taking
advantage of the properties of the spherical harmonics, we find
at leading order for o > (§7 and N?) or o> < (S7 and N?) that
(see Appendix D for details)

(101)

&k ~ lail’|O4l. (102)
The local mean mode energy is therefore first directly propor-
tional to the wave number integral in the cavity Cy defined in
Eq. (46); we can approximately write @, =~ nn;, where ny is
an integer whose modulus represents the number of oscillation
nodes in the radial direction in the cavity Cy. Second, it is propor-
tional to the squared modulus of the mode amplitude. Knowing
the actual value of this amplitude would require studies of the
excitation and damping of the modes, which is beyond the scope
of this work. The previous analysis can nevertheless provide us
with the amplitude ratios between adjacent cavities, as we show
in the next section.

5.2. Amplitude ratios

Using Eqgs. (86) and (95), the squared amplitude in the cavity Cy
relatively to that in the surface cavity Cy is equal to

al_ ﬁ Gipy + (1= q7,1) c08% (Bi1) (103)
an ik qii+1 '

where we define the quantity

—_ 5i+1,i+2

Eir1 = Qoo+ 0 Qn(0) = i + —— (104)

2

The squared amplitude ratio between the adjacent cavities Cy
and Cy, is thus merely equal to

2 2 2=
2 Qg t (1 - qk,k+1)cos (Eks1)

Gk k+1

Ak

(105)

Aj+1

We can thus see that the squared amplitude ratio of the wave
function between adjacent cavities depends on two ingredients:
first, the coupling factor associated with the intermediate barrier,
which measures how the energy is transmitted from one cavity
to the other cavity; second, the “optical” path during a back and
forth travel of a wave inside the ensemble of cavities above the
intermediate barrier, which is represented by =;.; and measures
the level of constructive interference in the cavity Cy.;. In the
case when gy 41 is close to unity, Eq. (105) show that |ay/ay| is
on the order of unity. Indeed, in this case, both cavities are well
coupled and exchange comparable wave energy fluxes. In con-
trast, when gy z+; is much smaller than unity, the result depends
on the level of constructive interference in the cavity Ciyi. In
the limiting case where the level of constructive interference is
maximum, which is equivalent to g = (ng41 + 1/2)m with ng44
a given integer, Eq. (105) shows that the squared amplitude of
the wave function is smaller in the cavity Cy than in the cavity
Ci+1 by a factor of gxxr1 < 1. Conversely, when the level of
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constructive interference is minimum, that is Zy,; = n. 7, the
squared amplitude of the wave function is larger in the cavity Cy
than in the cavity Cy,; by a factor of 1/qg 41 > 1.

Finally, we first recall that the previous discussion address
the amplitude ratio of the wave function in both cavities and
that, in order to translate these results in terms of mode energy,
we also have to take the ®; factor in Eq. (102) into account,
which represents the local mode inertia in the asymptotic limit.
Second, it is worth mentioning that Eq. (105) expresses a; as a
function of the mode amplitude in the upper cavity Cy since it
was obtained by imposing only the surface boundary condition;
it is thus valid under this sole condition, which is met by defini-
tion for eigenmodes (i.e., in the resonance condition). Imposing
instead the sole core boundary condition, it is also possible to
derive an expression of a; as a function of the mode amplitude a,
in the inner cavity Cy, as shown in Appendix E. Such an expres-
sion is equivalent to Eq. (105) only and only for eigenmodes.

6. Simple cases

In this section, we apply the present formulation on simple cases
and check the compatibility with the eigenfrequency conditions
already obtained in previous works.

6.1. Gravity and acoustic modes with one single cavity

First, we consider the case of pure gravity or acoustic modes
propagating in one single cavity. The cavity is supposed to be
located between two turning-points close to the core and sur-
face and beyond which the modes are evanescent, in agreement
with the totally reflective boundary conditions. Using Eq. (75),
or equivalently Eq. (98) for N = 1, we generally find that:

i S 6
frl Kidr + (EC + 5) = tnnm,

where the plus and minus signs correspond to the case of acous-
tic and gravity modes, respectively, and n is a positive integer
representing the mode radial order. In general, the values of the
phase lags d; and 6. can be computed in a second step using a
single turning point asymptotic analysis, such as that performed
by Shibahashi (1979). Retaining the Cowling approximation and
neglecting the gradients in the equilibrium structure in the wave
equation everywhere inside the star, Shibahashi (1979) showed
that the wave function, ¥, takes the form of an Airy function
of the first kind in the vicinity of a given single turning point.
Choosing the origins of the wave phase in Eq. (11) as equal to
the turning points, that is, such as K;(r]) = K.(r7) = 0, we
show in Appendix F that 6. + s = & if the core and surface turn-
ing points have the same nature (i.e., both turning points satisfy
either 0> = N? or 0?2 = S?); and then 6. + &; = 0 otherwise.

