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ABSTRACT

We show in this Letter that the changes of the solar diameter in response to variations of large-scale magnetic
fields and turbulence are not homologous. For the best current model, the variation at the photospheric level is
over 1000 times larger than the variation at a depth of 5 Mm, which is about the level at famiotie solar
oscillations determine diameter variations. This model is supported by observations that indicate larger diameter
changes for high-degrdemodes than for low-degrefemodes, since the energy of the former is concentrated at
shallower layers than the latter.

Subject headings: Sun: fundamental parameters — Sun: helioseismology — Sun: magnetic fields

1. INTRODUCTION how large the changesfmmodes are, and those changes happen
to be very small. As a result, the radius-change measurements

The question of whether the solar diameter changes on time-are not always very precise, as can be seen from the results
scales of years to centuries is very controversial. A recent papeShown below. . ) o )
(Thuillier et al. 2005b) presents a detailed summary of the issue.  Consequently, even in the case of radius determination using
In essence, different measurement and analysis techniques, andmode oscillations, there does not seem to be consensus yet
sometimes even identical instruments and similar analysis@s to the exact amount by which the radius changes. The results
methods, yield incompatible results. It is not presumptuous to obtained so far (Dziembowski et al. 1998, 2000, 2001; Antia
infer that the cause of this controversy is that for the majority et al. 2000, 2001; Antia & Basu 2004) are not in agreement
of the techniques, the results are at the borderline of the senWith each other. Dziembowski et al. (1998), using Michelson
sitivity of the technique. Doppler Imager (MDI) data, found that the solar radius reached

The major exception to the above statement is the techniquea minimum around the minimum activity period in 1996 and
of helioseismology, particularly thémodes of oscillation. ~ was larger, by about 5 km, 6 months before and after the
Schou et al. (1997) and Antia (1998) have demonstrated thatminimum. However, later results, using longer time intervals,
the frequencies of-modes can be used to estimate the solar did not find any systematic changes (Dziembowski et al. 2000).
radius. Since these frequencies have been measured with &n the other hand, Antia et al. (2000) using Global Oscillation
precision of one part i10° , one can expect to determine the Network Group (GONG) data found that the solar radius de-
solar radius to similar precision. Changes in fhmode fre-  creased by about 5 km between 1995 and 1998, and this var-
quencies have been used to determine changes in the soldation appeared to be correlated (but in antiphase) with the
radius (see, e.g., Dziembowski et al. 1998, Antia et al. 2000, level of solar activity. Subsequently, Antia et al. (2001), using
etc.). The radius changes are estimated assuming that the fraddoth GONG and MDI data, put an upper limit of 1 km yr
tional change in radius is uniform in the range of sensitivity for the change in solar radius. Meanwhile, in a related paper,
of the method. The radius change determinedf-byodes is Dziembowski et al. (2001) claimed a solar radius decrease as
the change at the radius where thmodes are concentrated. a rate of 1.5 km yr* during 1996-2000. Antia et al. (2001)
One way of quantifying the depth at which tlwenodes are made some sense of all these discrepant results by showing
sensitive is to look at the depth at which the energy offthe that the variation irf-mode frequencies could be divided into
modes is concentrated. This is shown in Figure 1, where weat least two components: one oscillatory, with a period of
plot the density forf-modes of several degrees. The range of 1 yr, and a second, nonoscillatory, and probably correlated with
degrees on the plot reflects the range of availdémede fre- solar activity. They argued that the oscillatory component is
guencies. We see that for the lowest degree mode in the figuremost likely an artifact introduced by the orbital period of the
(I = 140, the peak of the energy is at about 6.3 Mm (where Earth. They also showed that most of the discrepancy between
temperatureT is about 41,000 K), and for the highest degree different results could be explained by using data sets that cover
(I = 300itis at 3.3 Mm [ = 24,000K). There are, of course, different time periods and by the failure to remove the oscil-
other criteria by which one can determine radius (see, e.g., Coxlatory component. Upon performing those corrections, all the
1980; Unno et al. 1989). However, here we show the energy different investigations appear to indicate that the solar radius
density because that is the criterion used by various authorsdecreases with increasing solar activity.
when discussing their radius-change results. In any event, the |namore recent investigation Antia & Basu (2004) examined
different methods do not significantly alter the conclusions of the changes ifrmode frequencies using 8 years of MDI data.
this Letter. It should be noted that although famodes have  They obtained an upper limit of about 1 km~yrfor radius
a precision of one part i10° or so, the changes in radius changes during the entire solar cycle. It is to be noted, however,
cannot be determined with this precision since that depends onthat even this result is not very clear-cut, since different degree

ranges off-modes implied different radius changes. When the
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TABLE 1
SOLAR VARIABILITY MODELS

