AMPLITUDES OF SOLAR G-MODES FROM NUMERICAL SIMULATIONSB.N. AndersenNorwegian Space Centre, PO Box 65, Smestad, N-0309 Oslo, Norway(bo@admin.nsc.no)ABSTRACTThe current study is an extension of two previousinvestigations into the excitation and damping ofinternal solar gravity waves. The basic assumption isthat convective overshoot into the convectively stableinterior generates gravity waves. Numerical simulationsindicate that the efficiency in this process is £0.1%(Ref. 1). Assuming that this is a stationary process it ispossible to derive a value for the amplitude of the g-modes in the interior. Another set of numericalsimulations give the amount of the transmission ofgravity waves through the convection zone as functionof frequency and horizontal wave numbers. Thesecalculations are carried out for 5 different frequencies andhorizontal extents equivalent to l-values approximatelyin the range 6-18. By combining the results of theexcitation and transmission simulations the horizontalvelocity amplitude of solar g-modes near the solarsurface is estimated to be in the range 0.01-1 mms-1.Keywords: Helioseismology, gravity waves, convection,g-modes.1. INTRODUCTIONThe identification and classification of internal gravitymodes of the Sun is of fundamental importance as adiagnostic tool to determine the physical and dynamicalstructure of the solar core and its vicinity. The GOLF(Ref. 2) and VIRGO (Ref. 3) investigations on theSOHO mission are specifically designed to undertakethese tasks.Several attempts have been made to identify solar g-modes from ground and space based observations (Ref. 4and references therein). Despite these attempts andresults no repetitive unambiguous mode identificationand classification has been made. The most persistentresults apply to the observations of the 160 minutesperiodicity. Several indications support that this mode isof solar origin (Ref. 5), but no classification has beenmade of the mode which is consistent with the physicalconditions of the solar interior derived from p-modeinversions.The negative results may be caused by a combination ofseveral factors:¥The small surface amplitude of the modes. Thismay be caused by an unexpected small amplitudein the interior and/or excessive damping in theconvection zone or atmosphere.¥The frequency interval where they most probablyexist (20-150 mHz) is difficult to access by groundbased observations due to diurnal effects on theobservations.¥The presence of a large solar background signalcaused by the evolution and rotation of solarsurface structures.Some of these problems will be overcome with theadvent of the specially designed helioseismicinvestigations on SOHO.There is no exact apriori knowledge on how largeamplitude solar global g-modes should be. It is clear,from stability calculations that no more than a few, ifany, of the modes are overstable in the current Sun (Ref.6 and references therein). This implies that othermechanisms must be responsible for the excitation ifthe internal g-modes exist.The idea that the penetration of convective matter fromthe solar convection zone into the convectively stablesolar interior may generate internal gravity waves hasbeen discussed by several authors (Refs. 1, 7, 8).The gravity waves or g-modes are trapped in the stableregion beneath the solar convection zone. In order to beobservable at the solar surface the signatures of the g-modes must penetrate the convection zone where thesemodes or waves are evanescent. Several studies havelooked into the transmission of g-modes or gravitywaves through the solar convection zone using differentmethods and strategies (Refs. 9, 10, 11, 12). The studiesin Ref. 10 use a mixing length approach for theconvection zone and include the effects of the solaratmosphere. The preliminary results in Ref. 11 treatsthe hydrodynamical interaction between the gravitywaves and convection consistently, but does not includethe effects of the regions close to and in the atmosphere.In this study we present new extended numericalsimulations describing the l- and frequency dependenceof the transmission of gravity waves through theconvection zone, but still without a proper treatment ofthe atmosphere. These simulations are combined withthe results of the convective excitation efficiency ofinternal gravity waves (Ref. 1).2. METHODWe have used a numerical code for solving theappropriate hydrodynamical equations with physicalparameters close to those describing the solar interior.The code is two-dimensional and use pseudospectral methods on the fully compressible problem. Thestrength of the code is that it treats the wave mechanicsin a consistent way. The upper and lower boundaries areopen, thus transmitting the wave energy created in themodel. The turbulent cascade in the simulations isbalanced by the use of a numerical spectral viscosity.This combined with the treatment of the radiative fluxmaintains the thermal driving of the convection zoneand thus allows the simulations to be carried out for along time.The solar model is the same as used in Ref. 1 and isadapted from Model C in (Ref. 13). We use a planeparallel approximation extending from 0.5 to 1 solarradii with a width of 0.3 solar radius. The upper part ofthe model (from 0.9 to 1.0) has been modified to besubadiabatic in order to study the transmission ofgravity waves through the major part of the convectionzone.The details and developments of the method and code aredescribed earlier (Refs. 1, 11, 12) and the mainlimitations of the method and numerical simulationsare:¥As for other large scale solar numericalsimulations the Reynolds numbers in thecalculation is much lower than for the Sun.