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Abstract The equator-to-pole radius difference (Ar = Req — Rp1) is a fundamental property
of our star, and understanding it will enrich future solar and stellar dynamical models. The
solar oblateness (Ag) corresponds to the excess ratio of the equatorial solar radius (Rq) to
the polar radius (Ry1), Which is of great interest for those working in relativity and different
areas of solar physics. Ar is known to be a rather small quantity, where a positive value of
about 8 milli-arcseconds (mas) is suggested by previous measurements and predictions. The
Picard space mission aimed to measure Ar with a precision better than 0.5 mas. The Solar
Diameter Imager and Surface Mapper (SODISM) onboard Picard was a Ritchey—Chrétien
telescope that took images of the Sun at several wavelengths. The SODISM measurements
of the solar shape were obtained during special roll maneuvers of the spacecraft by 30°
steps. They have produced precise determinations of the solar oblateness at 782.2 nm. After
correcting measurements for optical distortion and for instrument temperature trend, we
found a solar equator-to-pole radius difference at 782.2 nm of 7.9 0.3 mas (5.7 £ 0.2 km)
at one o. This measurement has been repeated several times during the first year of the
space-borne observations, and we have not observed any correlation between oblateness
and total solar irradiance variations.
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1. Introduction

The rotation of the Sun leads to a flattening of the polar regions. It is believed that the solar
oblateness (Ag = (Req — Rpo1)/Rpor) results from the internal rotation of the Sun and from
its mass distribution. The physical interest in the asphericity is described in e.g. Roxburgh
(2001) or Fivian et al. (2008). If the solar surface deformation provides an indirect infor-
mation on the inner rotation profile and on the distribution of matter, it could also provide
information on the internal magnetic field (Duez, Mathis, and Turck-Chiéze, 2010) or on
the Earth—Sun relationship, which means that the magnitude of the solar oblateness remains
an important observable for constraining models of the solar interior and predictions of its
variability. It also places constraints on general relativity.

The interest in this knowledge began in the nineteenth century, when Urbain Le Verrier
showed that there is a slow precession of Mercury’s orbit, i.e. its perihelion rotates around
the Sun at about 574 arcseconds per century (Le Verrier, 1859). According to Newton’s the-
ory, this value should be 531 arcseconds, i.e. there is a difference of 43 arcseconds between
observation and theory. Mercury has a highly elliptical orbit. If the Sun and Mercury were
the only objects in the Universe, Mercury’s perihelion would remain at the same place at
each revolution, but because of the gravitational disturbance between the planets, this is not
the case. At each revolution, Mercury’s orbit drifts by a few arcseconds. To explain the dif-
ferent results of the calculations of Newton’s theory and the observations made by Urbain
Le Verrier, astronomers of that era even tried imagining the existence of a planet (Vulcan)
between Mercury and the Sun. Finally, Albert Einstein calculated the correction that the
general relativity (Einstein, 1916) brings to Newton’s theory and justified the 43 arcseconds
difference. But the calculation did not take into account the shape of the Sun.

The main reasons are that the oblateness is difficult to measure because its value is very
low and because it can be perturbed by the surface magnetic activity, i.e. by sunspots and
faculae (Fivian et al., 2008). Based on measurements collected from various instruments
over the past 140 years (Rozelot and Damiani, 2011; Damiani et al., 2011), the measured
solar equator-to-pole radius difference (Ar = Req — Rpo1) has generally become smaller over
time from 500 mas in 1870 (Poor, 1905) to 7.2 mas in 2012 (Kuhn ef al., 2012), mainly due
to the instrument precision and data processing. Solar oblateness became of interest some
decades ago when it was invoked to challenge the standard Einsteinian general relativity
(Brans and Dicke, 1961; Dicke and Goldenberg, 1967). As of today, there are few measure-
ments from space, which are very important, however, because they seem to achieve the
required sensitivity in measuring the solar oblateness. Investigating solar oblateness issues
(in value and trend) remains a worthwhile task (Rozelot and Fazel, 2013).

