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Abstract. The problem of measuring the solar age by meanscertainties. We now have at our disposal nearly 2000 accurate
of helioseismology has been recently revisited by GuentherfBequency data for solar p-modes to determine solar age — the
Demarque (1997) and by Weiss & Schlattl (1998). Differerinly observable in the standard solar model (SSM) construction
best values fot;; and different assessment of the uncertaintyhich we surrender. It would be indeed surprising if the answer
resulted from these two works. We show that depending on theuld not depend on the way we make use of seismic data. An
way seismic data are used, one may obtain ~ 4.6 Gy close assessment of the uncertaintytgf, is even more problematic.
to the age of the oldest meteorites.. = 4.57 Gy, like in the Guenther & Demarque (1997) concluded their comparison
first paper, or above 5 Gy like in the second paper. The discrgthe solar frequencies with those for models calculated upon
ancy in the seismic estimates of the solar age may be eliminaéaguming different age with the following statement: “The best
by assuming higher than the standard metal abundance andfreement with the calculated oscillation spectra is achieved for
an upward revision of the opacities in the solar radiative interidr5 + 0.1 Gy”. Unfortunately, they did not explain how these
We argue that the most accurate and robust seismic measunmbers were obtained.
of the solar age are the small frequency separatibns, = Weiss & Schlattl (1998), proceeding in a more formal way,
Vin — Vet2,n—1, TOr spherical harmonic degreés= 0,2 and usedy? minimization to determinés.i;. They considered var-
radial orders: >> ¢. The seismic age inferred by minimizatiorious seismic observables and corresponding parameters in the
of the sum of squared differences between the model and thedels calculated for various assumed solar ages. The observ-
solar small separations ts.;s = 4.66 + 0.11 Gy, a number ables include surface helium abundari¢g,, depth of the con-
consistent with meteoritic data. Our analysis supports earligrctive zoner.,, sound speed in the the radiative interior, and
suggestions of using small frequency separations as stellar tigeeradial mode frequencies. In nearly all the cases they consid-
indicators. ered, the minimum was reached for age well above 5 Gy. Typical
values oft.;s they derive are in the range 5.1-5.2 Gy. Taken for
Key words: Sun: abundances — Sun: evolution — Sun: interigranted, the high values of the solar age would mean an essen-
— Sun: oscillations tial revision of our views on the evolution of the solar system.
This is not what Weiss & Schlattl (1998) propose. Rather, they
regard the difference betweep;, andt,,..; as a measure of the
uncertainties in the age determination based on the state-of-art
stellar evolution theory.
The idea that helioseismology may be used to test the assump-The main motivation for our work was to explain the large
tion that the solar age is equal to the age of the oldest meteoriléference in the conclusions of the two papers regarding the
is not new. Gough & Novotny (1990), who considered the prolalue oft..;s and its uncertainty. Weiss & Schlattl (1998) them-
lem in great detail, concluded that the accuracy of 0.3 Gy maglves have addressed this problem but we did not find their
be achieved once the seismic age indicators are measured eg@anation sufficient. We will begin with providing some in-
precision of 0.1uHz. The precision of current seismic data igormation about new solar models calculated for the purpose
now significantly better. However, results of recent studies of this investigation. In the main part of the paper, we review
the problem yield conflicting conclusions. the inference about the solar age based on various seismic ob-
Before we go to the results of these studies, let us first pog#rvables and we identify those which we believe are good age
out that we should expect a unique determination of the solar aigdicators.
from seismic data. Calculated p-mode frequencies depend on
the assumed solar age but they also depend on other input spla{ew solar models

parameters and physical quantities. All these data are subject to o
We constructed a large number of solar models taking into ac-

Send offprint requests t9V.A. Dziembowski countdiffusion of helium and heavy elements following Thoul et
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Table 1.Parameters of selected solar models

Model ¢[Gy] Z/X OPAL Y Zo Yon Zon  Te/Bpn  Xe o pelglem®]  T.[10°K]

0 457 00245 1996 02739 0.02024 02429 001811 0.7163 03331  157.1 15.803
1 500 0.0245 1996 02705 0.02045 0.2386 0.01821 0.7109 0.3090  164.5 15.927
2 457 00270 1996 02814 002199 02502 001971 07126 03212  157.9 15.934
3 457 00245 1992 02777 0.02010 02467 0.01801 0.7141 03297  157.6 15.841

al.(1994). In one model (Model 5), which we refer to in Sect.5, Of course, the opposite occurs for a younger sun. In the next
diffusion was ignored. In all the models, we use OPAL equatiosection we will discuss in greater detail the differences in the
of-state (Rogers et al., 1996). For opacity we use the newsstind speed between various models.

