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ABSTRACT

Context. Constraining additional mixing processes and chemicalpmsition is a central problem in stellar physics as theirantpn
determining stellar age leads to biases in our studies bésayolution, galactic history and exoplanetary systelmswo previous
papers, we have shown how seismic inversion techniquesl dmilsed to fber strong constraints on such processes by pointing
out weaknesses in current theoretical models. The thealetpproach having been tested, we now wish to apply ouniggé to
observations. In that sense, the solar analogues 16CygAG&CyhB, being amongst the best targets in the Kepler fietdpasbably
currently the most well suited stars to test the diagnositential of seismic inversions.

Aims. We wish to use seismic indicators obtained through invargghniques to constrain additional mixing processeserctim-
ponents of the binary system 16Cyg. The combination of uargeismic indicators will help to point out the weaknesdeseilar
models and thus obtain more constrained and accurate flerdihparameters for these stars.

Methods. First, we used the latest seismic, spectroscopic and énterfetric observational constraints in the literaturglics system

to independently determine suitable reference modelsdtr §tars. We then carried out seismic inversions of thestmradius, the
mean density and a core conditions indicator. These additimnstraints will be used to improve the reference mddelsoth stars.
Results. The combination of seismic, interferometric and spectpsrconstraints allows us to obtain accurate referenceetaod
for both stars. However, we note that it is possible to agh&milar accuracy for a range of model parameters. Nambkgnging

the difusion codficient or the chemical composition within the observatiorales could lead to a 5% uncertainty in mass, a 3%
uncertainty in radius and up to an 8% uncertainty in age. Vgl eégoustic radius and mean density inversions to furthprane

our reference models and then carried out inversions forr@a conditions indicator, denotdg. Thanks to the sensitivity of this
indicator to microscopic diusion and chemical composition mismatches, we were abledoce the mass uncertainties to 2%,
namely between [@6M,, 1.0M.], the radius uncertainties to 1%, namely betweed§8R,, 1.200R,] and the age uncertainties to
3%, namely betwee[.0Gy, 7.4Gy], for 16CygA. For 16CygBt, offered a consistency check for the models but could not be used
to independently reduce the initial scatter observed ferftindamental parameters. Nonetheless, assuming conyistéth the age

of 16CygA can help to further constrain its mass and radiustMis find that the mass of 16CygB should be betwe®a Bl, and
0.96 M, and its radius betweend R, and 110 R,
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1. Introduction ready been extensively studied, particularly since theadisry
of a red dwarf and a Jovian planet in it (see Cochran et al.}J1997

In a series of previous papers (Buldgen etal. (2015b) akiging Ke_ple_r data, _this system has been further constrdiged
Buldgen et al. (2015a)), we analysed the theoretical aspsct aSteroseismic studies (Metcalfe etal. 2012; Gruberbausr e

the use of seismic inversion techniques to characterise ex¢013; Mathur etal. 2012), interferometric radii have alseib
mixing in stellar interiors. Instead of trying to determieetire detérmined (see White et al. 2013) and more recently, Vetma e

structural profiles, as was successfully done in helioseiisgy @l- have determined the surface helium abundance (Vernaeta

(Basu et al. 1997, 1996; Basu & Christensen-Dalsgaard 19g#)L4) of both stars and Davies et al. (2015) analysed ther ro
1 we make use of multiple indicators, defined as integratf@n profiles and tested gyrochronologic relations for fyistem.

quantities which are sensitive to varioueets in the structure. )
These indicators are ultimately new seismic constrairiteyefl  1he excellent quality of the Kepler data for these stars lesab

the available information provided by the pulsation freqgies. US t0 use our inversion technique to constrain their stractu
We use the previous studies as a starting point and determine
In this paper, we apply our method to the binary systeffi€ Stellar parameters using spectroscopic constrais fr

16Cyg, which was observed by Kepler, for which data dtamirez etal. (2009) and Tucci Maia et al. (2014), the serfac
unprecedented quality is available. Moreover, this systesal- Nelium constraints from Verma et al. (2014) and the fregigenc
from the full length of the Kepler mission used in Davies et al

(2015) and check for consistency with the interferometric
radius from White et al. (2013). The determination of thdlate

1 Also see Christensen-Dalsgaard (2002) for an extensiviewesn
helioseismology.
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model parameters is described in Sect. 2. We carry out a fiirgte parameters used to define the model. We can already com-
modelling process then determine the acoustic radius amd thent on the use of the Levenberg-Marquardt algorithm, which
mean density using the SOLA technique (Pijpers & Thompsaninherently a local minimization algorithm, strongly @smlent
1994) adapted to the determination of these integratedtiiean on the initial values. In the following section, particutare was
(see Buldgen etal. 2015b; Reese etal. 2012). In Sect. 3, taken to mitigate the local character of the results sintzaat 35
briefly recall the definition and purpose of the indicatippand models were computed independently for each star, usirig var
carry out inversions of this indicator for both stars. Wentheous observational constraints and initial parameter walds far
discuss the accuracy of these results. Finally, in Sectedyse as the error bars are concerned, we looked at the scattee of th
the knowledge obtained from the inversion technique to idev results with changes in the physical ingredients rathem tha
additional and less model-dependent constraints on theiché errors given by the Levenberg-Marquardt algorithm. The-con
composition and microscopic felision in 16CygA. These straints vary according to the following two cases:

constraints on the chemical and atomidfukion properties

allow us to provide accurate, yet of course model-dependeqt The model does not include any microscopic diffusion: We
ages for this system, using the most recent observationtal da | seq the individual small frequency separations, the geera
The philosophy behind our study matches the so-called “a |54 frequency separation and tHeeetive temperature as
la_carte” asteroseismology of Lebreton & Goupil (2012) for . for the cost function. The chemical composition was fixed
HD52265, where one wishes to test the physics of the models 1 the values given by Verma et al. (2014) and Ramirez et al.

§2009). The fit used three free parameters since the chemical
composition is fixed: the mixing-length parameter, denoted
amLT, the mass and the age.

2. The model includes microscopic diffusion: We used the in-

dividual small frequency separations, the average large fr
2. Determination of the reference model guency separation, théfective temperature, the surface he-
parameters lium and surface metallicity constraints in the cost-fimat.

We used five free parameters: the mixing-length parameter,
amLT, the mass, the age, the initial hydrogen abundaXge,
and the initial metallicityZo.

add a substantial qualitative step by supplementing thesidal
seismic analysis with inversion techniques.

