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2, Aime, 1. Arnaud, A, Carlotti, M. Faurobert, A, Ferrari, ©. Grec and G, Ricort !

Abstrack. T'he solar corona cammot be studied without the help of a coronagraph. A telescope with an
apcdized] aperiure is, as described by Aime (2007], an allamative io the classical Lyob corcmagraph. A
spheraidal pralate apodiation will modify the PSEF of the telescope and optimize the energy concentration
in the focal plane. A strong apodization [prolatnes parameter © = 100 would reduce the diffraction halo by
a factar 10 at a cost of mtensity thronghpot reduced ab 10 %, Ina site with ouistanding daybime seeing,
like Diame ., this methad should allesw to observe the corona extremely close to the solar limb and also,
much bebier than otherwise, the rich chromespheric weak emssion spectrom.

1 Introduction

The guest for direct imaging of exoplanets = a major endeavour of modern astronomy. 1 stimulates many
eflorts aimed at dimming and shrinking stars mmages | CF for instance Ame & YVakih 2006, m a way to allow
plansts chservation at very small angular distances of their stars. & high dynamics imaging technique consists
in the asscciabion of coronagraphy and apodizesd entrance aperture (Soummer et al. 2002, Observing the solar
coroma near o the Sunois also a high-contrast imaging problem. Very recently, Atme [2007) proposed the use of
an apodized aperture as an alternative to Lyt type coronagraphs for the observation of the solar corona. We
present hereafter this techmgue and ks advantages for studying the sclar external atmeosphere and we discuss
some ol the exceptional properties of Dome O, an the Antarctic plateaa. It could be the best place on ground
to install such an instrumentation.

2  The apodized solar coronagraph
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Fig. L. Fig. 1 Left panel: intensity of the diffmaction halo at the edge of the Son image, for an wniform San [ upper
line) and taking into account the cemler to limb variabion (lower line). The x-axis is in units of 370 and the y-axis is in
lagarithmic units of I/fsuy. besing nommalized at 1 at Sun center. Right panel; diffraction intemsity for different levels
of apodization. T'he throagpat of the apertone is ndcated in percent.
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For a circular aperture, the PSF decreases as 7%, p beeing the distance from the center of the PSF. The
diffraction pattern of the solar image s given by the convolubion of the PSF and the gecmetric image. This
can ke done wsing a 210 integration [Aime 2007], For this reason, a good approximation off the decrease of
the difl macticn halo cubside the edge of the geometric image 12 a simple formula where the intensity decreses
proportionally to g ', o beeing here the distance to the salar imb, Fig. 1 displays the slow decrease of this hala.
It intensity remaine above 1074 of disk intensity up to G00 A7 and reduces to 1077 of disk intensity only at
8.10% A/ D0, For a 50 cm diameter coronagraph obeerving the green line (A = 503 nm), A/ D = 1.107° carresponds
b 0.2 are second, Here, the diffracticn hale brightness stayvs aboye 10 eum up to 2 arc minutes akove limk
and remains above 107" 2., up to 20 arc minutes above limb, This jecpardizes inner corona observations as,
in a good coronal site, the sky background is about 107 5., while the corona brightness is cnly of the order
af 107" s

The intensity of the diffracticn hale needs to be strongly reduced to provide good ocoronal obeervabions
conditions, In the case of the Lyot coronagraph (Lyct 19359 this 1s abtained by diaphragming a reimaged pupil
(the sc-called Lyot stop), alter ceculting the solar image at prime foous,

Aame (2007 proposes the use of a generalized apodized prolate sphercadal function [GPSFY inoa way to reduee
by several orders of magnibude the diffraction hale arcand the Sun, Prolate fanciions are the best apodizers in
terme of maximizing the encircled energy, Computing the diffraction level of o solar Lyvot coronagraph is a very
difficult task which has not, o our knowledge, been fully realized up to now. A, Ferran is tackling this problem,
this will make possible a quantitative comparizon between the classical solar coronagraph and the apodized] one
in terms of diffraction hals dimming. Fig. 2 presents a shetch of the Lyot coronagraph deavwn by Bernard Lot
and of the new design proposed by &dme: a simple telescope with an apodizer in front of ibs entrance pupl,

The larger is o, the more efficient s the apodization bub the more reduced s the transmission. Tig, 4 shows
the PEF core and the diffraction pattern ab the edge of the Sun image for different values of the parameter e,
For c= 10, the difftaction pattern intensiby is reduced by a factor of about 105, starting from the very edge of
the Sun, while the resclution is reduced by only a fackor of L7, the transmission being reduced by a Factor of
L0,

Space-baszed coronagraphs have to be externally occulted in o way bo bake advanbage of a shy several orders
al magnituce darker than from ground, This is ab the price of occultating the inner corona, at least up to 05
Nayn above limb, Very innovative projects ol faemation Aying coronagraphs like ASPHOS (Vives et al. 20085)
propose bo use as occultor a second satellibe, 100 meters or more ahead from the coronagraph, to observe the
inner corona from about one are minute above limb, This s a buge improvment compared bo classical space
bazed coronagraphs.

Classical ground-based coronagraphs use a Lyot mask which oversize the Sun by at least 20 to 30 arcsec
in radius to oocult alss the brght inner part of the diffraction halo, Apodised coronagraphs should nob need
an ooculting disk as the apodization takes ull care of the diffraction balo, 1E will be anyway clearly advisable
b pecult the Sun image inoa way bo limit scatbered light, but the Lyob mask does not need in this case to
be cwversimed, it may actually be slightly smaller than the Sun image, bo permit observations with o recduced
background fram the very Limb,

3 The apodized solar coronagraph
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Fig: 2. Left: a sketch of the Lyob coromagraph drawn by B, Lyot ((Ebeervataire de Paris - Fatrimoine scientific
heritage]. Righl: Lyot sketch maodified in an apodized coronagraph.

