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ABSTRACT

Context. The 16Cyg binary system hosts the solar-like Kepler targfts the most stringent observational constraints. Indee
benefit from very high quality oscillation spectra, as weallspectroscopic and interferometric observations. Ma@edhis system

is particularly interesting since both stars are very simih mass but thé component is orbited by a red dwarf, whereas Bhe
component is orbited by a Jovian planet and thus could haweefd a more complex planetary system. In our previous stuey,
showed that seismic inversions of integrated quantitiesdcbe used to constrain microscopidfdsion in theA component. In this
study, we analyse thB component in the light of a more regularised inversion.

Aims. We wish to analyse independently tBecomponent of the 16Cyg binary system using the inversiomofdicator dedicated
to analyse core conditions, denotigdUsing this independent determination, we wish to analysedifferences between both stars
due to the potential influence of planetary formation onlataltructure anfbr their respective evolution.

Methods. First, we recall the observational constraints for 16CygH the method we used to generate reference stellar models of
this star. We then describe how we improved the inversionhavd this approach could be used for future targets withfacsent
number of observed frequencies. The inversion results thereused to analyse thef@irences between thfeand B components.
Results. The inversion of the, indicator for 16CygB shows a disagreement with models tfioly microscopic dfusion and sharing
the chemical composition previously derived for 16CygA. 8tew that small changes in chemical composition areflitéent to
solve the problem but that extra mixing can account for tiEeinces seen between both stars. We use a parametric dppvoac
analyse the impact of extra mixing in the form of turbulerffuiion on the behaviour of thg values. We conclude on the necessity
of further investigations using models with a physicallytiveted implementation of extra mixing processes inclgdauditional
constraints to further improve the accuracy with which tiedamental parameters of this system are determined.
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1. Introduction error bars is lost due to the poor quality of the averaging ker
nel.
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O na previous paper (Buldgen et al. 2016), we studied the-bina . .

© ries 16CygA and 16CygB using the full Kepler dataset frod the following sections, we re-analyse the tradpooblem of

00 Davies etal. (2015). The system is in fact more complex siné6CYgB and show that the seismic information igfisient to

(> a red dwarf orbits theA component and a Jovian planet or2nalyse this star independently with thendicator. To explain
bits theB component (Cochran et al. 1997; Holman et al. 199the trend seen with the inversion, we try unsuccessfullgstare

— ‘Hauser & Marcy 1999). We carried out a forward modellinﬂ}e agreement by modifying the surface chemical compasitio
- - process of both stars without taking into account binariy &iS Star. Since this leads to inconsistencies with the 380e-

2 a constraint and used our inversion techniques to further c§ults of our previous paper, we analyse the potential négess
strain their fundamental parameters, and demonstrateiinthe @n additional mixing process, which has already been meetio

- ‘portance of microscopic fiusion. The inversion technique pro{0 explain the lithium depletion in this star (Deal et al. 3pWVe

(T vided strong constraints on the chemical composition and mgmphasize that the solution we propose for consistencythth
ing of 16CygA, the brightest of the two components. HowevdpVersion result is hypothethal and is subje_ct to the samitd-
when carrying out the same inversion for 16CygB, we faced tfi@ns and model-dependencies as our previous study on X%Cyg
problem of the amplification of the observational error batee  We compute models using a parametrised approach of the extra
problem is well-known in the context of inversions, since ta- Mixing which should not be considered as a physical solutidn
sults are always a tradefdetween amplifying the errors andrather a hint that a certain amount of mixing is _requwed uapjg
fitting the target function of the inversion (Pijpers & Thosgm '€gions of the B component in order to reconcile the modgllin
1994). In the context of asteroseismology, since more vidigs ©f both components.
to be given to the fit of the target function due to the small hrum
ber of observed frequencies compared to the solar case,aveTdre paper is structured as follows, we start by briefly presen
always limited in terms of error amplification. Trying to ek ing additional reference models in Sect 2. We then present ou
the error bars by amplifying the tradéf@arameters can resultinversion results as well as the regularisation in Sect 2s€h
in a significant reduction of the quality of the fit, thus imiply results are further analysed and discussed in Sect 4 indight
that what is gained by reducing the propagation of obsemati the possible necessity for extra mixing in 16CygB. We them-co
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clude with the implications and perspectives of this studgéct did not use any hypothesis on the chemical composition ef thi

5. star. In fact, surface chemical compositiofffgiences between
the A andB components have been claimed by Tucci Maia et al.
(2014) when carrying out afiérential spectroscopy analysis be-

2. Reference models tween both stars. Moreover, although the centroid of theqare
surface helium abundanc¥;, interval found by Verma et al.

In this section, we will describe the forward modelling prot2014) is the same, the scatter is larger for Bxeomponent,
cess that has been carried out to obtain the reference mo@&@ if microscopic dtusion is included in the stellar models, it
for the inversion. The process has been already describedSi@lso clear that surface chemical compositioffiedences will
Buldgen et al. (2016), but we recall it here for the sake of-cld0€ seen since this mixing will not have the sanfieceency for

ity. Nevertheless, the number of models computed has beensfars of diferent massés

creased to improve the diagnostic process of the inversidna Nevertheless, it should be noted that chemical compositibn
ensure unbiased results. ferences between 16CygA and 16CygB are still under some de-
In practice, we computed these models independently frdrate since their existence has been claimed by Ramirez et al.
the modelling of 16CygA presented in our previous papd2009) and Tucci Maia et al. (2014) as well as by previous-stud
We used the frequency spectrum from Davies etal. (2018s (see Deliyannis etal. 2000) but could not be confirmed
which was based on 928 days of Kepler dat# Levenberg- by Schuler etal. (2011). In Tucci Maia et al. (2014), one finds
Marquardt algorithm was used to determine the optimal d&€/H]a = 0.101+ 0.008 and [F¢H]g = 0.054+ 0.008 whereas

of free parameters for our models. We used the CLES stel@ghuler et al. (2011) finds [FEl]4 = 0.07+0.05 and [F¢H]g =
evolution code and the LOSC oscillation code (Scuflaire.et 805+ 0.05. These results are not totally incompatible, and what
2008b,a). The stellar models used the CEFF equation of st&tnore striking is the dierence in error bars between various
(Christensen-Dalsgaard & Daeppen 1992), the OPAL opacitRudies.

from Iglesias & Rogers (1996) supplemented at low temperﬁI
tures by the opacities of Ferguson et al. (2005). The nuckar
action rates are those from the NACRE project (Angulo et

