VIRGO Purple BookVersion 2.1May 1995

Documentation change record log.................................................................................. 41 Introduction.................................................................................................................. 62 Science Objectives....................................................................................................... 62.1 Helioseismology............................................................................................ 142.1.1 Core structure................................................................................. 142.1.2 Radial stratification........................................................................ 142.1.3 Deviation from spherical symmetry............................................... 142.1.3.1 Internal rotation............................................................... 152.1.3.2 Core magnetic field.......................................................... 152.1.3.3 Residual internal asphericity............................................ 152.1.4 g modes and convection................................................................. 162.1.5 Excitation and damping................................................................. 162.2 Radiometry.................................................................................................... 162.2.1 Solar energy budget and variability............................................... 182.2.2 Surface temperature variations....................................................... 182.2.3 Active region flux budget.............................................................. 192.2.4 Diameter variations........................................................................ 192.2.5 Solar noise...................................................................................... 193 Specifications and Requirements on Instruments and Subsystems............................. 203.1 SPM............................................................................................................... 203.1.1 Wavelengths and Bandwidths........................................................ 203.1.2 Detectors........................................................................................ 213.1.3 Filters............................................................................................. 213.1.4 Noise Levels................................................................................... 213.1.5 Observing sequence....................................................................... 223.2 LOI................................................................................................................ 233.2.1 Wavelengths and bandpasses........................................................ 233.2.2 Optical System and Detector.......................................................... 233.2.3 Guiding System and diameter measurements................................ 253.2.4 Noise levels.................................................................................... 253.2.4 Observing sequence....................................................................... 253.3 PMO6-V........................................................................................................ 263.4 DIARAD....................................................................................................... 263.5 Data Acquisition System (DAS)................................................................... 273.5.1 DAS Functional Description.......................................................... 274 Requirements and Specifications on Data Reduction Methods and Software............. 29

4.1 EGSE............................................................................................................. 294.2 Scientific processing..................................................................................... 304.2.1 Primary Reduction......................................................................... 304.2.2 Instrumental and orbital effects correction.................................... 314.2.3 Secondary Reduction..................................................................... 334.2.3.1 Estimation of p-mode parameters.................................... 334.2.3.2 Determination of g-mode parameters.............................. 345 Theory developments hoped for.................................................................................. 375.1 g-mode amplitude......................................................................................... 375.2 Intensity "eigenfunction"and visibility......................................................... 375.3 Excitation...................................................................................................... 385.4 g modes and convection................................................................................ 396 Interfacing with other Experiments.............................................................................. 406.1 GOLF............................................................................................................ 406.2 MDI............................................................................................................... 406.3 SOHO Corona experiments.......................................................................... 406.4 Ground Based experiments........................................................................... 417 References.................................................................................................................... 43

Page 4VIRGO Purple BookDocumentation change record logISSUE /REV.SECTION /PAGEDATECHANGES

1.0All7 Nov 94N/A

1.1All22.12.1.52.2-2.2.32.2.42.2All sections33.13.13.1.13.1.53.23.2.13.2.33.33.43.544.2.14.2.26 Dec 9423 Nov 948 Feb 9525 Nov 947 Jan 9526 Nov 948 Feb 9523 Nov 9423 Nov 945 Jan 9431 Jan 9519 Dec 9431 Jan 955 Dec 9413 Dec 947 Dec 946 Jan 956 Jan 952 Feb 9524 Nov 9424 Nov 9430 Jan 95Change Blue to PurpleAdd Scientific Obj. the Sol.Phys. articleTuning after C.Fr�hlich’s inputAdd input of T.ToutainAfter input from J.PapAdd Diameter VariationsTuning after C.Fr�hlich’s inputChange name of PM06 to PMO6-VAdd input of J.RomeroAdd data from the Sol. Phys. articleAdd inputs from WehrliAdd SPM filter profiles info. (ftp server)Add Fig SPM-IAdd LOI detector configurationAdd LOI filter profile information (ftp server)Add guiding results from TenerifeAdd lifetime variationAdd data from the Sol. Phys. articleAdd Roth’s inputAdd EGSE Input from A.JimenezAdd Primary reduction input from A.JimenezAdd instrumental and orbital corrections

VIRGO Purple BookPage 5ISSUE /REV.SECTION /PAGEDATECHANGES

4.2.24.2.34.2.34.2.34.2.355.25.35.46.16.26.26.383 Feb 9516 Nov 9425 Nov 9427 Jan 958 Feb 9523 Jan 959 Feb 9527 Jan 9527 Jan 958 Feb 957 Jan 958 Feb 955 Jan 9523 Jan 95Add guiding pixels’ algorithmp-mode identification methodAdd g-mode identification technique andLifetime information from B.AndersenAdd noise simulationRe-ordering after C.Fr�hlich’s inputAdd Nice inputsAdd Table 1 from NiceAdd B.Andersen’s inputAdd par. on g-mode transmissionAdd C.Fr�hlich’s inputAdd the data needed for the flux budgetTuning after C.Fr�hlich’s inputAdd B.Andersen’s inputAdd References

2.1Intro4.2.24.2.25.221 Apr 959 May 959 May 9521 Apr 95Change VBB to VPBRemove spurious square root in (3)Change Pi forSi for compatibility in (8)Change degree to order in Table 1

Page 6VIRGO Purple Book1 IntroductionThe overall goal of this VIRGO Purple Book (VPB) is to ensure the best possiblescientific output from the VIRGO investigation. To achieve this goal the VPBdocument will list and update the specifications and requirements of the differentparts of the investigation, from objectives of the team members.In the course of the development of the investigation it is hoped that this documentwill , at any given snapshot in time, give a status of how the scientific side of theinvestigation is developing. By using this document we should be able to pin-pointthe areas where we need to concentrate our efforts; the different team members willcontribute where they see their efforts are needed. Some pushing from the PI and/orES may be attempted.This document will certainly go through a large number of revisions, in order to keepan ordered track on the development and the status of the latest Revision, theresponsibility of updating the VBB is upon the VIRGO Experiment Scientist.Currently the VBB has a formal status within the VIRGO investigation and is underconfiguration control.I would like also to take this opportunity to point out the successful detection of the pmodes by the Tenerife LOI. The LOI has now been working for more than 9 months.A considerable advance has been obtained for checking the integrity of theinstrument, its potential problem (none found so far), the mode isolation by theoptimal filters, and the extraction of the information contained in the p modes. Aletter to A&A was written for summarizing the findings (Appourchaux et al, 1995).2 Science ObjectivesThe VIRGO experiment will provide the following observational and derived data:¥ continuous high-precision, high-stability and high-accuracy measurements ofthe solar total and spectral irradiance and spectral radiance variation;¥ continuous measurements of the solar polar and equatorial diameters;¥ frequencies, amplitudes and phases of oscillation modes in the frequencyrange of 1 mHz to 8 mHz;

VIRGO Purple BookPage 7The total irradiance is measured with active cavity radiometers (PM06-V and theDual Irradiance Absolute Radiometer, DIARAD), the spectral irradiance by three-channel Sunphotometers (SPM) and the radiance with 12 resolution elements on thesolar disk using the Luminosity Oscillations Imager (LOI).These data will be utilized to achieve the main scientific objectives of VIRGOsummarized in the following list:¥ detect and classify low-degree g modes of solar oscillations;¥ determine the sound speed, density stratification and rotation in the solarinterior, specifically determine the physical and dynamical properties of thesolar core;¥ study the solar atmosphere through comparison of amplitudes and phases ofthe p modes with these from GOLF (Global Oscillations at Low Frequencies)and SOI/MDI (Solar Oscillation Investigation/Michelson Doppler Imager);¥ search for the long periodicities or quasiperiodicities that have been found inother solar parameters;¥ utilize the solar ‘noise’ signal to develop models for the global signature ofstellar surface parameters;¥ determine properties of the solar asphericity and its variation in time;¥ study the relation between p-mode frequency changes and irradiancevariations;¥ study the influence of solar active regions and other large-scale structures ontotal and spectral irradiance;¥ study the solar energy budget;¥ provide accurate total and spectral irradiance data for input interrestrial climate modelling.Observations of the total solar irradiance will be a continuation of previousmeasurements from satellites, which have been performed by the radiometer HF ofthe Earth Radiation Budget experiment (ERB) on the NIMBUS-7 satellite fromNovember 1978 until January 1993 (Hoyt et al 1992), by ACRIM~I on the SolarMaximum Mission satellite (SMM) from February 14, 1980 until June 1, 1989 (e.g.Willson and Hudson 1991), by ACRIM~II on the Upper Atmospheric ResearchSatellite (UARS) since October 1991 (Willson 1992) and by SOVA (SolarVariability) on the European Retrievable Carrier (EURECA) from August 1992 untilMay 1993 (Crommelynck et al 1993, Romero et al 1994).

