0) What are the changes in the sun, through the solar activity cycle, that drive the systematic changes in the spectrum of solar oscillations?

1) These same forces drive the small, but significant and poorly understood periodic changes in the solar irradiance.

2) Omit

3) Naively, the sun is black body that is hotter at activity maximum, assuming that the cycle-dependent radius change is negligible.  In reality, the changes through the activity cycle arise from some combination of evolving magnetic field, thermal structure and turbulent pressure.  Broadly, we have cast these three candidates as a temperature change in the simple black body equation.  Despite this formulation, it could well be that the sun is cooler at activity maximum.  We shall see that the cycle dependent radius change, driven by the same dynamical changes, is too small too matter.

4) Earlier transit observations yielded contradictory results with Brown & C.-D. and Wittman saying changes over the solar cycle were too small to contribute to the irradiance variation.  Both others arguing that the changes were sufficiently large, but not agreeing on the sign of the change.  The results of Brown & C.-D. are the most reliable, but using MDI data has clarified the problem.

5) Emilio et al. used MDI full-disk images to determine a small change in the limb diameter that can be regarded as being consistent with the results of Brown & C.-D.

6) To cross-check and provide a different view of the radius and its evolution, we turn to the oscillation data.  And in particular, the f-modes data appearing as the lowest ridge.  Not only does this provide a cross-check, but it turns out to help in understanding the dynamics involved in the irradiance changes and frequency changes; in addition, it suggests how one can have a reasonably sized photospheric field accounting for frequency changes through the cycle.

7) F-modes are asymptotically surface waves having a simple, radius dependent frequencies.  Since scales with , where means model less true value, and Rl is very nearly Rs, we can be confident that Rl and Rs scale together for the model and the sun.  Thus, we determine a seismic radius of the sun.

8) This value is quite close to that from the HAO diameter monitor.

9) Using this same approach to determine the solar cycle variations is problematic.  Now is with respect to activity minimum, and the differences,, are much smaller and much more sensitive to the outermost layers where the cycle dependent changes are most manifest.  Thus, the scaling used for the radius isn’t justified because the f-modes live in a subsurface band, 5-10 Mm beneath the surface (the “f-mode radius”), and in the outer few Mm above the f-mode band, other effects strongly contribute to the frequency changes – namely, the magnetic field, turbulent pressure and changes in the thermal structure.

10) Omit

11) Omit

12) To circumvent the problem, we separate the effect on of the near surface perturbation and the f-mode radius evolution following the technique that has worked so well for structural inversions.  The form of the ‘s derives from the symmetry properties of the near surface perturbation.  It turns out that this form cleanly separates the two effects and we have a clean signal of radius change.

13) Omit

14) The result is a radius change that is insignificant for irradiance changes.  But even this small change is not easy to understand, and accounting for it eliminates some major problems in using the magnetic field to account for the frequency changes through the cycle.

15) The aspherical part of provide a strong cross-check on the nature of the field.  The important thing to note is that the aspherical parts of ’s the are much larger than the spherical part of the ’s.

16) Omit

17) To illustrate the problem, we formulate the radius change following Goldreich et al., but advancing that formalism to include a more general form of the random r.m.s magnetic field in which the radial and horizontal parts don’t have to be the same.  We also allow for a field that is not spherically symmetric, so that we can calculate the perturbation of terms beyond .  Of particular interest at this point is the term, which equals 1/3 for the r.m.s. random field and equals –1 for a purely radial random field.

18) If we attempt to attribute the shrinking f-mode band radius to a change in the thermodynamical variables, then the higher irradiance at activity maximum would imply that the convection zone is losing heat to provide the extra irradiance.  Thus, S and T are negative, and so the sun would be cooler at activity maximum!  And the f-mode radius would shrink with increasing activity.

19) However, the change is too small to be physically relevant.  In particular, the luminosity change from activity minimum to maximum depends on TdS and the timescale for the heat to escape the convection zone, combine to yield a very small radius change of order 0.1 km.

20) An increase in the r.m.s random field associated with rising activity is a more likely source.  Considering two limiting cases, a purely radial random field implies shrinking of the f-mode band.  Whereas, an isotropic random r.m.s. field implies expansion, which is inconsistent with the f-mode data!  So we have strong evidence favoring a radial random r.m.s. field.

21) This brings us to the last part of the radius argument – the behavior of the field in the outermost 4-5 Mm, which lie above the f-mode band.  This is the region in which one expects the largest change in the sun’s radius because of the rapid decline of the gas pressure and because the thermal structure is most susceptible to field induced changes in convective transport efficiency.

22) To treat this region, can use the information in the ’s from the f-modes, but the p-mode spectrum is 10x richer and the spherically symmetric part of the ’s contains the same information, but with greater precision.

