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Abstrat

The last deade lead to major progress in asteroseismology and stellar physis with the advent of spae missions.

Thanks to the rihness and preision of urrent osillation spetra, sophistiated seismi probing tehniques allow

us now to pinpoint the limits of our urrent models of stellar struture and evolution. However, the auray of

the seismi diagnosis depends on the auray of the pulsation models. In solar-like osillations, the main soure

of inauray omes from the near-surfae layers where the osillations are non-adiabati and strongly oupled

with turbulent onvetion. Some pulsating stars rotate fast and this must be aurately taken into aount in the

modeling of their pulsations. In others, the magneti �eld or the dynami tides ould play some role. I propose

here an overview of the great ahievements and urrent limitation of asteroseismology.

1 Introdution

Asteroseismology is now reahing its golden years

thanks to the advent of spae missions providing us

with wonderful lighturves. Analysing them, the ur-

rent generation of asteroseismologists extrated osilla-

tion spetra of unequaled rihness. This already lead to

major often unexpeted disoveries revolutionizing our

view of stellar interiors. As a general introdution to the

onferene proeedings, I summarize here some of these

ahievements, identify the main limitations of urrent

tehniques and talk about future prospets.

2 Great ahievements of asteroseismology

2.1 Red giants

The disovery of very rih spetra of solar-like osil-

lations in red giants and their interpretation is ertainly

one of the most important ahievements of asteroseis-

mology. It opened great and unexpeted new horizons.

First, preise measurements of masses, radii and ages of

a huge amount of red giants observed by CoRoT and Ke-

pler were possible. This was highly welomed by galati

arhaeologists, opening an entirely new interdisiplinary

�eld. Miglio et al. (2009) was the �rst to identify this

onnetion. For more detail, I refer to its paper in these

proeedings. One of the new step is now to ombine as-

teroseismi measurements of mean densities with radii

measurements with GAIA. I refer to the paper of Mar

Pinsonneault (these proeedings) for more detail. Of

ourse, the future is even brighter with PLATO (Miglio

et al., 2017).

Seond, the disovery of non-radial mixed modes in red

giants appeared to be a golden gate revealing their hid-

den ore. Rotational splittings of mixed modes were �rst

disovered by Bek et al. (2012). They were used to mea-

sure the ore rotation of numerous red giants (see Gehan

et al., 2018, for the last measurements) with e.g. the

method of Goupil et al. (2013). This revealed unexpeted

slow ore rotation due to unknown braking proesses

(see e.g. Eggenberger et al., 2012; Marques et al., 2013;

Eggenberger et al., 2017). Di�erential rotation ould be

measured in subgiants (Deheuvels et al., 2014) and ore

helium burning stars (Deheuvels et al., 2015). The sub-

giants rotation rates seem in agreement with models of

angular momentum transport by plume-indued internal

gravity waves (Pinçon et al., 2017). The period spaings

of mixed modes allow us now to easily distinguish be-

tween hydrogen- and helium-burning red giants (Bedding

et al., 2011), to measure onvetive ore overshooting and

the masses of their helium ores (Montalbán et al., 2013;

Bossini et al., 2015). Some of these great ahievements

are disussed in several papers of these proeedings by

S. Deheuvels, D. Stello, M. Vrard and M. Takata. For

a detailed state of the art of red giants asteroseismology

as it was in 2017, see Hekker & Christensen-Dalsgaard

(2017).

The future prospets for red giants's seismology are

great. Based on an improved asymptoti theory (Takata,

2016), strething methods now enable us to transform

the non-regular osillation patterns of mixed modes into

regular ones (see Mosser et al., 2018, for the most re-

ent update). Three families of seismi indiators arise:

the lassial ones assoiated to the aousti avity (like

in main-sequene solar-like stars), those related to the

gravity modes avity: period spaing, gravity o�set, ore

rotation, splittings and, iing on the ake, the oupling

fator probing the evanesent zone. We an already

learn a lot about stellar interiors with that ! Beyond

that, buoyany glithes an be looked for and interpreted

(Cunha et al., 2015); and inversion methods able to in-

lude mixed-modes ould be developed.

The future prospets for subgiants and young red gi-

ants are also great. With the method developed by De-

heuvels et al. (2017), it is now possible to probe the

ore rotation of red giants from their asymmetri split-

tings. The pending question is how to deal with the non-

linearity assoiated to the avoided rossings with mixed

modes? Both forward modeling and inversion tehniques

must be adapted to this reality. And this is not a simple

problem, beause ontrary to more evolved red giants,

modes are out of the asymptoti regime in the g-avity,

so that the strething is not easy.