Livermore opacity table (OPAL96, Iglesias & Rogers, 1996)

for Grevesse & Noels (1993) heavy element mixture. For com- o )
parison, we calculated one model using an earlier version of the/nference from seismically determined solar parameters

Livermore opacities (OPAL92, Iglesias et al., 1992; Rogers §o|ar age cannot be directly determined by means of helioseis-
Iglesias, 1992). Atlow temperatures we used Alexander & Fefiology. In all the approaches, including this one, families of
guson (1994) data on molecular and grain opacities. Nuclear &gtar models with various assumed ages are calculatetiand
action rates are calculated according to Bahcall & Pi”SO””ea}§|Hetermined by means of a comparison of more direct seismic
(1995). We calculated one model (Model 4, see Sect. 5) Witservables. The most direct are the frequencies, but with no
modified reaction rates, still within the range of uncertaintiggyqitional assumptions one may use the dengity), or the
quoted by Bahcall & Pinsonneault. _ squared isothermal sound speet;), determined by means of
We assumed the value of photospheric radids, = the frequency inversion. These two functions are linked by the
696.3 Mm. This value is by.8 Mm higher than the most re- hyqrostatic equilibrium condition. From, p and their deriva-
cent determination of Brown & Christensen-Dalsgaard (199§j,es one may determine a number of other useful structural
The reason for our choice is a better agreement with the S&j§yctions. If, in addition, we assume equation of state (EOS)
mically inferred sound-speed in the lower convective zone. TBﬁta, we may infer the values Bf,, andr.,. The last two seis-
small difference is inconsequential for the conclusions of thigic observables were used by Weiss & Schiattl (1998) in their
work. The model radii were fitted to the adopted value with thgst attempt at the solar age determination. They subsequently
precision better thaf x 107°. The luminosity was assumedgonsidered also other quantities. There are various possibilities.
to be3.844 x 10°* ergs™* and models were fitted to precisionye regard a comparison of the sound speed as most revealing.
better thar2 x 10~*. The value of-., does not contain independent information and,

We calculated a number of models for various values @fnce itis determined from the derivativeifit is less accurate.
the aget, at the standard value of the metal-to-hydrogen ra-

tio, Z/X = 0.0245, and at an enhanced value of 0.027. The
parameters for selected models are listed in Table 1. 3.1. The sound speed

A comparison between Model 0 and Model 1 shows the efhe result of the inversion fofu/u, the relative difference in
fectof the age on main parameters of the solar models. The olger) petween the sun and model 0, is shown in Fig. 1, where
sun ¢ > tine;) has produced a larger amount of helium in the — g corresponds to the temperature minimum. In the same
core. Longer evolution means also more time for the gravitgmt we show the difference in between some other models
tional settling i.e. a larger difference between the initial heIiur@ee Table 1) and model 0.
abundanceyp, and the present abundance in the outer layers, The solar data are from the inversion of the frequency data
Ypn. In order that the solar model accounts for the same lghtained with the MDI instrument (Rhodes et al. 1997) and the
minosity, one has to reduce the initial helium abundance Wigo|F instrument (Gabriel et al. 1997) on board of the SOHO
respect to that of the SSM. With the exception of the energy pigsacecraft. The first data set contains modes with traues
duction region, the helium abundance is reduced everywherggiy 0 to 250. We ignored the f-modes, and we were left with the
the solar model and one can thus explain the following featur%quencies of 1890 p-modes withup to 184. The second set