The Picard spacecraft was launched in June 2010 and was dedicated to studying the Sun.
The Solar Diameter Imager and Surface Mapper (SODISM), a Ritchey—Chrétien telescope
onboard Picard (Meftah et al., 2014a), provided full-disk images of the Sun in five narrow-
wavelength passbands (centered at 215.0, 393.37, 535.7, 607.1, and 782.2 nm). Measure-
ment of the solar asphericity at several wavelengths was achievable with this instrument.
However, its precise value required specific modes in the operations to reach an accuracy
that allows us to check the different terms of the solar asphericity. The spacecraft maneuver
was essential to determining the solar shape in order to remove the effect of instrument op-
tical aberrations. During Picard’s measurement campaigns, the whole spacecraft revolved
around the Picard—Sun axis. The first roll maneuver completed on September 2010 was
made at 12 positions spaced at 30° roll steps, and we have taken 10 images per wavelength
and per step. Such campaigns occurred several times, as shown in this article. Then the pro-
cedure was improved, and in May 2011, we achieved each roll step of Picard within an orbit
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Figure 1 Temporal evolution of the solar limb FWHM at 782.2 nm measured by SODISM (red circles)
during the solar oblateness measurement campaigns. Measurement campaigns at 782.2 nm are indicated by
pink diamonds.

with ~ 58 images at 782.2 nm for the same angular position of the spacecraft. Space is a
harsh environment for optics, with many physical interactions leading to potentially severe
degradation of the optical performance over time. The type of degradation that can affect
SODISM is the degradation of image quality due to a combination of solar irradiation and
instrumental contamination. The raw images have revealed some optical aberrations that
blur the images (Meftah et al., 2014a) increasingly with time (see Figure 1).

The SODISM point spread function (PSF) and its effects on the solar limb have been
studied for different optical configurations, wherein the instrument is diffraction-limited.
Thermal gradients in the front window result in a significant evolution of the full width at
half maximum (FWHM) of the solar limb’s first derivative. At 782.2 nm, the effect is weaker,
therefore we focused on this wavelength. However, during each measurement campaign, the
degradation of the instrument can be treated as constant. The spacecraft has to complete a
roll within an orbit, so there was not enough time to take images at the other wavelengths.
Indeed, an image is taken every two minutes to respect the telemetry budget. In addition, the
solar radius measurement systematically varies in time and displays a modulation in phase
with the orbit, which depends on the wavelength (see Figure 4). The solar radius measured
by SODISM is correlated with the front window temperature. This led us to focus on a
modification of the solar oblateness procedure (increase the number of measurements and
using a single wavelength).

In this article, we report on the solar oblateness measurements of SODISM at 782.2 nm.
These measurements were carried out between 2010 and 2011. One of the questions raised
is how the solar oblateness changes with respect to the total solar irradiance.

2. Theoretical Solar Oblateness

The theoretical solar oblateness, Ag, has been found to be between 6.5 x 107® and 10.2 x
10~% (Rozelot, Godier, and Lefebvre, 2001). If only a rigid rotation in the radiative zone
and the differential rotation in the convective zone (Mecheri ef al., 2004) are considered, the
theoretical value of the solar oblateness is near 9.1 x 1075, In another study, this parameter
was found to be between 5.6 x 107¢ and 8.4 x 10~° (Fazel et al., 2008). If the rotation of the
core is also considered, the value exceeded 8.4 x 10~® (Paterno, Sofia, and di Mauro, 1996).
But some deformation coming from the internal magnetic field cannot be excluded, which,
depending on its topology, can have a positive or negative supplementary term. Moreover,
Gough’s (2012) discussion of recent measurements shows that the Sun appears to be closer
to spherical than current understanding predicts.
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Figure 2 During solar oblateness measurement campaigns, the Picard spacecraft revolves around the Pi-
card—Sun axis by steps of 30° from north to west (clockwise). Solar images are taken for each roll step of the
spacecraft.