As an illustration, we can consider the examples of the low-
frequency gravity modes and high-frequency acoustic modes in
low-mass main sequence stars. For the former, the core and sur-
face turning points (i.e., 7{ and r{ in the chosen convention) are
such that 02 = N2(rl‘) = N2(r;') (e.g., Appourchaux et al. 2010).
In this case, we thus have:

(106)

Oc + 05 = . (107)

For the latter, the core and surface turning points are such that
o? = S§7(r7) and 02 = N*(r}), so that we get:

e + 85 = 0. (108)
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We note that we retrieve the same result as Shibahashi (1979) for
high-frequency acoustic modes, but that we find an additional
phase lag of 7/2 in the quantization condition of low-frequency
gravity modes. This results from the fact that Shibahashi (1979)
considered in contrast that the upper turning point is such that
=8 ?(rf).

When accounting for the perturbation of the gravitational
potential, that is in the non-Cowling case, Takata (2005, 2006)
demonstrated for the £ = 1 modes that the nature of the core turn-
ing point changes. For high-frequency acoustic modes (respec-
tively, low-frequency gravity modes), the situation is actually
similar to assume simultaneously the Cowling approximation
and o = N(r}) (respectively, o> = S7(r])); as a consequence,
0. +0s = 0 (respectively, 6. + 95 = ), that is, with a phase shift of
m compared to within the Cowling approximation (Takata 2016a;
Pincon et al. 2019). This point emphasizes the importance to take
the perturbation of the gravitational potential into account for
dipolar modes to study the phase lag at reflection and transmis-
sion inside the deep interior of stars.

6.2. Two-cavity mixed modes

In a second example, we consider the case of mixed modes,
which can exist not only in red giant stars where they have
already been detected, but also in main sequence stars or the Sun.
Mixed modes can propagate through an inner buoyancy cavity
C, where they behave as gravity modes, and an outer pressure
cavity C,, where they behave as acoustic modes. Using Eqs. (74)
and (75), or, equivalently, Eq. (98) for N = 2, we can easily get
the general resonance condition that states:

Oc

01p T 0s
t|—-@ — — — —= 4+ — |t ®) + — +
co( 15 > )an(z

02,1

2 7) =q2.  (109)

Equation (109) can be shown to be similar to Eq. (18) of Takata
(2016b) using the relation dp ] = m — 612 + 2y, with y;» = 0.
At this point, we can also discuss the value of the phase
lags in the case of an evolved red giant star within the Cowling
approximation, following again the work by Shibahashi (1979).
In such considerations, the cavity C; is located between two
turning points such as o> = N?(r;) = N*(r}), and the cavity
C, is located between a lower and upper turning points such
as 02 = S7(r;) and 02 = N2(rj), respectively (e.g., Hekker
& Christensen-Dalsgaard 2017). The boundaries of the cavities
are chosen equal to the turning points. The main assumption of
the analysis of Shibahashi (1979) then consists in considering
that the four turning points are far away from each other; this
permits us to exploit the results obtained from a single turning
point analysis of the stellar oscillation equations around each of
them. Within this context, neglecting the gradients of the equilib-
rium structure in the wave equation everywhere, we can deduce
0y = —0. = —m/2 according to Appendix F and Eq. (F.4). More-
over, as the intermediate evanescent region is thick (i.e., weak
coupling between C; and (), the phase lags associated with the
intermediate evanescent barrier §; » and 61 can also be shown to
follow the same rules as in Appendix F (see, e.g., Takata 2016a;
Pincon et al. 2019). We therefore deduce 6,2 = d21 ~ n/2 and
v12 = 0. In other words, in the Cowling and weak coupling
paradigm, Eq. (109) is reduced to cot(—®;) tan @, = g, which
is similar to Eq. (31) of Shibahashi (1979), since we recall that
©®; is minus the wave number integral in the cavity C;. To be
precise, we also first note that in the non-Cowling case, we must
apply a shift of 7 on ¢, so that 6. = —/2. Moreover, the more
complex expressions of 1, and ¢, in the approximation of a

very thin evanescent region (i.e., strong coupling hypothesis) are
also available (Takata 2016a).

6.3. Three-cavity mixed modes

More recently, Cunha et al. (2015), Deheuvels & Belkacem
(2018) tackled the case of mixed modes propagating in three res-
onant cavities. Using Egs. (74) and (75), or equivalently Eq. (98)
for N = 3, we find for three cavities C;, C,, and C3 that the res-
onance condition reads in a general way

tan Y3 (1 — gj2tan Yo tan 1) + go3 tan U + g1 223 tan Ty = 0.
(110)

When ¢,3 = 0, we note that the term in the brackets is equal
to zero and we retrieve the resonance condition in Eq. (109) for
two-cavity eigenmodes with the substitution d,3 « Js.