)The present photospheric helium abundance is lower.  contains 153 frequency data for modes wittiegrees up to 5.
i)Matter is more opaque to radiation, so that convection startfe data were combined into a set of 1945 p-mode frequencies.
deeper in the sun. The inversion was done by means of the SOLA method (Pijpers

ii)Below the convective zone and above the energy produg-Thompson, 1992; Dziembowski et al., 1994).

tion core the sound speed is higher, due to the reduced “meangne sees in Fig. 1 that the differencezithrough most of
molecular weight. _ the sun interior seems to favor higher age. However, the quanti-
iv)In the energy production core, the effect of helium accumygtive answer depends on the choice of the location in the sun’s
lation should dominate, resulting in a largeand consequently interior. In the regiorD.1R < r < 0.35R, u is almost inde-

a smaller sound speed. pendent of age. In the inner core the dependence on age is the
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ootsp T T T T T T T T the model denoted FR97 (Ciacio et al., 1997) and model 0 in the
outer part of the radiative interior is very small. A comparison
of the plots in Figs. 1 and 2 shows that the revision the OPAL
, has resulted in changes ofsimilar to loweringZ/X by 6%.

0.010

0.005

Sl Thus, with earlier OPAL opacities we will get solar age lower
S 0.000 = by 3.6% (0.16 Gy).
0.005 e o model 1 ] _ I_n a!l thg cases, values 6f:/u in the outer part qf the ra-
T 2050037, Model 2 diative interior point toteeis > tmet. The difference is model
—oor0f /T 0ge=4.86y ] dependent. We will quantify it in Sect. 3.1. Finally, let us point
T TS ST e T e e o s i out that the result of inversion shown in Figs. 1 and 2 looks very
/R similar to that of Brun et al. (1998) except for< 0.1. The

_ o ) implication concerning the solar age baseddanfrom their
Fig. 1. Relative differences im between the sun and Model 0 deterinversion would therefore be similar to ours.

mined by means of helioseismic inversion. Also shown are the differ-
ences between different models and Model 0. The vertical error bars
(visible only for the inner most points) reflect only measurement €3-2. Helium abundance

(ra(zr;.."l';l;g%r'lcertalnty of the inversion is much greater (Degl Innocer_llghe value ofY, — Yius as determined from the same data
and with the same reference model is 0.249. It is by 0.006
0.015 ] larger than in our standard model and by 0.010 larger than in
- the model with age 5Gy. The age inferred fram;, would
o010k - / 1 be about 4 Gy. The number is in a reasonable agreement with

Weiss & Schlattl (1998). Clearly, there are conflicting conclu-
sions aboutg;s from u(r) andYg.;s. Not surprisingly Weiss &
Schlattl (1998) find rather large minimum valuesyfin their
multi-parameter fits.

Adopting higherZ/X values allows us to reduce the con-

0.005

8u/ug

0.000 ———

—0.005 |

—— JCD
——— FR97

ooi0l YT prev.OPAL, Model 3 | tradiction. We see in Table 1 that in model wit X = 0.027,
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ e Y, is close toYseis, and in Fig. 1 we see that(r) is closer
00 01 02 03 04 O/: 06 07 08 09 to one inferred by the inversion. A similar, though smaller, ef-

fect is obtained by adopting the previous version of the OPAL
Fig. 2. Relative differences im between the sun and Model 0 deteropacities. Still, the most significant differenceurn the outer-
mined by means of helioseismic inversion are compared with the diffenost part of the radiative interior cannot be removed by higher
ences between different models and Model 0. Model JCD (Christensg}/—X = 0.027. Modification in opacity is an option but it
Dalsgaard etal., 1996) and Model 3 were calculated with OPAL92 apf{;st be quite different from the return to earlier version of
that denoted FR97 with OPAL96 opacities. OPAL. Gough et al. (1996) suggested that the spikéugh: at

r =~ 0.68 R may be a consequence of neglecting a macroscopic

strongest. Older models have higher helium abundance, heft¥ing below the base of convective zone in the standard so-
higher mean molecular weight. This effect dominates the sougd models. Models including this effect have been constructed

speed behavior. Unfortunately, results of seismic sounding®f Richard et al. (1996). Such models explain the deficit of Li
the inner core are unreliable. abundance in the sun’s photosphere and yield better agreement

An assessment of the solar age based(@m is sensitive to with seismic determination of near the base of convective

the assumed metal abundance in the model. An increase ofzfBe. The effects leads also to an increase of the envelope.

