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ABSTRACT 

It is now possible to detect small variations with time 
of the characteristics of the transition at the bot- 
tom of the solar convection zone, as determined from 
the periodic signal in the frequencies. Such measure- 
ments may allow us to establish whether and in what 
manner the deeper convection zone changes with the 
solar magnetic cycle. This is important for under- 
standing the dynamics at the base of the convection 
zone and the origin of the solar cycle. It will also help 
in understanding the physics of convective overshoot, 
its interaction with rotation and magnetic fields, and 
the effects on the stratification. In this work we inves- 
tigate the detectability of small changes in the strat- 
ification at the base of the convection zone, and at- 
tempt to constrain the amplitude of the changes from 
currently available seismic data. 

models (e.g. van Ballegooijen 1982, Riidiger & Bran- 
denburg 1995) the solar dynamo can be placed in the 
overshoot layer where the magnetic field is stored and 
released in a cyclic manner. In this scenario it is to be 
expected that the solar dynamo has a measurable ef- 
fect on the stratification of the overshoot layer. This 
connection is what we are here attempting to identify 
in changes of the frequencies of oscillation with time. 

We note that the properties of the periodic signal 
isolated in the frequencies are mainly a measure of 
the stratification. However, the magnetic field can 
also contribute to the signal in the frequencies since it 
may have an important contribution to the sharpness 
of the transition at the base of the convection zone 
as felt by the modes of oscillation. 
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1. INTRODUCTION 

Here we describe briefly the method used and con- 
sider the application to available solar data for the 
last 11 years. A sketch of the base of the solar convec- 
tive envelope is presented incorporating the available 
constraints from the seismic study of this region (e.g. 
Christensen-Dalsgaard et al. 1995) and the more re- 
cent models of overshoot (e.g. Canuto 1997). This 
provides a scenario for the changes with the solar cy- 
cle that we may expect to occur in this region of the 
Sun. 

Seismic data have given us the possibility of prob- 
ing small details of the internal structure of the Sun. 
One example of such an analysis is the measurement 
of the properties of the transition layer at the base 
of the solar convective envelope. By isolating in the 
frequencies a small perturbation introduced by the 
sharpness of the transition from radiative transport 
of energy to convection, it has been possible to in- 
vestigate the properties of the overshoot layer (e.g. 
Monteiro et al. 1994, Basu et al. 1994, Roxburgh & 
Vorontsov 1994, Christensen-Dalsgaard et al. 1995, 
Basu & Antia 1997). 

2. MAGNETIC ACTIVITY AND THE BASE OF 
THE CONVECTION ZONE 

Here, we propose to extend this study in order to 
measure possible changes of the transition layer, due 
to the solar magnetic activity. As proposed by some 

Current models that place the solar dynamo in the 
overshoot layer propose that magnetic field is stored 
in the layer where the convective flux is negative (e.g. 
Moreno Insertis et al. 1992, Riidiger & Brandenburg 
1995). This section of the overshoot layer corre- 
sponds to Ct in Figure 1. The expected extent of 
the overshoot layer in this models is of the order of a 
fraction of the local pressure scale heigh (Hp). Some 
of the helioseismically measured values give an upper 
limit below O.lHp (e.g. Christensen-Dalsgaard et al. 
1995, Basu & Antia 1997). These indicate, as we 
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have suggested before (Christensen-Dalsgaard et al. 
1995), that the adiabatically stratified section of the 
overshoot layer (& in Figure 1) is only a fraction of 
the total extension of the transition layer &=&+C, 
(see also Canuto 1997). It follows, as is sometimes 
ignored, that eov may be significantly larger than the 
seismologically measured value of e,. 

Radiative Overshoot 
interior region 

Convective 
envelope 

Figure 1. Sketch of the base of the convection zone. At 
the top we show the behaviour of the temperature gradient 
in a region containing the point T, where the superadia- 
batic gradient goes to zero (Schwarzschild boundary), and 
extending beyond rb where the velocity goes also to zero 
(full radiative equilibrium is attained). Also shown is the 
behaviour of the convective (FC) and radiative (Fr) fluxes 
relative to the total flux (Ft). Between rb and T, there 
is To corresponding to the point where the convective flux 
changes sign. 