. X . 15
1999), including the updated reaction rate for #i(p, 7)'°0 ing the sun as a reference. In our previous paper, we used the

reaction from Formicolaetal. (2004) and convection was :
. . , o ost recent abundance tables given by AGSS09 (Asplund et al.
|mplemented using the classical, local _m|xmg-lengt_h r'5’602009) and found that they led to a better agreement with the in
(Bohm-\_ﬁte(;fse .195f8)' W(.:’I.SIS? useld Eggégpl?menrt]atlﬁnhof NWersion results for 16CydA. In this study, we computed most
croscopic difusion from Thoul et al. , for which three : i X

: odels with the AGSS09 abundances but also used some mod-
groups of ejements are considered anq treated separa}ely:e s with the older GN93 abundances (Grevesse & Noels 1993).
d_rogen, he"“{g‘ and the me_t_als (all considered to have nﬂ‘iecﬁ We explain our motivations for using such models in Sect.d. W
sion speed of 'Fe). No additional transport mechanism, beSIdgummarise the observational constraints used for 16Cy¢&- in

miroscopi dlusion was nladed It models No SUTZCHC Y o et praimeters sbained or some of e
since we used quantities that are naturally less sensititfesse reference models in table 2. In this table, we also recallrlh_e
effects terva_lls from the forward modell_mg process_of 16CygA ohtdlin
' previously. The forward modelling war carried out startirgm

Moreover, since the inversion results for 16CygA impliedtth various initial conditions with the Levenberg-Marquarttic
microscopic difusion had to be included in the stellar modelgthm. The set-up of the minimization process was the follow
and since both stars are very similar, we considered thatade lng:
to include atomic dtusion in the models of 16CygB. We also
emphasize that obtaining consistent results in age for tath
ponents is impossible if one considers that one componehéeof
binary system is subject to microscopidfdsion dfects while
the other is not. Yet, we also want to stress that the impléaen
tion of microscopic diusion has its own uncertainties. First, we
consider here the implementation from Thoul et al. (1994gtvh
considers only three components to the mixing; secondtiigin
own paper, Thoul et al. (1994) consider th&ulion velocities
obtained to be accurate within approximately 15%; thirdly,
may be possible that radiative accelerations play a rol@in-c
peting with gravitational settlingfeects. Thus, the use of micro-
scopic difusion as a solution to be consistent with the inversion
results for 16CygA is a first hypothesis of this study. It dnes
mean that another combination of mixing processes could not
successfully reproduce the trends previously seen witintreg-  In total, we had 5 free parameters for 31 constraints. Intahdi
sion technique for this star. to these constraints, we checked the values of the luminbsit
urface gravity log and radiusR after the forward modelling
gisee if they were consistent with the constraints from ithe |
erature. Models which were completely inconsistent witksth
! The frequency tables are public and can be found at the wmglditional constraints were disregarded. An additionatment
http://mnras.oxfordjournals.org/lookup/suppl/doi: 10.
1093/mnras/stu2331/-/DC1. 2 The diferences due to flusion should nonetheless remain small.

loreover, these values depend on the reference solar ioigyalll
ssumed in the study since the observational constrainideo
% the [FgH] value which must be translated in%value us-

— Constraints: individual small frequency separatiohs
dy 3, inverted mean density) for which conservative er-
ror bars of 0005 g/cm® were considered, acoustic ra-
dius () for which conservative error bars of 38
were considered, present surface metallicfy/s) from
Ramirez et al. (2009), present surface helium abundance
(Ys) from Verma et al. (2014) and thdfective temperature
from Tucci Maia et al. (2014), for which we considered error
bars of 30K.

— Free parameters: Mass, age, initial hydrogen abunda@ie (

initial abundance of heavy elemen&), mixing-length pa-

rameter {vLt).

In this study, we substantially increased the number ofrref
ence models used to carry out the inversions for 16CygB
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Table 1: Summary of observational properties of the syst@8yfjA B used in this study.

16CygB References
R(R,) | 1.12+0.02 White et al. (2013)
Tett spec(K) 5751+ 6 Tucci Maia et al. (2014)
Tefr phot (K) 5809+ 39 White et al. (2013)
L(Ly) | 1.27+0.04 Metcalfe et al. (2012)
[FeH] (dex) | 0.052+0.021 | Ramirez et al. (2009)
Y | [0.218 0.260] Verma et al. (2014)
< Av > (uHz) | 11736+ 0.55 Davies et al. (2015)

should be made on some error bars used in the forward mtue inversion and provide additional interesting insigmsthe
elling. Firstly, we considered the errors from Tucci Maiakt structure of this star.
(2014) to be unrealistic and assumed a conservative 30K e

o . . . . . .
bar which is already very accurate but more consistent witaro The inversion technique we present is based on the linear int

studies. Secondly, both the inverted mean density and ac 3' equations presented in Gough & Thompson (1991) derived

. P :
tic radius are known to have underestimated error bars weh t° the sqgared |sothermal sour_1d speed_ b a”?' th_e hellum_
SOLA method, from the multiple hare and hounds we perform8SS fractionY. The basic equation of the inversion is then writ-
to calibrate the inversion techniques, we noticed thatar &xars €N

of 0.5% were to be expected as a conservative error bar for tglveu R su R

inverted values of the mean density. For the acoustic rathes — = f KS’L—dr + f K%‘Wdr» Q)
precision has to be assessed from the dispersion of thedéaver?” o u o

values, in this particular case this lead to a precision ofiad e : i
0.7% was achieved. Consequently, we used these conservé‘?@@re the notatiodf stands for the relative flerence between
error bars in the Levenberg-Marquardt algorithm rathentihe 9PServed quantities and quantities of the reference maigel,
error bars derived directly from the SOLA method. fined as follows:

i Xobs _ Xref
We can see that the scatter of fundamental parameters is \/_@fyz 7
similar to that obtained for 16CygA. However, we only giveX xref
the results for models includingfélision in table 2, as can be
seen by looking at the values of tiieparameter. This param-
eter is related to the implementation oftfdsion we use, it is a

)

The most striking dference between inversions in asteroseis-
mology and inversions in helioseismology is the number of ob
ltiolicative f fthe mi i flisi lociti h served frequencies, leading to the fact that the classinal |
multiplicative factor of the microscopic fliusion velocities such . | arnel based inversion methods cannot be used to de-

that if D = 1.0, one uses the flusion velocities of standard e | gtryctural profiles of observed stars. In previasd-
solar models. We can see that some models have radii and Iu:

" ies, we have adapted the SOLA inversion techniques from
nosities that are below the observed values. Thus, theselmo iipers & Thompson (1994) to carry out inversions of struc-
can already be rejected or at least questioned in terms &f qyg-, | integrated quantities (See Reese et al. 2012; Buldeh
ity. The age and chemical composition intervals are coraplet

. ; X 2015a,b, for various examples.). Amongst the indicatorisele,
consistent with the values obtained for the reference nsoafel \ o yofined a core condition indicator in Buldgen et al. (2015a
16CygA recalled in the third column of table 2. We recall hergS follows:
that the models associated with ages abodess were rejected '
for 16CygA, based on thg, inversion results and their impli-
cations on microscopic ffusion and chemical composition. A & )
successful modelling of the binary system implies findingisi _f f(r)(%) dr 3)
lar ages and initial chemical composition for both stars e w™* ~ J, dr ’
as being consistent with the seismic, spectroscopic aedant
ometric constraints at hand. Ultimately, the models sHatl Be  with f(r) = r(r — R)?exp(-7r?), the weight function used for
compatible with the inversion results. This is not an eask tathis inversion withR the stellar radius and the radial coordi-
and requires a careful analysis and a good treffieeiween all nate associated with each layer inside the madislthe squared
of the constraints. isothermal sound-speed previously defined.

First, we recall a few basic equations of seismic inversemt
niques. It is important to remember that seismic diagnesti:

ing classical inversion techniques involve individuahtele fre-
guency diterences (defined as in Eq. 2). In that sense, any in-
verted result is generated from a recombination of these fre
In this section, we present updated inversion results fQyB. quency diferences. When we use the linear SOLA technique
In our initial work, we faced the problem of large error bas f (Pijpers & Thompson 1994), we build a linear combination of
thet, inversion. These error bars implied that we could not derifieequency diferences. In the case of thginversion, for exam-
any additional constraints on the structure of 16CygB. kt faple, we have:

the inversion results showed that all models should be aedep

regardless of whether they includedtdsion or not. However, N 5, /st

we will show in the following sections that a more carefulkoo )  CG— = (t_) )

at the frequency data can lead to an independent diagndghic wi : U Jinv

3. Inversion results

(4)
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Table 2: Parameters of the reference models of 16CygB

Referencel6CygB models | Referencel6CygA models

Mass (Mo) 0.93-105 0.96-108
Radius (Ro) 1.07-113 119-124
Age (Gyr) 6.97-847 6.90-830
Lo (Lo) 1.05-125 1.48-166

Zy 0.0165-00194 0.0155-00210

Yo 0.25-032 0.250-0299

amt 1.70-186 1.67-197
D 0.5-11 00-11

with thec; being the inversion cdicients, which are determinedwe analysed the impact of this problem on equations of the typ

by finding the optimal value of the SOLA cost function for give

of Eq. 1. It was then shown that the inversion implicitelyleda

trade-df parameters values. The SOLA cost function is definglde observed target to the same radius as the reference model

as follows for thet, indicator and denotegdy,:
1 5 1 N

T, :f [Kavg = 71, dx+,8f Kémsgxﬂan(a)Z(cim)z
0 0 i

+7 ZN:ci—k}, (5)

used to perform the inversion while keeping its mean density
constant. This meant that the target studied by the inversas
not defined by a mashli;; and a radius, but was a scaled

Miar R?ef

target defined by a massRs— and a radiufRes.

This does not restrict the diagnostic potential of the isi@r
technigue but means that if we want to compare results from va
ious reference models, we need to compare valugg/ Bf, to

where Ty, is the target function associated with the indicatoget rid of the implicit scaling process introducing a depemzy

Kavg is the averaging kernel, ankcoss the cross-term ker-
nel, defined with respect to the fractional radius positios

k. n is a Lagrange multiplierk is a regularization factor re-
lated to the non-linear generalization of indicator ini@ns (see

in Reef in the inversion process.

3.1. Analysis of the error contributions

Buldgen et al. 2015a, for detailsg; are the errors associated

with each individual frequency amgland6 are the free parame-
ters of the SOLA method, related to the trad&waith the cross-
term and the amplification of observational errors and thoeac
racy of the fit of the target function. Nevertheless, for thés-
ticular inversion, no additional terms used to deal withface
effects have been added since they often bias the results an
duce the quality of the fit of the target function. This is glse

In Fig. 1, we illustrate in orange the initial inversion réswf

tu/R‘;'ar with their quite large error bar$ry being the target
photospheric radius. They seemed disappointing sinceetimek
fits were excellent and implied that there were enough kettoel

éit the target function of thg, inversions.

re-
This implied that the problem was simply stemming from the

tified by the fact that thg, indicator probes core regions and thagbservational errors propagation term in the cost funaticthe

its target function has low amplitude in the surface.

The averaging and cross-term kernels are defined as follmws

délﬁtéon, changing the parameter can lead lead to a much less

the (U, Y) structural pair, withY the helium mass fraction an
u= 5, the squared isothermal sound speed and the functi
K.y andK! , the structural kernels associated witland Y re-
spectively:

N
KAvg = Z G KL,Y’ (6)
i

N
Kcross= Z Ci K;(,u- (7)
i

SOLA method. The classical way to deal with this problem is
tﬁ increase the parameter in the cost function thus reducing
the propagation of observational errors. While this may be-a

accurate fit of the target function and thus reduces the tguali
of the inversion. This implies larger errors on the invemesult
coming from the kernel fit as shown in Buldgen et al. (2015a).
From our previous test cases, we also know that around 50 fre-
guencies is dicient to obtain an inverted value ff especially

if octupole modes are available. Consequently, we lookeldeat
observed frequencies for which there were large unceigsint
and found that th¢ = 3, n = 14 mode, the = 3,n = 15
mode and the = 3, n 16 had much larger uncertainties
than the other modes of similar radial order. The error bars o

The fact that we have two free parameters in the SOLA cdbg individual frequencies were sometimes even larger than
function is due to the ill-posed nature of the problem andgeafrequency diferences between 16CygB and the computed ref-
to the well-known trade- problem when using inversion tech-erence models with the Levenberg-Marquardt algorithms Thi

niques. In this particular case, the question of the tratléso
particularly important since we have three oscillation e®ah
particular that have larger error bars than the all the sthed

two of these could sometimes see their individual frequesci

fitted within their error bars.

Another specificity of asteroseismic inversions is thaythee

of course somewhat ifigcient since it implies that we are using
frequency diferences that cannot be exploited by the inversion
technigues.

