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SOLAR MASS LOSS, SOLAR LITHIUM, AND SOLAR OSCILLATIONS

ARTHUR N. COX AND JOYCE A.GUZIK
Los Alamos Astrophysics, Los Alamos National Laboratory, Los Alamos.
New Mexico 87545

ABSTRACT Swenson and Faulkner, and Boothroyd et al. investigated
the possibility that early main-sequence mass loss via a stronger early solar
wind could be responsible for the observed solar lithium and beryllium
depletion. This depletion requires a total mass loss of _ 0.1 M®, nearly
independent of the mass loss timescale. We have calculated the evolution
and oscillation frequencies of solar models including helium and heavier
element diffusion, and such early solar mass loss. For models with gradual
early mass loss (during ,_ 1 Gyr), the early mass loss phase decreases the
total amount of helium and heavier elements diffused _om the convection
zone, and the extent of the diffusion-produced composition gradient just
below the convection zone, deteriorating the agreement with observed
frequenciesforintermediate_modes.The masslossphasemustbe confined
to_ 0.2Gyr orlesstosolvesimultaneouslythesolarLi/Beproblemand
avoiddiscrepancieswithsolaroscillationfrequencies.

!N.TRODUCTION AND RESULT_

Swenson and Faulkner (1992) and Boothroyd, Sackmann, and Fowler (1991)
investigated the possibility that early main-sequence mass loss could be
responsible for the solar Li/Be depletion. They find from evolution calculations
that an initial mass of 1.1 M®,and an initial mass loss rate 2 x 10-! ° M®/yr,
exponentially decreasing with e-folding time 0.45 Gyr depletes Li by a factor
of _ 50 and Be by a factor of about two. The amount of depletion is more
sensitive to the total mass loss than the e-foiding time. For example, a higher
constant mass loss rate of 5 x 10-1° M®/yr ending at 0.2 Gyr will deplete about
the same amount of Li and Be for initial mass _ 1.1 M®. In this paper, we
compare observed and calculated p-mode oscillation frequencies of three solar
models, all including element diffusion: 1) A standard model with no early
mass loss; 2) a model with initial mass 1.1 M®and gradual early main-sequence
mass loss (exponentially-decreasing.6/, e-folding time 0.45 Gyr); and 3) a model
with initial mass 1.1M®and rapid mass loss (constant mass loss rate 5 x 10-1°
M®/yr for 0.2 Gyr). See Guzik and Cox (1992, 1993) and Cox et al. (1989) for
a description of the evolution, diffusion, and oscillation frequency calculation
procedures. We point out that for all the models, we use the Iben analytical
fit calibrated to the OPAL (Rogers and Iglesias, 1992) opacities; the opacities



in the 2-5 million K range were adjusted very slightly (._ 1-2%) to adjust the
convection zone depth for each model (to 0.712 4- 0.001) R,_; (see Guzik and
Cox, I993) and thereby optimize the agreement between observed and calculated
frequencies.

The table summarizes evolution results for the models. We note that the

small amount of early mass loss has little effect on the solar central composition
gradient. While it does affect the calculated low-degree mode frequencies
that sample the solar center (e=0-3), changes are presently comparable to or
smaller than the observational uncertainties for these modes (several tenths of a
microhertz). Surprisingly, models can be discriminated when element diffusion is
included, since early mass loss alters the shape of diffusion-produced composition
gradient below the convection zone that is sampled by intermediate-degree p-
modes with smaller observational uncertainties (< 0.1#ttz).

TABLE I Evolution Parameters

Model Standard Gradual Rapid

InitialMass (M®) 1.0 1.1 1.1

Initial 2_/(M®/yr) - 2 x 10-1° 5 xl0 -1°

.Q Timescale (Gyr) - 0.45 (e-folding) 0.2 (constant M)
Initial Y,Z 0.263, 0.02 0.257,0.02 0.262,0.02
Final Central Y,Z 0.6238,0.0208 0.6316,0.0208 0.6231,0.0208
Final Surface Y,Z 0.2347,0.0189 0.2413,0.0194 0.2365,0.0189
Surface Z/X 0.0253 0.0262 0.0254
Mixing Length/Hp 2.27 2.26 2.26
Convection Base (R®) 0.711 0.712 0.712

Figurei shows theeffectof mass losson the diffusion-producedhelium
compositiongradientjustbelow the convectionzone foreach model.Figures
2-4 compare the observedand calculatedoscillationfrequenciesof modes of
degree_=5-40 thatsample the solarstructurein theregionof the convection

. zone base.Note thatforthe model with gradualmass loss,mass lossreduces
significantlythe overallamount of diffusion,and the extentof the diffusion-
producedcompositiongradientattheconvectionzonebaseattheSun'spresent
age(4.5Gyr).ThiscausestheO-C frequenciestoincreasewithincreasingdegree
forthemodes withfrequency> 2000#Hz thathavesignificantweightjustbelow

the convectionzone bottom (Fig.3).This spreadin O-C frequenciescannot
be removed by adjustingthe convectionzone bottom radius,or by any other
reasonableadjustmentsinmodel parameters.Decreasingthemass losstimescale
reducestheeffecton thisdiffusion-producedgradient,and such a model isnot
ruledout by theoscillationfrequencycomparisons.
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Fig. 1. Helium mass fi'action versus radius near the convection zone
bottom for standard, sradual mass-losing, and rapid mass-losing models.
Gradual early mass loss decreases diffusive settling, and the extent of the
diffusion-produced composition gradient below the convection zone.
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Fig. 2. Observed minus calculatedvs. calculatedp-mode oscillation
frequenciesofdegreeI=5, 10,15,20,30,and 40 fora standaxdsolarmodel
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including diffusive settling of elements. Lines connect discrete modes of the
same degree Cand, different radial order n. Observations are from Libbrecht
et M. (1990). Observational uncertainties for these modes are < 0.1pHz.
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Fig. 3. Observed minus calculated vs. calculated p-mode oscillation
frequencies of degree t=5, 10, 15, 20, 30, and 40 for a solar model including
both element diffusion and 0.1 M®of gradual early main sequence mass loss
(exponentially decreasing mass loss rate with e-folding time 0.45 Gyr). The
early mass loss causes a spread in O-C frequencies for _=5-20 n odes that
probe this region of the Sun.
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Fig. 4. Observed minus calculated vs. calculated p-mode oscillation
frequencies of degree t=5, 10, 15, 20, 30, and 40 for a solar model including
both element diffusion and 0.1 M®of rapid early main sequence mass loss
(constant mass loss rate 5 x 10-1° M®/yr for 0.2 Gyr). In this case the mass
loss occurs rapidly enough that there is very little effect on the diffusion-
produced composition gradient and the O-C frequencies of modes that
probe the convection zone base.
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