7/ X parameter by 10% has a similar effect on the sound spdédacroscopic mixing is a hypothetical effect and its description

in the outer part of the radiative interior as a 6% increase of adj@/olves free parameters, so it is not included in the standard
The implication about the age based &n depends also models. The effect most likely takes place. For present applica-

on other ingredients of the solar model construction such @0 this means thak.;; andu in the outer part of the envelope

opacity, nuclear reaction rates and diffusion coefficients. @€ not safe probes of the solar age. In addition, there are dif-

will not consider all these effects in detail. In Fig. 2 we shoWculties with estimating uncertainties in seismic determination

few examples of the difference inbetween models calculatedof Y following from inadequacies in the thermodynamical pa-

assuming = t.;s. Model JCD (Christensen-Dalsgaard et alf@meters.

1996) is the closest to the sun. The improvement in the opacity

data spoils this good agreement. However, as the comparigofl Estimates of,.;. based on selected valuesioéind Y,y

with Model 3 shows, the difference in opacity does not explain

the whole difference between JCD and model 0. We suspect that the sake of illustration of the discrepancies we will give

the remaining difference in may be caused by the differenceestimates of.;; based on different observables. Unlike Weiss

in the treatment of the element settling. The difference betwe&n>chlattl (1998), we will not try to fit simultaneously more
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Table 2. Selected seismic observables and their uncertainties, 4. Direct and almost direct use of measured frequencies

A . . N .
Q/Q It is unfortunate that the parameters of seismic models which

exhibit greatest sensitivity to solar age are, for various reasons,

@ & o AQ/Q unreliable. The sound speed in the inner core cannot be pre-
6(0.3) 0.03 04782 =+0.1% cisely measured because the inversion is not accurate enough.
a(0.4) 005 0.3618 =+0.1% Other parameters are formally very accurate but we cannot trust
gggg; 8-8; g-ggig ig-iﬁgﬁ model predictions. Since the nature of the uncertainties is so di-
G(0.65) 008 01952 +014% \(;?flfl,e:ﬁ a/vifsaé?rcr;ra;uctant to quote any quantity as a best value
Yon —0.20 0.249 +1.4% seis . . ' . .
Choosing, instead, a direct use of frequency differences we
face another problem. The formal approach to determination of
Table 3. Values ofi andYpn tseis IS the minimization of
J 2
Qi JCD model0 FR97 = 1 Z (u@ - Vmodel(t)) @
J 4 o !
0.4781 0.4781 0.4772 j=1 J

0.3)

0.4) 0.3612 0.3607 0.3603 . . ) .

05) 02812 02805 02803 where the sum includes all = 1945 p-modes in the set, and
0.6)

0.65

02214 02203 0.2204 o are measurement errors. The problem is revealed in Fig. 2, in
) 01945 01932 0.1932 which we may see that? depends only very weakly on age.

0245 0243 0238 There is a minimum near 5.2 Gy, but it is very shallow and does
not allow a trustworthy estimate of;.

This problem is a consequence of the fact that the main part
¥ the frequency differences between the sun and the model has
nothing to do with the differences in the internal structure but
ratheritis caused by inadequacies in the treatment of oscillations

ot ot ot ot B o}
AN A

Ay
& B

Table 4. Helioseismic estimate of solar age (Gy), as inferred from t
differences — Q;, calculated for different SSMs.