If, as predicted, the magnetic field is stored in the 
overshoot layer, then during the minimum of the ac- 
tivity cycle we may expect that the interaction of 
the magnetic field and convection will lead to an in- 
creasingly sharp transition as the storage of the field 
proceeds. The accumulated flux below Td will be felt 
by the modes of oscillation as an extension of the 
adiabatic section of the overshoot layer, and so being 
equivalent to an effective decrease in the value of Td 

(corresponding to increase e,). Kuhn (these proceed- 
ings) argues that the effect of the storage of magnetic 
field is mainly due to an increase of entropy. It is pro- 
posed that the convection zone extends more deeply 
due to heating of the region where magnetic field ac- 
cumulates; this is consistent with the behaviour of V 
proposed above. According to this the main effect 
of the magnetic field at the base of the convection 
zone is a change of the temperature, and so of the 
local acoustic sound speed. Such an effect would be 
detectable with our method, since the signal we are 
considering is predominantly sensitive to the thermal 
stratification at this transition region. 

Eventually, when the magnetic field is released the 
sharpness will decrease as the base of the convection 

zone relaxes to the configuration without magnetic 
field. Such a stratification is expected to correspond 
to a larger overshoot layer, but whose gradient fol- 
lows more closely the radiative value. Because our 
method essentially only measures e, (including any 
possible indirect contribution from a magnetic field) 
we may expect to see an increase in the amplitude 
of the signal in the frequencies before the beginning 
of a new activity cycle, while the amplitude will de- 
crease as the Sun approaches the maximum of surface 
activity. From these arguments we expect that the 
behaviour of the amplitude of the signal will be sim- 
ilar to the activity curve (like the observed monthly 
number of spots show in Figure 2), but out of phase. 
Its maximum should be reached before the sharp rise 
of the spot number at the beginning of a new cycle. 

1966 1966 1990 1992 1994 1996 

Time (in years) 

Figure 2. Solar cycle: monthly sunspot numbers for the 
period 1986 up to now. Data from the Sunspot Index Data 
Center, Royal Observatory of Belgium. 

3. CHANGES IN THE ACTUAL FREQUENCIES 

The actual frequencies are known to change with 
time (e.g. Woodard et al. 1991, Gough & Stark 
1993, Elsworth et al. 1994, Jimenez-Reyes et al. 1998; 
see also Kuhn - these proceedings, and references 
therein). Such changes are mainly attributed to sur- 
face effects. That is particular true for high-degree 
high-frequency modes which are more strongly af- 
fected by the near-surface activity phenomena. 

However, in their recent work, Jimenez-Reyes et al. 
(1998) analyze variations of frequency shifts for so- 
lar cycle 1984-1995. It is argued that a different be- 
haviour is found for different mode degrees, which 
may indicate that the p-mode frequency shifts may 
be affected by changes taking place in the interior. 
The different behaviour of the shifts at the ascend- 
ing and descending part of the cycle is compatible 
with a change that slowly progresses outwards dur- 
ing the ascending part of the cycle. Such a scenario is 
consistent with the sketch of the base of the convec- 
tion zone proposed here and its behaviour at different 
phases of the solar cycle. To complement the anal- 
ysis presented here, further analysis is necessary of 
the change in the frequencies that are most sensitive 
to the base of the convection zone. 



497 

4. PERIODIC SIGNAL IN THE SOLAR 
FREQUENCIES 

As shown by Christensen-Dalsgaard et al. (1995) the 
signal due to the base of the convection zone has a 
period associated with the acoustic depth r (with 
dr=-dr/c, c is the sound speed and T the radius) of 
the base of the convection zone and an amplitude that 
depends on the stratification of the transition layer. 
The expression for the expected signal in the frequen- 
cies w,l (note that the cyclic frequency u,l=w,l/27r, 
where n is the mode order and 1 the degree) is, to 
first order, given by 

6W = A,,1 COS 2‘d?d - Td !@ + 24~~1 , (1) 

Au.1 = (l-42 
1-213 J& (g)4+a; (3 (2) 

where 

s 

Rdr 
?,j = and rd = 

RC 

Pd s rd 

-p dr+a, .(4) 

The two constants (a@, aY) are corrections due to 
surface effects (see Monteiro et al. 1994 for details), 
while R is the radius of the Sun and Td the radial 
location of the base of the convection zone. This ex- 
pression is fitted to the data (see Monteiro et al. 1994) 
to determine the quantities (ai, as, Fd, Td, ~$0, Ad). In 
calculating the results presented here we have used 

the reference values 1”=20 and w/2~=2500pHz. In 
order to compare the values of the amplitude we use 

ain its value at a specified frequency (in this case 
, by defining 

(5) 

The value of Ad is related to the sharpness of the 
transition, while ?d measures the acoustic depth of 
the base of the envelope. Note that Fd gives the depth 
plus a value a$ which corresponds to the contribution 
from the surface layers where the modes are reflected. 