In fact, frequency dferences with large error bars can domi-
nate the error contribution in the inversion results, eggdf
the inversion coicient associated with the particular mode is

performed with little or no knowledge of the radius of the obimportant. This is in fact simply due to the form of the term as

served target, notel,,. In section 21 of Buldgen et al. (2015a),
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which is written:

4—
N [
Z(Cio'i)2~ (8) L
i 3.8F % 1
It is thus clear that modes with high inversion fit@ents and I x
large uncertainties contribute the most to the error prapag. 3.6r 1
Although the SOLA method tends to mitigate the impact of tt — x
modes with large uncertainties, the result is always a comp . |
mise between precision and accuracy. This trafiéesaealized £ 341 X 1
through the change of the free parameters of the inversitinel -
context of asteroseismic inversions, the fact that eacitiaigon ~ — 3ol ]

6

Indicator t,/G?R?
o
&

spectra has its own error bars, that each star is fitted ihataliy
within a given accuracy that can be variable and that each ¢
occupies a dferent position in the HR diagram for which the lin-
ear approximation might be irrelevant to a certain degrexkes
each inversion process unique. Therefore, from the mattiem
cal point of view, each inversion has to be analysetedintly,
although trends in terms of inversion parameters can beasan
are understandable since they are linked to the data andlmc I
quality which can be objectively assessed. 2.6r 1

The trade-€f problem of inversion techniques is illustrated b I
the so-called tradetb curves that can be seen in the origi  , 4/
nal paper on the OLA method by Backus & Gilbert (1967) ¢ I

Pijpers & Thompson (1994) for the SOLA method. Typically —
each frequency set defines the number offitccient available, 2ol
thus the resolution of the inversion. However, this resofuts
mitigated by the error bars of these individual modes whiriit |

the amplitude of the cdkcient that can be built to fit the target
function. The trade-4d curve materializes this competition with ) ) o _
respect to the parameteof the inversion. We describe a little bit  Fig- 1: In orange, inversion results for theindicator ancp
more in depth the tradefiproblem and theféect of eliminating ~ With the full set of modes for 16CygB. In green, inversion

1.044 1.045 1.046 1.047 1.048 1.049
Mean density p (g/cm?)

modes in the frequency spectrum in Sect. A. results for the same models excluding the modes with the
] largest error bars in the frequency set. The blue squares are
Important error bars can indeed be seen forthe 3, n = 14 associated with inversion results for which the tradie-o

mode, which is the octupole mode of lowest radial order. We parametes has been slightly enhanced. In red, blue and

know indeed from our previous test cases (see Buldgen et ghagentat, andp values in the reference models (See text for
2015a) that the, inversion uses preferentially the low order the explanation of the colour code).

modes and tends to benefit from the presence of octupole modes

and use them as much as possible. Since this particular mode

has the highest error bar, we wanted to see how eliminating it

from the frequency set used for the inversion could help us aindp for reference models. The new result with reduced error
tain a smaller error propagation. As previously explairieeer- bars are illustrated in green and light-blue. The greenteate
sion techniques use individual frequencies to extractrmée obtained by eliminating problematic modes and the lighiebl
tion. However, this is only possible if the frequencies ubgd results are those obtained by slightly increasing the vafuke

the inversions are not fitted within their observationabelrars. 6 parameter. We associated the following colour code for éhe v
Typically, if one eliminates a mode with large error barse orues inferred from the reference models: a blue cross means th
reduces the amplification of the errors but also the reswiwf thet, value agrees will all inversion results, a magenta crods tha
the inversion. Ultimately, eliminating a mode from the fueqcy it agrees with some inversion results and a red cross thaes d
set is only justified if its detection is arguable or if it igeddy not agree with any result. We can see that eliminating theamod
fitted within the error bars. Otherwise, reducing the errarsb with large uncertainties reduces significantly the erraishan

is more dficiently done by increasing slightly the value of the the inverted result, without changing much the actual itacer
parameter. value. A change in the inverted value would have meant tieat th

mode had a significantimpact on the inversion result. Intimac

In the particular case of 16CygB, some individual modesato%. . . .
: L X ; . is could be seen by a change in the fit of the target functyon b
be fitted within their error bars and thus could not bring athgia the averaging kernelx./ This co%ld be the case if onge had f err :

t|Qna_1I seismic constraints it use_d N an nversion prodér_smlly, dividual frequencies and that the problematic oscillatioode
eliminating the worst fienders in terms of error bars is a pro-

cess that has also been described in helioseismic inver&er Waviéjﬁﬁgt?gtéh%éméﬁzlog (ijnetsr;])éti\llt:r;ari%e Zggrc?gg'_tmgt
Basu et al. 2009), since they can have strong impact on soﬁe g ging

; . I . fit that is induced by the elimination of the most probléma
;r:gtra]rsmns when adjusting the trad#-parameters for the inver- modes in terms of observational error bars and an incredabe of

trade-df paramete#. As was the case for the invertgdvalues,
In Fig. 1, we show the impact of the modes with the largest ghe diferences on the averaging kernels are minimal. Hence, an
ror bars on the final inversion error propagation and valdi¢és o independent study of 16CygB in termstgfcan be performed.
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Fig. 2: Left panel: averaging kernels for the core condgioricator {,) for variousg values and reduced frequency spectrum.
Right panel: same figure for the cross-term kernels of tleversion. We used theu(Y) structural pair in both plots.

In the next section, we present new inversions results usingnicroscopic difusion in the models. Indeed, this process tends
greater number of models forfierent surface chemical compo+to accumulate heavy elements in the deeper regions since for
sitions, yet within the observational constraints, anddiffierent stars around.OM, gravitational settling dominate the transport
diffusion codicients, in much the same way as what was domeechanism in the deep radiative regions. However, as shated
in our previous study, more focused on 16CygA. fore, not including this process leads to inconsistent ageb
chemical compositions for both stars. Therefore, the mreéso
this discrepancy has to be explained using a more subtle ef-
3.2. t, Inversion for 16CygB fect.