2.2 g-modes

The disovery of dense spetra of g-modes in di�er-

ent types of stars is a seond great ahievement. Series

of onseutive modes are now identi�ed in γ Dor (see

e.g. Van Reeth et al., 2015) and SPB stars (see e.g.
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Pápis et al., 2017), allowing us to measure aurately

their ore rotation and the extension of their onvetive

ore (Ouazzani et al., 2017; Christophe et al., 2018; Van

Reeth et al., 2016). More detail about that is given by

Bedding and Ouazzani (these proeedings). Dense spe-

tra of g-modes are also observed in extreme horizontal

branh stars. Although the interpretation of these spe-

tra is a matter of debate (Reed et al., 2011; Østensen

et al., 2014; Charpinet et al., 2014), this holds the hope of

a very detailed seismi probing of these stars in the near

future (see Charpinet, these proeedings). Detailed seis-

mi probing of the internal omposition of white dwarfs

is now possible as shown reently by Giammihele et al.

(2018), see also the review of Hermes (these proeed-

ings). Finally, there is also the possible disovery of

high-order g-modes in the Sun (Fossat et al., 2017; Fossat

& Shmider, 2018, see the paper in these proeedings),

although some onsider it as �fragile� (Shunker et al.,

2018).

2.3 p-modes

Very rih osillation spetra of p-modes are now de-

teted in solar-type stars. Of partiularly high quality

is the so-alled Kepler LEGACY Sample of stars, for

whih aurate seismi measurements of radii, masses

and ages are possible (see e.g. Silva Aguirre et al., 2017).

The preision of the frequenies and the number of de-

teted modes makes it possible to extend seismi inver-

sion tehniques initially developed for the Sun to these

stars (Buldgen et al., 2015b). Internal mixing (Buldgen

et al., 2015a) and ore overshooting (Deheuvels et al.,

2016) an now be seismially measured. Internal rota-

tion ould be probed, revealing nearly uniform internal

rotation along the radial axis (Benomar et al., 2015) and

latitudinal di�erential rotation, the equator rotating ap-

proximately twie as fast as their midlatitudes (Benomar

et al., 2018, and these proeedings).

New methods are being developed for the seismi prob-

ing of solar-like stars. A �rst path is to go beyond the

usual seismi indiators and introdue new ones. One

promising path is the phase mathing method proposed

by Roxburgh (2016). Another one was reently proposed

by Farnir et al. (2018) (and these proeedings). A lot

of work is also done on the development of new kinds

of optimization algorithms for forward seismi modeling.

For the future, the development of non-linear inversion

methods ould also be envisioned.

2.4 Rossby modes

The disovery of rotation related modes is also an

important reent gift. Partiularly interesting are the

global Rossby modes whih appear to be deteted in

many types of stars: γ Dor stars (Van Reeth et al., 2016),

spotted A and B stars, bursting Be stars and the heart

beat stars (Saio et al., 2018b). The latter are partiu-

larly interesting for the study of the oupling between

osillations and tidal fores, as detailed in Guo (these

proeedings). More detail on the high potential of these

modes for seismi probing and their interesting proper-

ties is given in Saio et al. (2018b) and Saio (these pro-

eedings).

3 Current limitations of asteroseismology

However, we must not forget the limitations of present

asteroseismi tehniques. The main urrent approah is

forward modeling, but inversion begins to be also possi-

ble. The main spei� limitation of the forward modeling

approah is that it redues the rihness and omplexity

of stellar evolution to a small number of parameters to

be determined. On the one hand, there are the physi-

al parameters: mass, age, X, Z and, if inluded in the

models, the rotation rate Ω. On the other hand, there

are parameters suh as the mixing-length parameter α,
the overshooting parameter αov, turbulent di�usion oef-

�ients, . . . These last parameters are assoiated to very

approximate models of onvetion (typially the MLT)

and hemial transport. The results obtained by this ap-

proah are thus intrinsially limited. They are also model

dependent sine they depend on the hoie of the opa-

ity table, the equation of state, the onvetion treatment

(MLT versus FST, instantaneous versus di�usive over-

shooting, . . . ), the initial hemial mixture, . . . A �rst

limitation of inversion tehniques is that they are linear,

whih requires a good referene model (see Buldgen et al.,

2017a, for the inauraies introdued by non-linearity

in seismi inversions) and ompliates their appliation

to stars with mixed modes. Their seond limitation is

that they require many identi�ed modes, whih is ur-

rently only the ase with the longest Kepler lighturves

of solar-like stars. However, Buldgen et al. (2019) showed

reently that seismi inversion of the mean density of red

giants is also possible, based on their radial modes only.