As an additional check, it is interesting to compare in more
details this result with the asymptotic analysis of mixed modes
by Deheuvels & Belkacem (2018) in the case of helium-core
flash red giant stars. In contrast with less evolved red giant stars,
the presence of a convective region at the border of the helium
core locally creates an evanescent region that splits the radiative
core into two cavities. where the modes behave as gravity modes
(see, e.g., Fig. 2 of Deheuvels & Belkacem 2018). Assuming the
Cowling approximation, the turning points of the two inner cavi-
ties are such as o> = N2 while the configuration in the upper cav-
ity is similar to the case of acoustic modes studied in Sect. 6.2.
Choosing the turning points as the origin of the wave phase and
using the low-coupling hypothesis in both evanescent regions,
the same arguments as in Sect. 6.2 thus hold true and we can
write

o + 51,2 = 52,1 + (52,3 =n and (53,2 + 65 = 0. (111)

Therefore, using Eqgs. (72) and (73) with Egs. (110) and (111)
can be expressed as

cot (=0p) cot (—@,)tan @3 — g » tan O3 — g 3 cot (—O)

= q12q923 cot (—0,) = 0. (112)

We retrieve here, based on basic arguments, the same expres-
sion as in Egs. (9) and (10) of Deheuvels & Belkacem (2018),
keeping in mind the fact that the minus sign in front of ®; and ®,
comes from the definition of ®; in Eq. (46) for gravity-dominated
modes. We finally note that Cunha et al. (2015, 2019) formulated
the resonance condition in an equivalent way to Eq. (110), but,
in addition, these authors expressed the g, factor by assuming
that the barrier corresponds to either a sharp Dirac or Gaussian
peak in the Brunt—Viisila frequency.

6.4. Low-amplitude glitches

As a final illustration, we consider the important case of low-
amplitude glitches, that is, low-amplitude sharp and very local-
ized features in the equilibrium structure. In most previous stud-
ies, the effect of such sharp gradients on the eigenfrequencies
was usually treated as a small perturbation of the “smooth” case,
that is, the case where these local sharp features are not taken
into account. In order to make a comparison with these previ-
ous results, we thus need to express the eigenfrequency devi-
ations induced by low-amplitude glitches that is predicted by
the present framework, while additionally using the small per-
turbations hypothesis. This is actually equivalent to assuming
that (a) the barriers are very thin and localized at a frequency-
independent radius, namely, 1, (o) = /(o) = rg;; and (b) the
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barriers are weakly reflective, that is, |R;;+1| < 1. The goal is
then to find the frequency perturbation o-; induced by the barri-
ers, that is,

o =0 -0y, (113)

where o is the actual mode angular eigenfrequency and o indi-
cates its value in the smooth case without any barrier.

6.4.1. One single glitch

We first consider the most familiar case of one single glitch
located between two resonant cavities C; and C,. Within the per-
turbation framework, the phase terms in Eq. (72) can be rewritten
in any cavity C; as

Tio) = 1) + 1V (0), (114)
where the superscript (1) indicates in the following a perturba-
tion induced by the barriers whereas the superscript (0) indicates
a value (or any structural function) in the smooth case when the
barrier is not taken into account. Neglecting the perturbation of
the wave number integral function because of the hypothesis (a)
and making use of the fact that the core and surface phase lags
are not perturbed by the barriers, we can deduce for the two-
cavity case that

(0)
T00) = 0 (0) + % (@) (115)
(0)
TV(0) = 0P(0) + % @) (116)
and
&)
(1) 712 T
10 = —5— -3 (117)
&)
T0) = 25—, (118)

which is consistent with the definitions in Eqgs. (72) and (73).
First, in the “smooth” configuration without any barrier, the fre-
quency condition is similar to Eq. (106) in the case of one single
cavity located between the center and surface of the star, that is:

Ty (00) = nr, (119)

where n is the radial order and where the overline notation for
any integers i and k is defined as

i

TS

J=1

(120)

Second, adding the intermediate glitch, we choose to write the
general resonance condition in Egs. (74) and (75), or equiva-
lently in Eq. (98), as a series of sine terms as in Eq. (C.12), that
is, for N = 2:

sin[Y1(0) + T2(0)] = = [Ri12(0)| sin [T2(0) = T1(0)].  (121)

We emphasize that this resonance condition is also valid to
describe mixed modes, except that in the present case, the modes
have the same nature (i.e., gravity or acoustic) on both sides of
the intermediate barrier (and thus the same sign in front of the
wave number integral in both cavities). Within the small pertur-
bation limit, we assume that the frequency perturbation o is
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small enough that the perturbations of the reflection coefficient
and of the total “optical” path of the waves during one travel
through the ensemble of cavities is also small compared to the
smooth case, that is,

0

) o <1, Tél)(a)«n, [d_] o< n. (122)
o
o) oo

dln |R|’2|
do

Using Egs. (114) and (119), a first-order Taylor expansion of
Eq. (121) in |R;»| by hypothesis (b) and in the quantities in
Eq. (122) leads to

% + T(zl)(O'o) = |R1,2(0'0)| sin (2 [TEO)(O'O) + T(ll)(O—O)])’ (123)

where we have defined the “pseudo” pulsation large separation

in the general case of N cavities as
=0\
dTy ]
oo

e (124)

A0'=7r[

Using Eqgs. (32), (117), and (118), Eq. (123) can be rewritten as

(1)

Ria(o Y12(00)
o Rl (210(00) + 812(00)) - 12— (125)
o
Moreover, using Eqgs. (46) and (115), we obtain:
Tg,1 6(0)
0=+ [ Klopdr+ 21T, (126)

ri(o0)

The frequency deviation induced by the low-amplitude glitch
from the smooth case therefore takes the form of a small off-
set term plus a sinusoidal term. The magnitude of the sinusoidal
perturbation is proportional to the reflection coefficient associ-
ated with the glitch. Moreover, its argument depends on the wave
number integral from the core to the radius of the glitch, and is
related to the so-called acoustic radius. The phase offset results
from the phase lag introduced at reflection on the glitch. We note
that it is also possible to formulate Eq. (125) as a function of
‘Y’;O) (o) instead of ‘Y'(IO) (00) using Eq. (119), that is as a function
of the wave number integral from the glitch radius to the surface,
which is related to the so-called acoustic depth.