Qi Jcb model 0 FRO7 in the outer layers, where the neglect of nonadiabatic effects and
G(0.3) 4.60+0.15 4.604+0.15 4.90+0.14 dynamical effects of convection is not justified. These inadequa-
0(0.4)  4.72+£0.09 4.86+0.10 4.96+0.10 cies are significant in the outermost layers above 0.99R,
G4(0.5)  4.76+0.08 4.934+0.08 4.98+0.08 i.e., above the lower turning point of all the p-modes in the
G(0.6)  4.66+0.07 4.93+0.08 4.90+0.08 set. The lower turning point is determined by the parameter
0(0.65) 4.78£0.08 5204009 5.2040.09 (¢ 4+ 0.5)/v. Its maximum value for modes in our set is 0.1
Ypn 4214029 4.04+028 3.64+0.25

and corresponds to the turning poipt= 0.99R. Sufficiently
far above the turning point, the relevant eigenfunctions, except

than one parameter because our aim is only to quantify tfl% normalization, aré-independgnt. Therefore, we may expect'
problems with the assessment of the solar age with the metﬁ%ﬁtlthe partbof thi frequ}gncy Idlf“feSFrehcei dueh to tpe_ effhects in
reviewed in this section. Furthermore, the meaning ofthefornjfgfa ayers above = 0.99K scale a _(”)/ j» wherel; is t e
2-minimization procedure is problematic in the present ca ode inertia calculated upon assuming the same normalization

as in fact Weiss & Schlattl (1998) emphasized. ofthe e|genfunc_t|0.ns in the photosphere. L
In Table 2 we provide a list of the selected observabl In order to eliminate these near-surface contaminations, we

Q with errors, its estimatedo uncertainty AQ/Q, and the ei'c‘ﬂeld f I(jV) in a 2?:51%:2;;?;2 E)On;[;Eir:;e?eu;gﬁéld;z?:eor}cﬁse
quantity dﬁf?érencr;gdew

dln

e dln(t/t?ﬂet) 7 W vpy = v, - W 3)
which measures sensitivity of each observable to t_he sol_ar affe quantityvz _j Vmoder IS the part of the frequency dif-
The values ofi = uR/GM andY,; are from the inversion tgrence that may be attributed only to the difference in the in-
described in Sect. 3.1. The estimates of uncertaini€3/Q, - ternal structure. In Fig. 3 we plot twey. ,(¢) functions, which

are from Degl Innogentl etal. (1997). is a modifiedy? with v, replacedv. The parametes is the
In Tablg 2 we list the values of the selected observabl%saximum value of the quantityf + 0.5) /v (v in zHz), which
calculated in the threg standard solar models. .. determines the lower turning point allowed in the set of modes.
In Table 4 we provide the values tfnferred from the dif- The cases = 0.1 corresponds to including all 1945 p-modes.

ferences between the sun and the models_ by using the VaroHs case = 0.02 corresponds to a truncated set which includes
observables). The numbers mostly quantify only the eﬁect%nly 956 modes withr, < 0.8R In the latter case, we addition-

discussed earlier in this section. ally remove effects of inadequate treatment of convection which
are responsible for large valuesdf/« above 0.9. The minima
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Fig. 4. Determination of the solar age by fitting small frequency sep-
drations (see Eq. 4). The quantjty is defined in Eq. 5x1 andxo,1

are defined immediately after.

Fig. 3. Determination of the solar age by fitting p-mode frequencie,
Values ofx? (left vertical axis, solid line) are calculated with Eq. 2
Values ofx%, for s = 0.1 ands = 0.02 (right vertical axis, dashed
lines) are calculated also with Eq. 2, but with replaced by r (see _— .

Eq. 3). The choice = 0.1 implies use of all p-mode frequencies ancil—able 6.Seismic age from small separations
elimination of the near surface differences between the sun and the

model. Withs = 0.02 we use only modes with the lower turning point =0 , =1 , =0kl
above0.8R and we additionally eliminate effects of inadequacies i/ X tseis X0 Lseis X1 Lseis Xo1
the treatment of convection. 0.0245 4.71 +£0.14 1.40 4.64=0.08 1.34 4.66+0.11 1.52

o ) 0.0270 4.63 +0.14 1.48 4.54+0.08 1.44 4.57+0.11 1.68
Table 5. Seismic age from p-mode frequencies

s=0.1 , s =0.02 ) this does not mean that oscillation frequencies are not affected
Z/X Lseis X Lseis X by the sound speed modifications near the center. The quantities
0.0245 5922 +040 3.16x 10° 5.044+0.13 5.2 x 102 which are most sensitive to changes in the inner core are small