2.1. Initial fits and impact of diffusion processes

In this section, we describe the optimization process #thtd N . i ) )

the reference models for the inversions. We carried out an IR the case of the additional fits described in Section 2.3,
dependent seismic modelling of both stars using the fregueve simply replaced the average large frequency separation
spectrum from Davies et al. (2015), which was based on 998 the mean density and the acoustic radius thus increas-
days Of Kep'er da‘[a_ A Levenberg_Marquardt a|g0rithm WMUS”']g by one the number Of constraints Used n the cost fungion

to determine the optimal set of free parameters for our nsodel ) . ]

We used the Clés stellar evolution code and the Losc oseitlatWe Wwish to emphasize that the use of other algorithms to
code (Scuflaire et al. 2008b,a) to build the models and catieulselect a reference model does not reduce the diagnostictjadte
their oscillation frequencies. We used the CEFF equatiateaé  Of the inversions we describe in the next sections. Indeed,
(Christensen-Dalsgaard & Daeppen 1992), the OPAL opacitigversions take a qualitative step beyond forward-mouiglli
from Iglesias & Rogers (1996), supplemented at low tempetgchniques in the sense that they explore solutions out$ithe:

ture by the opacities of Ferguson et al. (2005) and tiieces initial model parameter space.

of conductivity from Potekhin et al. (1999) and Cassisi et al . o o . .
(2007). The nuclear reaction rates we used are those from YM@ used various seismic and non-seismic constraints in
NACRE project (Angulo et al. 1999), supplemented by the ufur selectlon_ process an_d focussed our study on the impertan
dated reaction rate from Formicola et al. (2004) and conwect ©f the chemical constraints for these stars. Indeed, theee i
was implemented using the classical, local mixing-lengtat Small discrepancy in the literature. In Verma et al. (2024ss

ory (Bhm-Vitense 1958). We also used the implementation Bdel-dependent glitch-fitting technique was used to deter
microscopic difusion from Thoul et al. (1994), for which threethe surface helium mass fractior.. It was found to be between
groups of elements are considered and treated separagely:523 and 25 for 16CygA and between.Z18 and @26 for
drogen, helium and the metals (all considered to hafesion 16CygB (implying an initial helium abundanc¥,, between
speeds oFSFe). No turbulent difusion, penetrative convection0-28 and 081, provided atomic diusion is acting). In the seis-
and rotational #ects have been included in the models. The erfilic study of Metcalfe et al. (2012), various evolutionaryles
pirical surface correction from Kjeldsen et al. (2008) waxt nand optimization processes were used and the initial helium

used in this study. The following cost function was used whé®undance was25:0.01 for a model that includes microscopic
carrying out the minimization: diffusion. In fact, the seismic study of Gruberbauer et al. (2013

already concluded that the initial helium mass fraction tad
be higher than the values provided by Metcalfe et al. (2012),
(1) which could result from the fact that they used three months
of Kepler data for their study. Therefore, the starting pah
our analysis was to obtain a seismic model consistent with

whereAl _is an observational constraint (such as individual frez

quencies or frequency separation, average values theneo, straints is of course due to the impact of microscopigudion and

Aneo the same quantity generated from the theoretical moglel, comes from the intrinsic dierence between the initial chemical compo-
is the observational error bar associated with the quaaljty, sition, denoted with a 0 subscript and the surface chemaraposition
N the number of observational constraints, &hthe number of at the end of the evolution, denoted witH aubscript.

1
j_N—M ’

i (Ai)bs - Aitheo)2

The inclusion in the cost function of the surface composition-
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Table 2: Optimal parameters obtained for 16CygA. Table 3: Optimal parameters obtained for 16CygB.

Sa1 Sa2 Saz3 Sg1 Sg2 Sg3
Mass(My) | 1.052 1.025 | 1.002 Mass (Mg) 1.008 0.977 0.943
Radius (Ry) 1.240 1.229 1.218 Radius (Ry) 1.123 1.107 1.098
Age(Gyr) | 8232 | 7.784 | 7.335 Age(Gyr) | 8.16178| 7.71671| 7.37336
Ter (K) 5825 5802 5801 Ter (K) 5749 5742 5739
L (Lo) 1.589 1.536 1.508 L (Lo) 1.236 1.196 1.174
Zo | 0.0165| 0.0190| 0.0205 Zo | 0.0151 | 0.0173 | 0.0185
Yo 0.24 0.271 | 0.2945 Yo 0.24 0.273 0.3015
aOMLT 1.618 1.640 1.672 aOMLT 1.567 1.603 1.615
D 0.0 0.5 1.0 D 0.0 0.5 1.0
< Av > (uHz) | 10374 | 10379 | 10398 < Av > (uHz) 117.36 11800 11737
g 1.18 1.19 1.30 g 0.81 0.85 0.88

the surface helium constraint from Verma et al. (2014) ard th
metallicity constraint from Ramirez et al. (2009). We sdrby . ,
searching for a model without including microscopiéfasion, computed a few supplementary models assuming a final surface

and therefore the final surface abundanéeandZ; are equal chemical composition ofy = 0.24 and(%)f = 0.0222 which

to the initial abundance¥y and Z,. The metallicity can be jncluded microscopic diusion following the prescriptions of

determined using the following equation: Thoul et al. (1994). In this case, the fit was carried out using
Fe 7 7 five free parameters, the mass, the age, the mixing length
[_] = Iog(—)— Iog(—) , (2) parameteramcr, the initial hydrogen abundanc, and the
H X X/o initial metallicity, Zo. We used the same constraints as for the

e . ) first fit without diffusion, supplemented by the constraints on
Where(y)® is the solar value consistent with the abundanc% surface chemical Compositiom’; and Z/X)f providing
used in the spectroscopicflirential analysis. We point outdirect and strong constraints on the initial chemical cositpan.
that in the spectroscopic study of Ramirez etal. (2009), the
“solar” references were the asteroids Cérés and Vestar Théie dfect of difusion was mainly to reduce the mass, age
study is thus fully dfferential and does not depend on soland radius of the model, as illustrated in Fig. 2. This plot
abundance results. In this study, we used(t{g\ value from illustrates the ffects of difusion for various chemical compo-