The description of the first-order effect of low-amplitude
glitches on the eigenfrequencies that is provided by Eq. (125)
finally appears to be consistent with the computation of Pincon
(2019). It is also compatible with previous works based on the
variational principle (see Sect. 1 for references); in addition, it
has the advantage of clarifying the general physical meaning
of the different terms inside the glitch-induced deviation (e.g.,
amplitude, offsets). While the approach based on the variational
principle is limited to the first-order small-amplitude glitches
only, we stress that the formulation developed in this paper is
more general and can also be used to treat big glitches (e.g.,
mode-trapping phenomena).

6.4.2. Multiple glitches

In a second step, it is straightforward to extend the last first-order
expansion to the case of N — 1 low-amplitude glitches. Using the
hypothesis (a) and the non-perturbation of the core and surface
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phase lags, the phase terms in Eq. (114) can be expressed for
1 < i < N within the perturbation framework as:

(0) (0)
TO(e) = 0(cr) + ok (i — R 2(0_) Tkl — NS 2(‘7), (127)
sV @ V(o) g
TO) - 1,i+1 4 i,i—1 _n 128
i () > > > (128)
where 6k (i) is the Kronecker delta function and we set
(D) _ (D _
0= 0 and Oyns1 =7 (129)

in order to be consistent with the definitions in Eqgs. (72)
and (73). First, in the “smooth” configuration without any
barrier, the frequency condition is expected to be similar to
Eq. (119) but for N cavities, that is,

Ty (00) = nr. (130)

Second, we add the N — 1 low-amplitude glitches. Within the
perturbation limit, we assume as previously that the frequency
perturbation is small enough that:

2

dIn|R;; =
(—nl ’“l) o<1, Ty (o) <, [—’] o <m (131)
o) oo

do do

Using the resonance condition in Eq. (C.12) for N cavities, a
first-order Taylor expansion as a function of |R; ;.| by hypothesis
(a) and of the small quantities in Eq. (131) leads to:

& |Riisi(00) — — T
Y LG . (2T + 27 o)) - -7 (7o),
o & Vs Vs
(132)
Moreover, using Egs. (46) and (127), and hypothesis (a) on the

one hand, and Egs. (32), (128), and (129) on the other hand, we
can deduce for i < N — 1 that:

. 7,i(070) 5O
T (o) = + f Ko (og)dr + 2TV (133)
(@0 2
i—1 6(1) o )
=D _ (1 Hi+1\00) T
Ti (00) = ;y,-,,ﬂ(ao) e (134)

The total frequency deviation from the smooth case therefore
reduces to the superposition of the perturbations resulting from
each glitch, which are related to the acoustic radius and the phase
lags at transmission and reflection.

7. Concluding remarks and discussion

In this work, we derive a general analytical expression for the
asymptotic resonance condition of global oscillation modes in
spherical stars. While this can seem complex at first glance, we
show that this is, in fact, merely analogous to regard a star as
a one-dimensional giant Fabry-Pérot interferometer, composed
of a multitude of resonant cavities and impermeable surface
and core boundaries. In the adopted view, a star is decomposed
into an ensemble of resonant cavities where waves can prop-
agate within the short-wavelength JWKB approximation. The
cavities are separated by intermediate barriers corresponding to
evanescent regions or glitches. Each barrier is associated with
a reflection and transmission coefficient. The core and surface

boundary conditions are represented by totally reflective barri-
ers. Within this framework, we obtained the resonance condition
while considering two different physical pictures. In the infinite-
time reflection picture, we follow the back-and-forth travel of
a wave energy ray through the ensemble cavities and assume
constructive interferences; the resonance condition is provided
by Egs. (74) and (75). In the second picture, the eigenmodes
are considered as the solution of a linear boundary value prob-
lem and the resonance condition is provided by Eq. (98). Both
pictures are equivalent and predict the same resonance condi-
tion, which turns out to depend on a number of parameters: the
wave number integral over each cavity; the coupling factor asso-
ciated with each barrier between adjacent cavities; the phase lags
at reflection and transmission through the stars. In addition, the
amplitude ratio between adjacent cavities is also expressed ana-
lytically as a function of these parameters in Sect. 5 and can
inform us on the distribution of the mode energy through the star.
The present formulation enables us to retrieve in a convenient
way simple cases already widely studied in the past, as one single
cavity acoustic or gravity mode or two- and three-cavity mixed
modes as well as the case of multiple low-amplitude glitches.