¥The simulations are not carried out globally andthe results concerns the properties of gravity wavesand not trapped internal g-modes.¥The code is two-dimensional and it is clear thatthis constrains both the dissipation and excitationin a way that is not representative for thehydrodynamic instabilities in the solar interior.¥The plane-parallel approximation does not allowfor an accurate description of the solar conditions.¥The code is unable to treat ionization effects andradiative transfer close to the surface. The modelused is thus not descriptive of the Sun in the outerparts of the solar envelope.¥The simulations do not include the effects ofmagnetic fields, this may be of importance in theboundary layer between the convection zone andthe radiative interior.Initially the static model is randomly perturbed indensity (<0.1 %) within in the region corresponding tothe solar convection zone. In Ref. 1 the simulation wascarried out for 1100 timesteps, each timestep being thesound travel time of one scale height at the bottom ofthe model. transformed to solar conditions this isequivalent to about 240 seconds. The initial velocitieslarge velocities (» 5% of sound speed) are damped and aquasi-stationary convective like pattern is generated withtypical velocities of £0.5 % of the sound speed afterabout 200 timesteps. Transferred to the solar values forthe sound speed in the lower part of the convection zonethis is equivalent to about 800 ms-1. The total kineticenergy in convection zone »5*1038 erg (Ref. 6) whichimplies an average velocity of about 40 ms-1. This istypically a factor of 20 lower than the values obtained inour simulations. However, the results in Ref. 1 indicatethat the major part of the kinetic energy is carried inrelatively few downward directed plumes spanningseveral scaleheights. This is in accordance with othersimulation results (Ref. 8) and studies based on theentropy balance (Ref. 14). The effective filling factor ofthe downward plumes in our two dimensionalsimulations is about 0.1 (Refs. 1, 11, 12). However,the velocities in the downward directed plumes in oursimulations may be overestimated compared to the solarcase due to the plane parallel approximation used in thesimulations.The calculations in this study start with the convectionzone developed in Ref. 1 at timestep 400 and continueto 750. Below the convection zone the model is equal tothe initial static model. For each simulation a singlegravity wave of known amplitude and horizontal extentare numerically generated at a depth equivalent of 0.55solar radii. The horizontal extents of the generated wavesare equivalent to l values of approximately 6, 12 and18, respectively, at the bottom of the convection zone.For the lowest l-value waves of frequencies 53, 77, 104,166 and 277 mHz were calculated. For the two other l-values only the three highest frequencies were calculated.It should also be noted that we have made no attemptsto determine specific radial wave functions for the "g-modes" discussed here. This implies that the expliciteffects of the radial nodes of g-modes have not beenstudied. G-modes with l=6 and the frequencies calculatedhere would have radial order n-values of about 7, 11, 16,27 and 48 respectively. This is assuming that P0=35.5minutes.3. GRAVITY WAVE TRANSMISSIONThe spatial and temporal distributions at different depthsof horizontal component of the kinetic energy density(»rv2) are used as tracers for the gravity waves. Thecross spectra of this horizontal kinetic energydistribution at depths equivalent of 0.6 and 0.96 solarradii are calculated. The value of the energy transmissionis calculated as the gain between the spectra. By usingboth the temporal and spatial variation it is ensured thatthe waves observed in the upper part of the model havethe same properties as the modes induced below theconvection zone.The results from these calculations are shown in Fig. 1.A clear dependence on both frequency and l-value can beseen. These results are somewhat smaller, butcomparable with the initial results obtained with asimpler code (Ref. 11). The results indicate anattenuation in energy that is about an order of magnitudehigher than other results (Ref. 10) for the horizontalextent corresponding to l»6. In these earlier results theamplitude (Au) above the evanecent convection zonerelate to the amplitude (Al) by the relation:Au/Al»(xl/xu)‚l(l+1) (Ref. 10, 15, 16). Here the values xland xu give the radial boundaries of the convection zone.The dependence on l-value in our simulations issomewhat weaker than earlier results.

