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A Large Excess in Apparent Solar
Oblateness Due to Surface Magnetism
Martin D. Fivian,1* Hugh S. Hudson,1 Robert P. Lin,1,2 H. Jabran Zahid1,3

The shape of the Sun subtly reflects its rotation and internal flows. The surface rotation rate,
~2 kilometers per second at the equator, predicts an oblateness (equator-pole radius difference) of
7.8 milli–arc seconds, or ~0.001%. Observations from the Reuven Ramaty High-Energy Solar
Spectroscopic Imager satellite show unexpectedly large flattening, relative to the expectation from
surface rotation. This excess is dominated by the quadrupole term and gives a total oblateness of
10.77 T 0.44 milli–arc seconds. The position of the limb correlates with a sensitive extreme
ultraviolet proxy, the 284 angstrom limb brightness. We relate the larger radius values to magnetic
elements in the enhanced network and use the correlation to correct for it as a systematic error
term in the oblateness measurement. The corrected oblateness of the nonmagnetic Sun is 8.01 T
0.14 milli–arc seconds, which is near the value expected from rotation.

Motions within the interior of the Sun
affect the location of the photosphere,
so the precise measurement of the

shape of the solar limb is a long-standing astro-
metric objective (1). The shape also relates to
Le Verrier’s 1859 observation of an anomalous
perihelion precession of Mercury (only some
43′′ per century), which could be precisely cal-

culated in Einstein’s theory of general relativity
(2). A discrepancy from the predictions of this
theory would point to either a need for a new
theory or else to a distortion of the Sun’s in-
ternal gravity not reflected in the surface ro-
tation. The two leading possibilities for such a
gravitational field would be a rapidly rotating
core left over from the early stages of star

formation—perhaps on an oblique axis—or a
strong magnetic field (3).

The modern era of measurements of the
solar oblateness began in the 1960s with Dicke’s
Princeton Solar Distortion Telescope (4) and
other ground-based telescopes (5–8). Dicke’s
initial results (4) implied that the Sun was much
more oblate than the surface rotation predicts.
More recent observations have tended to show
smaller values, closer to the 7.8 milli–arc sec pre-
dicted by the surface rotation (3), but the uncer-
tainties in the measurements have remained
relatively large. The theoretical estimate is dif-
ficult because of the differential nature of solar
rotation, both in latitude and in radius. The ground-
based data also hinted at time variations in the
oblateness (6). Including the two data points
(1997 and 2001) from the Michelson-Doppler
Imager (9) on board the Solar Heliospheric Ob-
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Fig. 1. Synoptic-chart representations of the radius and EUV data. (A) Display
of ~10 days (in several noncontiguous sequences of orbits) of RHESSI limb data
selected in a timewise manner to avoid sunspots and active-region faculae. The
color scale shows a full range of 100 milli–arc sec, the x axis is time, and the
y axis is position angle, formed from individual orbital means. The full range
shown is only 0.01% of the solar radius, some 70 km in height. The apparent,
excess oblateness produces obvious bands at the E and W limb position angles.
(B) Similar plot for a three-week contiguous segment from our 2004 obser-
vations, unselected and thus prominently showing the presence of faculae
(bright) and sunspots (dark). (C) Corresponding limb data from the SOHO
observations in the EUV 284 Å band (18), which shows the locations of faculae and other kinds of magnetic activity. The contours of this synoptic map
determine the data fraction for our masking analysis, as detailed in the SOM.
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servatory (10) (SOHO/MDI), the first measure-
ments from a satellite (11, 12) further hinted at a
solar-cycle variation. The balloon (13) and satellite
(12) instruments yielded uncertainties on the order
of 1 milli–arc sec in the oblateness. We report
an order-of-magnitude reduction of these un-
certainties from the new Reuven Ramaty High-
Energy Solar Spectroscopic Imager (RHESSI)
observations.

RHESSI is a solar x-ray/g-ray observatory,
and our astrometric data come serendipitously
from its solar aspect sensor (SAS) (14, 15), as
described in the supporting onlinematerial (SOM).
The RHESSI measurement essentially follows
Dicke’s method of using a rapidly rotating tele-
scope to control systematic errors. The SAS con-
sists of three independent optical systems, each

with a simple lens (4-cm diameter) mounted on
the front tray of the RHESSI modulation col-
limators and a linear charge-coupled device (CCD)
sensor mounted on the rear tray at a separation of
1.55 m. The 2048-element CCD pixels are 1.73
arc sec square, and the observing wavelength is a
12-nm bandpass at 670 nm. The telemetry pro-
vides frequent samples (~16 s−1) of each of the
six limb intercepts in nominal pointing condi-
tions, as well as full CCD images at a slower
cadence (~1min−1). Data collection began in early
February 2002 and continues to the present time.