AGSS09 (Asplund etal. 2009) to determine the value of tifiions and dfusion velocities. The subscripts00 10, 05 are
metallicity Z. From the error bars provided on these chemicgfSPectively related to a model withoutidision, with standard
constraints, we can determine a two-dimensional box for tHEfusion velocities and with half of these velocity values.
final surface chemical composition of the model (which is the/e denote this factoD in the tables presenting the results.
initial chemical composition if the model does not includya £ach colour is associated with a particular surface chdmica
extra mixing). A summary of the observed properties for bo mposition of these stars. All these models were fltte_ngsm
components is presented in Table 1. The quality of the seisrifi® Method described previously, and thus are compatitife wi
data is such that we have 54 and 56 individual frequencies fif constraints that can be found in the literature for 168yg
16CygA and 16CygB respectively, determined with very high€refore, the fect observed here is related to the impact
precision (typical uncertainties of ThuHz). The uncertainties O diffusion for a given model associated with a given set of
on the constraints in Table 1 were treated as allowed rang&uencies. It is obvious that the reductions of the mass an
for the model parameters and checked for consistency fdr ehgdius are correlated since the mean density is kept neanly c
model we built. An initial reference model without microgip  Stant through the fit of the average large frequency separati
diffusion was obtained using théective temperaturdes, the Therefore, the c'onclu3|on of this prehmmary modellinggass '
arithmetic average of the large frequency separationy >, IS that we optaln a degeneracy, meaning fchat we could build
and the individual small frequency separationg. We did not & Whole family of acceptable models, inside the box of the
include individual large frequency separations becausseth phemlcal composition, with or without lision. This |.mpl|es
quantities are sensitive to surfacffeets in the frequenciesiMportant uncertainties on the fundamental properties;aas
and they would have dominated our cost function. This wouRf Seen from the simple example in Fig. 2 for 16CygA. In the
have been unfortunate since we want to focus our analysis'8HOWiNg section, we see how the use of inversion techrsque
core regions. As we see from Table 2, the model ®as also and especially the inversion &f can help us reduce this scatter
able to fit constraints such as the interferometric radiosnfr @nd restrict our uncertainties on fundamental properéeen
White etal. (2013) and the luminosity from Metcalfe et alvNen considering diusion based on the work of Thoul et al.
(2012) although these quantities were not included in 1k£994), one should note that thefdision velocities are said to
J of the original fit. The agreement between the observ@§ around 15- 20% accurate for solar conditions. Therefore,
and theoretical seismic constraints is illustrated in Fig. N the particular case of 16CygA, for which we have strong
These results might seem correct, but since we did not e\g;é}pstramts on the chemical composition, one can still saly
include microscopic diusion, we should consider this model afat the mass has to be betwee8M, and 107 Mo, that

rather unrealistic in terms of mixing procesieEherefore, we the radius has to be betweeri85 R, and 1230 R, and that
the age has to be betweerB85y and 83 Gy for this star. In

3 One should note that we do not imply here that microscogffosion  other words, we have a5% mass uncertainty:3% radius
is the only mixing process needed in a “realistic model”. uncertainty and-8% age uncertainty.
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Table 1: Summary of observational properties of the systé@yfjA and 16CygB considered for this study.

16CygA 16CygB References
R(Ry) | 1.22+0.02 | 1.12+0.02 White et al. (2013)
Terspec(K) | 5830+ 7 5751+ 6 | Tucci Maia et al. (2014)
Tettphot (K) | 5839+ 42 5809+ 39 White et al. (2013)
L(Lo) | 1.56+0.05| 1.27+0.04 Metcalfe et al. (2012)
[FeH] (dex) 0.096 0.051 Ramirez et al. (2009)
Y: | [0.23,0.25] | [0.218 0.260] (Vermaetal. 2014)
<Av>(uHz) | 10378 117.36 Davies et al. (2015)
4
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Fig. 3: (Colour online) Upper panel: Example of Kernel fits filoe inversion of the acoustic radius of 16CygA (Averagiegiel
on the left and cross-term kernel on the right). Lower paiketnel fits for the inversion of the mean density for 16CygA
(Averaging kernel on the left and cross-term kernel on thbtji The target functions are in green and the SOLA kermetduie.

2.2. Inversion of acoustic radii and mean densities pe = 1.045+ 0.005g/cm?. This implies a shift of around.5%
in the inverted values. From our previous test cases, we have
noted that inversion of the mean density including the sarfa

In this section, we briefly present our results for the ineT®f o4 1arization term can produce accurate results but imser
the mean density and the acoustic radius. The technicat®spg¢-yerne| fits, the values without surface correction should

of the inversions have been described in previous papesdse e fayoured. In what follows, the shift in the mean density
example Reese et al. 2012; Buldgen et al. 2015b,a) but wé reggye goes not have a strong impact on the final conclusions
them briefly at the beginning of Sect. 3. First, we note thet th the results, but this issue should be further investigate
inverted results for the mean density and the acoustic saf®l f,qre studies since mean densities inversions cofitt strong

slightly different. There is a scatter of around% for bothp constraints on models obtained through forward-modelling
andr depending on the reference model used for the inversigynroaches.

We therefore consider that the results ape = 4593+ 15s

andpa = 0.830= 0.005g/cn’ to be consistent with the scattefrhe gcatter obtained because of the variations in the refer-
we observe. For 16CygB, we obtain similar results, namely,ce models justifies the fact that linear inversions aré i

g = 4066+ 15s andpg = 1.066+ 0.005g/cn™. The kernels pq “nearly model-independent". We emphasize that the phlysi
are well fitted, as can be seen for a particular example in Figq edients for each model werefldirent and that the scatter
3. One should note that the results for the mean density gf&he results is smaller than3D%. Before the inversion, the

dependent on the ad-hoc surface corrections that is indludgaiter of the mean density was of abo98% and significantly
in the SOLA cost function (Reese etal. 2012). If one dogferent from the inversion results. In that sense, the model

not include the surface correction, the mean density oBthinyenendency of these methods is rather small. However, the er
for 16CygA ispa = 0.817 + 0.005g/cm® and for 16CygB:
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can improve the determination of reference models using the
E . acoustic radius and the mean density directly as constraint
in the fit. We also note that neither the mean density nor
the acoustic radius could help us disentangle the deggnerac
observed in the previous section for the chemical compwsiti
and the &ects of difusion. Indeed, these quantities are more
sensitive to changes in the mixing-length parametgi.r, or

[
N

10r } i

(nHz)

N -J‘> (o2 B¢ ]
*
[
o]
o

Small Separation S

% 1300 1600 1800 2000 2200 2400 2600 2800 3000 strong changes in metallicity. However, as described in the
Observed Frequency vops (1H2) DT following section, they can be used alongside other inderte
o ueiits structural quantities to analyse the convective boundaaied
L 20 1o by upper layers of these stars.
el « 5 Diff
2% l T T s
21 ST S R o
g T el o oo o . . * vy 2.3. Determination of new reference models
) T e e o q
2 o k] I After having carried out a first set of inversions using theuese
g B ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ tic radius and the mean density, we carried out a supplementa
%1800 1800 2000 5200 dZF‘tgguengng[ <5%%‘3 3000 3200 3400 step of model parameter determination, replacing the geera
o large frequency separation by the acoustic radius and tlz@ me