This general formulation provides a physically grounded
interpretation of the mode resonance condition in stars. It also
provides a useful tool for analyzing, interpreting, or predict-
ing the oscillation power spectra in a practical way and across
a broad variety of configurations and evolutionary stages. This
new diagnosis tool is for instance expected to bring a valu-
able help for the development of automated seismic analysis
pipelines, which are needed in the current era of space missions
and especially for the future PLATO mission (e.g., Rauer et al.
2014). The next step in the investigation will consist in express-
ing the wave reflection and transmission coefficients around the
barriers for specific cases using either toy models or more real-
istic stellar structure models. By means of either analytical or
numerical methods to solve the wave equation, such a study can
allow for a link to be forged between the mode parameters, the
mode frequencies, and the stellar interior properties. This will be
further developed in future works and practical applications on
observed spectra will be undertaken.

Finally, we also note that the present general formulation
can be applied to study the transmission of progressive waves
through layered media in stellar interiors or planetary atmo-
spheres since it offers the possibility to easily retain and remove
the boundary conditions according to the configuration. This can
be useful in addressing the problem of the transport of angular
momentum, heat, or chemical elements by waves in these objects
and the present results provide a general formalism for tackling
such issues (e.g., André et al. 2019; Cai et al. 2021).
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Appendix A: Gravito-acoustic wave equations in
the Cowling approximation

In this section, we briefly recall the form of the second-
order equations for gravito-acoustic waves as formulated by
Shibahashi (1979) under the Cowling approximation.

A first version is provided by Eqs. (3)—(5) where the M func-
tion is equal to

M(r) = f[P(r)], (A1)
where
@l Hydinly  Hj (dinjy)?
2 1,,11/2 - __r- YL, Pl
SO === ="% g2 7 4( dr )
(A2)
2
P(r) = h(r) (——1) (A.3)
h(r)—exp[f (———) ] (A4)

We also have the following relations linking the radial displace-
ment with the perturbation of pressure denoted by p’(r) in Eq. (1)
(e.g., Unno et al. 1989),

\Ff] :p—1/2r|N2 _0_2|_1/2 ﬁ/e—io't (AS)
1 (d¥Y 1dIn|P|

—+ = Y], A.6

[% | 2 dr ) (A-6)

where sgn() is the sign function. We note that the M function is
on the order of unity at most over regions that are far away from
the turning points where P = 0 (i.e., where 0> = §7) or from the
sharp gradients in the structure.

In the vicinity of a turning point where P = 0, the first ver-
sion of the wave equation in Eq. (3) is singular. Around such a
turning point, it is therefore more convenient to use the second
version of the wave equation, which is provided by

‘frly [7(3 I}_(I?}‘P 0, (A7)
where

L) = f100)] (A8)
0N = — 20) (c® = N?). (A.9)

The link between the perturbation of pressure and the radial dis-
placement can in this case be obtained through the equation

= sgn(Q)

1 (d¥ 1dIn|Ql &
¥l A.10
mla ) 10

2 dr

The L function is on the order of unity at most over regions that
are far away from the turning points where Q = 0 (i.e., where
o? = N?) or from the sharp gradients in the structure. Moreover,
at turning points such as Q = 0, this second version of the wave
equation is conversely singular, and it is therefore more conve-
nient to consider the first version of the wave equation in Eq. (3).

Appendix B: Relation between the base and adjoint
wave transmission-reflection coefficients

As shown by Takata (2016b), the reflection and transmission
coefficients in a base wave transmission-reflection problem are
related to those of the adjoint wave transmission-reflection prob-
lem (see Sect. 2.3 for a description of the two configurations).
In this section, we recall the result obtained in Sect. 2 of Takata
(2016b) and generalize it to the case of a complex transmission
coefficient (i.e., accounting for a transmission phase lag).

In the base wave reflection-transmission problem, the global
wave function ‘¥(r, ) is provided in the cavity C,, within the con-
vention considered in Sect. 2.3 and up to a proportionality con-
stant, by

Wa(rt;r) =0 ) + Ry 07ty (B.1)
while in the overlying cavity C,,, it is written
Wit (51577, 1) = Tunet $ (0 157,). (B.2)

The goal is then to build a solution of the adjoint problem from
the two representations of the global wave function W(r,?) in
Egs. (B.1) and (B.2). To do so, we can use the fact that the oscil-
lation equations are invariant by the operations of (a) time rever-
sal and (b) complex conjugation. As a justification, (a) the wave
equation introduced in Egs. (3)-(5) and Appendix A is indepen-
dent of the sign of o, and (b) its coefficients are real. Therefore,
if ¥(r, 1) is a solution, then ¥ (r, t) = W*(r, —1) is also a solution.
According to Eq. (25), applying the operations of time rever-
sal and complex conjugation on Egs. (B.1) and (B.2) provides
the form of the new solution ¥’(r, f), which can be respectively
expressed in the cavities C, and C,41 as

Y (rtrh) =

n+1(rt r+l)

(B.3)
(B.4)

n,ﬁ]w(*)(r B+ )
nn+l w((_ (r t rn+1)