Page 8VIRGO Purple BookThe spectral irradiance data will resemble the data from IPHIR (InterplanetaryHelioseismology with irradiance observations) on the Soviet PHOBOS Mission(Fr�hlich et al 1990). As a secondary output the internal guider of the LOIcomponent will produce time series of data proportional to the polar and equatorialsolar diameters. All the data will have higher precision than any of those acquiredformerly, both because of improvements to the instrumentation and because of theideal location of the SOHO spacecraft which allows uninterrupted observation of theSun. In addition, the spatial resolution of the LOI will allow us to deconvolve effectsof different photospheric spatial variation on the solar irradiance, thereby enabling usto identify degrees and azimuthal orders of low-degree solar oscillations. Thevariations seen in these time series are a superposition of random and periodicphenomena that cause the whole variability of solar irradiance, both bolometric and atdifferent wavelengths. This will be supplemented by even more detailed informationfrom the flux budget product (128 · 128 pixels temporally averaged image of thesolar disk), which will be studied in conjunction with the magnetograms provided bySOI/MDI on SOHO.The scientific content of the gathered time series of irradiance can be studied indifferent ways. One way is to use it to observe and characterize solar oscillations.For the p modes the method has proven its value (e.g. Toutain and Fr�hlich, 1992),and VIRGO will contribute by improving the reliability of the data to help resolvestill controversial issues such as, for example, the temporal amplitude variation whichis crucial for understanding in detail the excitation and damping mechanisms. Butmore important is the determination of the structure of the energy generating core. Ofgreatest interest, perhaps, is its relevance to the solar neutrino problem, for that hasimplications in other branches of physics. We do not even know for sure whether theneutrino problem is an issue in stellar-structure theory or is an issue in nuclear orparticle physics. If it is the former, our task must surely be to investigate the widerimplications in astrophysics. If it is the latter, it behoves us to determine the structureof the core - its radial stratification and its horizontal and temporal variations - asaccurately as possible, in order to provide the most reliable information about theneutrino source to couple with the next generation of neutrino observations. To thisend we need not only to model the variation of temperature, pressure and density, butalso to try to model the related variation of chemical composition, both helium(hydrogen) abundance and the heavy-element abundances, using the direct seismicinferences. Together, the instruments on VIRGO will be able to provide extremely

VIRGO Purple BookPage 9accurate frequencies of low-degree modes which are an essential complement to theintermediate- and high-degree data from SOI/MDI required to render it possible tocarry out inversions for both the spherical and aspherical components of thestratification in the region where the thermonuclear reactions are taking place (Goughand Kosovichev, 1993).The unambiguous detection and identification of solar gravity modes would be a realbreakthrough for improving quite substantially our knowledge of the structure of thesolar core. All attempts up to now have somehow failed because the amplitudes ofthe modes seem to be so small that the g-mode signals are buried in the noise(Fr�hlich and Delache 1984). Although most of this noise is of solar origin, someobservational and methodological improvements can be expected. Oscillation periodsof several hours are difficult to observe from the ground and from satellites in low-Earth orbits; moreover, this range could not be explored by IPHIR owing to the noiseintroduced by the influence of the variability of the spacecraft pointing. This periodrange, however, looks promising for the search of g modes, because the modes are notas crowded in frequency as they are at lower frequencies, and the separation of thedifferent l and m is easier. Nevertheless, the amplitudes may still be smaller than thesolar noise. Probably, the only possibility to overcome this problem is similar to theheterodyne detection of a signal at a known frequency buried in noise. Anotherpossibility may be to utilize the difference in centre-to-limb variation of the g-modesignal and the solar noise. The crucial point in the detectability of solar g modes isthe surface amplitude of the modes. This again depends on the mode amplitudesbelow the convection zone and the amount of attenuation of the modes through theevanescent convection zone. Numerical modelling indicates that convectiveovershoot into the interior may excite the waves (Andersen 1994) to amplitudes thatshould be detectable at the surface. This result, however, may be uncertain due to theinadequate treatment of radiative damping in the interior.We do not know the values of the frequencies of the individual modes, but we dohave information from theory about the frequency pattern for different solar models,and the splitting as a functional of rotation (e.g. Berthomieu et al 1978, Provost andBerthomieu 1986) and asphericity. As several trials of this method have shown --although with less reliable data and at lower frequencies --this a priori informationalone may not be sufficient (e.g. Fr�hlich and Delache, 1984). As a further ingredientthe predicted relative visibility of different modes observed as intensity fluctuations

Page 10VIRGO Purple Bookand as Doppler shifts can be used. The relation between the different apparentamplitudes varies with frequency and depends also on the degree of the g mode(Berthomieu and Provost 1990), and thus the detection and unique identification ofthese modes may be possible only by combining data from VIRGO, GOLF andSOI/MDI, which are all on SOHO observing the Sun simultaneously. A reliablecalculation of the visibilities is not available, however, because it must certainly beinfluenced by convection, which cannot reliably be modelled. It is important torealize that even if g modes cannot be detected the accurate measurement of low-degree p modes of low order, which VIRGO is well suited to accomplish, willaugment quite substantially our diagnostic capabilities for investigating the structureof the solar core.Solar irradiance variability can be used to investigate many physical phenomenarelated to convection, the effects of magnetic fields, solar activity, etc. (e.g. Fr�hlich1994). We may be interested in the phenomena causing the variation, e.g. sunspots,or we may be mainly interested in the underlying physical causes for the existence ofsunspots, e.g. dynamo theory, rotation and convection. The causes of irradiancechanges are crucially important for the understanding of solar and stellar evolution.Irrespective of the cause, knowledge of the possible medium- and long-termvariations of the solar irradiance are equally important for the understanding ofterrestrial climatic change. While the solar energy in the entire spectrum andparticularly at UV wavelengths has been monitored from space for more than one anda half decades, no continuous space observations of the solar total and spectralirradiance has been made so far. Besides its climatic implications, knowledge of theamount of the solar energy flux and its variability at visible and red wavelengths isalso important for solar physics. Comparison of visible and infrared solar radiationwith surface manifestations of solar activity will give us a better understanding of thephysical processes taking place in the photosphere. Parallel studies of the changes inthe total flux and in various spectral bands will provide the first information on thespectral redistribution of the total flux variability.These aperiodic or quasiperiodic phenomena are best studied in the time domain,where the variations may be compared directly with the signatures of solar surfaceintensity structures (e.g. Willson and Hudson 1988) or by multivariate spectralanalysis (e.g. Fr�hlich and Pap 1989). Although irradiance variations and solaroscillations are, for simplicity, currently treated independently, it is highly likely that

VIRGO Purple BookPage 11these domains overlap physically. The influence of the changing magnetic fieldsduring the solar cycle on the frequency of p modes and solar luminosity is oneexample (Kuhn and Libbrecht 1991, Bachmann and Brown, 1993). Moreover, thelong-period solar oscillations may be coupled to the seemingly aperiodic orquasiperiodic variations in irradiance (which has been suggested, for example, byWolff, 1984), either directly or by influencing surface intensity configurations.Although the solar background signal has the effect of a noise signal on theoscillation measurements, this ’noise’ contains valuable information about thecausative physical phenomena such as granulation, mesogranulation, supergranulationand active regions, which influence the dynamical oscillation frequencies. It will benecessary to take the modifications to the oscillation frequencies into account in orderto establish what they would have been had the activity not been present, for it isthose putative unmodified frequencies that are required for the structure inversions.

Page 12VIRGO Purple BookVIRGO SCIENCE RETURN (1)Core structureMean values of pressure, density,temperature, chemical composition inthe solar core region.

Radial stratificationValues for the spherically symmetricmean values of pressure, density,temperature, chemical composition asfunction of radius below the convectionzone.

Internal rotationRotation as function of radius andlatitude.

Core magnetic fieldInvestigate the possible existence of astrong core field.

Internal asphericityPossible internal asphericity due torotation or other effects.

g modes and convectionStudy the interaction between g-modesand convection,quality of internal cavityand the upper boundary conditions, g-mode amplitude and phase coherence.

Core mixing

Excitation and dampingLifetime of p modes and possibly gmodes (in combination with GOLF andSOI data), drivingmechanisms.Visibility effects on theobservability of modes. Frequency andsplitting changes.