Common limitations of forward modeling and seismi in-

version are the surfae e�ets problem and the standard

approximations negleting fast rotation, strong magneti

�eld, tidal e�ets and non-linearity in osillation models.

3.1 Model dependene

It is useful to onsider with a little more attention the

problem of the model dependene assoiated with the

small number of parameters de�ning standard models.

This problem is oupled with the small number of avail-

able independent seismi indiators in many ases suh as

in ensemble asteroseismology of red giants. Fitting a red

giant with two parameters (its age and mass) is less than

the 4 parameters of the von Neumann's elephant! . . . It

should also not be forgot that asteroseimology probes the

interior of a star as it is now, not its evolutions and its

assoiated long time-sale proesses suh as atomi dif-

fusion, nulear burning and marosopi transport pro-

esses. Many papers in these proeedings are devoted to

stellar physis. I just summarize here the main soures

of unertainty.

Conerning �rst the mirophysis, we have the ubiq-

uitous atomi di�usion. Negleting it in forward seismi

modeling introdues systemati inauraies in e.g. age

measurements. It is still treated approximately in most

stellar evolution odes: partial ionization is generally ne-

gleted, metals are treated as a whole and radiative levi-

tation is negleted. Some stellar evolution odes treat the

di�usion element by element, inlude radiative fores and

ouple mirosopi transport with marosropi mixing

(turbulene, thermoaline onvetion, . . . ). This is impor-

tant but the ost in term of omputation time is huge. I

refer to Deal (these proeedings) for more detail.

Opaity omputations are still approximate. Indeed,

it is not possible yet to inlude all eletron transitions

and take into aount the oupling between all states

into aount; a ompromise is unavoidable. Opaities

diretly a�et the temperature gradient and thus osilla-

tion frequenies and ages (see e.g. Lebreton et al., 2014,

�g. 18). The new abundane determinations by Asplund

et al. (2009) lead to signi�ant disrepany with the seis-
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mially inverted sound speed pro�le, the so-alled solar

problem. A loal inrease of the opaity just below the

onvetive envelope is the most probable path to solve

this problem (Basu & Antia, 2008). However, the reent

new opaity omputations by the Los Alamos National

Laboratory (Colgan et al., 2016) and by the CEA (Mon-

det et al., 2015) did not allow to solve the problem (Buld-

gen et al., 2017b). This problem also illustrates the im-

pat of the hemial mixture on the opaities. Erroneous

assumptions on the hemial mixture and, in partiular,

assuming homogeneity of metal abundanes is a soure

of errors. So, it is lear that opaities are still a soure of

unknown systemati inauray in forward seismi mod-

eling, either due to intrinsi inauraies in present opa-

ity omputations or due to inaurate hemial mixture's

assumptions. We must not forget also the unertainties

related to the equation of state. They are partiularly

important in brown dwarfs and probably also in white

dwarfs. For more detail, I refer to Pain (these proeed-

ings).

Marosopi proesses are subjet to even larger un-

ertainties. The so-alled rotational mixing hides in re-

ality a omplex interplay between angular momentum

transport, hemial mixing, magnetism, tidal e�ets,

mass loss, ... A state of the art of the problems asso-

iated to the modeling of these proesses an be found in

e.g Buldgen et al. (these proeedings) and their impat

is disussed in e.g. Meynet et al. (2016). The transport

of angular momentum by waves and modes is still very

di�ult to quantify. However, a new model of waves gen-

eration by penetrative onvetion reently proposed by

Pinçon et al. (2016) ould explain the internal rotation

of subgiants (Pinçon et al., 2017).

Finally, there is of ourse the omplexity of onve-

tion: on the one hand the unertainties related to over-

shooting and semi-onvetion above onvetive ores (see

Buldgen, these proeedings, for more detail), and on the

other hand the unertainties assoiated to onvetive en-

velopes and their oupling with osillations, whih I dis-

uss in the next setion.