We determine solar oblateness (equator-to-
pole radius difference) from the axisymmetric
quadrupole term of the Fourier components of
the limb position given by the RHESSI data.
The radius measurements are numerous, tele-

metered at ~100 samples per second, and are
distributed approximately uniformly in azimuth
around the limb. For this analysis, we averaged
the data in 1°-bins and organized them (Fig. 1)
as a function of two variables: (i) position angle
(0 to 360° azimuth) and (ii) time. Each vertical
line of such a synoptic plot shows the radius
data from one RHESSI orbit (orbital period of
96 min). The color scale shows only a limited
range of departures from the ephemeris ref-
erence value. Sunspots (negative excursions) and
active-region faculae (positive excursions) pro-
duce obvious effects.

The RHESSI observations are differential
measurements of the radius based on a simple
fixed-brightness threshold (see SOM). This nec-
essarily results in cross talk between limb po-

Fig. 2. Variation of apparent radius with position
angle (azimuth). (A) Mean limb shape for the data
set (Fig. 1) obtained from a timewise selection of
visually clean orbits (i.e., those with minimal active-
region faculae). The red line shows the fit of the
axisymmetric quadrupole (l = 2) term showing an
oblateness of 10.77 T 0.44 milli–arc sec. Terms for
the dipole and small (on the order of 1 milli–arc sec)
hexadecapole have been subtracted from the data
for clarity. Excesses near position angles 90 (W limb)
and 270 (E limb) show the presence of some facu-
lae, even in this “clean” data set. (B) Data folded
onto one quadrant of position angle (colatitude).
The red line shows the same fit as in (A), together
with the overlaid data. The blue line shows a theo-
retical expectation (3). Masking against facular and
faculalike confusion using the EIT data set (as shown
in Fig. 1) results in a shape measurement with ex-
cellent agreement with this expectation (data over blue line). The dashed green line shows the whole unselected data set, including the strong facular signal
but essentially having the same excess oblateness. mas, milli–arc sec.

A B

Fig. 3. Derivation of the oblateness measurement
of the nonmagnetic Sun. (A) Oblateness fit (axi-
symmetric quadrupole term) as a function of the
fraction of data incorporated in the analysis (red
crosses), masking the RHESSI data against simulta-
neous EUV observations as described in the text. The
blue diamonds show the orbit-to-orbit statistical
errors (right y axis); i.e., the magnitudes of the error
bars. The vertical dashed line shows the 50% point
at which we are confident that the masking has
removed faculae and little else. Because of the
monotonic decrease of apparent oblateness versus
data fraction, this point represents a conservative
upper limit on the true oblateness. The horizontal
dashed lines indicate its derived value and error of
8.96 T 0.17 milli–arc sec. (B) Asymptotic value of
oblateness (green triangles) from simple exponential
model fit [green line in (A)]. The asymptotic values
are derived by fitting the model up to and including
the measurements of oblateness (red crosses) at the
same data fraction. Including measurements of
oblateness with smaller data fraction improves the
determination of the asymptotic value (error from c2

minimization shown as blue diamonds, right y axis)
down to a data fraction of 15%, but it is insensitive to
the exact fraction beyond ~40%. The fit [green curve in (A)] and the asymptotic value of 8.01 T 0.14milli–arc sec for oblateness are derived by fittingmeasurements
up to and including 15% data fraction, the minimum point of the c2 error fit.
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sition and brightness (Fig. 1B) (16, 17). Because
of this cross talk, it is necessary to make a cor-
rection (prolate, 0.03 milli–arc sec) for elliptic-
ity dimming as a result of Von Zeipel’s theorem
(3). We make the further strong assumption,
discussed in detail in the SOM, that no other
global brightness variation presently needs to be
considered.

We averaged a synoptic map over time to
produce a single shape profile (apparent radius
versus position angle) for any particular set of
orbits. A data set selected to avoid the obvious
active-region faculae (synoptic plot shown in
Fig. 1A) yields the limb profile of Fig. 2A. The
oblateness (axisymmetric quadrupole) term dom-
inates the shape and is 10.77 T 0.44 milli–arc sec.
This quantity is significantly (>6s) larger than
the prediction from surface rotation (3). Our 2004
result also differs significantly from either of the
two SOHO/MDI results (12). The limb profile
shows additional structure in higher-order Fourier
components, but the bin-to-bin variation is rel-
atively small.