It is clear that the solar oblateness is low, therefore it is difficult to measure precisely.
An accurate measurement will bring new information on some processes that are difficult
to obtain directly, such as the potential presence of magnetic field in the radiative zone,
some effects on the orbital motions of the planets, or their influence on the solar shape.
Moreover, the wavelength dependence of the solar oblateness is not yet obtained, only sparse
information with totally different approaches can be found in the literature.

3. Method for Determining the Solar Oblateness

We describe in this section the method used to estimate the solar equator-to-pole radius dif-
ference in the solar continuum. After analyzing the data acquired by the telescope, we iden-
tified six sequences of images at 782.2 nm taken during specific campaigns with a sufficient
level of quality to determine the solar oblateness in value and trend. The optical distortion
of SODISM solar images is a few orders of magnitude larger than what we would like to
extract. Therefore the solar oblateness is extracted from different sequences of images taken
at 782.2 nm during specific campaigns, whose times are indicated in Figure 1. In addition,
we have increased the number of images during the May 2011 campaign to improve the
statistics of the measurement and to reduce the error bar.

The solar oblateness measurement campaign allows determining and removing the effect
of distortion in images and temperature effects of the instrument. In this mode, the spacecraft
rotates around its axis directed at the Sun, taking 12 positions separated by 30° (Figure 2),
thus the polar and equatorial diameters of the Sun successively take the 12 orientations on
the charge-coupled device (CCD) image. The CCD detector array has 2048 x 2048 pixels of
13.5 um pitch. A solar oblateness measurement campaign took less than two days, therefore
the drift of the instrument parameters may be neglected. As shown in Figure 1, the evolution
of the solar limb at FWHM is slow and persistent, which justifies our hypothesis. This sec-
tion describes the method used to obtain the necessary parameters (solar radius, distortion,
and temperature correction) to determine the solar equator-to-pole radius difference in seven
steps.
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Figure 3 (Left) Measured solar radii R(; j) where the units of the color bar are in pixels. In this sample,
the roughly 900 images are distributed over 12 sections containing the images for each orientation angle.
(Right) Solar radii (black dots) vs. CCD angle in a polar coordinate system. Average limb position (cyan
dots) vs. CCD angle plotted in pixel units. Distortion curve obtained by fitting a sum of sines (the correlation
coefficient, R2, is 0.975).

Solar Radius Determination We define the solar radius of each image by the inflection
point position (IPP) of the solar-limb profiles taken at different angular positions of the
image (Ny). Solar limb profiles are obtained through creating a line associated with virtual
pixels that is oriented in the desired angular position. Each virtual pixel of the line is located
in an area of four physical pixels on the CCD. The intensity of the virtual pixel is calculated
using a bilinear interpolation of the four pixels. Then, the resolution of the line associated
with the virtual pixels is oversampled (using the Fourier transform). Thus, we obtain a solar
limb profile observed by the SODISM instrument at a given angular position. From this solar
limb profile, we can determine the best polynomial fit (of fifth order for this application) and
obtain its point of inflection. After computing 4 000 IPP according to the different angular
positions, we can obtain the best fit of the solar contour (ellipse) using the least-squares
method. From this method, we obtain a result with a resolution of sub-pixel level. Thus, we
can obtain the location of the center of the solar image. We repeat all the IPP calculation
until the center of the solar image is found at a precision better than 0.05 pixel (criterion
used in this analysis) after a few successive iterations. In summary, the IPP is obtained by
the passage through zero of the solar limb second derivative. The contour of all the IPP is
calculated independently for each of the N images. Then, we describe the series of solar
radii measured (R j)) by a N x Ny matrix (see Figure 3, left panel), where all the radii are
calculated in the Ny directions.