0.0270 4.9140.34 3.45x 10® 4.77+0.13 5.3 x 10? separations

DZ,n =Vin — Vi42n—1 (4)

of the modifiedy are pronounced and therefore we may, #r ¢ = 0 and 1. In fact it has been recognized long time ago that
least formally, determine the solar age and its uncertainty. Nfita onD, ,, may be used for measuring stellar ages (Ulrich,
surprisingly, the minimum is deeper fer = 0.02. Still, the 1986; Christensen-Dalsgaard, 1988; Gough & Novotny, 1990).
minimum value is> 1. One may see in Fig. 1 that,/« in the In our set we have data dby ,, for n from 10 to 32 and on
radiative interior cannot be compensated by an adjustment/of , for » from 10 to 27. We now form three age indicators,
the age.

In Table 5, we list the values @f.;; (in Gy) determinedas , 1 32 (Do,n,e — Do.nmoder(t))?
the minima ofy 0.1 andyx r0.02. The errors are determined ast0 =~ 53 Z ’ )
the distances fromy;s, wherex? = 2x?(tseis)-

Theresults shownin Table 5 are consistent with implicatiorg, which is defined is the same way g& but for ¢ = 1, and
from u(r) discussed in the previous section. There are onf, , which includes small separations both for 0 and/ = 1.
few modes sensitive ta in the inner core, wheréu is not The behavior of the three indicators is shown in Fig. 4. The
consistent with highs.;s. Also, even withs = 0.1 there are not x2 minima occur now at the ages which are only somewhat
many modes sensitive fg,;,. The results agree with those oflarger thart,,,.; and have values only somewhat higher than 1.
Weiss & Schlattl (1998). All this does not mean that we shouithble 6 summarizes information about the minima for models
treatts.is given in Table 5 as realistic estimates of solar aggith the standard and the enhanced valug 6X . In the latter
Rather, we think, the high values obtained for models with tlw@ase the minima occur still closer tg..., but the difference
standard metal abundance reflect an attempt to compensate giefall and cannot be regarded as significant. The ages
deficiencies of the model as too low opacity and/or neglect Gy are clearly disfavored. There is a rough agreement of our
macroscopic mixing beneath the base of convective envelopgsult with that of Guenther & Demarque (1997), who relied on
With Z/X = 0.027 we obtained..;s which is still higher but, comparison of frequencies féup to 100 and small separations
within the error, consistent withy,c. for ¢ up to 10. Also in their comparisons the strong case for
tseis = tmes COMeS from small separationséat 0 and 1.

We believe that only in the case of inference based on the
small separations it is justified to speak about “age determina-
The inner core is the region where the sound speed is mtish” because only with these observables we atjdin~ 1.
sensitive to the age. Inversion foin this region is unreliable but Furthermore, only in this case the inference is truly robust to

2 2
=0 Ogpn T 031

5. Solar age from small separations
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Table 7.Seismic age indicators from small separations in various mogentrifugal distortion in the sun is small because it is a very

els att = 4.57 Gy andZ/X=0.0245 slowly rotating star. However, at a rotation rate five times higher,
the values oDy ,, for n ~ 20 are reduced by 0.5 xHz, which

MODEL 3 xi Xk corresponds to about 0.5 Gy. Thus the effect has to be kept in
0 289 232 264 mind when we will have small separations data for other stars.

3 231 169 204 For the sun, the magnetic effects in high activity years are sig-
JiCcD 182 099 1.46 nificant but they may easily be purged (Dziembowski & Goode,

4 275 201 243 1997). The problem does not concern the frequencies used in
5 20.06 44.84 30.94 the present paper because we used data from 1996/97 season

Model 4 is the same as model 0, but with a 3.2% increase of t}qlehen the solar activity was at its minimum.