We show in Fig. 4 the dierences in chemical composition and
in the weight function involved in the integral expressiam f
the t, indicator for two of our reference models in the chemi-
cal composition box. Modglis a model with a higher helium
content {fs = 0.26), lower metallicity (Z/X)s = 0.0208) and

microscopic difusion @ = 1.0), thus following the prescrip-

Thus, we have to combine our analysis with other .d|agr?ostk<i:(§n derived from our previous study. Consequently, it isoal
and carefully discuss our _flnal results, as was done in oWipre massiveNl = 0.91M.) and within the “young” range of
ous study of 16CygA. In Fig 3, we present our results for\uinoour reference modéIsAgeez 7.32Gy). Due to the higher he-

models with various surface chemical composition and cesng: . . , . . .
of the factorD associated with atomic flusion in CLES. The g|u_m content and.ﬁuer}t microscopic diusion, th.|s model is
rejected by thd, inversion. Model has a low helium content

results we obtain are slightly model-dependent, which r_ryve_gs = 0.22) and a higher metallicity Z/X)s = 0.0214) and a

In this section, we present the results for theinversions
for 16CygB. Using the reference models computed with o
Levenberg-Marquardt algorithm and the more regularizeerin
sions, we were able to obtain a valugpfor 16CygB with lower
error bars. However, the uncertainties are still non-dgjie.

similar to what was obtained for 16CygA, but the trend is i . ; ; . : o
' . . ' ss dficient microscopic dfusion © = 0.5). This model is sig-
this particular case opposite to what was seen before. thde ificantly more massive than Mode(M = 1.01M.) but has a

in Buldgen et al. (2016), we saw that including microscopic d _ . = . i f B4Gv. Th di . is d
fusion provided much more consistent values of thendica- quite similar age of 54Gy. The strong dference in mass Is due
g‘) the well known degeneracy associated with the helium-abun

tor when compared to the inverted values. For 16CygB, mod - . .
with lower helium surface abundances, higher surface fital ance. It should be noted that this mode! is validated bytthe

ties and less diusion are favoured. In fact, reducing thevalue

is directly related to a reduction of the gradientof £ ~ &, This illustrates the fact that simply changing the surfazenc-

with T the temperature andthe mean molecular weight. Conseical composition or microscopic fllision has a strong impact
quently, reducing, implies reducing the mean molecular weighon the fundamental parameters of the star and implies strong
gradient within the star or changing the temperature gradiehanges in the internal structure even if the model fits allh-

in the regions where th indicator is sensitive. Reducing theservational constraints (although Mogdshould be rejected due
mean molecular weight gradient can first be done by elimmigatito its lower radius). Both models were chosen because they we

inversion.

Article number, page 6 of 14



G. Buldgen et al.: In-depth study of 16CygB using inversiechiniques

extreme cases and illustrated well the strong degenerazyoduerror bars and a slightly worse fit to the target function. &or

helium abundance. over, we know from our previous numerous test cases that the
ty inversion provided accurate seismic diagnostic of corerey
(See Buldgen et al. 2015a).

3.3. Comparison with 16CygA

If we consider again 16CygA, the models with masses aroudd- Influence of physical parameters on t,

1.01M,, high helium content and age2Gy around were con- ) _ ) )

sidered to be the best models of this star since they repeadu¥/hen analysing thefiects of microscopic diusion, the prob-
thet, trend seen in our previous paper. This would mean tHgM is even worse, since if we trust the value¥ ok [0.24 0.25]

we would chose a model closer to Mogdéb be consistent in for the final surface helium abundance of 16CygA, we should
terms of the initial chemical composition of both comporsentobtain higherY; values for its less-massive counterpart due to
However, since in this case we have to reducetthealues, the factthatits convective envelope goes slightly deepeiia-
and thus apply the opposite changes to the chemical Comp@gﬁ_s Iess—ﬁime_nt microscopic dfusion. One should note that
tion and microscopic diusion, the 16CygB have higher massegimilar conclusions can be drawn for the surface heavy eléme

and ages (like Modelmentionned above), going up to0BM abundancg of this star. In fact, increasing the amount qwaa
and 80Gy. elements in the stars increases the opacity in the deeptivadia

regions where thé#, indicator is sensitive (see Fig. 2). Thus, it

The fact that the inversion is able to distinguish betweel&o implies an increase of the temperature gradi%ﬁI,Now, since
and Mode} proves again the diagnostic potential of this ap-

2 . . .

proach. In this particular case, due to the fact that botts sté (%) (see Eg. 3), it is worth looking more in depth at the
are within a binary system, we are even able to see whetRghaviour of this indicator with changes in the stellar citne.
our selected result will be consistent with the previousifed- Using the ideal gaz approximation, we have a straightfotiwar
mined parameters for 16CygA. Due to the very similar chenfelation betweem, T andy.
cal composition derived spectroscopically and seismjicdlie

to the results of independent forward modelling of both comp ) 5
nents leading to similar ages and initial chemical compmsit (du)\® T?/(dInT dIny
we rather consider that thefflirences seen with the inversiondr) ~ 2\ dr  dr | -
technique is to be explained by inaccuracies in the modtisra

than considering the binary system to have merged from 0 isthjs formula implies that the behaviour of the indicator elegs
lated stars. on the values of the gradients themselves. As can be seen in
fthe right panel of Fig. 5, it is not always straightforward to
whether an increase of the mean molecular weight gradi-
through dfusion will imply an increase df,. For example,
elow Q1 R, withR the stellar radius, it will be the case because
iffusion will increase the depth of the minimum just belod 0

R: However, adding extra mixing around20R or Q3 R will
smooth the transition towards the chemically homogeneons ¢
tive envelope (around®for this model) thereby decreasing
value oft,. Similarly, increasing the temperature gradient

)

We also illustrate in Fig. 3 the results for one model using t
GN93 abundances and models which were computed using §ﬁ¥
AGSS09 abundances and assuming a similar initial chemi€&
composition to what was derived for 16CygA in our previou
study. These models show valuestgfRS, around 37 g?/cm®
whereas the model with GN93 is more consistent with the i
version results of ® + 0.5 g?/cnP. It is clear that models com-
puted assuming the same ingredients as 16CygA are incomp;%?g

ble from the point of view of the inversion. However, sincesh 1 will red d reducing® above 01 (thus sh
stars form a binary system and thus are thought to have for w Q1 will reducet,, and re ucmgﬂ—r above (t us sharp-
,gning the transition towards the convective envelope)imifily

together, we should be able to derive similar values of tle i duction for the indi o h&
tial chemical abundance and similar ages for both compsnefite_Same reduction for the indicator. One can see théeete
In Fig. 5 where we illustrated the impact offfidirent types of

of the system. This problem is also reflected in theaive tem- """ h di d th "
perature and radii determination. The well-known heliumssaMiXINg on the temperature andgradients and thus on thg

degeneracy leads to smaller radii for models with higheinhel ndicator. This gives us a clue as to what could be modified in
abundances, for example. We also tried using larger ernar b € _models to reco_nC|Ie the inversion resulf[s .W'th the odmer—

on the dective temperature and looked at models Wity be- straints. However, it does not mean that this is the onlytsmg
tween 5600K and 590(K to see if this could fiect the results. [ the problem we presented previously. For the sake of-illus
Ultimately, no trend was found since they are ultimatelatedl tration, we also illustrate the hydrogen grad|ent and thenBr