In Fig. 2B, the red line shows the fit to a
data set that does not include obvious active-
region signatures. This selection still shows a
large excess oblateness. Therefore, the analy-
sis establishes that the active-region faculae do
not solely produce the apparent excess oblate-
ness. We need a new source spread around the
surface of the Sun, and yet one that is concen-
trated into a predominantly axisymmetric quad-
rupole (apparent oblateness) component. Because
of previous suggestions of a solar-cycle depen-
dence, the sense of this discrepancy (an excess),
and the appearance of the synoptic plots, pro-
cesses related to solar magnetic activity are like-
ly to be a direct cause.

We have made use of sensitive proxy data
that show magnetic activity at the limb. The ex-
treme ultraviolet (EUV) limb brightness (284 Å)
from the EUV Imaging Telescope (18) on SOHO
(SOHO/EIT) images correlates linearly with the
RHESSI apparent radius (see SOM). We used

this relation as a basis for data rejection to reduce
the confusion with magnetic effects.

Corresponding to the threshold in the EUV
data, the oblateness term decreases as more data
are removed. Initially, there is a rapid decrease
as the active regions are screened out and then a
slower decrease as weaker faculalike regions are
excluded. The oblateness as a function of data
fraction inferred by this procedure has a plateau
(Fig. 3A) and therefore gives us a robust mea-
sure of the oblateness in the absence of magnetic
features. We also fit this monotonic decrease with
an ad hoc exponential function (green line in
Fig. 3) and take its asymptotic limit as a mea-
sure of the oblateness. We also find a stable
limit for the asymptotic value as a function of
data fraction and estimate its uncertainty by a
weighted c2 minimization. The oblateness is
8.01 T 0.14 milli–arc sec for a nonmagnetic
Sun. This value is consistent within errors and
model uncertainties of the prediction (3). The
error estimate 0.14 milli–arc sec is smaller than
those of previous observations. This error esti-
mate (minimum of the diamonds in Fig. 3B) is
consistent with the orbit-to-orbit scatter.

There are three distinct patterns in the limb
profiles (Fig. 2B). The green dashed line shows
the profile of the entire data set, and the active-
region faculae appear prominently. If we reject
the obvious faculae on an orbit-by-orbit basis
(as shown in Fig. 1A), we obtain the data fit by
the red line. This shows an excess oblateness,
Dr, above that predicted by the surface rotation,
Drsurf, as described above. The blue line in Fig.
2B, based on our screening against EUV limb
brightness, does not show the excess oblateness
component and agrees with the oblateness ex-
pected from the surface rotation (Drsurf ≈ 7.8
milli–arc sec). We interpret the excess oblate-
ness (red line) as the counterpart of the active
network component of total irradiance varia-
tion (19, 20), which is associated on a longer
time scale with the redistribution of active-region
magnetic flux to higher latitudes.

The oblateness measurements from space,
prior to and including our RHESSI result, suggest
variability (6, 12), in spite of the large uncertainties
(Fig. 4). Together the data also indicate an excess
oblateness in the sense predicted by our identi-
fication of this phenomenon with the enhanced
network. They also generally suggest a positive
correlation with the solar cycle, again consist-
ent with this notion. These appearances could
also result from simple facular confusion (16),
because the measurements from space may not
have had adequate diagnostics for this system-
atic error. Our analysis of the EUV limb bright-
ness points to the active network outside the
faculae themselves as the source of this behavior.

The measured oblateness gives an estimate of
the gravitational moment J2 via J2 = (2/3)(Dr –
Drsurf)/r⊙ (6), where Dr is our observed value of
8.01 T 0.14 milli–arc sec, Drsurf ≈ 7.8 milli–arc
sec (3), and r⊙ denotes the mean solar radius,
95,963 arc sec. Formally, we obtain J2 = (1.46 T
1.0) × 10−7, a value consistent with other de-
terminations (21, 22). Here, the uncertainty does
not include the uncertainty in the estimation of
the rotational term.
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Fig. 4. Comparison of ob-
lateness measurements from
space. Here, we compare the
RHESSI oblateness measure-
ment, representing data from
29 June to24September2004
(red crosses), with the best
earlier values, namely the
balloon-borne Solar Disk
Sextant (SDS) experiment
(green diamonds) (13) and
the MDI instrument on board
SOHO (blue triangles) (12).
The surface rotation rate pre-
dicts the value shown with
the dotted line. The histo-
gram (scaled to the uniform-
rotation oblateness at solar
minimum and to the higher MDI data point) shows the radio flux index F10.7, a good indicator of the solar
cycle. All errors are T1s.
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