Fig. 1: U - Fits of th T o density themselves. We obtained a new family of reference
9. ;.- YPper panél: FIts of the sma requency Separaweps ,,qels that were slightly éferent from those obtained using
andoys for 16CygA. Lower panel: Same as the upper panel fothe average large frequency separation. We used the folgpwi
16CygB. (Colour online) The observational values are tleegr aming convention for these models: the first leti&ror B
symbols with error bars, the red symbols are associated Witﬁ‘, associated with the star, namely 16CygA or 16CygB; the
models including solar-calibratedfiision and the blue 5o jetter is associated with the chemical compositorir
symbols are associated with models withodlutiion. the right-hand panel of Fig. 7, whe€&is the central chemical
composition,L the left-hand sideR the right-hand sidel) the
upper side, an@® the lower side D for down); the number 1 or

8.4 \ \ \ \ 2 is associated with ffusion, 1 for models without microscopic
Y=024, Z/X:“-“gg? ° diffusion, and 2 for models including the prescriptions of
8.oY=020, ByR=0.0222 o ] Thoul etal. (1994) for microscopic fiision. The numerical
s * ] results of these supplementary fits are given in Table A.1 for
the A component and in Table A.2 for the B component. A
7.8 + + 1 summary of the two steps of forward modelling and the naming
_ + conventions associated to the models can be found in Table 4.
S8 | If we compare the model parameters obtained usirandp
G4l X | for the model withY; = 0.24 and(Z/X); = 0.0222 (following
- X our naming convention, modehg1) with those obtained with
7.2 % f < Av >, presented in Table 2 for mode) § we note that there
is a tendency to reduce the mass slightly and to increase the
r 1 mixing length parameter. The same tendency is observetidor t
e No diffusion corresponding models including microscopifasion. What is
6.8r +Slow diffusion 1 ‘e . : T
S Full treatment of diffusion more surprising is that when computing individual frequenc
6.6 \ \ \ \ differences between the observed stars and the reference mod-
0.98 b s (05 1.04 1.0 els, we see that using the acoustic radius and the meanyensit

allows us to obtain significantly better individual freqoess.
_ o _ S This is a by-product of the use of inversion techniques thatd
Fig. 2: Hfect of the progressive inclusion offflisionina  be used to characterise stars in a pipeline such as whatavill b
model of 16CygA. Each model still fits the observational developed for the upcoming PLATO mission (Rauer et al. 2014)
constraints.
Considering that these models are improved compared to
what was obtained using the large frequency separatior
bars determined by the simple amplification of the obseswali computed a family of models for fierent values ofys and
errors are much smaller than the model dependency, so T(h}(i} . For each particular chemical composition, we computed
one has to consider that the result is accurate within thitesca” ' f . . . S .
. ; models with and without microscopicftlision. The properties
owing to the reference models rather than using the errar bgf : : : :
given by the inversion. Nevertheless, this scatter is saad some models of this family are summarised in Table A.1. As
Loz : can be seen, some of the models do not reproduce the results
therefore these determinations are extremely accurate. for the dfective temperature or the interferometric radius well.
We also observed that including additional individual mrgzp'iigii?si ég?t %vgd(;?sn iLrl]s%Srogiaglsn;ﬁﬁgSsﬁragﬂéa:Hg%aé e
frequency separations in the seismic constraints coulddugp Y 9
determination of both the acoustic radius and the mean iyensi since they provide better fits of the individual frequencies! are
of the model. However, this can reduce the weight given #fore consistent with the acoustic radius and the mean gevedites
other seismic constraints and as we see in the next sect®n,provided by the inversion, which are less dependent on cidEects.
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Table 4: Description of the naming conventions for both fardvmodelling steps.
First set of models (using (Av)) along with Tet, individual v, Y and (%),

Star A=16CygAorB=16cygB

Diffusion E no diffusion; 2= half of standard dfusion velocity; 3= with diffusion
Second set of models (using p and 7) along with Tes, individual 6v, Ys and (%)f

Star A=16CygA;B=16cygB

Chemical composition C = central;L = left; R = right; U = up; D = down

Diffusion 1= no diffusion; 2= with diffusion

careful about the conclusions derived from these quastitieneasured waﬁ‘g—, whereRy is the target radius. In Fig. 4, we

For instance, the_mterferom'etrlc radii areffdient from the jjlustrate the Chgngesinthe quantity from tieets of difusion
radii computed with the Clés models and soméedences for two of our reference models, having the same surface ehem
might result from the very definition of the radius. One slhioulcg| composition and fitting the same observational coirgsa
alsq note that these results are not totally. incompatibieesi One can also see thefects of surface helium and metallicity
White etal. (2013) conclude that the radius of 16CygA ishanges on the profile of the integrant of Eq. 3. The whole pa-
122+ 0.02 R, and we find values aroundI1B5 and 1230, rameter set of these models is given in Table A.1 along with
outside the & errors for the lower part of our scatter. The stellagye explanation of the naming convention. The diagnostiepo
luminosity also depends on these radii values and so shogiidl of thet, inversion is therefore clear, although the weighting
be considered with care. Ultimately, théfetive temperature fynction could be adapted to suit other needs if necessag. T

can be constraining although there might be a sligifetence jnyersion of this integrated quantity can be made using tegh
stemming from discrepancies between the physical mgmedle(up, I'1) or the(uo, Y) kernels.

in the stellar atmosphere models used for the spectroscopic

study of Ramirez et al. (2009) and Tucci Maia et al. (2014) and

those used in the Clés models in this paper. However, th@incg > 1he soLA inversion technique
sistencies observed for some of these models are too inmporta

and therefore these models should be rejected. The coridyin
of all the information available are described in Sect. 4.
the next section, we use these models as references for
inversions of the, indicator. One should note that this first ste

ao carry outinversions of integrated quantities, we us&BeA
ear inversion technique developed by Pijpers & Thompson
l<;5r94). This technique uses the linear combinations ofiiddal
equency diferences to induce structural corrections. It is com-
‘?nonly used in helioseismology and has been recently adapted
to the inversion of integrated quantities for asteroseistar-
gets. The philosophy of the SOLA inversion technique is ® us
a kernel-matching approach to derive the structural ctioes.
For the particular example of thginversion, one would be us-

possible for these stars is the best way to obtain accursitiétse
for the more dificult inversion of the,, indicator.