VIRGO Purple BookPage 13VIRGO SCIENCE RETURN (2)Solar energy budget and variabilitySpectral and total irradiance variation,spectral and spatial redistribution ofenergy, provide accurate input forterrestrial climate modelling

Luminosity changes and global effects

Surface temperature variationStructure and variability of large scalesurface temperature inhomogeneities.Variation of p-mode amplitudes andvisibility.

Active region flux budgetActive region influence on radiance andirradiance, study the possible energystorage in the convection zone

Diameter variationsRelative variation of equatorial andmeridional diameter/limb darkening,possible surface asphericity.

Solar noiseStudy global characteristics of smallscale solar surface phenomena throughstudy of the background non periodicsignal.

Page 14VIRGO Purple Book2.1 Helioseismology2.1.1 Core structureIn order to be able to determine the mean physical parameters in the vicinity of thesolar core, i.e. density, temperature, pressure, chemical composition, it is necessary todetect and classify several low degree g modes. The frequencies of these g modestogether with the p-mode information will through inversion techniques yieldinformation on these parameters. With knowledge of the basic physical parametersone can determine whether the solar neutrino problem has solar or particle physicscauses. Furthermore it will be possible to determine the degree of internal mixingduring the solar evolution. This overall knowledge will be of crucial importance forthe general understanding of stellar evolution.2.1.2 Radial stratificationSince the structure of the solar interior is nearly spherically symmetric, it ismeaningful to separate the radial stratification from any nonspherical effects. One ofthe goals of p- and g-mode seismology is the determination of the spherical averagesof pressure, density, temperature, and chemical composition as a function of depth.Such a determination will strongly rely on a good description of the microphysics ofthe solar material, basically the equation of state and the opacity. Conversely, thereare open questions in the equation of state and the opacity that will greatly profit froma solar diagnosis. Fortunately, there is a rough spatial separation of effects in the Sun.In the bulk of the convection zone opacity virtually does not play a role because thetemperature gradient is essentially adiabatic. Beneath, the principal contributors tothe equation of state (H and He) are nearly fully ionised, causing thus the opacity partof the heavier elements to be the principal physical issue.Inversions of the sound speed from medium degree p modes indicate a sharp changenear the bottom of the convection zone, the causes of which is not completelyunderstood.2.1.3 Deviation from spherical symmetryThe cause for the line splitting of p and g modes is the deviation from sphericalsymmetry. The largest effect is caused by the internal rotation curve. On top of thisthere is a possible modulation due to subsurface flows. An internal asphericity(caused by rotation/convection/g modes/gradients in m/other dynamical instabilities?)may also introduce splitting. The same phenomena may also apply for g modes. In

VIRGO Purple BookPage 15addition the presence of an intense magnetic field in the solar core will also generateg-mode splitting.

2.1.3.1 Internal rotationThe splitting of the different g-and p modes will depend on the internal rotation curve.Inversion techniques may yield the radial (from low degree modes) and latitudedependence (from medium degree modes) of the internal rotation. This knowledge isimportant to understand the solar evolution and thereby also the general stellarevolution. The interaction between rotation and convection (also g modes) may beimportant for the understanding of solar activity and the generation of surfaceemerging magnetic fields.Current observational data indicate that the latitude dependant differential rotationpersists throughout the convection zone and that the rotation is more rigid below theconvection zone. The change in rotation curve may cause shears which can influencethe oscillation modes.From low degree p-mode analysis there are currently no indications that the coreregion is spinning extremely rapidly; the most probable values are one to at mostfour times the surface rotation rate. This is still controversial and only very loworder, low degree p modes or g modes can resolve this issue convincingly.

2.1.3.2 Core magnetic fieldThe structure of the splitting of the g modes may yield information of the existence ofa strong magnetic field in the solar core. This "frozen in" magnetic field may be theremnants of the field in the proto-Sun. It is not clear how it will be possible todisentangle the effects of the rotational and other asphericity splittings from themagnetic splitting especially if the field is aligned with the rotation axis.

2.1.3.3 Residual internal asphericityOther deviations from spherical symmetry, probably much smaller than the abovementioned, may exist: i.e. caused by convection/mixing, solar cycle, large scalecirculation, g modes, gradients in m or other dynamical instabilities below theconvection zone.

Page 16VIRGO Purple Book2.1.4 g modes and convectionThe internal g modes are trapped in the cavity below the bottom of the convectionzone. The amplitude variation as function of degree and order of the g modes willdepend on the quality of this cavity and thereby the interaction between convectionand g modes. The observed amplitudes of g modes will also depend upon the waythey transverse the convection zone and on how they are manifested at thephotosphere. These effects depend on frequency and will thus also indicate theeffective depth of the convective zone at different horizontal scales.2.1.5 Excitation and dampingIt is now well agreed that p modes are excited by turbulent convection. The kappa-mechanism is rather efficient in the case of pulsating stars, but the amplitudes of thesolar oscillations exclude this mechanism. Not only the dependence of the amplitudeupon the frequency, but also the temporal modulation of solar p modes can be welldescribed with a model of stochastic oscillator. The damping of p modes, however,depends on several effects: non-adiabatic interaction due to radiative transfer,coupling with the turbulent convection and scattering of the acoustic waves byturbulence. The first mechanism can explain the observed linewidths only above 4mHz. The second one, between approximately, 2 and 4 mhz. The third mechanismseems to be the best candidate to explain the damping over the whole p-modefrequency range (1.5 to 6 mHz).The lifetimes of modes is generally studied from the linewidths in the powerspectrum. As the form of a line may be influenced by the way the time series areanalyzed this method has yielded controversial results. The same may apply to theanalysis of the amplitude modulation of modes. The truly continuous observations bySOHO and new method of time series analysis will possibly resolve this issue.Studies have been carried out by the VIRGO team to determine the visibility, that isthe surface amplitude of g modes in brightness and velocity. Together withinvestigations of the efficiency of the convection zone in exciting g modes theseresults will be the basis for the strategy to search for g modes.2.2 RadiometryContinuous observations of solar irradiance (both bolometric and at different spectralbands) from space within the last one and half decades led to the discovery of changes

VIRGO Purple BookPage 17in the solar energy flux on time scales from minutes to the 11-year solar cycle (e.g.Hudson, 1988). The rapid irradiance fluctuations are related to solar oscillations(Woodard and Hudson, 1983; Fr�hlich et al., 1990). The short-term irradiancechanges from days to months are caused by active regions via the combined effect ofdark sunspots and bright faculae (Willson et al., 1981). The most important discoveryof irradiance observations is the enhancement of solar luminosity during the highactivity part of the solar cycle (Willson and Hudson, 1988b) that has been attributedto the changing emission of faculae and the bright magnetic network (Foukal andLean, 1988).Since variations in the solar energy flux - persistent over long periods of time - maytrigger climate changes, it is fundamental to understand the underlying physicalmechanisms and thus the possibilities for a solar forcing of climate on time scales ofdecades to centuries. It has been assumed that the variations in the solar output aredirectly related to the magnetic field evolution over the solar cycle (e.g. Hudson,1988; Kuhn, 1994; Harvey, 1994). However, sunspots, faculae and the magneticnetwork cannot account for all the observed variations in total solar irradiance. It hasbeen shown that empirical models of total solar irradiance underestimate the observedchanges at the maximum of both solar cycles 21 and 22 (Foukal and Lean, 1988; Papet al., 1994). The current empirical models are developed with simple linearregression analysis that gives only an overall picture on the relation between solarirradiance and solar activity indices. Identification of the cause of the residualdiscrepancy is a difficult problem, since temporal changes in differential rotation inthe interior of the Sun, a solar dynamo magnetic field near the base of the convectivezone or large scale convective cells may all produce long-term changes in the solarluminosity (Kuhn et al., 1988).The irradiance observations of the SOHO/VIRGO experiment and high resolutionsolar images, available from the ground and also from space by the SOHO/MDIinstrument, will help to understand solar irradiance changes which are related to theeffects near the surface. Parallel investigations of solar oscillations and variations inthe solar energy flux provide additional information on the solar interior. Althoughsolar irradiance variations and oscillations are studied separately, it is likely that thesedomains overlap physically. The long-period solar oscillations may be coupled to thenon-periodic or quasi-periodic variations in irradiance, either directly or byinfluencing the causes of surface intensity configurations (Fr�hlich, 1990). The