The increase of the transmission at the lowest frequencyis either a general property of the wave-convectioninteraction or a resonance effect between the temporaland spatial structures of the convection zone and thegravity waves.The frequency dependence shown in Fig. 1 is differentfrom the results in Ref. 10. In that context it should benoted that since our transmission values are calculatedfrom the horizontal kinetic energy density of the gravitywaves the results are not directly comparable to theresults calculated from equipartion in energy (Ref. 10).It is also not clear that the extrapolation from thegravity waves to the global g-modes can be made assimple as we have done.Figure 1. The relative energy transmission through theconvection zone (to 0.96 solar radii) for gravity wavesof the given frequencies and horizontal wavenumbersequivalent to the indicated l-values.4. G-MODE AMPLITUDESThe results from Ref. 1 indicate an overall energyefficiency of £0.1% in the generation of internal gravitywaves from the motions in the convection zone. Thisvalue has been calculated as the ratio between thehorizontal kinetic energy density in the gravity waves ata depth equivalent of approximately 0.6 solar radii andthe total kinetic energy density at approximately 0.75solar radii in the convection zone.The energy transmission through the convection zone ofgravity waves is of the order of 10-4 as shown in Fig. 1.This equivalent to an amplitude decrease to about 1% fora mode passing through the convection zone.In order to combine the results in Ref. 1 and thetransmission results presented here to predict theamplitudes of g-modes it is necessary to make someassumptions:1.The internal gravity waves excited from theconvective overshoot are converted into g-modes instationary way, that is the wave energy generatedis balanced by internal damping and leakagethrough the convection zone. The excitation doesnot have to be periodic as it is assumed that fromthe randomly excited gravity waves only thosecoincide with global modes will survive.2.The filling factor of the downward directed plumeswhich dominate the excitation of gravity waves isin the two-dimensional case »0.1. This shouldconvert to about 0.01 in the three dimensionalcase. The gravity wave excitation is caused bymotions of typically 10-100 ms-1, a value of 50ms-1 has been used in the calculations.3.The number of excited internal g-modes is in theregion 1-1000.Making these assumptions and using an expression forthe gravity wave energy density (Ref. 7), we get theresults for the horizontal velocity amplitude at a level of0.96 solar radii as shown in Fig. 2. Depending on theassumed number of modes the horizontal velocities arein the region 0.01 to 1 mms-1. It should be noted thatthese results depend on the excitation velocity (v)linearly and with the square root of the number of modes(N). This implies that relations between theseparameters that satisfy v*N-0.5=constant, will producethe same velocities above the convection zone.Figure 2. The frequency dependence for modes ofapproximately l=6-7 of the horizontal velocitycomponent at 0.96 solar radii. The upper curve assumesthat only one mode is excited and the lower curveassumes that 1000 modes are excited.The calculations presented here are for the horizontalvelocities. Similar results are obtained for the verticalcomponent, but with amplitudes about a factor of 3-5smaller than the horizontal. This implies that for thelevel of accuracy discussed here the results on the horizontal wave velocity amplitude are representative ofthe total velocity amplitudes.Using the same assumptions we can estimate the totalamount of gravity wave energy below the convectionzone to about 1034 ergs.Our calculations have not at all taken into account thesurface effects. In order to be directly comparable withobservations this should be done at least to the level ofdetail done in Ref. 10. It is crucial to remember thatsolar global oscillations are never observed directly atthe solar surface, it is always the response of the solaratmosphere to the pertubations caused by theoscillations that is filtered through the observinginstrument. In the following discussion it is assumedthat the velocities resulting from our calculations andshown in Fig. 2 are representative of the surfacevelocity amplitudes of the modes.The surface velocity and irradiance amplitudes of g-modes have previously been calculated for assumedmode energies of about 1037 erg (Ref. 10). For thismode energy