3. Inversion results for the t, core condition ing the following cost function:
indicator
! 2 Lo N 2
3.1. Definition of the indicator and link to mixing Ju = j; [KA"Q B TtU] dx+5 j; KrosfdX + tanf) Z(Cio—i)
processes N '
In Buldgen et al. (2015a), we defined and tested a new indicato ~ * 77 [Z G- k} : (5)
I

for core conditions, which is applicable to a large number of

Staré and very sensitive to miCI’OSCOpinﬂiSion or chemical WhereKAvg is the so-called averaging kernel aKdrOSSthe SO-

composition mismatches in the core regions between thettargalled cross-term kernel defined as follows for theY() struc-
and the reference model. The definition of this quantity va@s ttural pair:

following:
N
R 2 K — ‘Ki , 6
= f (r) (%) d, 3 Z‘ & Puy ©
0 r \
whereu s the squared isothermal sound speed, defined:ag, Kcross= Z G Ki(,u- )
i

f(r) is a weighting function defined as follows:

2 The symbols) andg are free parameters of the inversion and
f(r) = r (r — R)? exp(—?(—) ) (4) thus can change for a given indicator or observed frequency
R sets. Hereg is related to the compromise between reducing
e observational error bars{ and improving the averaging
rnel, whereag is allowed to vary to give more weight to
elimination of the cross-term kernel. One should note that,
5 Provided that there is fiicient seismic information for the studiedultimately, adjusting these free parameters is a problem of
stars. compromise and is made through hare-and-hounds exercises

Owing to the dects of the radius étierences between the ob{h
served target and reference model, we noted that the gua
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— Diffusion from Thoul et al. (1994)

—No diffusion
—Y;=0.25

—(Z/X); = 0.0209

&)

Weighted (

Y 0.1 02 0.3 0.4 05 ™o 0.1 02 03 0.4 0.5
Position x=r/R Position x=r/R

Fig. 4: Left panel: Eect of difusion, metallicity changes and helium abundance changteeaore regions for modeS c1,
Sac2, SaL1, Sauz On the target function df,. Since the quantity is integrated, the sensitivity is dyeiatproved. Right panel: the
Y(x) profile of these models is illustrated, thus showing thi betweert, and chemical composition and thus, its diagnostic
potential.

that have been presented in our previous papers. Varioity samhis efect is due to both the very high amplitude of the
checks can be used to analyse the robustness of the resultsirfversion cofficients and the amplitude of the observational
example, one can use various reference models and anadrser bars. When compared to the somewhat underestimated
the variability of the inversion results or one can also ussror bars of the acoustic radius and mean density invergion
different structural pairs and see if thifezt changes the resultsillustrates perfectly well why it is always said that two @rgion
significantly. problems can be completelyftérent. In this particular case,
using various reference models allows us to already seed tre
In this expression of the kernel$\y is the number of ob- inthe inversion results. We clearly see that the valutg fidr our
served frequencieg; are the inversion cdicients, used to reference models is too low and that the scatter of the iitwers
determine the correction that will be applied on thevalue, results is rather low, despite the large error bars. Oneldhou
n is a Lagrange multiplier and the last term appearing in tladso note that the quality of the kernel fit is also a good iattic
expression of the cost-function is a supplementary coinstreof the quality of the inverted result. For most cases, thaddsr
applied to the inversion. Ultimately the correction on the were very well fitted and the low scatter of the results mehats t
value obtained by the inversion is there is indeed information to be extracted from the inwgrsi
We will see how this behaviour isfiierent for 16CygB.
ovj
ZCiTi - (E) (8) Nevertheless, one could argue that a small changg dould
= " be easily obtained through the use offasion or chemical
One should note that the value obtained is an estimate whereamposition changes. We see in Sect. 4 how combining all the
the previous equality is a definition. In fact, the inversibe+ information with new constraints from the inversion teaue
pends on some hypotheses that are used throughout the maah-be extremely restrictive in terms of chemical compositi
ematical developments of the relation between frequeniy dind dffusion processes. Indeety, should not be considered
ferences and structuralffitrences and the definition f One as a model-independent age determination or as an observed
should note that the particular definition of the cost fumeti quantity that disentangles all physical processes ocuyirin
given above is very similar to the general expression for amtellar cores. In fact, it is simply a nearly model-indepemid
integrated quantity and local correction, since one only foa determination of a structural quantity optimised to be more
change the target function, here dendfggd to obtain other cor- sensitive to any change in the physical conditions in stebaes
rections. than classical seismic indicators. The amplitude of therdrars
reminds us that this sensitivity comes at a cost and in thibyst
we consider that having a reference model wit%a ~ 3.2 0r
ef

3.3. Inversion results for 16CygA @ o .
3.3 5 Will be acceptable if it still fits the other observational

The inversion results are summarised in Fig. 7 (represeaﬂeoconStra'nts'

orangex in thep — % plot) and illustrated through an example

of kernel fits in Fig. 5. We tried using both tHep,I'1) and )

the (Up, Y) kernels. The high amplitude of the, cross-term 3.4. Inversion results for 16CygB

leads us to present the results from g Y) kernels instead

although they are quite similar in terms of the inverted galu The case of 16CygB is completelyfidirent. In fact, while the

However, one should note that the error bars are quite impfrt inversion for the acoustic radius and the mean density have

and we have to be careful when interpreting the inversiault®s been successful and we could build improved models for this
star, the inversion of thg, indicator was less successful. The
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Position r/R Position r/R

Fig. 5: (Colour online) Example of kernel fits for theinversion. The left panel is associated with the averagergéd and the
right panel is associated with the cross-term kernel. Ttgeetdunctions are in green and the SOLA kernels in blue.

4. Constraints on microscopic diffusion and

-I-‘Rcfcrcn(‘n modclg Chem'cal CompOS|t|On
X Inverted Values
3.8
+
36f Tt 1 4.1. Reducing the age, mass and radius scatter of
+
16CygA
3.4 +

=37 In this section, we use the information given tyyto further

<, constrain chemical composition and microscopidtugiion.

f Previously, we always ensured that the reference models wer
28 inside the chemical composition box that was defined by the
26l i constraints on surface helium obtained by Verma et al. (014

and the spectroscopic constraints on surface metallibitgioed
2.4 by Ramirez et al. (2009). In Sect.3.3, we concluded that our
22 1 model should have at Ieastgg— 320r33 % mB or higher. The
2 ‘ ‘ ‘ ‘ ‘ ‘ first questlon that arises is whether it is possible to obsaith
1 1.01 1.02 1.03 1. 04 1.05 1.06 1.07 1.08

7 (g/em?) values for glven the constraints on chemical composition. The
second quesnon is related to the impact of microscoiasion.