Page 18VIRGO Purple Bookultimate goal is to understand (1) how, (2) why and (3) on what mechanism govern atdifferent time scale the solar energy flux. From this reconstruction and prediction ofthe solar induced climate changes might be possible.2.2.1 Solar energy budget and variabilityAlthough it has been known for decades that the solar radiative output changesthrough the entire spectrum, being much higher at wavelengths below 200-300 nm(e.g. Lean, 1991), the spectral distribution of total irradiance variability is not knownas yet. Since the Sun’s energy input is the main driver of the physical processeswithin the Earth’s atmosphere, understanding the underlying physical mechanismsand determining the contribution of various spectral bands to the total flux variabilityare at the center of studying the climate impact of solar variability. The VIRGOintegrated-light and spectral irradiance observations in the near-UV, visible, and near-IR, together with the UV observations of the UARS, NOAA9, and NOAA11satellites, will provide the first real opportunity to estimate the spectral distribution ofthe changes in the solar energy flux.2.2.2 Surface temperature variationsKuhn et al. (1988) and Kuhn and Libbrecht (1991) have reported the results of solarlimb brightness observations that are capable of explaining the total irradiancevariation over the solar cycle. The solar limb flux, observed as a function of latitude,has been divided into "faculae" and "temperature part" based on the assumption thatthe temperature part remains constant during the observations, whereas the faculaeappear as intermittent bright features. The temperature signal consists of two parts: ahigh-latitude temperature drift (>50 degrees) part which is attributed to a temperaturechange caused by e.g. a meridional circulation, and a low latitude part, which reflectsthe "active" latitude zone and is obviously related to the solar cycle. The analysis byKuhn et al. (1988) suggests that changes in this low latitude thermal flux areresponsible for causing part of the irradiance variations which is not due to activeregion faculae. The weakness of this result is based on the fact that it dependsstrongly on the limb darkening function assumed to extrapolate the observation at thelimb to the full disk. Further studies are required and direct comparison of the totalirradiance observations with the flux budget data from MDI/SOI and broad-bandground-based photometry will improve our understanding substantially. Moreover,the studies may tell which part of the long-term irradiance variability is due tomagnetic surface effects and which part due to truly global effects.

VIRGO Purple BookPage 192.2.3 Active region flux budgetLarge complex sunspot groups can cause dips in total solar irradiance as large as0.3%, whereas the irradiance excess due to the bright faculae is about 0.08%(Chapman, 1987). An important question in this context is whether the missingenergy in the sunspot-related irradiance dips is re-radiated in the surroundings or isjust stored below the surface and slowly emitted over time periods much longer thanthe life time of the spots. This question will be directly addressed by comparingirradiance data from VIRGO with so called flux budget intensity images (128 · 128pixels) and magnetogram provided by SOI/MDI.2.2.4 Diameter variationsThe LOI will be able to measure diameter variations with a precision of about 0.3" fora 1.5-hour integration time. The oblateness will be measured with a precision of 0.3"for a 1.5-hour integration time. The variations will be calibrated using the changingsize of the Sun which is corresponds to a variation of +/-3% during the course of ayear. The calibration will be performed with an accuracy of about 1% for a 6-monthobservation time. The estimate of the uncertainties comes from the LOI operated atTenerife in 1994/95 and gives only an upper limit as the atmosphere perturbs themeasurements in many ways. The data on solar radius can be combined with totalirradiance data to yield the relation between them, the result of which is of crucialimportance for the understanding of global changes of the Sun. This relation yieldsinformation about the depth of the perturbation.2.2.5 Solar noiseThe shape, time variation and amplitude of the solar noise signal is directly dependentof the flux parameters of solar surface structures. From the study of this signal it willbe possible to deduce the global characteristics of granulation, mesogranulation,supergranulation and active regions. This information is necessary to enable theinvestigation of such structures on other stars.

Page 20VIRGO Purple Book3 Specifications and Requirements on Instrumentsand SubsystemsThe contents of this chapter will describe the specific requirements on the VIRGOcomponents and subsystems in order for the observables to meet the scientificobjectives as described in chapter 2.3.1 SPM3.1.1 Wavelengths and BandwidthsThe choices of the SPM wavelengths are made partly of scientific, partly of technicalreasons and partly out of prejudice. The scientific background is to get anobservational handle on the spectral redistribution and variation of global oscillationsand solar variability. The Si detectors are effectively limited to observe at therequired accuracy between 320 and 900 nm. The original proposal had the shortestwavelength at 335 nm, but this was discarded because of the extreme sensitivity tocontamination at this wavelength, this was shown with the IPHIR experiment. The402nm wavelength was chosen as a short wavelength compromise and because itpermits the use of more stable filter glasses and lies just above the Ca II H&K lines;going into the H or K lines would give a small advantage only with a high spectralresolution. The visible and near-infrared channel wavelengths are mainly due to thehistory of previous experiments.Wavelengths:402 nm500 nm862 nmBandwidths:5 nm5 nm5 nmEffective bandpassThe spectral profiles can be found on the ftp server:ftp.estec.esa.nl/pub/loitenerife/PurpleBook. They are ascii files called virgospmblu.dat, virgospmgrn.dat, virgospmred.dat with 2 columns (wavelength, transmission).Effective opacity/optical depth: To be derived from the bandpasses

VIRGO Purple BookPage 213.1.2 DetectorsThe detectors are silicon photodiode S1337 from Hamamatsu, Japan mounted in acommon housing with the interference filters.Power on detectors402 nm:23 mW500 nm:28 mW862 nm:30 mWLifetime sensitivity variation:402 nm:95% (IPHIR and SOVA2, 335 nm)500 nm:49% (IPHIR and SOVA2)862 nm:17% (IPHIR and SOVA2)Detector stabilityTemperature sensitivity (effect of the filter included)402 nm:-710 ppm/K500 nm:-1040 ppm/K862 nm:-270 ppm/KAging402 nm:TBD500 nm:TBD862 nm:TBD3.1.3 FiltersFilter degradationTemperature sensitivity: See aboveParticle sensitivity:Transmission drop:402 nm: 52%500 nm: 7%862 nm: 1%UV sensitivity:No UV data available (yet!)Surface contamination:UnknownAngular sensitivity:Unknown3.1.4 Noise LevelsAmplifier and resistors: included in total instrumental noiseV/F converters:included in total instrumental noise

Page 22VIRGO Purple BookTotal Instrumental NoiseShort Term (above 1 mHz)402 nm:See Fig SPM-I500 nm:better than at 402 nm862 nm:better than at 402 nmLong Term (below 1mHz)402 nm:See Fig SPM-I500 nm:better than at 402 nm865 nm:better than at 402 nm

10-6

10-5

10-4

10-3

Noise power (in ppm

2

/

m

Hz)0.01234560.12345612345610Frequency (in mHz)

LOI pixel

SPM blue channelFigure SPM-I: Power spectral density of the dark-current noise of the SPM bluechannel, and an LOI pixel calculated from time series of 68 h and 45 h respectively.In the 5-minute range the noise of the SPM is about 5 · 105 times smaller than thenoise between the p modes of IPHIR (= 0.5 ppm2 mHz-1). For the LOI pixel it isabout 1.2 · 106 times smaller than the noise expected for a 12th of the solar disk (12time the noise power of the full disk)3.1.5 Observing sequencePlease refer to the VIRGO operation manual.

VIRGO Purple BookPage 233.2 LOI3.2.1 Wavelengths and bandpassesThe LOI wavelength and bandpass is chosen to be the same as the 500 nm channel ofthe SPM. This allows the instruments to be calibrated to each other.Filter:500 nmBandwidth:5 nmEffective Bandpass:The spectral profile can be found on the ftp server: ftp.estec.esa.nl/pub/loitenerife/PurpleBook. It is an ascii file called LOIAndover.dat with 2 columns (wavelength, transmission).Effective opacity/optical depth: To be derived from the bandpass3.2.2 Optical System and DetectorTelescope:Ritchey-Chr�tien with a 1300-mm focal length, diameter 55 mm, central obstruction 25 mm.Detector:Deep diffused silicon photodiode with 12 scientific and 4 guiding pixels as given in Figure LOI-1. The crosstalk between pixel is smaller than 10-4.Power on detector:0.8 mW/cm2Detector stabilityTemperature sensitivity: about 50-100 ppm/KAging of temperature sensitivity: drift of -400 ppm/K to be controlledwith a ground copy of the flight detectorFilter degradationTemperature sensitivity: to be measuredUV sensitivity: No degradation after 1 year of solar UV (below 400 nm)Particle sensitivity: 5% relative transmittance drop after a 7-year SOHO dose.Surface contamination: temperature of the filter should be about 10 0Chigher than the structure, and should prevent condensation of contaminants.Angular sensitivity: Unknown