3.2 Surfae e�ets

This leads me to onsider the so-alled surfae e�ets

problem. This warrants indeed a speial attention. What

are surfae e�ets ? In a nutshell, inaurate modeling of

the super�ial layers a�ets the frequenies of high-order

p-modes and leads thus to inaurate seismi inferenes.

It must not be forgot that there are two soures of in-

auraies. On the one hand, the strutural inauraies

mainly assoiated to the modeling of onvetion in atmo-

sphere models, and on the other hand the modal ina-

uraies assoiated to the adiabati approximation (ne-

gleting thus the fat that osillations are nonadiabati

and the oupling between osillations and onvetion is

strong in super�ial layers).

3.2.1 Strutural inauraies

As detailed in Ludwig (these proeedings), 3D atmo-

sphere models are now on the market. But how to use

them appropriately for stellar evolution and asteroseis-

mology is still under development. A �rst approah, the

simplest one, is to use them to alibrate empirial fre-

quenies orretions. The most reent work in this dire-

tion was done by Sonoi et al. (2015), Ball et al. (2016)

and Trampedah et al. (2017). A seond approah is

to use the 3D atmospheres to alibrate the onvetion

parameters of the approximate onvetion models used

in our stellar evolution odes. Most reent work in this

diretion was done by Trampedah et al. (2014), Magi

et al. (2015), Sonoi et al. (2018) and these proeedings.

Finally, interpolation in 3D grids an also be envisioned.

Preliminary work in this diretion was reently done by

Jørgensen et al. (2018).

3.2.2 Modal inauraies

Modal inauraies are another piee of

ake. . . Osillations are totally non-adiabati near

the surfae. Moreover, the onvetive, thermal and

osillation time-sales are of the same order in the out-

ermost layers of solar-like osillators. Time-Dependent

Convetion (TDC) models are thus needed. I worked on

that and I am strongly onvined that urrent models

are by far too approximate and in many ases do not

even ath the real physis of the oherent interation

between onvetion and osillations. A few linear

non-adiabati osillation models of the time-dependent

interation between onvetion and osillations have

been proposed and implemented. First, there is the

model of Balmforth (1992), whih is a non-loal general-

ization of the MLT theory of Gough (1977), widely used

by G. Houdek and his ollaborators. Seond, there is the

model of Gabriel (1996) and Grigahène et al. (2005),

whih is based on the approah originally proposed by

Unno (1967). These two MLT perturbative theories are

ompared in Houdek & Dupret (2015). Finally, there is

the even more omplex TDC model developed by Xiong

et al. (2015). All these models are learly reahing their

limits: on the one hand they enounter di�ulties to �t

observations (typially the mode line-widths, see below),

and on the other hand, their omplexity hides rude

approximations. It is time to start trying to model this

problem in all its 4D (3D spae + time) omplexity if

we want to go out of this deadlok.

The good point whih an help to progress at this level

is that there are additional seismi onstraints assoi-

ated to solar-like stohasti exited osillations: on the

one hand the linewidths in the power spetrum, whih

are diretly related to the mode damping rates, and on

the other hand the amplitudes. The theoretial damping

rates are obtained with non-adiabati osillation models

inluding time-dependent onvetion and the theoreti-

al amplitudes require the use of a stohasti exitation

models, too. Confrontation to the observed values on-

strains thus these models and gives their more weight

when they are used to model surfae e�ets. The most re-

ent onfrontations with mode linewidths of Kepler stars

are presented in Houdek (these proeedings) and Aarslev

et al. (2018).

3.2.3 Non-adiabatiity in lassial pulsators

In other types of pulsating stars, non-adiabatiity has

a negligible impat on the frequenies, so no problem

of surfae e�et for them, whih is a big advantage. But

that does not mean that nonadiabati modeling is useless

for these stars. It enables to understand and haraterize

the driving proesses at the origin of pulsations. More-

over, the predited range of exited modes, amplitude

ratios and phases an be omputed and ompared with

observations. This provides strong onstraints on the

opaity in β Cep and SPBs (e.g. Walzak et al., 2013;

Salmon et al., 2012; Daszy«ska-Daszkiewiz et al., 2005;

Dupret et al., 2004), in sdBs and in hot white dwarfs

(Quirion et al., 2009). Sine the opaities depend on
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the hemial omposition, onstraints on hemial trans-

port proesses an also be obtained, as shown in Hu

et al. (2011). In older stars, this provides tests of time-

dependent onvetion models and their urrent limita-

tions (Dupret et al., 2005a,b).