Another solution can then be built from a linear combination of
the solution ¥ represented by Eqgs. (B.1)—(B.2) and the solution
Y represented by Egs. (B.3)—(B.4). This must be done in such
a way that the upward component in the cavity C, vanishes in
order to retrieve the adjoint problem. Such a solution ¥ can be
obtained by the following linear combination

lIl//(r t) — 6217’“’*1 [_ l’ln+l\IJ(r t) + ‘{H(V l)]

, (B.5)
Tn,n+l

which must be simultaneously applied in the cavity C,, that is,

Pu(r 1) + W (1)
¥t [ nn+1 n\" " n _ — .
el}’, 1 T ) = n,n+lw( )(r’t7r;
n,n+
(B.6)
and in the cavity C,1, that is,
* . g ’ . p
eZi}/u,m-l [_Rn,n+1lII”Jrl (I‘, 5 rn+l) + \Pn+l (l’, 5 rn+l)]
Tn,n+l
20¥nn+ R .
= =R}, &y )+ O r,). BT

By comparing Eq. (B.6) with Eq. (23) and Eq. (B.7) with
Eq. (26), and using the definitions in Egs. (30) and (31), we can
conclude by identification:

i(ﬂ_5rz,n+l +27n,n+l ) X

Tn+1,n = Lpn+l and Rn+l,n = |Rn,n+l| e (BS)
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Appendix C: Alternative formulation for the
resonance condition

Depending on the problem, it can be better to express the res-
onance condition as a series of sine terms that are functions of
the T’; phases in Eq. (72). To do so, we first rewrite, for sake of
the convenience, the resonance condition provided in Eqs. (74)
and (75) in such a way to isolate the recurrence variable on the
level i rather than on the level i — 1. This can be done in a sim-
ple way by defining 7; = arctan [g;_; ; cot ®;_1], so that Egs. (74)
and (75) are equivalent, for i > 2, to the conditions
tant; = —q;_; tan (Cioy —7i21), 11 =0and 7y = Yy. (C.1)
Second, we can proceed step by step. Using Eq. (67) and usual
trigonometric formula, Eq. (C.1) for i = N provides

sin(Cy + Yy —Tn-1) + |RN—1,N| sin(Ty — Yy_1 +7n-1) =0.
(C2)

Then, using Eq. (C.1) to express Ty_; as a function of 7y_
and using the identities cos(arctanx) = 1/(1 + x*)'/? and

sin(arctan x) = x/(1 + x?)'/2, we can express Eq. (C.2) as
Ay + |[Ry-18| By =0, (C.3)
with
Ay oc sin(Ty + Ty + Ty — Tn2)

+ |Ry-anv-1| sin (Y + Cuoy = Tyoa + Tv2) (C4
By oc sin(Ty — Ty-1 — Tn_z + Tn-2)

+ |Ry-2n-1| sin (Ty = Ly + Ty = Tv-2) s (C.5)

where the proportionality constant is the same for Ay and By.
We note that the expressions of Ay and By are very similar to
the left-hand side of Eq. (C.2). Successively performing the same
operation as before, that is, using Eq. (C.1) to express Ty_, as a
function of Ty_3, we can express Egs. (C.4) and (C.5) as

Ay o< AY |+ [Ry-ov-1| BY. | (C.6)
By o« Aﬁ)_l + |RN—2,N—1| 353)_1, (C.7)
where
AE\}),I = sin(Ty +Ty_y + Tyo+Ty3 —7n-3)
+ |Rv-3.v-2| sin (Y + Yot + Ty — Tz + Tv-)
(C.8)
By!, = sin(Ty + Ty-1 = T2 = Tn-3 + Ty-3)
+ |Ry-an—2| sin (T + Tyog = Tyoz + Ty-3 — Tv-3)
(C.9
Aﬁ),l = sin(Yy — Yy-1 — Tvo — T3 + 7n-3)
+ |Ry-an-2| sin (Ty = Tyog = Tz + Ty-3 — Tv-3)
(C.10)
Bﬁ)_l = sin(Yy — Ty-1 + T2 + Tnoz — Tn-3)

+ |Ry-an—2| sin (Ty = Yyop + Tz = Tz + Tv-3)
(C.11)

The final expression can therefore be obtained by performing the
same operation several times until reaching the variable 7, = 0.
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At the end of the day, the compact general form of the resonance
condition reads

i=1

sin

i N
Z [n IRpk,pk+1|] sin [Z CJ'T_/]} =0,
(pOeE; \k=1 =1
(C.12)

where E; represents the set of the arrangements of i distinct ele-
ments in Iy_; = [1,N — 1] listed in descending order, that is,
E; = {(pi)1<ksi} such as py € Iy-y and pry1 < pi. The coeffi-
cients {c;}i<j<n in the sine function are equal to either ¢; = —1
if the k index of the lowest p; value such as py > jis odd or
c¢j = +1 otherwise (i.e., cy is always equal to +1). We note
that each set (E;)je;,_, 1s composed of C(N — 1, i) arrangements,
where C(N — 1, i) are the usual binomial coefficients. The num-
ber of terms in Eq. (C.12) is thus equal the sum of the number
of arrangements in each set (E;);ef, , plus one for the first term,
which results in 2V~! terms.