Page 24VIRGO Purple Book

Scale 14:1

(-0.005,0.005)

(-0.298,-0.005)

(0.260,0.299)

(0.005,-0.299)

R=0.5640

R=0.5750

R=0.639

LOI Detector flight configurationAll dimensions are in cmAll tracks are 0.01 cm wide except where annotatedThe detector is symmetrical about the centreLOI focal length is 130.7 – 0.079 cm (measured on 11 Octobre 1993)The equation of the elliptical part of the detector are given by a=0.303 cm and b=0.613 cmThe ellipse is in the middle of the tracksT.Appourchaux, 18 Octobre 19930.014 wide@ 45 deg

0.014 wide@ 45 deg

Figure LOI-1

VIRGO Purple BookPage 253.2.3 Guiding System and diameter measurementsGuider stability and range: 0.1" and – 8.5’Thermal stability : 0.2’/KHysteresis: 10%Voltage sensitivity: 16’ for 650 VoltsAging: unknownHigh voltage supply: -150 to 450 VoltsServo loop aging: unknownGuiding power Spectrum:EW axis: 5 "/�Hz @ 0 Hz, 3.2 "/�Hz @ 9000 mHz, linear dependence in the powerspectrum, s=0.4".NS axis: 3.16 "/�Hz @ 0 Hz, 2.23 "/�Hz @ 9000 mHz, linear dependence in thepower spectrum, s=0.26"Diameter Measurements: Spectrum rather flat 3.2 "/�Hz, s=0.17".The above power spectra are based on ground-based measurements. They areessentially limited by the atmospheric seeing and its associated transparencychanges. These spectra should, hopefully, be better in space.3.2.4 Noise levelsElectronics stabilityVF converters: 1 ppm/KInstrumental NoiseShort Term (5-min range):<0.5 ppm2/mHz (ground-based measurements, limited by the atmosphere)Dark current noise:See Fig SPM-ILong Term: unknown. Most of the noise contribution will be due to the temperature fluctuations on the filter and detector.3.2.4 Observing sequencePlease refer to the VIRGO Operation manual.

Page 26VIRGO Purple Book3.3 PMO6-VTwo fully characterized instruments (absolute instruments): the "active" instrumentsmeasuring continuously and a "back-up" instrument ensuring redundancy andmonitoring of the degradation of the active instrument.CavityLifetime variation: 30 ppm/yearAbsolute accuracy: 0.17%Sampling rate: 1 solar total irradiance / 2 minutesDuty cycle: 17%Resolution: 50 ppmInstrumental Noise30 ppm (standard deviation of the "dark irradiance" every 2 minutes)White noise, <0.4 ppm2/mHzTemperature dependence: TBDThe following instrumental corrections will be needed:¥ Temperature dependence of the electronics¥ De-pointing¥ Thermal exchanges with the environment¥ Degradation of the sensorPlease refer to the VIRGO Operation manual for the observing sequence of thePMO6-V.3.4 DIARADCavityLifetime variation: 30 ppm/yearAbsolute calibration: 0.15%Sampling rate: 1 solar total irradiance / 3 minutesDuty cycle: 11%Instrumental NoiseWhite noise, <0.4 ppm2/mHzThe following instrumental corrections will be needed:¥ Temperature dependence of the electronics

VIRGO Purple BookPage 27¥ De-pointing¥ Thermal exchanges with the environment¥ Degradation of the sensorPlease refer to the VIRGO Operation manual for the observing sequence of thePMO6-V.3.5 Data Acquisition System (DAS)3.5.1 DAS Functional DescriptionThe Data Acquisition System (DAS) comprises the OBDH interface for telemetry,telecommands and timing signals. The controller is based on a hardware sequencerwith a 2 Mbits memory for 25 hours autonomy of data storage. The scientificobjectives of the VIRGO investigation relies on long and uninterrupted time series.These time series are analyzed by calculating power spectra, the noise of whichdepend strongly on the way the sampling is done. Ideally one should integrate thesignal during the whole sampling interval; otherwise high frequency noise leaks intothe power spectrum. As the integration time relative to the sampling intervaldecreases, the power of the folded-in high frequency noise increases. It has to benoted that this noise is an inherent part of the time series and can not be reduced by aposteriori filtering of the time series. Simulation experiments have shown that in thecase of solar observations with a sampling corresponding to a Nyquist frequencyaround 10 mHz, integration during at least 90% of the sampling interval is needed toreduce the folded-in noise to tolerable levels. Technically, this is best achieved withparallel voltage-to-frequency converters (VFC) which allow for true integration overa given time interval.The data acquisition is performed by parallel VFCs with a full scale frequency ofabout 320 kHz. The basic sampling period is 10 s allowing for a theoreticalresolution of 0.3 ppm for one reading. Within the 10 s period the signals areintegrated during 9.4 s whereas the rest of the period is used for the calibration of theVFC with reference signals (400 ms, fs-resolution: 16 bit) and the reading andresetting of the counters (twice 100 ms). This timing allows for a continuouselectrical calibration and a high duty cycle of the reading (94%). The electricalcalibrations are performed in turn at three points, namely zero, half full scale and fullscale allowing for a first order correction of the non-linearity of the VFC during theevaluation of the data. With this system it is necessary to have as many parallel

Page 28VIRGO Purple Bookchannels as signals to be measured simultaneously. 10 VFC are for the science dataand 1 VFC for the HK channel.To calibrate the VFCs and to supply internal and instrument thermistors, a set of twoindependent reference elements with amplifiers are implemented to supply referencevoltages of 2.5V as half scale reference (HS), 3.5V as full scale reference voltage forthe housekeeping channel (HK) and 4.04V for full scale reference for the sciencechannels. This reference voltage, used for calibration of A/D channels, is indicatedon "DAS Status" word on the data files HK or Sc.

VIRGO Purple BookPage 294 Requirements and Specifications on Data ReductionMethods and SoftwareExplanation of the data chain. It is so far very unclear where to start and here anycontribution is welcome.4.1 EGSEThe Electrical Ground Support Equipment (EGSE) is conceived to support theelectrical verification and operation of VIRGO during the development andverification phase at instrument and system level. The EGSE is interfaced either to theSpacecraft Interface Simulator (SIS) for stand-alone operation or to the CommonCheck-out Control (CCS) system during system test. Moreover, the EGSE is used atthe Experiment Operations Facility (EOF) during the first phase of the mission: thatis, during start-up of the experiment and commissioning. Because of the rathersimple tasks to be performed by the EGSE, a 386 type PC running MS-DOS has beenchosen. The software is written in MOdula-2 and has been developed according to theESA Software Engineering Standards. The EGSE software package comprises fourmain programmes:1) VIRGO EGSE Operation Software (VEOS). This Software allows directcommanding (when used with the SIS) and receiving (on-line) of telemetry anddisplays all the data on different selectable screens.1.1) Hexadecimal Screens.All real time telemetry received in hexadecimal format at byte level. Onescreen for Science and other for HK.1.2) Unpacked screens.All real time telemetry received in number of counts at variables level. Onescreen for Science and other for HK.1.3) Instruments screens in engineering units following the requirements ofinstruments CoI’s. Four screens, SPM, PMO, DIARAD, and LOI, in real timetelemetry.1.4) VIRGO Engineering screens.1.4.1) VIRGO 1: Temperatures and general status screen.1.4.2) VIRGO 2: Current consumption ,voltages and HK calibration screen.1.4.3) VIRGO 3: Analog channels ( 1 to 4) screen (DIARAD).1.4.4) VIRGO 4: Analog channels (5 to 10) screen (SPM,PMO,Back-Up).1.4.5) VIRGO 5: Digital channel (LOI) screen.1.4.6) VIRGO 6: Analog channels calibrations screen.1.4.7) VIRGO 7: VIRGO status screen.