3He+*He reaction cross-section and a 6% decrease of tee*He
reaction cross-section. Model 5 is the same as Model 0 but ignori@g Conclusions

the effect of gravitational settling. ) ) ) ) .
There is no evidence from helioseismology that the solar age is

different fromt,... Though it is true that by adopting higher

other uncertainties still present in the standard model constrif@lues for the solar age one may achieve a better agreement for
tion. The overall uncertainty of the seismic measurement of tR9St of seismic data, this cannot be regarded as an argument that
solar age with the data on small separations is not Signiﬁcarﬁlﬂe sun is older than the meteoritic data indicate._What seismic
larger than the formal errors quoted in Table 6. The effect of tHesting of current standard solar models reveals is the need for
Z/X uncertainty, as we see in this table<is).1 Gy. Now we increase of the sound speed in the outer part of the radiative
will review other uncertainties that may affect small separatior@2ne by about half percent-(0.01 in «). The required change
Effect of uncertainties on the age indicatqsy:, andyo; May be partially achieved by an age increase above 5Gy but
may be assesed from data in Table 7. The effect of the opg@ay also be ce_lused by .an.increase of opacity in the releva.nt
ity is revealed by comparison of models 0 with models 3 arfggion. The required opacity increase may result from some still
JCD and we see that it is small. As we discussed in Sect. 3, {g@ored effects in the OPAL calculations but also may indicate
difference in opacity does not explain the whole difference that the metal content in the outer part of the radiative zone is
the sound speed between the models 0 and JCD. We alluigiher. We showed that adoptirigy X = 0.027, which is by
that the treatment of the element settling may contribute. In aﬁ9% higher than the standard one but still within the error bars of
case the implication fot,.; is certainly within the uncertain- détermination, we derive.;; below 5 Gy and only marginally
ties quoted in Table 6. We should note that JCD model whichifgonsistent witht ;. .
characterized by the lowest valuegl, yields also the values [N fact, helioseismology provides a strong support for the
of t..; Which are the closest t,.; on the basis of the seismicassumptiort = ... We showed that small frequency separa-
observables listed in Table 4. tionsyg ,, — V2 n—1 andvy , — v3 ,,—1 determined from the data
Ignoring gravitational settling altogether (see Model 5 i€ ina drast_ic disagreement with tr_le models older than 4.9 Gy
Table 7) has a significant effect on small separations. Howe\@&hd they are ina good agreement with the models calculated as-
the effect is now part of the physics included in the standaf§MiNgt = tmet. The age of the sun determined from the best
modeling of the sun. seismic data and with use of our standard models, which were
Calculated values of the small separations are affected by figéculated with the latest OPAL opacity data and the standard
nuclear reactions cross-sections. The most important effecingtallicity parameteZ/ X = 0.0245, is
expected from chenges in the branching ratio of3ﬂ1e+‘_1He to fouie = 4.66 + 0.11 Gy.
the?He+3He reaction. Its increase implies more neutrino energy
losses, less economic hydrogen burning, and consequently [Bssside the error range, we hayé > 2x2, .
hydrogen in the center of the sun. Such models mimic ones with The small separations are only weakly affected by uncer-
t > tseis. However with currently adopted uncertainties in th&inties in the opacity. Still, models with enhanced opacity in
cross-sections (see Model 4 in Table 7) the consequencestli@ outer part of the radiative zone yield valuestQf; even
the age indicators are not significant. closer tot,,.¢. Thus we conclude that the inadequacies of the
Mixing of hydrogen and helium reduces thegradient in current solar models cannot be reconciled by departing from the
the core and thus has a similar effect as a lower age. This is netandard assumption about solar age but the resolution must be
standard effect and we feel that there is not enough justificatisearched in opacity enhancement.
to consider it as a source of uncertainty. Certainly macroscopic Our answer to the question how accurately we can determine
mixing at the base of the convective zone is of more conceage of the sun using stellar evolution theory and helioseismic
because we have some evidence for it. The mixing affects graata, posed by Pacagki (1997), is more optimistic than the
itational settling and therefore may have an appreciable effactswer of Weiss & Schlattl (1998).
on small separations. The error bars given above may be somewhat underesti-
Small separations are influenced by the centrifugal and magated. Taking into account the uncertainties beyond those in-
netic distortion (Dziembowski & Goupil, 1998). The effect otluded in the formal errors, the accuracy of the astrophysical
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estimate the solar age is, in our opinien().2 Gy or 4%, which tero dell'Universit e Ricerca Scientifica (MURST) through grant 40%
is significantly better than 0.5Gy, as suggested by Weiss1898 and by the Polish grant KBN-2P03D-014.
Schlattl (1998).
The cause for the disgrepant estimates isin the use qf diff¥sferences
ent observables. We believe that only the small separations are
good probes of the solar age based on p-mode frequency datgxander D.R., Ferguson J.W., 1994, ApJ 437, 879
Other ones, like frequencies themselves, seismically inferf@g@call J-N., Pinsonneault M.H., 1995, Rev. Mod. Phys. 67, 781
sound speed, and photospheric helium abundance are too séf@{!" T-M., Christensen-Dalsgaard J., 1998, ApJ 500L, 195