to the chemical abundances and the way the elements are mi\ﬁ@lfala frequency of these _models, showing the change of j[he
within the star. Theseftects are well-known toffect the posi- SI°Pe Of the hydrogen gradient at the bottom of the convectiv
tion of the models in the HR diagram at the end of its evolutioh®N€ but also a significant deplacement of the base of the con-
Thus, in what follows, we will focus on these aspects to tryfcwe zone for these models due to the use of the new opsciti

reconcile our models of 16CygB with those of 16CygA and tH&2™M the OPAS project. The OPAS opacities are new opacity ta-
inverted results. es specifically designed for solar-like conditions, vehgreat

care has been given to the details of the absorption lines con
In terms of precision and accuracy, it should be noted that nsidered. These models also used the latest version of th& OPA
ther the model-dependency, nor the regularisation can lie hequation of state (Rogers & Nayfonov 2002). These changes of
responsible for an inaccurate result. Hence, as showndrsét- course &ect the stratification below the convective zone and
tion, in particular thanks to the large variety of referenoed- thus the behaviour of thg indicator. Turbulent dfusion also
els, we can see that surface chemical composition changesiaplied a change of the Brunt-Vaiséala frequency in the vesml
not suficient to explain the inverted values f In fact, taking regions (below . R), this is particulary seen for the model as-
6 = 107 still implies very similar inversion results with reducedsociated with constant turbulentiision.
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Fig. 3: Left panel: mean density)vs core conditions indicatot) plot. The inversion results are plotted in orange withithei
respective error bars. The crosses are values for the nekereodels computed with the Levenberg-Marquardt algorithith
AGSS09, the black shows one example of a model computed with GN93¥nd 0.25. Right panel: surface chemical
composition box for 16CygB. The colour code used allowsaliteend comparisons between the surface chemical congosit
and thet, values. The size of the symbols is related to the intensitpiofoscopic difusion, the smaller the symbol, the smaller
the D codficient. The+ and theo illustrate the impact of the metallicity on thgvalue.

In practice, all thermodynamic quantities are coupledubfo both stars have proven not to befient to eliminate the dis-
the equation of state. For example, adding a mixing procasgpancy with the invertetj, values. Therefore, we had to as-
will affect the chemical composition, thus the mean molecuksume that something was neglected in the models for 16CygB,
weight, but it will also dfect the opacity and indirectly the tem-or 16CygA, or for both stars. In what follows, we study supple
perature gradient. Consequently, théversion dfers a new in- mentary models including a parametrized approach for ait add
sight on some dierences between the target and the refereni@nal mixing process. The physical nature of this mixinggass
model, but does not provide the physical cause of the obderi® not discussed here, but we demonstrate that,tledicator
differences in structure. is, as expected, able to discriminate between various psese
inside the star. Figure 7 shows varioysinversion results for
different implementations of filusion yielding dfferent chemi-
cal compositions. At first, we still wish to see whether thisra

4. Impact of physical ingredients on the core way reconcile the chemical composition of 16CygB with thiat o
conditions indicator 16CygA.
4.1. Adding extra mixing The parametrization of this additional mixing is based oinan

plementation of turbulent ffusion used in previous studies (see

Because of thg, inversion results, we are faced with a very peMiglio et al. 2007, for details). We testedffirent implementa-
culiar problem. We have two stars, in a binary system, witly vetions of this mixing. First, we added a constant turbuleffudi
similar surface chemical composition, similar masses and,r sion codficient of around 26m?s™* acting in the entire stellar
that show significantly dierent seismic behaviours when carstructure and computed a few models fitting the observdtiona
rying out inversions of their structure. The problem is ttiee constraints for 16CygB. The impact of the constant turbidén
models for both stars cannot be consistent with the invenge fusion codficient is quite strong. Indeed, gradients are quickly
sults and simultaneously present similar chemical contiposi attenuated and thig value decreases, as can be seen in Fig. 7
and age. Small discrepancies in chemical composition ketwevith the positions of the blue in the left panel. However, dis-
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Fig. 4: Left panel: In blue, helium abundance profit¢ for one model with a lower surface helium abundance, ar@.@2l In
red,Y profile for a model with a higher surface abundance, arou?@. Right panel: the profile of the target function of the core
conditions indicatort() is plotted in corresponding colours for both models.
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Fig. 5: Left panel: plot showing thefligrence of the gradient of the natural logarithm of tempeesfl) and that of the mean
molecular weightg) for models including dterent mixing processes: the green curve is for a model withastopic diftusion,
the blue curve is for a model with a constant turbuleffugion codficient and the red curve is for an exponentially decaying
turbulent ditusion codficient. Right panel: the gradient of the natural logarithrnthef mean molecular weight and of the
temperature for the same models as in the left panel, theicotiwle has been respected.

agreement with other constraints is quickly found if thisiimg around 100nm?s™ is consistent with thefects of rotation ex-
is further increased. For example, it is impossible to fitithe pected in solar-like stars. This value was used as a ben&hmar
dividual small frequency separations when the extra mixing for the order of magnitude of the mixing, but we did not limit
too important although the acoustic radius, the mean demsd ourselves to this value since we wanted to investigateftieets
other constraints of the cost function of the forward madgll of this parametric implementation on theindicator. We thus
can be accurately fitted. allowed changes of up t@50cn?s™ in the value of this dtu-

. " , , sion coéficient. From Fig. 7, where the models with the imple-
We also computed models with affdision codficient imple- 1, antation of turbulent diusion as an exponential decay starting
mented as an equnentlal decay starting either from the bk, the surface are represented by biueve can see that it
tom of the convective en\_/elope or from the sur_fape. _TWO P@an indeed help to reconcile the models with thealues for
rameters are used for this formalism, one multiplicative-co 6CygB, even if a higher present surface helium value isidens

stant and the rate of exponential decay. From previousesu red. as had to be done for 16CvaA. The fundamental parasneter
(Miglio et al. 2007), we know that a multiplicative ciieient of ’ yoA. P
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Fig. 6: Left panel: plot showing the hydrogen gradient ofshene models as in Fig. 5. Left panel: plot showing the Brusisia
frequency of these models.