3.3 Fast rotation

The last limitation of osillation models I onsider here

is the usual separation in spherial harmonis. My fous

is on the e�et of fast rotation. Fast rotation breaks the

spherial symmetry and transforms the usual 1D eigen-

value problem into a 2D non-separable one. Codes solv-

ing rigorously the pulsation equations in this 2D frame-

work have been implemented (Ouazzani et al., 2012;

Reese et al., 2006). They provide an entirely new view of

fast rotating stars' pulsations, but the prie in omputa-

tion time is huge, making usual seismi probing methods

impratial.

However, in gravito-inertial modes and global Rossby

modes, the separation of variables obtained within the

so-alled traditional approximation appears to be a good

ompromise between fast omputation and auray

(Ballot et al., 2012). In partiular, using it appears to

be justi�ed for the interpretation of the wonderful os-

illation spetra deteted in Kepler gamma Dor stars

(Ouazzani et al., 2017). The asymptoti theory within

the traditional approximation an be used to disentan-

gle their osillation spetra (Christophe et al., 2018;

Bouabid et al., 2013). It shows that the two main seis-

mi quantities that an be measured are the buoyany

radius Π = (
∫

N/r dr)−1
, diretly related to the size

of their onvetive ore and their average ore rotation∫
ΩN/r dr Π. Di�erential rotation ould also be deteted

(Van Reeth et al., 2018). The question for the future is:

an we get more than these two measurements? I think

the answer is yes. First, it is well known that trapping is

possible in the µ-gradient region, leading to osillations

of the period spaing (Miglio et al., 2008). It ould be

used to onstrain the sharpness of the hemial transi-

tion . Seond, when looking more losely to observations

and theoretial preditions, dips are sometimes present

in the period spaing, whih seem to be assoiated to dif-

ferential rotation and/or mode oupling not taken into

aount by the traditional approximation (Saio et al.,

2018a, and Ouazzani, these proeedings).

There are however ases where the variable separa-

tion is not justi�ed: the fast rotating δ St and Be stars

are the learest example. In δ St stars, the equiva-

lent of the large separation an be deteted and used

to measure their mean density (Garía Hernández et al.,

2009). Mirouh et al. (2019) (and these proeedings) de-

veloped a very promizing method of mode lassi�ation

in these stars based on neural network, whih ould help

for mode identi�ation. Important theoretial work was

also ahieved for mode identi�ation based on other ob-

servables, but this remains very di�ult (Reese et al.,

2017). Another major di�ulty remains the huge hal-

lenge of omputing realisti evolutionary models of fast

rotating stars near their break-up veloity. A lot of work

has been done at this level, e.g. in the frame of the ES-

TER projet (Rieutord & Espinosa Lara, 2013), but the

problem is far from being fully solved.

3.4 Magneti �eld, tidal e�ets, non-linearity

Current pulsation models usually neglet magneti

and tidal e�ets. Fortunately, this is mostly justi�ed.

For the magneti �eld, the only major exeption is the

modeling of ro Ap pulsations, in whih the Lorentz fore

has a signi�ant dynamial e�et on pulsations. A non-

perturbative model for axisymmetri p-mode pulsations

of stars with dipole magneti �elds was developed by

e.g. Saio & Gautshy (2004). More reently, Loi &

Papaloizou (2018) (and these proeedings) analysed in

detail the e�ets of a strong magneti �eld on internal

gravity waves, an analysis whih an �nd appliation in

various astrophysial ontexts, inluding the dipole di-

hotomy problem in red giants, the solar interior, and

ompat star osillations. Studying the impat of tidal

fores on pulsations in lose binaries is still in its in-

fany. This problem reently got new attention with the

detetion of tidally exited osillations in heartbeat stars

observed by Kepler (Guo et al., 2017) (and these proeed-

ings), with �rst models developed by Fuller (2017). The

linear approximation is ubiquitous in osillation models

used in asteroseismology. Currently, it seems unavoid-

able. On the opposite, non-linear pulsation models are

widely used for the modeling of high amplitude radial

pulsations and ould help to explain longstanding prob-

lems suh as the Blazhko e�et (Kolláth, these proeed-

ings).
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