23) Can again used our modified form of the field to derive a relation between the frequency change (p) and the field and temperature?

24) A suitably chosen radial random r.m.s. field can match the observed changes in the ’s, provided the field is increasing inwards.  Looking at the form of Goldreich et al. in which the near surface field is constant then grows and then saturates going inwards, we find a field about a ¼ of that required for an isotropic random field.  As well, we can match the ’s with a thermal perturbation that is too large at the photosphere, but cannot be excluded at the 10 level in the subphotospheric layers.  Such a temperature perturbation could be a significant contributor to increasing oscillation frequencies with increasing solar activity.  Further, Bruggen and Spruit argue that an increasing magnetic field would induce a lower subsurface temperature, thereby reducing the requirements on the increase of the magnetic field in the subsurface layers to match the frequency increase.  In the same vein, increasing activity would suppress the local flows, thereby reducing the turbulent pressure, which also leads to higher oscillation frequencies.

25) Omit

26) Omit

27) A growing, radial random r.m.s. field can match the mean observational constraint of Lin and Rimmele combined with MDI magnetograms from different years. As argued by Kuhn from these data, the r.m.s photospheric field increases to about 50 G from low activity to high activity.  Further, a radial random field requires a smaller subsurface field at saturation.  Depending on the relative roles of the evolution of the temperature and turbulent pressure, the required field increase going to solar maximum may well be even weaker.  In either case, the overall radius change is negligible in terms of irradiance changes.

28) In summary for the radius, f-mode frequency changes imply a isotropic random mean field is precluded beneath the f-mode radius.  Thus, in terms of the frequency changes, a radial random r.m.s. field is the most economical one to account for the f-mode frequency changes.  It would be hard to argue for the sudden appearance of an isotropic field above when the buoyancy requirements want to make the field radial.  Furthermore, for a radial field the splitting kernels for the k>0’s are much larger than those for the isotropic k=0’s.  This is consistent with the anisotropic ’s being much larger than the isotropic ’s (0).  Whereas, this inequity is not present for an isotropic field that has an angular dependence.

29) Omit

30) Omit

31) Armed with this experience, can we say whether the sun is hotter or cooler at activity maximum.  It seems that the required changes in the turbulent flow are too large to account for the frequency changes.  Turbulent pressure accounts for about 300 km of the radius, Nordlund.  Now we are talking about changes in radius that are two orders of magnitude smaller than the radius changes reported by Emilio et al.  So the change in turbulent pressure would seem to be a 1% or so, which is about an order of magnitude too small to account for the near-surface contribution to the frequency change.  This allows us to limit the causal perturbation to some combination of the magnetic field and temperature.  For this case, we can apply the condition of mechanical equilibrium to pose the problem either for temperature or field change.  Matters are significantly more complicated for spherical equilibrium for which we must go through the condition of thermal equilibrium.

32) Assuming a general, small-scale random, aspherical magnetic field, we can connect the temperature perturbation to the field change.  For k=0, is with respect to spherical sun, and we cannot eliminate the temperature dependence in relating the field perturbation and the spherical near surface perturbation.

33) For k>0, we can eliminate the temperature dependence.  By inspecting the kernels for k>0, we can see that a radial field increase in the outer layers will lead to a frequency increase, while an increase of the horizontal field is very likely to lead to have the opposite effect.  Again the most economical change results from a radial random field.

34) So is the sun hotter at activity maximum?  Calculated with a simple model of an inwardly growing radial field starting at the photosphere and growing inward until it saturates at some depth Db that is taken to be a free parameter.  Straight lines in the figure are for constant ’s, i.e. frequency independent.  There is a clear minimum in , especially for k=0.  For that saturation depth, T/T is negative!  But the result is so close to where T/T changes sign that the result must be regarded as inconclusive.

35) Beyond trying other simple forms of the field.  Since there is a much sharper minimum in  for k=0, we will treat the condition of mechanical equilibrium.  We will make a more thorough analysis of the MDI and GONG seismic data to obtain a richer spectrum of ’s, and obtain them for more years.  A Legendre decomposition of the ’s from the MDI data and the disk photometer agree – coefficient by coefficient.  This is even true for k=0, which will enable us to link luminosity and irradiance.  The Disk Photometer data are in three colors, and so this will also allow us to try three color photometry.  With these data, we reproduce Kuhn’s temperature bands, but since we have superior information about limb darkening (the photometer allows more than the detection of just the limb), it should be easier to disentangle the various contributions to the signal.  Finally, the formalism are valid for detecting a buried field, and so we will, at least, place a limit on such a field, like at the base of the convection zone.