Fig. 6:1, inversion results for 16CygB. (Colour online) The redn fact, t, is a measure of the intensity of the squared isothermal
+ are the reference models and the bluthe inverted results. sound speedu, gradients in the core regions. Thus, since
The lower+ are associated with the uppeand refer to models y, ~ % whereT is the temperature andthe mean molecular
including solar-calibrated éusion. weight, including dffusion will increase thg gradients, since it
leads to the separation of heavy elements from lighter ei¢sne
Itis then possible to increase thetdsion speed of the chemical
elements significantly and to obtain a very high valuetpf
for nearly any chemical composition. However, in Thoul et al
results were good, in the sense that the kernels are well fitt€1994), the difusion speed is said to be accurate to within
However, we can see from Fig. 6 that the amplification of the 15 — 20% and suited to solar conditions. Moreover, since
observational errors was too high to constrain the micnoiscoincreasing diusion also accelerates the evolution, we could
diffusion dfects or the chemical composition. In fact, it is noalso end up with models that are too evolved to simultangousl
surprising since the error bars on the observed frequeacgesfit t,, the chemical composition constraints and the seismic
larger than for 16CygA. constraints. Looking at the parameters of our referenceafspd
we note that we are indeed very close to solar conditions, and
As a matter of fact, the observational errors dominate tkee suppose that our fllusion speed should not be amplified
inversion result, as can be easily shown in Fig. 6. We see tlhatdamped by more than 20%. The results of this analysis are
the relative change in, is smaller when microscopic filision summarised in Fig. 7, which is@— _,;“6 plot where the reference
is included in the model but this is because the inversionlresmodels and the inverted results are represented. In whaivg|
is closer to the reference value rather than the oppositis. Twe describe our reasoning more precisely and refer to Fig. 7
therefore means that can be used as a consistency check ferhen necessary. We used a particular colour code and type of
future investigations to ensure that we stay within therdoers symbol to describe the changes we applied to our models. One
of the inverted value, but it seems that we cannot gain amditi should keep in mind that these models are still built usirey th
information for this star from this indicator. Levenberg-Marquardt algorithm and thus still fit the coaistis
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Fig. 7: (Colour online) Results of thg inversions for 16CygA (left panel) and positions of the refece models in the chemical
composition box derived from spectroscopic and seismisiramts (right panel). The orangeare the inversion results whereas
the other symbols are associated with various referencelntite positions of which are shown in the right-hand plbie Tolour

is associated with th¥; value, the type of symbol with ti’((é)f value, and the size of the symbol with the inclusion dfudion.

used previously in the cost function. Firstly, colour is@s$s increasing the helium abundance leads to higher centeald
ated with the final surface helium mass fractign blue for therefore a local minimum in the, profile. Becausé, is based
Y = 0.24, r-ed Ifo < 0.24, and green if'; > 0.24. Secondly, ;. (%)2 this does not imply a reduction in the value of the
the symbol itself is related to ”(‘%%)f: ax for (%)f < 0.0222, indicator, but an increase due to a secondary lobe devejopin
ao for (§) = 00222, and & for(%) > 0.0222. The size of exact!y in the same way as what happens when including
diffusion (see Fig. 2). The second tendency can be understood
by looking at the central hydrogen abundance. In this case, w
see that the central hydrogen abundance is reduced anchthus t
mean molecular weight is increased and leads to a minimum in
Up in the centre. One should note that thifeet is not as intense
as the change in helium but is still non-negligible.

the symbol is related to the inclusion of microscopiffution,
for example the large blue and red circles in Fig. 7 are rélaie
models that include microscopicftiision.

Since increasing fliusion should increase thg value, we
computed a model with; = 0.24 and(%), = 0.0222, including

diffusion from Thoul et al. (1994) and fitting the seismic conFherefore, our seismic analysis favours models that lie
straints and theftective temperature. This model is representegithin Y € [0.24, 0.25] and( ) € [0.0209 0.0222]. Including

by the large blue dot and we note that includindgfuBion
improves the agreement, but is notfitient to reach what we
defined to be our acceptable values %rThls is illustrated by brings it in the range of the.3, 33 2 mﬁ values, which is much
the fact that in Fig. 7, the large blue circle is above the smanhore consistent with the inversion results. These final risode
blue dot. Therefore we decided to analyse hpdepends on the are represented in Fig. 7 by the large greeOne should also
chemical composition. To do so, we computed a model for eagbte that an upper boundary can be drawn from tfiectve
corner and each side of the chemical composition box. Thdsgperature, interferometric radius and the seismic caimss.
models are represented in Fig. 7 by theo, andx of various In other words, the fit of the other quantities can incregse
colours. From these results, we see that increasing thenhelislightly up to values of B and thus slightly reduce the quality
content, namely considering thdf € [0.24,0.25] increases$,, Of the fit. This is not alarming but still means that one shawdtl

as does considerir@) € [0.0209 0.0222]. In simpler terms, put all the weight of the fit of the model on the inversion réesul
f . ut try to find a compromise between seismic, spectroscopic,
we see that the green circle and the blue circle are above

P ' . ; : inverted constraints. Looking at Fig. 7, we can alsolsae t
blue dotin Fig. 7. The first tendency is quickly understoottsi e models do not fit the mean density values. This is due to

diffusion in these models increases @evalue even more and
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Table 5: Accepted parameters obtained for 16CygA when
taking the constraints from the inversiontginto account.

Table 6: Accepted parameters obtained for 16CygB when
taking the constraints on 16CygA into account.

Accepted 16CygA models Accepted 16CygB models
M (Mo) 0.96- 1.00 M (Mo) 0.93-0.96
Age (Gy) 70-74 Age (Gy) 70-74

Yo 0.30-0.31 Yo 0.30-0.31

Zy 0.0194- 0.0199 Zy 0.0151-0.0186
D 1.00-1.15 D 1.00-1.15
aMLT 1.75-1.90 aMLT 1.65-1.80
L (Lo) 1.49- 156 L (Lo) 117-1.24
R(Ro) 1.19-1.20 R(Ro) 1.08-1.10

improper fitting in the Levenberg-Marquardt algorithm. &cf,

to build Fig. 7, we put more weight on the surface chemictile model is built with thg£) determined from the AGSS09
composition, the acoustic radius and the seismic consérain solar reference value, but using the GN93 solar heavy elemen
the expense of the mean density. This does not change thHesresnixture, we cannot detect inconsistencies. In fact, we inbta
on thet, inversion since the vertical trend can also be seen fitle same conclusion as before since these models are nearly
a model fitting the mean density value used in Fig. 7. It is al$@entical in terms of internal structure.