Mean Solar Radius Evolution A mean solar radius is obtained by averaging the calcu-
lated radii over all the azimuthal angles within one image. Thus, we can obtain the evolu-
tion of the mean measured solar radius over time (Figure 4). The bad radius measurements
are due to solar images recorded when the spacecraft crosses the South Atlantic Anomaly
(SAA). The SAA is the region where the Earth’s inner Van Allen radiation belt makes its
closest approach to the planet’s surface. The result is that for a given altitude, the radiation
intensity is higher over this region than elsewhere. The SODISM CCD camera is strongly
affected by the particles when the spacecraft crosses the SAA. The bad images, acquired
when the spacecraft crosses the SAA, are ignored.
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Figure 4 Evolution of the mean solar radius (green curve with stars for 535.7 nm and red curve with circles
for 782.2 nm measurements) during a solar oblateness campaign and effect of the SAA on SODISM images.
The images taken for each roll of the spacecraft are represented by the 12 black segments. These curves dis-
play a modulation in phase with the rotation during the roll, which depends on the wavelength. At 782.2 nm,
the effect is weaker, which minimizes the correction associated to the factor k( ) and focuses our interest on
this wavelength.

Image Distortion Definition The inferred average solar radius as a function of offset
angle with respect to the CCD indicates that the images of SODISM are significantly dis-
torted (Figure 3, right panel). The residual pattern (after subtracting the largely dominant
sphericity) reveals a triangular trefoil shape. The distortion curve is obtained from the mean
calculated solar radius along the same angle. After completing this operation, we fit a sum
of sines through the cloud of points. Finally, we verify the goodness of the fit (R? correlation
coefficient). Thereafter, we assume that the underlying solar profile is the same for all polar
angles on the solar disk (in contrast to Kuhn et al. 1998). Indeed, we calculate semidiameters
to better characterize the center of the solar image and to have more accurate results.

Data Correction After completing the first three steps, we correct our data using Equa-
tions (1) and (2) below optical distortion and thermal effects, which are reversible (i.e. cause
no degradation of the telescope) over short periods.

N Ny

(R = 5w, —— 3> Rouw (1)

m=1 n=1

and

Re jy = R + ( - ZRo n))

1 & 1<

+G x|\ Ty — ﬁn;Tom ko < | (R) =+ X_:R(m.i) ; @
where Rc ) is the corrected solar radius at one astronomical unit (1 AU), R ;) is the
calculated solar radius corrected at 1 AU after IPP determination, N is the number of images,
and Ny is the number of angles of the image. G is the temperature coefficient of the CCD,
and T is the CCD temperature. The temperature of the front window (T(;) during the
time where an image is obtained is linearly regressed to all the inferred radii in all directions

with respect to the CCD orientation, and k;y is the slope of the linear regression.
The CCD temperature changes during the measurements. It is necessary to correct for
this to take into account the evolution of the instrument plate scale (Meftah et al., 2014c).
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Figure 6 Coefficients, k), of the linear regression as a function of the image angle.

We calibrated the instrument plate scale (through the correction parameter G, see Figure 5,
left panel) as a function of the CCD temperature evolution (Figure 5, right panel). This
correction allows taking into account the thermal expansion of the CCD pixel size. However,
higher order terms can be neglected, such as cross terms depending on the factor G (the CCD
temperature does not vary by much, as seen in the right panel of Figure 5).

Another correction is associated with the relation between the SODISM front window
temperature (or mean solar radius) and the solar radii associated with an image. Indeed,
during the orbit, the SODISM mean solar radius measurement and the front window tem-
perature show the same behavior (Meftah et al., 2014a) as a result of the terrestrial atmo-
spheric radiation, which affects the observations (Irbah et al., 2012; Meftah et al., 2013). For
this reason, we determine the slope of the linear regression k(;, between the front window
temperature and the solar radii (Figure 6).