the lowest order g-modes should have fulldisc velocity amplitudes of the order of 0.5 ms-1 in the100 mHz region. However, ground based measurementsindicate an upper limit of £1 mms-1 (Refs. 17, 18) forl=1-3. Combining these results implies an upper limitof about 1033 ergs for the mode energy of a mode around100 mHz.The results from our study concerns higher l-values andcannot be directly compared to the observations in Ref.17. From the results described in Ref. 10 the amplitudesof the l=1-3 modes should be 8-20 times larger than thel=6-7 mode simulated in our calculations. As mentionedpreviously we find a somewhat smaller l dependance forhigher l-values. If this can be extrapolated to the lowestl-values we would expect a lower relative amplitude ofthese modes compared to our higher l calculations thanin Ref. 10.Additionally, in order to compare with observations wehave to make the spatial integration over the solarsurface. For a full disc spatial filtering like that used inRef. 17 and the predominantly.horizontal amplitudes ofthe g-modes will emphasize the l=2, 3 and 4 more thanfor the p-modes. Typically the surface mode amplitudeswill be reduced by factors of 2-10 for these modes whenobserved with full disc instruments. This is still withinthe uncertainties of our amplitude predictions.For the observational comparison for higher l-values itis necessary to calculate the sensitivity functions for therelevant detector configuration (Ref. 19). Thiscomparison has not been done in the framework of thisstudy.Combining the limits set by the observations (Ref. 17)with our results we find that a minimum of the order of100 g-modes have to be excited. Otherwise theamplitude of the modes should be large enough to beseen in Ref. 17.Our simulations do not take into account the responseof the solar atmosphere on the pertubations from theoscilations, it is thus not possible to directly calculatethe mode amplitude in irradiance or radiance. However,the predictions of the ratios of velocity and radianceamplitudes at the surface for integrated lightmeasurements and l£3 (Ref. 10) are about 10-5 with thevelocity measured in ms-1. More recent calculationsfrom the same group (Ref. 20) indicate a ratio for an l=6mode at 100 m Hz to be about 10-4. From thesepredicitions we estimate the surface amplitude of an l=6mode around to be in the range 0.001-0.1*10-6. Forlower l-values these amplitudes may be up to an order ofmagnitude higher.5. CONCLUSIONSWe have presented new numerical simulations of gravitywave transmission through the convection zone onhorizontal scales equivalent of l-values in the region 6to 18. These results indicate an attenuation of the energythrough the convection zone of the order of 10-4 to 10-3,dependent on the l-values and frequencies of the modes.Combined with earlier studies (Ref. 1) we have foundthat the energy input to generate internal gravity wavesis sufficient to maintain gravity modes with at totalenergy below the convection zone of about 1034 ergs.Earlier results (Ref. 21) indicate a maximum modeenergy from convective excitation of the order of 1026 to1027 ergs. If these earlier results are correct a totalnumber of gravity modes in the Sun would have to bemore than 108 and each mode would have anunobservable amplitude at the surface. This discrepancymay cast doubts on the assumptions made in our study.However, it would seem very difficult to change theparameters of the simulations and other assumptions tothe extent which is needed reduce the excitation to alevel which will bring the results in accordance withRef. 20.Our results indicate that the velocity amplitude of g-modes near the surface for l-values about 6 round 100mHz should be in the range 0.01-1 mms-1. This resultdepends mainly on the energy input and the number ofmodes. The lower l-values should have amplitudessomewhat larger (factor 3-5).We make a crude estimate the surface amplitude of anl=6 mode a to be in the range 0.001-0.1*10-6. For lowerl-values these amplitudes may be an order of magnitudehigher. This level will clearly be difficult to observedirectly by the VIRGO investigation due to thebackground solar noise signal (Ref. 22).These results are not very encouraging for the detectionand classification of g-modes from the data which willbe available from the helioseismic experiments on theSOHO mission. It is clear that the eventual detectionwill require sofisticated reduction techniques and acollaborative effort from the GOLF, MDI and VIRGOinvestigations.