Page 30VIRGO Purple BookOther facilities of VEOS is the execution of tests (when used with SIS), copy thereceived telemetry to a floppy disk.2) Virgo EGSE Block Reader (VEBOR). The VEBOR programs performs thesame function as the VEOS program but in off-line situation reading the datafiles archived by VEOS. It permits to see the same data screens, block byblock. It also permits to the user to obtain 6 summary instruments files andcompare the real time blocks with the corresponding -12h and -25 h blocks inorder to know if some of them is missing or wrong.3) Virgo Egse Packages Reader (VEPAR). This program only shows the data(off-line) at level acquisition mode. That is, raw data in hexadecimal format. Asopposed to the VEBOR program it shows the information package by packageas they have been received. Hence, this is the only way the user may check indetail the information received, because with this program it is possible to readall stored data, even idle packets, etc.4) Virgo Egse COnstants Definitions (VECOD). It allows to modify someconstants used by the program to make calibrations. This constants aredifferent depending on the VIRGO model. So, there exist four groups ofconstants stored in different files: Proto-Engineering model (VEOS.PEM),Engineering model (VEOS.EM), Proto-flight model (VEOS.PFM) and Flightmodel (VEOS.FM). With this program the user can change and stored forfurther sessions the values of the constants.More information about the EGSE utilities are in the EGSE User Manual (VIR-IAC-GSE/-003).4.2 Scientific processing4.2.1 Primary ReductionVIRGO telemetry comes by packets , 3 for scientific and 4 for HK. One scientificblock is built with the corresponding 3 Science packets and one HK block with thecorresponding 4 packets. Idles packets are in between and also the differentretransmittions (-12h. and -25h.). The first step to be done is to isolate the real timeblocks from idles and retransmitted ones to built a consistent interrupted time seriesof real time telemetry blocksA total number of 480 blocks per day are expected. The aim of this first step is to getthose 480 blocks per mission day. If some of them are wrong or missing in real time

VIRGO Purple BookPage 31telemetry , the delayed telemetry will be used to replace them in the blocks timeseries. In the worst case that even retransmitted blocks are missing it would benecessary to wait to CD rom disk to have the last opportunity two get the data, if theyare still missing those data are lost and zeros will be input in their places with thecorresponding mission day and block of day in the headers.Once the real definitive blocks series are obtained, the instrument files (at number ofcounts levels) will be generated for each instrument, obtaining complete time seriesfor each instrument (SPM,PMO,DIARAD,LOI, engineering) with all the requiredinformation (Science and HK) necessary (TBC) for the analysis as requested byinstrument CoI’s.After this level 0, the level 1 will be produced following the calibrations algorithmsand known corrections supplied by instruments CoI’s. During normal operation VDCwill check for aberrant values in the Science or HK data, signalling when correctiveactions needs to be taken.4.2.2 Instrumental and orbital effects correctionSPMThe solar spectral irradiance Sl0 at 1 astronomical unit (1AU) is given by:Sl0 = Slm r2cosq

1-Vc2(1+ vc)2(1)where Slm is the measured spectral irradiance at the L1 point, r is the distance of thesatellite to the center of the Sun, V is the satellite velocity in the frame linked to theSun, v is the satellite velocity along the line of sight (v=V cos a), c is the speed oflight (the correction due to V is of the order of 10-2 ppm)., q is the off-axis anglebetween the line of sight and the optical axis of the LOI instrument; r is given by:r = x2+y2+z2(2)where x, y and z are the heliocentric coordinates of the satellite; v is given by:v =

1rxdxdt + y dydt + z dzdt(3)V is given by:V = dxdt2 + dydt2 + dzdt2(4)

Page 32VIRGO Purple BookAnd finally, the angle q in rad can be derived from the high voltage on the Y and Zaxis of the LOI instrument:q = 0.000291

qZ2+qY2(5)withqZ= a HZ + b HY - c(6)qY= b HZ + a HY - c(7)where HZ and HY are the high voltage on the actuators of the LOI, a, b and c arecalibration factors (FM, a=0.031 ’/Volt, b=-0.00367 ’/Volt, c=3.56’; FS,a=0.030˚’/Volt, b=-0.0017 ’/Volt, c=3.7’)LOIThe current on each scientific pixel has to be corrected from 3 main effects:¥ Correction of distance¥ Correction of line-of-sight velocity¥ Temperature effect on detector.The first effect is to the first-order negligible; this is due to the combined effect of anincreased flux with a bigger Sun (the net variations is zero). To the second order,there will be a contribution from the limb darkening; this effect has yet to becomputed. The second effect is a relativist contribution. The last effect is due thetemperature sensitivity of the quantum efficiency of the silicon detector. The netcorrection can be written as:Si (1 AU) = Si

(1+T qT )cosq

1-Vc2(1+ vc)2(8)where Si is the current on scientific pixel i , T is the mean temperature, in oC, of thedetector as measured by the 4 temperature diodes, qT is the temperature dependence at0 oC.For the guiding pixel, the same remarks apply except that the changing size of theSun should be taken into account in the first effect. And we write for the 4 guidingpixels:

VIRGO Purple BookPage 33Gj (1 AU) = Gj

(1+T qTG )cosq

1-Vc2(1+ vc)2 r2 - Rsun21 - Rsun2(9)where qTG is s the temperature dependence at 0 oC for the guiding pixels. The lastterm is the effect of the changing size of the Sun, where Rsun is the size of the Sunwith respect to the inner radius of the guiding pixel (=1.0556 after Figure LOI-1).This latter number will be refined and calibrated during the mission.The full effects due to the limb darkening will be implemented in due time.PMO6-VThe total solar irradiance S0 at 1 astronomical unit (1AU) is given by:S0 = Sm r2cosq vc)2 (1+ctt )(10)where Sm is the measured total solar irradiance at the L1 point, ct is the rate of changeof the relative difference between the measured irradiances between the nominalinstrument and the back-up one.In addition, a thermal model taking into account the radiative exchanges of the cavitywith its environment must be developed for the PMO6-V radiometers. It will includethe exchanges with the muffler during the open and closed states as well as the lossesof the cavity to space in the open state.DIARADSame as PMO6-V4.2.3 Secondary Reduction

4.2.3.1 Estimation of p-mode parametersMore than one team should reduce the data for cross-checking each other. Evendoing the same processing on two different machines taught us a lot with the datafrom the LOI in Tenerife.The maximum likelihood method (MLE) give still the most reliable estimates of thep-mode parameters. When working with the data of the Tenerife LOI, we found thatfitting simultaneously the 2l+1 spectra of a given l gave the less noisy estimates of

Page 34VIRGO Purple Bookthe frequency and the splitting. One of the main advantage was to have a commonlinewidth for the 2l+1 components (Appourchaux et al, 1995).The mode identification of p modes has been tested with the data of the Tenerife LOIand is based on the fact that for modes that stand out clearly out of the noise this iseasy. The others are identified with a table of frequency (S/N<3) and their existenceis checked statistically using MLE and a modified R-test. Modes, which have neverbeen identified before, will be looked for using theoretical frequencies and the MLE.The lifetimes of the individual p modes may be studied indirectly or directly withthree different methods:1) The linewidths of the time-averaged peaks in the power spectrum is amongother effects directly related to the excitation and decay time of the individualmodes occuring in the time span of the observations. This method is mostapplicable for the statistical analysis of many modes and the linewidths(lifetime) variation as function of frequency and/or l and n values.2) A long time series may be divided into a sequence of overlapping shorter timeseries, eg. 30-day intervals shifted sequentially by one day. These spectra canbe looked at by comparing the individual modes to a constant sine wave of thefrequency of the mode and determining its phase and amplitude with a bi-variate spectral analysis. From the temporal variation of the phase andamplitude the excitation and damping of individual modes can then beextracted.3) Wavelet methods, as opposed to Fourier methods, do not assume a stationarysignal. Experiments have been made that indicate the usefulness of thesemethods to study the detailed time variation of the modes. The results arecompatible with the ones using method 2), but has somewhat higher timeresolution for a given dataset (about 25%). These methods may be used tostudy in detail differences in excitation of individual m components of a modeset.