Change of Reference from the CCD to the Solar Frame The rotation of the spacecraft
is from north to west (clockwise). Equation (3) below describes the transformation of the
corrected solar radii from the CCD frame (Figure 7, left panel) to the solar fixed frame (right
panel) during the 12 positions taken by the spacecraft (Equation (4))

9(Sun)(,«,,-) = 9(1‘) + (ROll(,‘) - 1) X 30, (3)
1 < Rollg < 12. 4)

Apparent Solar Oblateness Determination To determine the apparent solar oblateness,
we fit the corrected solar radii (solar fixed frame) with a sum of sine and cosine functions
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Figure7 (Left) Corrected solar radii Rc;, ;). (Right) Apparent solar equator-to-pole radius difference (Ara)
obtained by fitting a sum of sine and cosine functions. The right panel highlights the change of reference from
the CCD to the solar frame.

Figure 8 (Central panel) SODISM images at 393.37 nm (Ca Il K) showing the counteracting effects on solar
irradiance of sunspots and pores and bright network and faculae. (Left panel) Result of applying the method
for extracting sunspots and pores from SODISM images (black). (Right panel) Result of applying the method
for extracting network and faculae (white).

(Figure 7, right panel). As a first step, we inspected images at 393.4 nm (Ca 1 K) provided by
the Precision Solar Photometric Telescope (PSPT) (http://lasp.colorado.edu/pspt_access/),
as SODISM images at 393.37 nm were analyzed before and after the solar oblateness mea-
surement campaign (no SODISM Can K full-disk image was taken during the campaign).
We have developed a method to isolate and extract all bright and dark active region features
from each image, which provide positive and negative intensity contributions to the spectral
solar irradiance, respectively. For every image, a model of the quiet Sun is built. A mean
limb-darkening function of the Sun is computed using several cuts of the image. The quiet
Sun is then built with this mean limb, and we subtract it from the original image. All positive
and negative values correspond to the bright and dark features of active regions.

Figure 8 shows the result obtained when we apply our processing method to the recorded
images. Thus, there is a method to deal with the cross-talk of intensity variations (e.g. ac-
tive regions, faculae, efc.) with the inferred limb location (by masking the data using the
CanK images). The final fit of the apparent solar oblateness does not take into account
the affected solar limb portions. Then, we verify the goodness of fit (R? correlation coef-
ficient) and obtain the uncertainty of the measurements (95 % confidence bounds, or 20).
The confidence bounds for fitted coefficients are given by C =b ¢ x S%°, where b are the
coefficients produced by the fit,  depends on the confidence level and is computed using
the inverse of Student’s ¢ cumulative distribution function, and S is a vector formed with
the diagonal elements from the estimated covariance matrix of the coefficient estimates. To
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Figure 9 At 782.2 nm, the mean solar radius at 1 AU is about 959.89 arcseconds ({r)). (Left) Active regions
on the Sun are places where the solar magnetic field is especially strong. The IPP moves about 20 mas, which
generates the smaller solar radius observed. The data obtained without correction are plotted with black dots.
The filtered data are represented with blue circles. In September 2010, the shape of the Sun is given by the
continuous red line (sinusoidal fit). (Right) Shape of the Sun in May 2011. 0° and 180° refer to the solar
equatorial radius, whereas 90° and 270° refer to the solar polar radius.

complete this step, we calculate the root-mean-square-error (Rmse) of the solar oblateness fit
(Equation (5)). The use of Rmse is an excellent general-purpose error metric for numerical
predictions

1 n
Rmse= |~ Y (Ydatag, — Yfit)2. )
n
k=1

Heliographic Latitude (By) We correct for the tilt of the ecliptic with respect to the solar
equatorial plane (Equation (6)). For an ellipsoid of revolution, the apparent oblateness will
decrease when the line of sight is not perpendicular to the rotation axis. To first order, the
apparent equator-to-pole radius difference (Ar,) seen from an heliographic latitude By is
related to the true solar equator-to-pole radius difference (Ar). During the year, the helio-
graphic latitude of Picard stays within £ 7.25°, which leads to a maximum reduction for
Ar, of about 1.6 % around the two equinoxes. Thus, for a true Ar around 8 mas and By
within 4 7.25°, this leads to a maximum reduction of about 0.13 mas for Ar, around the
two equinoxes