We apply our analysis to all available solar data that 
have the required precision. In order to use only 
modes that cross the base of the convection zone we 
must restrict our set of frequencies to modes with 
degree 1120. Also, it is necessary to remove the 
lowest-frequency modes, since they show a large sig- 
nal from the helium ionization region near the sur- 
face (e.g. Monteiro & Thompson 1998). The ampli- 
tude of the signal we are measuring is below O.lpHz; 
therefore, we also remove any values whose quoted 
observational errors are above this value. These con- 
ditions leave for each typical set of frequencies about 
two hundred modes. The sources of the data whose 
results are presented here are shown in Table 1. 

The results of the analysis for the different sets of 
data are shown in Figures 3 and 4. We only consider 
here the analysis of the two most important param- 
eters (and the ones least sensitive to the errors): the 
acoustic depth ?d and the amplitude Ad. The error 

Table 1. Data sets used for isolating the signal in the jre- 
quencies. The origin and period to which the observations 
correspond are indicated. BBS0 - Big Bear Solar Obser- 
vatory (Libbrecht et al. 1990); LOWL - Tomczyk et al. 
(1995); GONG - Global Oscillations Network Group (e.g. 
Harvey et al. 1996); and SOHO’s MDI data - kindly pro- 
vided by J. Schou (Schou 1998). 

ID Period (year) Source 

1 86.23 - 86.59 BBS0 
2 88.27 - 86.71 BBS0 
3 94.16 - 95.15 LOWL 
4 95.15 - 96.15 LOWL 
5 95.79 - 96.20 GONG 
6 96.35 - 96.55 SOI/MDI 
7 96.55 - 96.75 SOI/MDI 
8 96.75 - 96.95 SOI/MDI 
9 96.95 - 97.14 SOI/MDI 
10 97.14 - 97.34 SOI/MDI 

bars in these figures have been calculated from Monte 
Carlo simulations, based on the lo quoted observa- 
tional errors. 

Because the observations available at the moment 
with the required precision do not cover the last so- 
lar activity cycle we are unable to say anything about 
the behaviour between years 1989 and 1993l. There 
are observations of low-degree modes for that period. 
However, using just such modes makes the isolation 
of the signal in the frequencies much more difficult. 
From about two hundred modes we are reduced to 
a few tens and all degree-dependent information is 
lost. As a result, we are unable to determine the 
parameters of the transition layer with the required 
accuracy. That makes it difficult for us to use only 
such low-degree data in this analysis and so we have 
chosen not to do so here. 

5. DISCUSSION 

By isolating the signal in the frequencies due to the 
base of the convection zone, we have shown that small 
changes may be detected and dynamo models tested. 
From the currently available data there is an indi- 
cation that, as predicted by some dynamo models, 
storage of magnetic field in the overshoot layer is tak- 
ing place and that we can measure such an effect by 
looking at the modes of oscillation. However, the ab- 
sence from our study of data for the period 1989-93 
makes it unclear whether the amplitude showed the 
expected decrease during those years, although the 
measured values (Figure 3) hint at this. Data for the 
missing period or seismic data for the new cycle are 
required before a firm conclusion can be drawn from 
the observations. 

The measured period of the signal in the frequen- 
cies (Figure 4) gives an indication of the location of 

‘There are data from South Pole (Jefferies & Harvey 1995) 
for this period which are being reprocessed. We hope to be 
able to include them in a forthcoming paper. 
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Figure 3. Amplitude of the signal in the frequencies for 
different sets of observations. The horizontal bar indi- 
cates the period over which the data were collected. The 
numbers indicate the different sources as listed in Table 1. 

the base of the convective envelope. As discussed in 
Christensen-Dalsgaard et al. (1995) this method pro- 
vides a measurement of rd (see Figure 1) and not rb. 
The observations seem to indicate that there is also 
a variation of a few tens of seconds in acoustic depth. 
This could be an indication of the dimension of this 
layer, where magnetic flux tubes are stored before 
being lost. This corresponds to the region where the 
local sound speed changes due to the entropy vari- 
ations associated with the storage of the magnetic 
field. We note, however, that ?d also includes the 
contribution from a-, due to the surface layers of the 
Sun, which do change with the magnetic activity as 
the modes are affected by the magnetic field at the 
surface (e.g. Woodard et al. 1991). A separation be- 
tween these two contributions has to be done before 
further conclusions are possible about the size of the 
magnetic field storage layer. 
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