ACKNOWLEDGMENTSThe numerical calculations in this paper have been madewith financial support from the Research Council ofNorway. fl. Andreassen and C.E. Wassberg are thankedfor the development of the numerical code which is thebasis of the code used for these calculations.REFERENCES1. Andersen, B.N. 1994, Excitation of solar gravitywaves, Solar Phys. 152, 241.2. Gabriel, A.H., Bocchia, R., Bonnet, R.M., Cesarsky,C., Christensen-Dalsgaard, J., Dam�, L., Delache, P.,Deubner, F.L., Foing, B., Fossat, E., Fr�hlich, C.,Gorisse, M., Gough, D., Grec, G., Hoyng, P., Pall�,P., Paul, J., Robillot, J.P., Roca Cort�s, Stenflo,J.O.,Ulrich, R.K. and van der Raay, H.B. 1989 ’GOLF’-Global oscillations at low frequencies for SOHO, ESASp-1104, 13.3. Fr�hlich C., Andersen B. N., Berthomieu G.,Crommelynck D., Delache P., Domingo, V.,Jones A.,Jim�nez A., Roca Cort�s T. and Werhli C. 1989,VIRGO: The Solar Monitor Experiment on SOHO,ESA Sp-1104, 19.4. Hill, H., Fr�hlich, C., Gabriel, M. and Kotov, V.A.1991, Solar gravity modes in Solar Interior andAtmosphere, eds.A.N. Cox, W.C. Livingston and M.S.Matthews, p.562.5. Scherrer, P.H., Hoeksema, J.T. and Kotov, V.A.1993, On the upper limit for detection g-modesoscillations of the Sun, ASP Conference Series, Vol.42, 281.6. Cox, A.N., Chitre, S.M., Frandsen, S. and Kumar, P1991, Oscillation mode excitation in Solar Interior andAtmosphere, eds.A.N. Cox, W.C. Livingston and M.S.Matthews, p.618.7. Press, W.H. 1981, Radiative and other effects frominternal waves in solar and stellar interiors, Astrophys.J., 245, 286.8. Hurlburt, N.E., Toomre, J., Massaguer, J.M. 1986,Non linear compressible convection penetrating intostable layers and producing internal gravity wavesAstrophys. J. 311, 563.9. Christensen-Dalsgaard, J. 1980, On adiabatic non-radial oscillations with moderate or large l,Mon.Not.R.Astr.Soc. 190, 765.10. Berthomieu, G. and Provost, J. 1990, Light andvelocity visibility of solar g-mode oscillations,Astron.Astrophys. 227, 563.11. Andreassen, fl., Andersen, B.N. and Wassberg C.E1992, Gravity wave and convection interaction in thesolar interior, Astron.Astrophys. 109, 301.12. Andersen, B.N., Andreassen, fl., Leifsen, T. andWasssberg C.E. 1993, Convection and gravity waveinteraction in the solar interior, ASP Conference Series,Vol. 42, 49.13. Christensen-Dalsgaard, J. 1991, Solar oscillationsand the physics of the solar interior, Lecture Notes inPhysics 388, 11.14. Ginet, G.P. 1994, Downflow plumes and entropybalance in deep convection zones, Astrophys. J. 429,899.15. Christensen-Dalsgaard, J., Dziembowski, W. andGough, D. 1980. How deep is the solar convectionzone?, in Nonradial and nonlinear stellar pulsation, eds.H.A. Hill and W.A. Dziembowski, Lecture Notes inPhysics 125, 313.16. Wolff, C.L. 1980, The collective excitation of g-modes in the Sun, Nonradial and nonlinear stellarpulsation, eds. H.A. Hill and W.A. Dziembowski,Lecture Notes in Physics 125, 252.17. Pall�, P.L.,Jimenez, A., P�rez Hernandez F.,R�gulo C. and Roca Cort�z, T. 1994, A measurementof the background solar velocity spectrum, Astrophys.J.441, 952.18. Jimenez, A., Pall�, P.L., P�rez Hernandez F.,R�gulo C. and Roca Cort�z, T. 1988, The observedbackground solar velocity signal, Astron.Astrophys.192, L7.19. Appourchaux, T. and Andersen, B.N. 1990,Observations of low-degree solar oscillations with fewdetector elements, Solar Phys. 128, 91.20. Toutain, T., Berthomieu, J., Provost, J. andGouttebrouze, P. 1995, Predicted Intensity/VelocityAmplitude and Phase Lag for Gravity Modes, theseproceedings.21 Keeley, D 1980, Excitation of solar g modes withperiods near 160 minutes, Nonradial and nonlinearstellar pulsation, eds. H.A. Hill and W.A.Dziembowski, Lecture Notes in Physics 125, 245.22. Andersen, B.N., Leifsen, T., and Toutain, T. 1994,Solar noise simulations in irradiance, Solar Phys. 152,247.