of these models are presented in table 3, we note that they hia® Pennec et al. 2015) including atomidfdsion and the im-
slightly higher masses and ages than the models withoutiturplementation of turbulent ffusion using a exponential decaying
lent diffusion for the same chemical composition. function starting from the surface. We used our forward mod-
. L . . elling approach to compute these models and analysed whethe
Aﬁ ex_pecl:ted, additional Tk')x'nhg can mbde%d help to recolrt_blﬂae they models could agree better with both the small frequency
chemical compositions of both stars, but does not reco ._.separations and the inverted value§ oAs stated before, adding

in age since some of the models computed with the extra MIXIRg o mixing could reduce the agreement with the small fre-
guency separations if its intensity was too high. Howevéremw

. . . : SUSing the new opacities, we were able to further increasethe
study tend to be slightly higher than those previously foimd tensity of the extra mixing, and thus the agreement withtthe

Buldgen et al. (2016) using constraints from the 16CygA mo g - : :
elling. However, all of these models are still consisterthwine ﬂ?versmn, without degrading the agreement with the e f

radius, luminosity and log constraints from the litterature. Aduency separations. As such, they provide a partial helpdo t

. 2 . : . problem of fitting the all constraints, as can be seen from the
clear trend is also seen in the fact that increasing the rgnmﬁ g

improves the agreement between the reference models and 3ition of the blue- in Fig. 7, but do not solve completely the

inversion. However, as the models come closer to the ingder lem. We can see the influence of these increased opsacitie
. ' ightly moving deeper the base of the convective enveloe a

values forty, they tend to be less consistent with the small fr‘?;hanging the @iciency of the mixing right below the base of the
quency separation values, meaning that the extra mlX'nglemoconvective zone. We recall here that these models weresstill

not be too intense. Indeed, reducing the rate of exponeeitaly lected with the Levenberg-Marquardt algorithm using theesb

(thereby extending theffects of extra mixing to lower regions)vational constraints of 16CygB. The fundamental paransater

or increasir}g directly the t_urbulentfﬂjsion codicient leads to these models computed with were very similar to those obthin
the same disagreement with the small frequency separaﬁonspreviously’ but these models tended to show a slightly Idwer

better understand the problems here, we plot tfieces of the minosity around 118L, and mass around@8M, and are thus

extra mixing on both the metallicity and helium profiles igFi ; " " : ; :
8. We see that the maitfitect is to reduce a metallicity peak righ responsible for the "lower" part of the intervals given ible

under the convective region. The more reduced the peakss, I

closer thet, values to the inverted ones. But in the meantime, -5 also be seen that when using a turbulefiigion codfi-

we also degrade the agreement with the small frequency&@epgfent decaying from the lower boundary of the convectivémeg
tions. Changes are also seen for the helium profile rightuhee ¢ ¢fect ont, is slightly more icient, as illustrated by the po-
convection zone. During the fitting process with the Levegbe gjiion of the bluen in thep - t, diagram of Fig. 7. Nevertheless,
Marquardt algorithm, thisféects the initial helium abundanceWe did not seek here to fine-tune the parameters in this study

required to be within the constraints from Verma et al. (2014i,ce we are using a parametric approach to the problemutitho
and thus indirectly the hydrogen profile and thus the metsfli any physical backggrorl)md. PP P

constraint.

At this stage, we can already conclude that reconciling both

models in terms of chemical composition and age will alsdpro
4.2. Changing the opacities ably need to remodel 16CygA to analyse whethéeats other

than difusion could not be held responsible for the trendyin
To further investigate the problem, we computed additionpteviously observed. In that sense, looking at constrdiota
models with the new OPAS opacities (Mondetetal. 2018e lithium abundance (King et al. 1997) and combining these
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Fig. 7: Left panel: mean density)vs core conditions indicatot) plot. The inversion results are plotted in orange withithei
respective error bars. Theare values for the reference models computed with the Lergrallarquardt algorithm without extra
mixing. Theo are related to models with a decaying exponential turbu#hision codicient starting at the bottom of the

convective enveloppe. Theshow models with a decaying exponentidfasion codficient starting from the surface and theise
a constant turbulent flusion codicient. Thex depict models using the new OPAS opacities and the decaypanential
codficient starting from the surface. Right panel: surface clhahtiomposition box for 16CygB. The colour code allows direc
trend comparisons between the surface chemical compwsitid the, andp values as in Fig. 3.

Table 3: Parameters of the models of 16CygB with extra migind OPAS opacities

16CygB models| 16CygB models
(Mixing) (OPAS + mixing)
Mass (Mo) 0.98-100 0.96-099
Radius (Ry) 1.07-110 1.07-109
Age (Gyr) 7.2-76 7.3-75
Lo (Lo) 1.19-122 1.17-120
Zy | 0.0180-00190 0.185-0019
Yo 0.28-030 0.28-0.30
amT 1.78-190 1.75-18

constraints in the modelling of both stars might change #he drade-df parameters and the presence of modes which in some

rived fundamental parameters by a few percents. cases were useless for the inversion technique. Ultimataky
approach could be used in similar situations for other okeskr
targets.

5. Conclusion From thet, inversion, we were able to expose a problem in

the surface chemical composition of 16CygB when compared
In this paper, we updated our study of the 16Cyg binary syt its companion. We computed a new set of models for this
tem by focusing our attention on 16CygB. From a re-analystar, varying the surface chemical composition and restgc
of the data, we were able to extract information fromtha- the dfect of difusion. We then observed that when the models
version and analyse the impact of extra mixing ontthealues were consistent with the inversion results, they were syatie
and other classical seismic indicators. First, we illustlaand cally inconsistent with the surface chemical compositi@ak-
solved the problem associated with the propagation of @bsertained for 16CygA. Since changing the chemical composition
tional errors for inversions in 16CygB by analysing the icig# ~ was not the solution, we sought to implement an extra mixing
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Fig. 8: Left panel: helium abundance plot for three modets different implementations of turbulentfision. For the red curve,
a constant mixing cdicient was applied throughout the structure and the evalwidhe model. For the blue curve, we used an
exponential decay starting from the base of the convectivelepe of the model. For the green curve, we used an expahent
decay starting from the surface of the model. For the magamige, we used a model including only microscopigudion. Right
panel: The metallicity profiles of the three models desctigleove.