noteworthy to mention that the mean density values obtained

for the models presented in Fig. 7 correspond to the value ob-

tained without the polynomial surface correction. As weesta
before, only further investigations with models includstgong
surface &ects will be able to distinguish which of both value
for the mean density inversions should be used. Ultimately,

when considering models built with the Levenberg-Marquard

algorithm that are compatible with thgvalues, we are able to In the previous section, we used theinversion to reduce the
reduce the scatter previously observed. We thus concluate #ge, mass and radius scatter of 16CygA. Moreover, we know
the mass of 16CygA must be betwee®® M, and 10 M,, from Sect. 3.4 that the inversion &f for 16CygB can only
and its age must be betwee® Gy and 74 Gy. These values be used to check the consistency of the model but not to gain
are subject to the hypotheses of this study and they dep@gglitional information. However, since these stars areuigs,

on the physics used in the stellar models (opacities, nuclé¢e can say that the age values of the models 16CygB must be
reaction rates, abundances). We recall here that therevggpo compatible with those obtained for 16CygA. From the invansi

to provide a seismic fully model-independent age, but isicers  results of 16CygA, we have also deduced that we had to include
allow us to at least check the consistency of our models wisitomic difusion in the stellar models and since both stars are
less model-dependent structural quantities. These densis Vvery much alike, there is no reason to discard microscopic
checks can lead to a refinement of the model parameters andliffusion from the models of thB component when we know
this particular case, to constraints on microscopiugion. that it has to be included in the models for theomponent.

S4.2. Impact on the mass and radius scatter of 16CygB

For the sake of completion, we also analysed the impdrherefore, we can ask the question of what would the
tance of the abundances used to build the model, Becausem@ss and radius of 16CygB be if one includeffusion as
[Fe/H] constraint are extremely dependent on the r, we in 16CygA and ensures that the ages of the mopl_els remain
wanted to ask the question of whether the inversion woule hatPmpatible. The question of the chemical composition is als
also provided a diagnostic if we had used the GN93 abundantfBBortant since Ramirez et al. (2009) find a somewhat lower
to determine the metallicity. Using these abundances aed pg"“e for the [F¢H] of the B componentand Verma et al. (2014)

. z o . und larger uncertainties for the surface helium abundanc
assouatec(x)Q which is equal to @244, one ends up with although the centroid value was the same as that of 16CygA. To

models having much higher metallicities, of the order @305 p il these new models, we imposed that they include atomic
when no difusion is included in the model. In fact we endegifysion with a cosicient D of 1.0 or 115. The age was to
up with the same tendencies in the chemical composition bgy petween D Gy and 74 Gy. The metallicity was required to
but with completely dierent values of %), implying slightly be within the error bars provided by Ramirez et al. (2009) and
higher masses of aroundB M, and slightly lower ages aroundthe surface helium abundance was to be withi2400.25]. We
6.8Gy. However, when carrying out thg inversion, we noted used the same constraints as before to carry out the fits thsng
that we still had to increase the helium content, includéudi Levenberg-Marquardt algorithm and found that the mass was t
sion, and reduce thgZ). The interesting point was that everbe within 093 M, and 096 Ms, thus a 15% uncertainty and
the | (2 ated with the hiahest with | d the radius was to be within.8 R, and 110 R,, hence a 1%

1€ lowesll ). associated wi € highe t with increase uncertainty. We would like to emphasize here that theseegalu
diffusion could not produce a Siciently high value oft,. In

; do of course depend on the results of the modelling of 16CygA
that sense, it tends to prove what we already suspected, are thus more model-dependent since they do not result

the GN93 abundances should not be used in the spectroscgpj, constraints obtained through seismic inversionsyTire
determination of th(ié) for this study. In this particular case, wea consequence of the binarity of the system. It is clear that a
see that the inversion ¢f is able to detect such inconsistencieghange in the values of the fundamental parameters for 18Cyg
thanks to its sensitivity to metallicity mismatches. Hoeevf  will induce a change in the values of 16CygB.
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4.3. Discussion observational constraints available. We used the osdoiflat
frequencies from Davies et al. (2015), the interferometatii

The starting point of this study was to determine fundanienfsom White etal. (2013), the spectroscopic constraintsnfro
parameters for both 16CygA and 16CygB using Seismie,am“'ez et.al. (2009) .and Tucci Maia et al. (2014), and the
spectroscopic, and interferometric constraints. Howetlee Surface helium constraints from Verma et al. (2014).
differences between our results and those from Metcalfe et al. . ) -
(2012) raise questions. One could argue that the inversimasl 1hese constraints on the surface chemical composition
to problematic results and that the diagnostic would haembenean that our results areffdirent from those of Metcalfe et al.

different if the surface helium determination from Verma et £2012). The test case we made without using the constraint
(2014) would have not been available. on surface helium from Vermaet al. (2014) demonstrates the

importance of constraints on the chemical composition for

Therefore, for the sake of comparison, we asked the qué§ismic studies. In fact, having to change the initial hmeliu
tion of what would have been the results of this study if we ha@undance from .@5 to values around.80 is of course not
not included the surface helium abundance from Verma et Bggligible. This emphasizes that we have to be careful when
(2014) in the model-selection process. We carried out a fél§ing free parameters for the stellar chemical composition
supplementary fits, using the mass, agg.r, Xo andZy as S€ismic modelling. The same can be sald, for the constraints
free parameters, using all the previous observationaltcings ©n the stellar [F&H] from the study of Ramirez etal. (2009).
as well as the prescription for microscopicffdsion from For this particular constraint, we have to add the importanc
Thoul etal. (1994), but excluding th¥; value. The results Of the solar mixture used in the spectroscopic study. Owing t
speak for themselves since we end up with a model forAthethe important changes in tf(é)@ from the GN93 abundances