Ar,

Ar = -
cos’ By

6

4. Results and Discussion

After this processing (see Section 3), we determine the solar oblateness at 782.2 nm. After
correcting the measurements for optical distortion and for instrument temperature trend, we
find an apparent solar equator-to-pole radius difference (Ar,) of 7.45 £ 0.35 mas (20) for
September 2010 (left panel in Figure 9), and of 7.82 £ 0.29 mas (20) for May 2011 (right
panel in Figure 9) using a sinusoidal fit to the data. The apparent solar shape (r(6)) can
be also expressed using Legendre polynomials (P;), as shown in Equation (7) below. The
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solar shape is often treated with this method. Thus, we can determine Ar, from C; and C4
coefficients (Equation (8)).

r@)=(r) x <1 + Z C; x Isl(cos(@))))

1=2,4

=(r) x (1 +C; x % x (3 x cos(2®))>

+(r)><<C4x6i4><(35xcos(4®)+20><cos(2®))> (@)

and
Ara=r(Z - ‘e, 3¢ 8
Va—r<§+¢>—r(<ﬂ)—<">x<—§ 2=3 4>, ®)

where ® =60 — ¢, 0 is the heliographic colatitude, ¢ is a phase allowing us to take into
account a pointing uncertainty during the roll, (r) is the mean solar radius at 1 AU, P, is the
Legendre polynomial of degree [/ shifted to have zero mean (}_’1 =P, — (P)), C; and C4 are
the quadrupole and hexadecapole coefficients.

From this method associated with the polynomial expansion of the solar radius contour,
we find from the sequence of measurements of September 2010 the quadrupole term as
Cy = (—5.24 £ 0.23) x 107 and the hexadecapole term as C4 = (4+0.26 & 0.25) x 107°
(20), which yield Ar, = 7.39 mas. Similarly, we obtain C, = (—5.98 & 0.33) x 107 and
Cy = (+1.3840.40) x 107° (20) in May 2011, which yield Ar, = 7.78 mas. A more com-
plete analysis in Legendre polynomials, with a better instrumental knowledge, is required
to search for some manifestation of the internal magnetic field or the latitudinal rotation.
We have preferred in this initial study to only concentrate on the solar equator-to-pole ra-
dius difference. We note that the results are not significantly affected by these different fits
(sinusoidal or Legendre polynomial fits), as shown below.

To perform these analyses, we used Level 1 data products (corrected raw images for dark
current and flatfield). Indeed, the image data of the telescope require corrections for their im-
perfections of instrumental origin (dark current, flatfield, efc.). The image data of SODISM
require dark-signal correction and hot-pixel identification (Hochedez et al., 2014). The im-
ages at 782.2 nm are also strongly dominated by an interference pattern in the surface layer
of the CCD that disappears after flatfield correction (Figure 10). All raw images (Level 0
data products) have been corrected for dark current using the method proposed by Hochedez
et al. (2014) and flatfield using the method proposed by Kuhn, Lin, and Loranz (1991). If
we forego these corrections to our data (from Level O to Level 1), we introduce a systematic
bias in our results (~ —0.8 mas). The uncertainty in the knowledge of the plate scale (Meftah
et al., 2014c) slightly affects our solar oblateness results (less than 0.01 mas). We also note
that the precision of the telescope pointing is better than 4 0.2 arcsecond root-mean-square
error during the whole solar oblateness measurement campaign. Thus, the effect on the solar
oblateness measurement associated with the instrument pointing is negligible.

The two sets of measurements (September 2010 and May 2011) differ significantly in
number of images (N) and performance of the instrument for a given period (images are
increasingly blurred, see Figure 1). Table 1 summarizes the main characteristics and results
of these two sequences. The goodness of fit (R? correlation coefficient) is better for the set of
measurements made in May 2011, despite the degradation of the instrument (compensated
for by the number of images taken). This is because the degradation does not affect the
reproducibility. The May 2011 sequence takes better advantage of the latter.
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Figure 10 (Left) Raw solar image at 782.2 nm (Level 0 data product). (Right) Corrected solar image at
782.2 nm (Level 1 data product).