. . . Brun A.S., Turck-Chieze S., Morel P, 1998, ApJ 506, 913
g\é?atrc);:g (s)t%alllg:);g)ege regarded as reliable tools for measur@#ristensen-Dalsgaard J,. 1988, In: Rolfe E.J.(ed.) Seismology of the

. . . Sun and Sun-like stars. ESA SP-286, p. 431
We examined various effects that may contribute to the UBhristensen-Dalsgaard J.appen W., Ajukov S.V., et al., 1996, Sci

certainty of the age determination from the small separations. 372 1286

None of the uncertainties in the physics included in mode@iacio F., Degl'lnnocenti S., Ricci B., 1997, A&AS 123, 449
standard solar models was found very significant. However, Wegl'innocenti S., Dziembowski W.A., Fiorentini G., Ricci B., 1997,
identified few effects beyond standard model that may influence Astroparticle Phys. 7, 77

the small separations. Perhaps the most important is a ma¢tgembowski W.A., Goode P.R., Pamyatnykh A.A., Sienkiewicz R.,
scopic mixing in the outermost part of the radiative interior. 1994, ApJ 432, 417

We considered also the effects of the centrifugal and magnétieembowski W.A,, Goode P.R., 1997, A&A 317, 919 _

forces and we pointed out that while they are not important fB€mMPowski W.A., Goupil M.-J., 1998, In: Bedding T.R., Kjeldsen
our seismic estimate of the solar age they must be kept in mind H. (eds.) Workshop on Science with Small Space Telescopes. Uni-

o - - versity of Aarhus, p. 69
in interpretation of data on the small separations from years of .. 'A' charra J.. Grec G. etal. 1997 Solar Phys. 175, 207

high magnetic activity as well as the data for stars rotating Ma&@ gh p.0., Kosovichev A.G., Toomre J., et al., 1996, Sci 272, 1299
rapidly than the sun. Gough D.O., Novotny E., 1990, Solar Phys. 128, 143

All'the seismic observables we discussed here are still avadkevesse N., Noels A., 1993, Phys. Scripta T47, 133
able only for the sun. The observables that we are likely to hageenther D.B., Demarque P., 1997, ApJ 484, 937
in not too distant future for other stars are the small separatiotyesias C.A., Rogers F.J., Wilson, B.G., 1992, ApJ 397, 717
Measuring these parameters is one of the main goals of the tHe#esias C.A., Rogers F.J., 1996, ApJ 464, 943
currently prepared or planned space asteroseismic mission§2fzy1skiB., 1997, In: Turok N.(ed.) Critical Dialogues in Cosmology.
is very fortunate that, as we have shown, the small separationsPrinceton University Press, p. 169
are the best seismic age indicators derived from p-mode ffelPe's F-P., Thompson M.J., 1992, A&A 262, L33

. . . . Rhqdes E.J. Jr., Kosovichev A.G., Schou J., Scherrer P.H., Reiter J.,
quencies. There is a potential for measuring stellar ages bas 997, Solar Phys. 175, 287

on g-'moc'Jes, Wh!c,h are equted in a number of stars. Howe,vﬁfchard O., Vauclair S., Charbonnel C., Dziembowski W.A., 1996,
also in this case it is essential to check robustness of the SeismiCag A 312 1000

dating. Rogers F.J., Iglesias C.A., 1992, ApJS 79, 507
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