component having a mass of0®M, and an age of 19Gy to the AGSS09 abundances, we tested both abundances and
compatible with the results from Metcalfe et al. (2012). SThifound that the latter produces better results. We note that o
means that the determining property that leads to the clsanggerence models tend to be consistent with the spectriascop
in the fundamental parameters of the star was, as previouséismic and interferometric constraints and that independ
guessed, the surface helium value. Without thisconstraint, modelling of both stars leads to consistent ages. We als® not
therefore, one would end up with two solutions with compietethe presence of a certain modelling degeneracy in terms of
different masses and ages, but solutions that fit the sagh@mical composition and microscopidfdsion. Accordingly,
observational constraints. This does not mean that thdtseswe could obtain rather fferent values for the mass, the
from Metcalfe et al. (2012) are wrong, but that they were $§mpradius and the age of both stars by assuming more intense
the best results one could obtain without the surface heliwiffusion and changing the chemical composition within the er-
constraint and with three months of Kepler data. In fact thi ror bars from both Ramirez et al. (2009) and Verma et al. (2014
only an illustration of the importance of chemical compiosit
constraints in stellar physics. Thg — M trend has already Having obtained suitable reference models, we then car-
been described in Baudin et al. (2012) and that we find lowe&d out inversions for the mean densjtythe acoustic radius
masses when increasing the helium abundance is, ultimatelyr, and a core condition indicatdg. The first two quantities
surprise. were used to improve the quality of the reference models. As
a by-product, we noted that models fitting bettand = were
At this point, we wanted to know what the inversion rein better agreement in terms of individual frequencies. We a
sults would have been if we had used reference models wigund that both of these quantities could noffefientiate the
similar parameters as obtained in Metcalfe etal. (2012). Wgect of the degeneracy in terms offfdision and chemical
ended up with similar results for both the acoustic radiustae  composition. However, they could be well suited to analgsin
mean density inversion, but more interestingly, théwversion uppers layers along with other quantities.
also provided non-negligible corrections for this modelfdct,
even with microscopic tﬁiusion,thetF“z;G‘ff value was: Z72g?/cmf  After the second modelling process, we carried out inver-
. i, >, sion for thet, indicator and noted that the degeneracy in
whereas the inverted result wagg* = 3.5+ 0.5¢°/CM. ormg of chemical composition andfidision could be lifted
Therefore the diagnostic potential of the indicator id sliéar, for 16CygA. In fact, to agree with the inverted result, ons ha
since it could have provided indications for a change in trec to consider the same filision speed as used in Thoul et al.
structure of the model. Assuming thatffdision velocities are (1994) for the solar case or slightly higher (by 10% or 15%).
accurate to around 20%, one could have invoked either aa-extalues higher than 20% were considered not to be physical
mixing process or a change in the initial helium composition by Thoul et al. (1994) and were therefore not analysed in this
explain this result. Disentangling both cases would thevehastudy. Ultimately, we come up with a lower scatter in terms of
probably required additional indicators. mass and age for 16CygA, namely that this component should
have a mass between9UM, and 10M,, a radius between
1.188R, and 1200R, and an age betweenOGy and 74Gy.
Again the slight diterences between the seismic radius provided
here and the interferometric radius might stem frorfiedent
definitions of the interferometric radius and the seismie.on
In this article, we have applied the inversion techniques piwe also conclude that thg inversion for 16CygB could only
sented in a series of previous papers to the binary systg@lused as a consistency check but could not help reduce the
16CygA and 16CygB. The first part of this study consistestatter in age. However, as these stars are binaries, aeduc
in determining suitable reference models for our inversigye scatter for one component means that the second has to be

techniques. This was done using a Levenberg-Marquagdhsistent with this smaller age interval. Therefore, weewe
algorithm and all the seismic, spectroscopic and interfestoic

5. Conclusion
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able to deduce a smaller mass and radius scatter for thedsecon ) ) .
component, namely betweer88 M, and 096 M, and between Table A.2: Optimal parameters obtained for 16CygB using the

1.08 R, and 110 R,. We also note that when not considering the @coustic radius and the mean density rather thaw >.

constraints on surface helium, we obtained results cotipati Sec1 Sec2
with Metcalfe et al. (2012) but thg values were too low even M (My) | 1.008 | 0.961
when dffusion was included in the models. This reinforces R(Rs) | 1.106 | 1.088
the importance of constraints on the chemical compositimh a Age(Gyr) | 8162 | 7.236
illustrates to what extent inversions could be used givesir th Ter (K) | 5793 | 5829
intrinsic limitations. Lo (Le) | 1.235 | 1.228
Z, | 0.0151| 0.0181
Finally, we draw the attention of the reader to the follow- Yo | 0.240 | 0.292
ing points. The age values we obtain are not model-indepgnde am | 1.667 | 1.780
because we assumed physical properties for the models and D 0.0 1.0

assumed that the agreement tin was to be improved by
varying the chemical composition within the observational
constraints and by calibrating microscopid¢fdsion. This does Potekhin, A. Y., Baiko, D. A., Haensel, P., & Yakovlev, D. @99, A&A, 346,
not mean that no other mixing process has taken place durin@“ifeZ | Meléndez. J.. & Asplund. M. 2009. AGA. 508, L17

the evqluu_onary_ sequence that could somehow bias pur ﬁ%ner, H (’3atala, C., :Aellts, C.,pet al.’ 2014, E)éperim’enmi,dmmy, 38, 249
determination slightly. In that sense, further improvegd#®#s Rgeese b, R., Marques, J. P., Goupil, M. J., Thompson, M. Dekeuvels, S.
will be carried out, using additional structural quanstienore 2012, A&A, 539, A63

efficient global minimization tools for the selection of thegef Scuflaire, R., Montalban, J., Théado, S., et al. 2008a, Ap&36, 149

ence models, and possibly improved physical ingrediemtsi® ?ﬁgﬂ?‘ff-'ggﬁgﬁfh Mgnl_tzg’lanin'g‘;t 43'-A%30221Ag§3' 83
models. In conclus_|on, we show in this stu_dy tha_u INVErSEN®S 1, ci\aia. M. Meléndez. J., & Ramirez, I. 2014, ApJ: 790512

indeed capable of improving our use of seismic informatiot a verma, K., Faria, J. P., Antia, H. M., et al. 2014, ApJ, 7908 13

therefore, through synergies with stellar modellers, dping White, T. R., Huber, D., Maestro, V., et al. 2013, MNRAS, 43362

us build new generations of more physically accurate stella

models.
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Table A.1: Optimal parameters obtained for 16CygA usingat@ustic radius and the mean density rather thaw >.

Saci Sace Sauz1 Sau2 Sap1 Sap2 SaR1 Sare SaL1 SaL2
M (Mg) | 1.049 | 0.999 1.039 | 0994 | 1.060 | 1.007 | 1.055 | 1.001 1.049 | 0.983
R(Rs) 1.221 1.201 1.216 1.198 1.227 1.203 1.222 1.201 1.220 1.195
Age (Gyr) 8.30 7.38 8.09 6.77 8.33 7.53 8.34 7.31 811 7.33
Ter (K) 5852 5828 5903 5992 5842 5811 5827 5837 5912 5877
L (Lo) 1.570 1.494 1.613 1.662 1.574 1.482 1.546 1.504 1.633 1.529
Zo | 0.0165| 0.0205| 0.0162 | 0.0195| 0.0167| 0.0200| 0.0174 | 0.0210| 0.0155| 0.0188
Yo | 0.240 0.295 0.250 0.308 0.230 0.286 0.240 0.297 0.240 0.299
aMLT 1.68 1.74 1.75 1.97 1.69 1.72 1.67 1.76 1.75 1.78
D 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0
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