Table 1 Solar oblateness results (Ag) for two sets of measurements. N represents the number of images
for a series. Ary represents the apparent equator-to-pole radius difference seen from an heliographic lati-
tude Bgy. Ar is the solar equator-to-pole radius difference. I represents the statistical/random uncertainty
of the measurements with 95 % confidence bounds (20). R? represents the goodness of fit. Rmse is the
root-mean-square error of the solar oblateness fit.

Date N Ary Ar Ao I R2 Rmse

Sept. 2010 120 7.45 mas 7.57 mas 7.89 x 1070 +0.35 mas 0.89 1.5 mas
May 2011 696 7.82 mas 7.84 mas 8.17 x 1070 +0.29 mas 0.92 1.4 mas

Until now, we have focused on two sets of measurements: the first obtained during the
commissioning phase in September 2010, the last obtained after a modification in the so-
lar oblateness procedure in May 2011, when we decided to concentrate on one wavelength
and increased the number of images. Between these two dates, several other intermediate
measurements were made, which consist of 120 images for each position of the spacecraft,
similar to the series obtained in September 2010. The results of all the sequences are shown
in Figure 11. They are consistent throughout, even though their error bars are slightly greater.
A comparison between the total solar irradiance (TSI) variability obtained with Picard (Mef-
tah et al., 2014b) and the solar equator-to-pole radius difference (Figure 11) does not reveal
any correlation, which is consistent with the results of Kuhn et al. (2012) and seems to re-
spond to an issue raised in the past (Dicke, Kuhn, and Libbrecht, 1987), but when the total
solar irradiance is very perturbed, the uncertainty of the measurement slightly increases. The
measurement uncertainty of the solar equator-to-pole radius difference increases over time
due to the aging of the instrument.

However, we consider that the best determinations of Ar are obtained at the beginning
of the mission and in May 2011, mainly because of the increased number of images and
because the instrument took images for any given spacecraft roll step within the same orbit.
Moreover, the stability of the instrument is preserved because there is no mechanical change
during the whole sequence. The reference value of Ar =7.8440.29 mas of May 2011 (with
20 errors and after correcting the heliographic latitude By) is compatible with the weighted
mean value of the six analyzed sequences (Ar = 7.86 &= 0.32 mas at one o).
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Figure 11 (Left) Evolution of the TSI, with a significant change in March—April 2011. (Right) Ar time
series at 782.2 nm (20'). The weighted mean value is represented by the dotted black line. The six results for
solar equator-to-pole radius difference (Ar) are represented by red circles.

Table 2 Space-borne measurements of the solar equator-to-pole radius difference (Ar) at one o.

Instrument Wavelength [nm] Date Ar [mas] Reference
SoHO/MDI 676.78 1997 8.7+£2.8 Emilio et al. (2007)
RHESSI/SAS 670.0 2004 8.01£0.14 Fivian et al. (2008)
SDO/HMI 617.3 2011-2012 7.2£0.49 Kuhn ez al. (2012)
Picard/SODISM 535.7 2011 8.44+0.3 Irbah et al. (2014)
Picard/SODISM 782.2 2010-2011 7.86 +0.32 This study

The solar equator-to-pole radius difference we derive is too small to change the Mercury
orbit outside the bounds of the general theory of relativity. Our results require a compar-
ison with the solar equator-to-pole radius difference obtained by other space instruments.
The first measurement of the solar oblateness was obtained in space with the Michelson
Doppler Imager (MDI) onboard the Solar and Heliospheric Observatory (SOHO). For MDI,
at a wavelength of 676.78 nm, the solar equator-to-pole radius difference (in 1997) was
8.7 & 2.8 mas (Emilio et al., 2007). Kuhn et al. (1998) reported a lower value, but we pre-
fer to stay with the result associated with the most recent reference for the same instru-
ment measurement. Since then, other space instruments have made this measurement: the
Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) with its Solar Aspect
Sensor (SAS), and the Solar Dynamics Observatory — Helioseismic and Magnetic Imager
(SDO/HMI). As explained in the previous sections, the measurements of the solar oblateness
are difficult to obtain and can reveal other phenomena, such as the additional impact of the
magnetic field under the surface that affects the equatorial and polar diameters differently.
Space-borne solar equator-to-pole radius difference measurements have different systematic
uncertainties and have yielded different values (Table 2).