4.2.3.2 Determination of g-mode parametersMode identification methods, g modesThe achievement of the main scientific goals of VIRGO depends on the identificationand classification of solar global p modes. Since no unambiguous measurements ofthese modes have been made there is no definite estimate of the amplitudes. Thebasic assumption of the VIRGO team is that in the region from 30-120 mHz the signalwill be dominated by the influence from solar "noise" and that the g modes will notbe distinguished easily. Simulations of the solar "noise" have been carried out

VIRGO Purple BookPage 35(Andersen et al, 1994). These simulations indicate that in this range, the solar signalis comparable with the observations of ACRIM-SMM and is thus well explained bysuper-, meso- and granulation. The instrumental noise level of the VIRGOobservations should be lower than this solar "noise" by at least the same factor.The main strategies to look into the "noise" are the following:1. Cross-correlation methods as described by Fr�hlich and Delache (1984).These methods assume apriori knowledge of the g-mode frequencies and thatthey occur in a known pattern. This method is forceful if the currentunderstanding of interaction between physical and dynamical parameters in thesolar interior is reasonably correct. Assuming this it will be possible togenerate a set of multidimensional arrays in the parameter space (internalrotation curve, properties of internal cavity ++) and find the best cross-correlation with the observed data. If the theory is correct, it should be possibleto detect indications of g modes with power peaks which 5-10 times smallerthan the solar noise. At 50 mHz this would give (with the power spectrum ofACRIM of 180 ppm2/mHz, for a 6-month observation and a S/N ratio of 0.1), alower limit of 3 ppm on the amplitude of the detectable g modes. The mainproblem with this method is that it requires that the theory closely describes thesolar interior.2. The Center-to-Limb Variation (CLV) of the g modes in radiance depend onthe combination of the induced variation in temperature/opacity and geometricdeformation caused by the oscillation. This CLV should be different than thatof the sources of the solar noise. This opens the possibility of reducing theeffects of the noise on the oscillations observation by spatial and temporalfiltering. This method has not yet been developed.3. The signatures of g modes and solar noise are different for velocity andbrightness measurements. This opens a further possibility to distinguishbetween noise and g-mode signal by combining data from VIRGO, GOLF andMDI. First results of a theoretical investigation of the visibility differences hasbeen undertaken; a study for the possible noise suppression has not yet beenattempted.4. Methods have been developed assuming statistical knowledge of the noisesignal (Andersen and Domingo, 1988, Germain (submitted to SP)) to suppressthe noise. For the p-mode region and atmospheric sources for noise thesemethods have had some success. The efficiency of these methods in the g-mode frequency region are more difficult as a detailed knowledge of the solarnoise source is not available. Again, data from MDI might help to get a betterdefinition in this frequency range.

Page 36VIRGO Purple Book5. Wavelet analysis is a powerful tool to study impulse functions. The basicassumption concerning global solar g modes is that they have lifetimes longerthan the SOHO mission duration. In this context no extra information will beobtained concerning p modes using wavelet analysis. However, the waveletmethod may enable us to describe the properties of the solar noise signal suchthat it may be possible to reduce its influence on the g-mode signal.

VIRGO Purple BookPage 375 Theory developments hoped for5.1 g-mode amplitudeThe g modes are trapped in the inner solar radiative zone and except for the very lowdegree modes their amplitude at the surface is very small relatively to its value belowthe convection zone. No theoretical estimation of the amplitude is actually available.For the computation of the predicted brightness variations due to g modes we need togive some values to the surface amplitude. One possibility is to assume arbitrarilyequipartition of energy between the modes.5.2 Intensity "eigenfunction"and visibilityAt the time of writing, the relative perturbation of the solar flux FD due to non-radialoscillations can be written as:FD =

FIlm +FGlm F0(11)where F0 is the unperturbed flux, FIlm is the perturbation induced by changes in theequilibrium state of the photosphere, both changes of size and of thermodynamicquantities (temperature density, etc...); and FGlm is the perturbation induces bychanges of the surface shape (distortion). With:F0 =

I (m)sin2q cos fD dq df (12)where (q,f) are the spherical coordinates in the observer’s frame (x, y, z), where z isthe projection of the rotation axis of the Sun onto the plane of the sky and x is the lineof sight; I (m) is the limb-darkening with m =sin q cos f ; D is the integration domain(LOI pixels for example); and:FIlm = dI (m) Ylm(q, f ) sin2q cos fD dq df (13)where dI(m) is an equivalent limb-darkening depending on the mode eigenfunctionand model of the solar photosphere (Toutain and Gouttebroze, 1993). For practicalpurposes, we give here below, in a table, the coefficients for dI(m) using an adiabaticapproximation for the eigenfunction. Hence we write:dI (m) = ai�i=0n mi (14)

Page 38VIRGO Purple Bookwhere the ai are given in Table 1 for a set of low-degree g modes; and in addition wealso have:FGlm =

2I -I+mdIdm

cotgq

¶¶q - tg fsin2q

¶¶f Ylm(q, f ) sin2q cos fD dq df (15)Equations (13) and (15) are correct when the pulsation axis z’ is also the z axis of theobserver’s frame. During the SOHO mission this will certainly not be the case. Asmall correction will be necessary due to the B angle, the P angle will be kept by thespacecraft as close to zero as possible. Therefore, the new FIlm or FGlm will be writtenas:FI,Glm = FI,Glm�m’=-lm=l dm’m(l) (B)(16)where the rotation matrices d(l) (B) can be computed from Edmonds (1957) (See alsoAppourchaux and Andersen, 1990, for further details). In a first approximation, the Bangle will be derived from the ephemeris. A small correction due to the position ofthe satellite on the halo orbit will be implemented, if necessary.ordera0a1a2

210.8544-32.3683106.0366

200.7589-28.730994.6659190.6698-25.301483.9535180.5840-22.043573.7927170.5039-18.981064.2439160.4279-16.094755.2769150.3565-13.372546.8247140.2896-10.810238.9027130.2259-8.372731.3994120.1645-6.050724.2933110.1078-3.864617.6563100.0535-1.786411.412490.00130.21255.508080.04872.1407-0.066870.09794.0498-5.422360.14815.993110.6591

Table 1: "Limb darkening coefficients" for the lagrangian perturbation of a set of l=2g˚modes.

VIRGO Purple BookPage 39Two different ways of computing FD have been considered, one using a Lagrangianformulation, the other an Eulerian one (Berthomieu et al 1990, Provost et al 1991,Gouttebroze et al 1994). A comparison of the two methods is being carried on. Itshows an agreement between the two results. It appears that the contributions to theflux of the perturbations of source function and of the opacity of the medium almostcancel and that the contribution of the geometrical effects is not negligible. Howeverthe effect of convection is not taken into account and this should be one aim of futurework.5.3 ExcitationSeveral proposal have been made concerning the possible excitation of internal gmodes. Different types of hydrodynamical instabilities have been proposed, but nodefinite conclusions have been made. Another possibility is excitation by convectiveovershoot into the stable interior. Press (1981) has indicated that a feasiblemechanism was that the excitation may be driven by the pressure perturbations.Andersen (1994) has studied the excitation numerically by hydrodynamic simulationsand find that the overshoot excites gravity waves in the interior with an efficiencyequivalent to about 0.1% of the average kinetic energy density in the convection zone.This work will be continued and combined with earlier studies (Andreassen et al1992; on the transmission efficiency of gravity waves through the convection zone) togive an estimate of the surface amplitudes of g modes.5.4 g modes and convectionInteraction between oscillation and convection has been considered for radial modesby Gough 1977, Balmforth 1992a,b and it has been applied to p modes. It is desirableto extend this kind of theory to nonradial g modes.Simulations and theoretical considerations (Andreassen et al 1992, Christensen-Dalsgaard 1980) indicate that the transmission of g modes through the convectionzone depends directly on the depth of the convection and on the l values of the modes.In addition specific combinations of l values and the horizontal scales of motion inthe convection zone may decrease or increase the transmission of these modes.

Page 40VIRGO Purple Book6 Interfacing with other Experiments6.1 GOLFThe interface to GOLF will mainly consist in getting validated velocity data (in thesense of "true" velocities drdt ). They will be used mainly for analyzing the visibilitydifferences between velocity and intensity, that is to confirm theoretical calculationfor the p-mode region. Moreover, it will be used to study the phase relationshipbetween velocity and intensity. There will be a co-operative effort of the two teams,the details of which have to be defined.For the g-mode detection the comparison of the amplitudes and possibly the phasesbetween velocity and intensity will be of crucial importance for the uniqueidentification of the g modes. Together with the LOI data this will probably be theonly way of detecting the g modes buried in the solar noise.6.2 MDIThe MDI team has implemented in the software of the instrument an LOI-likeaverage of the velocity, and probably intensity as well. The average is based on theinput provided by T.Appourchaux taking into account the size of the detector and thefocal length of the telescope (measured to a precision better than 0.05%). Thecomparison with the LOI should be therefore made easy. Only the wavelength willbe different. The data will be used to study the phase difference between intensityand velocity (Ni line). These data can also be used to detect g modes and to removethe effect of active regions.The 128 · 128 pixel flux budget data from MDI/SOI will be used for the studies ofthe influence of the photospheric manifestations of solar activity on the total andspectral irradiance, e.g. the flux budget of spots, faculae and bright network.Together with the magnetograms from MDI/SOI these images will help to betteridentify effects and causes of the solar irradiance variability.6.3 SOHO Corona experimentsThe VIRGO investigation has the emphasis on the study of low degree p and gmodes. Part of this is to investigate the excitation and damping of the individualmodes. For the p modes it is believed that the general excitation is caused by