Depth AB P, /P PJ/P
Model (Mm) (kG) (%) (%)

1. 4.45 4.2 0.66 0
2. 2.43 1.7 11 0
100 3. 0.38 0.15 0.67 0
4...... 2.33 038 1.2 16

figuration was Gaussian. Guided by the observatignwiode
oscillations, we were led to the inclusion of turbulence (Li et
al. 2003). In this case, the properties of the turbulence were
derived from numerical simulations of the outer region of the
solar convective envelope (Robinson et al. 2003), and the mag-
netic field distribution was dictated by a feedback process be-
tween turbulence and magnetic field.

Although the specific details of the calculations reported here
are contained in Li et al. (2003), we present in this Letter the
results of the calculations that are relevant to the radius problem
and not contained in that paper. The bottom panel of Fig-
Fic. 1.—Kinetic energy density of differerftmodes. The curves are nor- ure 2 shows the difference in magnetic energy per unit mass

malized by the total kinetic energy density in each mode. The eigenfunction (Xm = B%8mp) betwe.en.the years 2000 f’ind 1996 for all cases
used to calculate the energy density were those of the standard solar modeWhere only magnetic fields are taken into account. The top

50

Depth (Mm)

of Basu et al. (2000). panel of the figure shows the ratio between the radius change
as a function of radius to the radius change at 5 Mm.
| <140 no observable change was obtainédR(= 0.13 + Figure 3 is similar to Figure 2, but for the case in which

0.20 km yr%). Antia & Basu (2004) suggested that the dif- turbulence (modulated by the magnetic field) is included. The
ference in the results yielded by the different degree rangesbottom panel shows the difference in turbulegt £ 3(v")*
indicated that the evidence for radius change was not conclu-wherev" is the magnitude of the turbulent velocity] plus mag-
sive. In this Letter we present an alternative interpretation of netic (x,,) energy per unit mass between the years 2000 and
these observations, i.e., that the Sun does not expand or contradt996 & = x., + x.), and the top panel shows the ratio between
homologously with a change in solar activity.

2. MODEL CALCULATIONS t Model 2

We construct models to calculate the change in solar radius 1000 ¢
with change in solar activity. The numerical code that we use ¢ ;
to compute the structure and evolution of the solar model is 2
an outgrowth of the Yale Rotating Evolution Code (YREC,; %
Winnick et al. 2002) into which the effects of magnetic fields ~ - g ]
and turbulence have been included. The starting values of the % 10 E Model 1 -
basic solar parameters af@, = 6.9598x 10" cm and T = E
L, = 3.8515x 10* ergs s*. These particular choices have [ ~ ..
negligible effects on the results. The version of the code used 1F
in these calculations is one-dimensional. The inclusion of mag- 1 01 0
netic fields considers their contribution to pressure and internal E /
energy and their modification of energy transfer, primarily con- 1 O9 [
vection. The dynamical effects modify turbulent pressure and £,
energy transport. The detailed formulation of the modifications > 1 O8
to YREC is based on the approach first presented by Lydon &
Sofia (1995) and subsequently expanded by Li & Sofia (2001)
and Li et al. (2002, 2003).

Because the location, magnitude, and temporal behavior of
the internal field are not known, we made two general as- ;
sumptions: (1) the magnitude of the magnetic field would be 105 .
that required to cause a luminosity change of 0.1% over the
cycle and (2) the temporal behavior assumed is sinusoidal, and 0 2 4 6 8
it mimics the shape of the activity cycle determined, for ex- Depth (Mm)

ample, by the averaged sunspot number. We computed four
P y 9 P P Fic. 2.—Bottom: Magnetic energy density for modelsblid line), 2 (dotted

C@SGS (“Sted in Table 1)' th.ree with Only m_agr]etlc fields at line), and 3 (lashed line). The model properties are listed in Table Thp:
different depths, and one with both magnetic fields _and tUr- The ratio between radius change as a function of depth below the photosphere
bulence. For the cases with only magnetic fields, the field con- and radius change at 5 Mm for models 1-3.

100 é_\\ModeI 3 _

\

1996

7

\BLLL e a gl SRR

Q
[=]
[e]
N
>

o
(o2}
J




No. 2, 2005 NONHOMOLOGOUS NATURE OF SOLAR DIAMETER VARIATIONS L149

. . . . In all cases, the radius variation at the solar surface (which
] is measured by any limb-observing instrument, such as the

Solar Disk Sextant [Sofia et al. 1994], aRUCARD [Thuillier

et al. 2005a]), can be hundreds of times larger than the radius

variation inferred byf-mode oscillations, which represents

changes at several megameters.