To compare the measurements, it is necessary to emphasize the wavelength of the in-
strument. There are probably other sources of uncertainty that are not taken into account in
most of the analyses (knowledge of the systematic uncertainties, where flatfield is an exam-
ple of a systematic bias). In fact, different articles obtain results that differ by more than the
uncertainty error. Table 2 shows that the values obtained in space are becoming closer and
are marginally consistent. The space-borne solar oblateness measurements (A ) are consis-
tent with the values proposed in theoretical models. The results obtained at 782.2 nm with
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our measurements are close to those found by Fivian et al. (2008). At 782.2 nm, the more
conservative Ar value is close to 7.86 + 0.32 mas at one o (mean of the measurements
obtained by the SODISM instrument from September 2010 to May 2011). Thus, the most
realistic solar oblateness value is close to (8.19 4 0.33) x 1075, for a given wavelength. The
precise measurement of the solar oblateness is still a current issue and represents to this day
a scientific and technological challenge!

5. Conclusions

SODISM measurements of the solar shape during special roll maneuvers of the spacecraft
have produced a precise determination of the solar oblateness. The raw images have revealed
some optical aberrations that blur the images increasingly with time (Figure 1). In addition,
the SODISM solar radius measurement evolves with time and displays a modulation in
phase with the orbit, which indicates that the variations are not stochastic. Consequently,
the solar oblateness procedure has been improved during the mission to achieve each roll
step of the spacecraft within an orbit (~ 58 images at 782.2 nm per step) and to take into
account the thermal effects of the instrument. Thus, this procedure has allowed us to obtain
good-quality data (number of images, image quality, stability, efc.).

At 782.2 nm, the solar radius at 1 AU is about 959.89 arcseconds (696 178 km), which is
consistent with previous results (Meftah et al., 2014c; Hauchecorne et al., 2014). This value
results from the plate scale obtained during the transit of Venus (Meftah et al., 2014c). After
correcting the measurements for optical distortion and for instrument temperature trend, we
found a solar radius difference (Ar) of 7.84 4+ 0.29 mas (20). This is our reference value
obtained in May 2011, with a sufficient number of images and taking orbital effects into
account. Our result is close to 8 mas and agrees well with the measurements made by the
RHESSI/SAS instrument. Thus, the solar oblateness value (Ag) is close to (8.19 £ 0.33) x
107°. At 782.2 nm, the SODISM Ar value is close to 7.86 & 0.32 mas (5.70 & 0.23 km)
at one o (mean of the measurements obtained from September 2010 to May 2011) to take
into account the systematic errors with confidence. Indeed, the remaining systematic errors
are a challenge for this type of measurements. Moreover, there does not appear to be any
correlation with the total solar irradiance variations, considering that the solar oblateness
variation, if it exists, is included within the limits of the uncertainty. This remains consistent
with the results obtained by the SDO/HMI instrument. Indeed, the analysis of the HMI data
indicates that the solar oblateness has remained roughly constant.

We have focused only on the solar oblateness measurements obtained in space. But a so-
lar oblateness of (8.63 & 0.88) x 1079, obtained from a balloon flight (Sofia, Heaps, and
Twigg, 1994), is relevant and consistent with the values we have found. The measured
oblateness gives an estimate of the solar gravitational moment, J2. This result is slightly
lower than theoretical predictions, like the most recent space-borne results, so its accuracy
is particularly interesting and challenging.

The Picard mission has reached the end of its lifetime. We hope that the SDO mission
continues its measuring campaign to obtain the evolution of the solar oblateness during a
full solar cycle.
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