VIRGO Purple BookPage 41turbulent motion in or near the solar photosphere. Motion in connection with thegranular scale convection is a prime candidate. In addition single high energy inputslike solar flares may excite individual modes or re-excite already existing modesthrough a constructive interference. This process is probably not very important dueto limitation in the available energy, however it is needed for an overallunderstanding of the excitation process and to enable us to single out non-typicalmode amplitudes.On the more exotic side a catalog of cometary impacts may also be useful.In addition it may be necessary to understand the properties of the "chromospheric"cavity. This may be important in the study of possible resonances between internalgravity modes and atmospheric gravity waves.In summary the VIRGO would like to have the following inputs from the coronainstruments:¥ Time, position and energies of flares.¥ Images of the sun taken at wavelengths depicting the temperature minimumand transition regions.¥ Properties of sun-grazing comets.These inputs with information about specific events are required within 3months of the event.6.4 Ground Based experimentsBISONTenerife Helioseismology group "belongs" and "not belongs" to BISON Network, itdepends of the point of view. Belongs in the sense that one station is held in TenerifeObservatory from 1975. This station have produced the more continuous and bestdata of low degree oscillations. We are free to used this data of Tenerife station underour own responsibility, in this sense, the interface with VIRGO is absolutely clear, wewill cooperate as it be necessary. Not Belongs in the sense of Network. The data ofBISON Network are not shared with the institutes which take part on it, so we can notaccess to the data of the other BISON stations, in this sense we can not do anything.If sharing of data or other kind of cooperation are requested by VIRGO team, it isnecessary to contact the Birmingham BISON headquarters. The velocity data of the

Page 42VIRGO Purple BookTenerife station or of the BISON network (if available) will be used to study thephase difference between intensity and velocity (K line).GONGSo far no formal contact has been taken with the GONG team but since almost anyVIRGO CoI should be a GONG member, we should not have any problem to usethese data. A formal request may need to be send to the GONG project in due time.The GONG data will be used to study the phase difference between intensity andvelocity (Ni line).IRISThe relation with IRIS Network is absolutely different, the data of all the stations areshared and no big problems exist. IAC as member of IRIS Network will try to makethis interfacing, friendly and improve the VIRGO cooperation. The IRIS data will beused to study the phase difference between intensity and velocity (Na line).Taiwan Oscillation Network (TON)TON have now three stations running , Tenerife, Beijing (China) and Big Bear. Allinstruments works nicely and the quality of images are very high. Other stations willbe held soon. The first analysis are now being performed with very nice results.Taking into account the resolution of TON (1100 · 1100 pixels). TON will be aperfect complement to GONG and MDI because none of them have that resolution.Concerning the interfacing with TON Headquarters (Dr Dean Yi Chou, Taiwan) itwill be no problem. The TON project is absolutely open to cooperate with other solarexperiments. Data to be used are to be defined.Tenerife LOIThe instrument should be still operational when SOHO flies. If the launch is delayedby 6 months or more, we plan to put a second LOI in Baja, California, Mexico.

VIRGO Purple BookPage 437 ReferencesAndersen, B.N., 1994, Sol. Phys., 152, 241Andersen, B.N. and Domingo, V., 1988, in Advances in Helio- and Asteroseismology,IAU Symposium 123, J,Christensen-Dalsgaard and S.Frandsen eds, Reidel, p. 67Andersen, B.N., Leifsen, T., Toutain, T., 1994, Sol. Phys., 152, 247Andreassen, O., Andersen, B.N. and Wassberg, C.E., 1992, AA, 257, 763Appourchaux, T. and Andersen, B.N., 1990, Sol. Phys., 128, 91Appourchaux, T., Toutain, T., Telljohann, U., Jim�nez, A., Rabello-Soares, M.C., Andersen, B.N. and Jones, A.R., 1995, AA, 294, L13Bachmann, K.T. and Brown, T.M., 1993, Ap. J. Lett., 411, L45Balmforth, N.J., 1992a, MNRAS, 255, 603Balmforth, N.J., 1992b, MNRAS, 255, 639Berthomieu, G., Gonczi, G., Graff, Ph., Provost, J. and Rocca, A., 1978, AA, 70, 579Berthomieu, G. and Provost, J., 1990, AA, 227, 563Chapman, G., 1987, Ann. Revs. AA., 22, 593.Christensen-Dalsgaard, J., 1980, MNRAS, 190, 765Crommelynck, D., Domingo, V., Fichot, A., Fr�hlich, C., Penelle, B., Romero J. and Wehrli, Ch., 1993, Metrologia, 30, 375Edmonds, E.D., 1957, Angular Momentum in Quantum Mechanics, 2nd edition, Oxford University Press, OxfordFoukal, P. and Lean, J., 1988, Ap. J.., 328, 347Fr�hlich, C.: 1990, in Climate Impact of Solar Variability , K.H. Schatten and A. Arking eds, NASA Conf. Pub. CP-3086, p. 269.Fr�hlich, C., 1994, in The Sun as a Variable Star: Solar and Stellar Irradiance Variations, J.M. Pap, C. Fr�hlich, H.S. Hudson and S.K. Solanki eds, Cambridge University Press, Cambridge, p. 217Fr�hlich, C. and Delache, Ph., 1984, in Solar Seismology from Space, R.K. Ulrich,J.Harvey, E.J. Rhodes and J.Toomre eds, JPL Publ.84-84, Pasadena,p. 183Fr�hlich, C., Foukal, P., Hickey, J.R., Hudson, H.S. and Willson, R.C., 1990, in Sun in Time , C.P. Sonnett, M.S. Giampapa and M.S. Matthews eds, Univ. ArizonaPress, p. 11.Fr�hlich, C. and Pap, J., 1989, AA, 220, 272Fr�hlich, C., Toutain, T., Bonnet, R.M., Bruns, A.V., Delaboudini�re, J.P., Domingo,V., Kotov, V.A., Kollath, Z., Rashkovsky, D.N., Vial, J.C. and Wehrli, Ch.,

Page 44VIRGO Purple Book1990, in Inside the Sun, Kluwer, G.Berthomieu and M.Cribier eds, Dordrecht,p. 279.Gough, D.O., 1977, ApJ, 214, 196Gough, D.O. and Kosovichev, A.G., 1993, MNRAS, 264Harvey, K.: 1994, in The Sun as a Variable Star: Solar and Stellar Irradiance Variations , J.M. Pap, C. Fr�hlich, H.S. Hudson and S.K. Solanki eds, Cambridge Univ. Press., p. 217.Hudson, H.S., 1988, Ann. Rev. AA, 26, 473Kuhn, J. R: 1994, in The Sun as a Variable Star: Solar and Stellar Irradiance Variations , J.M. Pap, C. Fr�hlich, H.S. Hudson and S.K. Solanki eds, Cambridge Univ. Press., p. 130.Kuhn, J.R., Libbrecht, K.G. and Dicke, R., 1988, Science , 242, 908.Kuhn, J.R. and Libbrecht, K.G., 1991, ApJ. Lett., 381, L35Lean, J., 1991, Rev. Geophys., 29, 505.Pap, J., Willson, R.C., Fr�hlich, C., Donnelly, R.F. and Puga, L., 1994, Sol. Phys., 152, 13Press, W.H., 1981, Ap.J., 245, 286Provost, J. and Berthomieu, G., 1986, AA, 165, 218Toutain, T. and Fr�hlich, C., 1992, AA, 257, 287Toutain, T. and Gouttebroze, P., 1993, AA, 268, 309Gouttebroze, P. and Toutain, T., 1994, AA , 287, 535Provost, J. and Berthomieu, G., 1991, Adv. Space Res., 11, 4, 39Romero, J., Wehrli, C. and Fr�hlich, C., 1994, Sol. Phys., 152, 23Willson, R.C., 1992, EOS Transactions, AGU, 73 (14), 242Willson, R.C., Gulkis, S., Janssen, M., Hudson, H.S. and Chapman, G., 1981, Science, 211, 700.Willson, R.C. and Hudson, H.S., 1988a, Nature, 332, 332Willson, R.C. and Hudson, H.S., 1988b, Nature, 332, 810Willson, R.C. and Hudson, H.S., 1991, Nature, 351, 42Woodard, M. and Hudson, H.S., 1983, Sol. Phys., 82, 67.Wolff, C., 1984, Sol.Phys., 93, 1