Appendix D: Local mean mode energy in cavities

We detail in this section the calculation of Eq. (100) within the
asymptotic limit. First, using Egs. (15) and (17), we can get the
JWKB form of the radial displacement inside a given cavity, that
is,

1 \2
6 =)

Using Eqgs. (18) and (101), we can also get the JWKB form of
the horizontal displacement function, that is,

1/4

2 _ 2
Sl o ip —ip
ap e +a;e .

N2 _0.2

D.1)

1/4

N -’ ip —ip
a, e’ —ace )

2_ 2
S;—o

y e\
& = sgn(S? —0-2)1('0’40_3)
(D.2)

Second, we recall that the orthonormal spherical harmonics are
given by
Y;'(6,5) = New Py'(cos ) s, (D.3)

where P}’ are the associated Legendre polynomials. The normal-
ization constant is given by

Q2+ 1) (€ —m)!
Nen = s D.4
‘ \/ . (L+m)! (Db
and is such that
T
2
P (cos6)| sin@df = . (D.5)
j(; [ ] 27rN?m

We also recall that the spherical harmonics are solutions of the
eigenvalue equation VY = —{(¢ + 1)Y?". Multiplying this
eigenvalue equation by the complex conjugate of Y}, integrating
over the sphere, using Eq. (D.5) for the right-hand side of the
equations and integration by parts for the left-hand side, we can
retrieve the well-known relation

[(d 2o 2 0 +1)
—[P7(cos —— [P™(cos )] | sin6do = :
L [(dQ[ ¢ (cos )]) " sin29[ ¢ (cos )] o 27N7,

(D.6)

Finally, taking the square modulus of the real part of Eq. (2)
while considering the JWKB form of the displacement and the
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spherical harmonics expression in Egs. (D.1)—(D.3), integrating
first on ¢ and s, and then integrating over 8 using Egs. (D.5)
and (D.6), Eq. (100) can be rewritten to a good approximation
as

-1
+

2
N
Sf

2 2 7 2

a|” + |a, k N
AT

2 " o

— -1

-1
]dr, (D.7)

where K, is defined in Eq. (5) and where we have also used
the fact that the wave number integral is much higher than unity
within the asymptotic limit to neglect the residual oscillating
radial functions in the integrand. Either in the case of pressure-
dominated modes, namely, o > (S ? and N?), or gravity-
dominated modes, namely, o< (S? and N 2), the term in brack-
ets in the integrand of Eq. (D.7) is close to unity. Moreover, as
noted in Sect. 4.5, |ap| = |a;| = |az| inside the cavity Cy in the
case of eigenmodes with totally reflective boundary conditions.
This justifies the validity of Eq. (102).

Appendix E: Supplementary expressions of the
amplitude ratios

In Sect. 4.5, we use the surface boundary condition to express
the mode amplitude in the cavity C; as a function of that in the
upper cavity Cy. Imposing instead the core boundary condition,
we aim in this section to express a; as a function of a; in the
inner cavity C;. To do so, we first invert the relation in Eq. (88)
toobtainfor ] <i<N -1

(E.1)

A1+ = Ei+1,i a;

where

Einri= Bl = C(@)imC(é’;"i - g) At C(‘S’j‘) (E2)
a1 ] 1 _lRi,i+l| )
At+1,l = Ai,i+1 = —lTi!H_l' ( _ |Rl",‘+1| 1 s

with C(g) and A; ;11 defined in Egs. (81) and (82). Using Eq. (84),
it is then straightforward to show that the application of E;;;; on
a vector in the form of Eq. (83) leads to

(E.3)

Oii _
Eivri w(e) = Ay (8 + TH) w I:Qi-#ll (3)] s (E4)
where
1+ (‘1,'2,'+1 — 1) cos? (&)
Air1,i(e) = . o~ , (E.5)
i+

and in which we have used the convention for the branch of the
arctan function in Eq. (71). Within this convention, Qi_+11 is the
inverse function of Q;;; in Eq. (90) and is defined for 1 < i <
N-1as

(E.6)

61' i 5,‘ i
Q)i (e) = arctan[ tan (s + T”)] +Tiyg — ”2’ +2

qii+1

Second, using the inverse of Eq. (87), the core boundary condi-
tion implies that

ar = CO) @ w(%), E7)

Finally, applying k — 1 times the transformation in Eq. (E.1) on
the upper core amplitude vector in Eq. (E.7), we can obtain the
amplitude vector in the cavity C; for k > 1, that is,

1
A+ = 1_[ Ei+1,i

i=k—1

(E.8)

C(®)) a4 w(%c)

Using the properties in Eqs. (84) and (E.4), Eq. (E.8) can be
written for k > 1 as

@ = aw|Q o0 Q1 (0)], (E.9)

where (o) is the composition operator, Ql‘l is the inverse of the
function in Eq. (99), and g is given by

1
0

% _ | |ﬂi+l,i[gglo...ogﬂ 0) + *“]. (E.10)
aga 2

According to Egs. (E.5) and (E.10), we can therefore deduce that
the squared amplitude ratio between the adjacent cavities Cy and
Cr+1 1s equal to