process in the models of 16CygB and tried to analyse its gent diffusion can change ttigvalues. Itis also well-known that
tential impact on the, values. As intuitively guessed, an extraotation induces such type of extra mixing and it is beliet@d
mixing in the form of turbulent dfusion was found to be ablebe responsible for the destruction of lithium in stars. Efiere,

to reconcile the models both with the surface chemical compmfirst step would be to perform a thorough study of the impact
sition of 16CygA and the inversion results. Furthermoré)ais of extra mixing on lithium abundances and inversion redoits
the new OPAS opacity tables further improved the agreemd@CygA. The case of 16CygB should be re-analysed afteryards
with the inversion. One could argue that other implemeoteti since it is well-known that this star shows even lower lithiu
could be tested, such as extra mixing in the form of undertshoabundances and is believed to have triggered thermohafine d
ing using the prescription of Zahn (1991) as was found in HiDsion by accreting planetary matter (See Deal et al. 2045).
52265 by Lebreton & Goupil (2012). However, as was describedch, combining spectroscopic and seismic constrainthign t

in Lebreton & Goupil (2012), this extra mixing would leave atinary system may provide new insights on stellar modeltihg
oscillatory pattern in therp; andrryg seismic indicators. Due to solar-like stars.

the quality of the seismic data of 16CygB, we were able com-

pute these indicators and found no evidence for an osaijlato

pattern but rather a decreasing trend with frequency thatlks

reproduced by models without undershooting. Moreover, additional indicators obtained through invemsi

seem to be a promising way to analyse the boundaries of con-
vective envelopes. Consequently, from the sensitivityeidraic

To conclude, we can state that various physical process#s canversions and the quality of additional constraints, we @n-
improve the agreement. For example, a change in opacitydvovinced that a re-analysis of the 16Cyg binary system with new
further change the results of the forward modelling procesgellar models should shed new lights on extra mixing preees
and thus the stellar parameters obtained with the Levenbgrgstellar interiors.

Marquardt algorithm, these new models could potentiallyrbe

agreement with the inversion of thg indicator. In this study,

extra mixing in the form of turbulent ffusion was invoked to

reduce the disagreement between the inversion and the saodeknowledgements. G.B. is supported by the FNRS (“Fonds National de la
However, we did not seek to provide a physical explanation fBecherche Scientifique”) through a FRIA (*Fonds pour la Fafion a la

; i Ha i ; ; Recherche dans I'Industrie et I'Agriculture”) doctorallévship. This article
this mixing and while it helps reducing the disagreementhfer made use of an adapted version of InversionKit, a softwaweldped in the

studies need to be performed to completely solve the prablei¥htext of the HELAS and SPACEINN networks, funded by thedean Com-
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Appendix A: The trade-off problem for ty As we stated in the previous section, the SOLA inversion is a
Inversions compromise between precision and accuracy. This compeomis

is materialized by what is called a tradé&-curve. It presents the
Appendix A.1: Origin of the trade-off problem accuracy of the result, in the form of the fit of the target fiimc

in abscissa plotted against the observational error armcgtiifin
As described in section 3, the SOLA inversion technique vee ui& ordinate for diferent values of thé parameter. An example of
to obtain values of thg, indicator computes a linear combinaa trade-@ curve for the full-set of observation is plotted in Fig.
tion of individual frequency dferences. These cfigients are A.l.
obtained through the minimization of the cost-function nied
as Eq. 5. We recall this definition here to better analyse ihe
ferent contributions:

s we can see, this tradefeurve is an L-shaped curve and it is
also quickly understood that the optimal value of the freapa
eterd is found nearby the edge of the tradé-@urve. This posi-

1 2 1 N tion is associated with the best compromise achievabledsstw

T, =f [KAvg - ‘Ttu] dx +,3f K& osdX + tan@) Z:(Cim)2 precision and accuracy given a set of observational datahEo

0 0 i particular case of 16CygB, we started with valuegof 10°°
N and found out that values aroundk5L0~° were better in terms

Z G — k}, (A.1) of compromise between precision and accuracy. This is thdee
i seen in the plot of the tradeff@urve were we zoomed on regions

associated witlh = 1075, The green line is the tradefaurve

d)ebtained with the full set of data while the blue curve is asso

cfated with the trade{d curve when the = 3 andn = 14,15

and 16 modes have been suppressed from the data set. The green

vertical line indicates the position on the green traffecarve

The second integral is associated with the cross-term katee (full data set) associated with= 5 x 10> while the blue ver-

notedKcross The cross-term stems from the presence of a secdiwl line indicates the position on the blue trad&-aurve (re-

+7

The first integral is associated with the averaging kerrexipted
Kavg, this term defines the accuracy of the inversion techniq
the better the fit of the target function, hefg., the more accu-
rate the inversion is.
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Fig. A.2: Relative frequency tferences plotted with respect to
the observed frequencies.

Fig. A.1: Trade-d@ curves for the, inversion using SOLA for
the full dataset and for the dataset not using the three olgtup
modes with lowest radial order.

stricted data set) fof = 107°. We can see that both positions
are very close to each other in terms of error bars and fit of t
target function values. However, the fact that the blue eusv
always above and to the right of the green curve means that
compromise achieved with the restricted dataset will atwag
sub-optimal when compared to the compromise achieved w
the full dataset. One can also see that the changes in em®r |
are quite quick when reducingjto lower values. For example,
if one considers the initial value @f = 1075, the error bars are
30% larger then af = 5 x 10 (which is even more striking
then the example given in Fig. 1).

To illustrate the reason why we tried to eliminate the modes aFig. A.3: Effects of modes suppression on the averaging kernel
of thet, inversion, illustrating the decrease in quality of the
target function (in green) fit for various frequency setse Th
guencies. It can be seen that these three modes are welbfitted degradation of the kernel fit is associated with instab#itin

have larger error bars, this is why suppressing them helged u

sociated with/ = 3 andn = 14,15 and 16, we plot in Fig. A.2
the individual relative frequency flierences with increasing fre-

find a better compromise for the inversion technique. Howeve
as stated above, this compromise is still sub-optimal irsthet
mathematical sense due to the positions of the trafieuoves
with respect to each other.

thet, values given in Table A.1.

Table A.1: Degradation of inversion results due to modes

suppresiont, results.

Further illustrations are provided in Fig. A.3 and Table Arl Number of modes | t, values(6 = 10°)
Fig. A.3, we illustrate the variation of the fit of the avenagi 56 (full set) 2.97+0.69
kernel for various sets of observed frequencies. Each fisis a 54 2.94+0.55
associated with a result in table A.1. For the set of 47 freque 50 292+ 042
cies and 39 frequencies, we suppressed modes with smalil erro 47 3.47+0.55
bars and lown, that are known to be used by the inversion. It 40 3.01+£0.32
can be seen that the degradation of the kernel is correldtad w 39 3.28+0.30

a reduction in accuracy and some instability of the inverse
sults. This is basically due to the fact that each time we ghan
the dataset, we are on afféirent position on a flierent trade-
off curve. Also, this does not mean that chadgeill always be

a solution, because at some point the seismic informatidin wi
simply be instficient to infer some diagnostic using thénver-
sion.
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