This is exprected to provide o unique possibilty for studying the innermeost corona and, also, the very rich
chromospheric emission spectrum (Pierce 1968%, without the difficult and inaccurabe process of extracting the
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wenk chromospheric ines rom a strong diffracted background, Many of those chromospheric lines are only
present in the Arst couple of arcseconds above llmb, Observing conditions expected from apodization may
apen anew avenue for bhe stady of the magnetic Aeld in the very complex chromosphere [Faurcbert & Arnauad
2002%, Observing the solar corona extremely near to the solar disk s crocial to understand imporkant processes
coneerning, for instance, the emergence of magnetic feld into the corcma through the photcsphers, Yery strong
corcnal magnetic lelds are obacrved above active regions extremely low in the corona [Prosius et al, 200067,
Theoae lields could be much more easily measured, and with a2 much higher spatial resolution, wsing the Zeeman
eflect in visible or infrared coronal emissicn lines, than helds existing upper in corona which are several orders
all magnibude Finter (Lin et al, 20047,

To take full advantage of the apodization technigque excellent sesing conditions are cequired. Otherwise, the
background very near to the Sun s dominated by scolar hght spread out by image motion and Blurning, strongly
rexlucing the apodization benehis, Adapbive Opties [(AO) 15 dfficient using the solar mb as a reference, but
anly m the direction along the solar radius, 2o image quality 15 improved only in this direction, inside the small
izoplanstic patch. Moreover, adapbive optica can only provide image coorection for park of the ight §Beckers
1993%, What remains of the light, already 20% for o very efficient AD, is nob corrected: the spresad over of the
salar light by seciang ie only parily reduced by AQ,

To really take adwantage of the apodizabion technigque to observe weak emissions extremely near o the
salar hmk, a sibe with outstanding daytime seeing 15 reguested. This e also important for scientific reasons:
high spatial resolution maging and polanmetry are needed bo improve our understanding of the very mixed
chromaospheric medium and of the highly structured low coroma, Dame © s very likely to provide the requested

obaervation condibions.

4 Concordia Station at Dome C
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Fig: & Characteristic 24 hours daytime seeing pattern at Dome O 'The plob is an average of the sscing variations over
24 hours for a summer obaerving carnpaign | Aristidi et al., 2005),

Concordia s a french-ibalian scientihic Gacility installed ot Dome O on the Antarchic plateau. Tt s situated
ak T3 Scuth and — 1237 Fast, its elevation being of 3220 m. The site 15 caracterized by very low temperatares
(i average —30° O an summer and —60% O wintec), very slow winds (on average 28 myfs) and o very low
level of precipitations (about 6 cm of snow yeacly ). Intensive sibe testing for astronomical observations starbed
a few years ago. Doy bime seemg, measured ab 5.5 meters above ground, s caracterized by a remarkably stable
24 hours pattern (Fig. 3], mcluding outstanding image quality, in the 003 - 0.5 arcsec range, for several hours
esach day [Aristidi et al. 2005% Might time seeang [Agaka et al. 20007, measured ab the same high aboyve ground,
hasz an average value of 1.2 arcsec, This s due fo the presence during winter time of 2 30 meters thick torbulend
ground-layer. Akove this layer the image qualiby 15 excellent: 035 arceec i average,

Mosser & Aristids (2007) determined that elear shy fraction [portion of the sky free of cloads) is greater
than 0.9 for 84% of the time with an average number of consecutive clear days of about 7.

Those charactenstics demonstrate that Dome © s an oobstancing sibe for astronomical cheervations. [t has
the unigue particulacty of a much bebber sesing at ground level dunng daytime than durnog mighttime. On
classical sites, it s the opposite, the best daytime sesing occurs during early morning when the Sun is very low
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abowe horizon as shown by Bradley et oal, 2006 oo Haleakala, cne of the best classical sites for asironcemical
obasrvations.

Deme s reported, from naked eye observabions, to be ol very good ecrcnal quality, Clear sky conditions
for 15 days ina row dunng daytime were observed., Observaticn continuity during such a long period s very
inberesting, for instance for tomography of the coronal magnetic field (Krumar et al, 20000 A Solar Brightness
Moniter [SEM from the Advanced Technology Bolar Telescope (ATST) [Lin & Penn 20040 will be installed al
Deame © during the avstral surmmer of 2007 3008 (Arnaod et oal, 20070 ks measurements will gquantitatively
assess Lhe coronagraphic properties of Dome O and permit companzon between this sibe and the best classical
corcmal sites.

5  Conclusion

The alternative to the Lyot coronagraph proposed by fame (2007 15 2 much simpler bechnigue expected to be
more efficient for dimming the diffraction balo arcund the salar image, this at a price of a slightly reduced spatial
resclution and of an important reduction of the transmizsion. Indesd, in the Lyot coronagraph, spatial resclution
and bransrmission are also redueed by the Lyot stop,. The &ime’s technigue should lead b imporiant advances in
cur understanding of the physical processes at work in the chromoephere and the corona in permitbing coronal
lines and chromeospheric weak emission spectrum spectro-polarimetry esiremely near bo the solar limb, Exeellent
sewing condifions are reuired [or such observations, Dome © s Likely o be wnigque in realizing those conditions
a very significant part of the dayvbime.

We propose to built a 50 em dianmeter apodized coronagraph at Dome ) This s the minimuom size to really
bake advantage of seeing condibions at this sike. The Ot steps of this project are to test, frst in the lab,
then on an existing coronagraph, the apodization methoed., A guantitative qualiication of Dome © for corcnal
cbesrvations iz underway.
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