2

3 _ Gk k+1 (E.11)
oy qi,kﬂ +(1 - qi,kﬂ) cos? (Ellc)
where we have defined
0,
B =0 o 00 (0)+ k’g” +g, (E.12)

which measures the level of constructive interference in the
cavity Ci. The same discussion as that based on Eq. (105) in
Sect. 5.2 holds true here when only the core boundary condi-
tion is met, except that Z;,; and Cy,; have to be replaced by
E, and C;. We insist on the fact that Egs. (105) and (E.11) are
strictly equivalent only within the resonance condition, that is,
when the core and surface boundary conditions are simultane-
ously met. Under this condition, we note that we can also obtain
another equivalent relation by multiplying both equations, which
is reduced to:

2 2 2 =
4 _ qk,k+1 + (1 _qk’k+l)cos (:‘k+1)

- 2 _ 2 2 (= ’
Grgrr + (L= g, ) cOS (“‘k)

We notice that Egs. (105), (E.11) and (E.13) generalize the
expressions of the amplitude ratios derived in Sect. 3.2 of Takata
(2016b) in the case of mixed modes.

i

(E.13)

Aje+1

Appendix F: Usual boundary reflection phase lags

In this section, we estimate in a simple way the reflection phase
lags introduced near the center and surface, ds and J.. The
surface and core boundaries are supposed to be turning points
denoted by r; and such as 7(,2(r[) = 0, at the interface between a
resonant cavity and an evanescent region. Assuming the JWKB
approximation is met in the adjacent resonant cavities, it is then
possible to use a single turning point analysis of the stellar oscil-
lations equations such as performed by Shibahashi (1979) to
deduce the wave function in the vicinity of each of these turning
points. The analysis uses in addition the Cowling approximation,
neglects the gradients in the equilibrium structure everywhere in
the star and considers only regular solutions in the evanescent
region (i.e., with finite values of the wave function). Within this
framework, the asymptotic solution of the wave function inside
the resonant cavities can be expressed and the associated reflec-
tion phase lag turns out to depend on the nature of the considered
turning point.
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In the case of a turning point such as o> = N(r;), Eq. (3)can
be solved using a Green-Liouville transformation while neglect-
ing the variations of the equilibrium structure (e.g., the M func-
tion). The regular solution of the transformed equation thus takes
the form of an Airy function of the first kind. The asymptotic
expansion of the wave function in the resonant cavity is finally
given using a complex notation by (e.g., Shibahashi 1979; Unno
et al. 1989)

a s . § . s - v
(V7P e /A Gl 4 i/ p=ile(rrol | pmiet

F.1
Vi |~ "y

B

where a is a complex constant, ¢(r; ;) is defined in Eq. (11),
and we choose in this case the origin of the wave phase at the
turning point 7. Since the progressive and regressive wave com-
ponents have the same amplitude modulus, we first note that
such a regular solution satisfies the totally reflective condition
at the turning point, as assumed close to the core and surface
in this work. Second, the phase lag at reflection §; can be com-
puted as the argument of the amplitude ratio of the upward to
the downward energy ray when the resonant cavity is above the
turning point (i.e., ¥ > r;). When the resonant cavity is below
the turning point (i.e., r < r¢), the phase lag is equal to the
argument of the amplitude ratio of the downward to the upward
energy ray. In both cases, the phase lag at reflection is reduced
to

O¢ = sgn (0'2 - S%) arg(%) =sgn (S? - 0'2) g, (F2)

where the first sign factor estimated well inside the cavity
accounts for the case of gravity-dominated waves (i.e., 0> < S %)
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for which the group velocity is in the opposite direction of the
phase velocity.

In the case of a turning point such as o2 = S?(rt), Eq. 3)
is singular at r; so that we first have to solve Eq. (A.7) for
the dependent variable ¥. According to Shibahashi (1979), the
asymptotic expansion of ¥ in the resonant cavity is also given
by Eq. (F.1). To compute the wave function ¥ (which is the ref-
erence dependent variable we consider in this paper), we can
use Eq. (A.10) while neglecting the derivative of the Q function
related to the variations of the equilibrium structure. Considering
the fact that (d|g|/dr) = sgn(r — r) |K;|, we obtain:

b4

ia 0'2—N2]
VK, g r—r

e—lﬂ/4 elltp(r;r[)l _em/4 e—]l(p(r;r‘)l e—l(rl,

A B

(F3)

Similarly to the previous case we describe above, we thus find
that the phase lag at reflection is reduced to:

bis
2

In terms of synthesis, the comparison between Egs. (F.2)
and (F.4) shows that the change of nature in the turning point
is associated with a shift in the phase lag at reflection of 7 (mod-
ulo 27). Moreover, considering a mode with one single cavity
located between two turning points r; and r| at the core and
the surface, we see that 8. + 6; = m (modulo 2r) if the turning
points have the same nature, namely, if 2 = N*(r]) = N*(r}) or

o? = S?(rl‘) = S%(r;“); whereas it is 6. + s = 0 otherwise.

Ot = sgn (o-z - S%) arg (%:) = sgn (0'2 - S?) F4)
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