To determine the depth of the level of the “diameter” pro-
vided by thef-mode oscillations, we refer to Figure 1, which
represents the kinetic energy of the modes of diffekent -values
(abscissa in arbitrary units). We can see that for higher -values,
1E 3 the peak energy occurs at shallower layers than for Idwer -

10¢ t t ; ] modes. It would appear that 5 Mm is a good number to rep-
1077 F 7 resent the depth of the layer given Bynode oscillations of

1000 &

100

—AR/IAR,,, |

10

9 f all degrees observed. Thus, the top panels of Figures 2 and 3
10 give the magnification factor between radius changes deter-
108 b mined fromf-mode oscillations, and the radius changes that

can be expected at the photospheric level and thus observed
by all limb-observing instruments.

BecauseAR increases in the shallower layers, the high -
modes, which peak in shallower layers, should show a larger
radius change than the low -modes, which peak at deeper
layers. We believe that this is precisely what the results obtained
by Antia & Basu (2004) imply.

107 |

X1996 — X2000
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10°t . .

0 2 4 6 8
Depth (Mm)

Fic. 3.—Bottom: Magnetic plus turbulent energy density for model 4, where L
turbulence is modulated by the magnetic field. Note that the increase in mag- YV€ have shown that the model of variability of the solar

netic field density between 1996 and 2000 is more than offset by the decreaseinterior that obeys all observational constraints (global param-
in turbulent energy density, so that the total energy density decreases witheters andp-mode and-mode oscillations) produces variations
increasing level of activityTop: The ratio between radius change as a function of the solar radius that increase by a factor of approximately
of depth below the photosphere and radius change at 5 Mm for model 4. Note 1000 f d hof 5 M h | £ Thi del
that the radius decreases with increasing solar activity. : rom a depth o m _tO the solar surtace. g 'S. mode
includes the effects of a variable dynamo magnetic field and
of a field-modulated turbulence, and it explains features of the
&-mode oscillations in different degree ranges that were pre-
viously not understood.

S On the basis of the above argument, we conclude that the
results fromf-mode oscillations that the solar radius only

3. SUMMARY AND CONCLUSIONS

the radius change as a function of radius to the radius chang
at 5 Mm.

From Figure 2 we note that in all cases the radius increase
with increasing solar activity. This is to be expected since all

the contribution of the magnetic field to pressure and internal changes by about 1 km yrdo not preclude the less-sensitive

energy 1S ?OEltlveaand cons?quently, r']t CaE only lead tof ar? efforts to measure variations of the solar radius at the photo-
increase of the radius. We also note that the increase of thegyhere py limb observations, since the latter are likely to be
radius is monotonic toward the surface. This is because theq, ch larger than the former. Limb observations are made by
increase at a given radius is made up of the sum of the increasg, number of ground-based instruments, and from above the

at all levels below it. Finally, we note that the expansion, which atmosphere by the Solar Disk Sextant (SDS) balloon-borne
only increases in the m_agnetic region, is accglerated tOVVardexperiment (Sofia et al. 1994), and will be made starting in
the shallower layers. This can be understood since, for a givenygog by theP| CARD microsatellite (Thuillier et al. 2005a). In
value of the magnetic field, the ratio of magnetic to total pres- o rma| equilibrium the space-based instruments have a theo-
sure increases with increasing radius, and so does th€egtica| precision of about 1 mas (about 1 kR)CARD should
expansion. . _ easily reach such a precision. Balloon-based observations, how-
Figure 3 represents the case that, according to Li etal. (2003).¢,/6r " cannot reach this precision because the short duration of

meets all the observational requirements imposed by helio-yhe flights prevents the instrument from reaching thermal equi-
seismology. In particular, it produces the correct cycle-related jinjym The current SDS results have reached a precision of
variations of thep-mode oscillations, it does not alter the depth. the order-+ 0705 (Egidi et al. 2005).

of the convection zone, and it produces diameter changes in
opposite phase of the activity cycle. In this case, the magnetic

field slows down turbulent flows so that the increase of mag- This work was supported in part by NSF grants ATM 02-
netic pressure when the magnetic field grows is overcompen-06130 and ATM 03-48837 to S. B.; S. S. and P. D. were
sated by the corresponding decrease in turbulent pressure. supported in part by NASA grant NAG5-13299.
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