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VELOCITY FIELDS IN THE SOLAR ATMOSPHERE
I. PRELIMINARY REPORT*

RoperT B. LEIGHTON, ROBERT W. NOYES, AND GEORGE W, S1MON
California Instituterei<FesanclogupRasaqsna, California

Velocity fields in the solar atmaesphere have been detected and measured by an adaptation of a tech
nique previously used for measuring maguetic fields Data obtained during the suramers of 1960 and 1961
have been pu.rhn!ly analyzed and yield the following principal resulls:

1. Large ‘‘cells” of horizentally moving materiﬁ are distributed roughly uniformly nver the entire
solat surface, The motions within each cell suggest a (horizontal) outward from a source ingide the
cell. Typical diameters are 1.6 3¢ 104 km; spacings between centers, 3 X 100 km (~5 X 10 cells over the
solar surface); r.m ¢. velocities of outflow, 0.2 km tec!; lifetimes, 10-10° gec. There iz a similarity in
appearance 1o Lthe Ca* network. The appearance and properlies of these cells suggest that they are a
surfece manifestation of a “sapergranulation™ pattern of canvective currents which come from relatively
great depths inside the sun, ) o

2. A distinct correlation is chserved bBelween local brightness luctuations and vertical velocities:
bright elements tend to move upward, at the levelsat which the lines Fe X 6102 and Ca X 6103 arc formed.
In the line Ca ) 6103, the correlation coellicent 15 ~40.5, This cotrelation appears to reverse in sign m the
hm’ght range spanncd’ hy the Dappler wings of the Na D, line and remains reversed at levels up Lo that of
Ca*® A 8542, At the level of Ca A 6103, an estimate of the mechanical energy transport yields the rather
large value 2 W em™.

3. The characteristic “cell size” of the vertical velccities appears to increase with height from ~1700
km &t the level of Fe A 6102 to ~3500 km ot that of Na ) 5696, The rum s, vertical velocity of ~A) & km

DL Lang

"4, The vertical velocities exhibit & striking

A

repetitive time correlation, with a period 1 =

sec. This quasi-sinuseidul motion bas been followed for three full periods in Lhe line Ca ) 6103, and is ;L‘_O
i\ Clearly present in Fe A 6102, Na ) 5896, and other lines. The energy contained in this oscillatory motion is g
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J. A similar repetitive oime carrclation, with nearly the same peroc, seems Lo \yn i Lhe ™

drightness obeerved on ordinary spectroheliograms taken at the the Na D, linc.

ness-velocity correlation in the photosphere, the upward propagation of this encrgy by waves of ruther
well-dehned irequency, and its dissipation into heat in the lower chromosphere,

6. Doppler velocties heve been nbserved at various heights in Lthe upper chromosphere by means of
the Ha line. At great heights one finds a granular structure with a mean size of about 3600 km, but at
lower levels one Gods predominaatly dewnicard wotions, which are concentrated in “tunnels” whach pre-
sumably follow magnctic lines of force end are geometrically rclated to the Ca™ network. The [lopplec

field changes its appearance very rafidiy at higher levels, typical lifetimes being about 30 seconds.

In an earlier paper, Leighton (1959) described a method for oblaining “spectrohelio-
grams” whose density variation indicated the presence of Zesman splitting duc to
longitudinzl magnetic fields on the sun rather than actual light-intensity variations.
This method is readily applicable to measurements of Doppler shifts as well as Zeeman
splitting, giving a ‘‘spectroheliogram” of the line-of-sight velocity field in the region
of line formation. The present paper describes some of the velocity obzervations made
in this way during the summers of 1960 and 1961. Some of the results have been reported
by Leighton (1960, 1961).

I. OBSERVATIOCNAL TECHNIQUES

The specific details of the method were described in the above-mentioned paper, so
we shall give here anly & briel description of how it has heen adapted to the measure-
ment of Doppler shifts.

* Supperted in part by the joint program of the Office of Naval Research and the U.S. Atomic Energy
Commission.
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OBSERVATIONAL STUDY OF MACROSCOPIC INHOMOGENEITIES
IN THE SOLAR ATMOSPHERE

III. VERTICAL OSCILLATORY MOTIONS IN
THE SOLAR PHOTOSPHERE

J. W. Evans AND R. MICHARD
Sacramento Peak Observatory, AFCRL, and Observatoire de Paris
(Received Janury 20, 1962, revised 91902

ABSTRACT

We have studied the Doppler displacements in two time sequences of spectrograms, one showing Fe 1
5171.61, Mg1 5172.70 (bs), and Tirx 5173.75 at the center of the solar disk, the other showing Fe 1

At the centeXwe find that the velocity field consists mainly of short-lived oscillations of small elements
of the solar atmoSPREFE. T HE T, 8. VeIt TV PN Tudes are U 2 anma U ST R/ SeCar oW ana g e vers)
respectively. The periods of the vertical oscillations cover roughly the range 200-300 seconds, with a
mean value around 242 sec. The periods seem to decrease with height in the atmosphere. An autocorrela-
tion study shows also that the vertical velocity field is dominated by periodic oscillations, the time-cor-
relation function having a strong positive peak at 300 seconds from the origin. The study of the time lags
of oscillations between strong and faint lines suggests that they are of a type intermediate between
progressive sonic waves (for the shorter periods) and standing waves (for the longer periods). Gradual
transition from the first type to the second seems to occur during the life of a given oscillation. There is
an indication that the individual oscillations are associated with individual granules.

Near the limb, the observed horizental motions consist of slowly changing velocities of the order of
0.5 km/sec in large surface elements, on which are superposed smaller random velocities of short duration.
Oscillations rapidly disappear away from the center of the disk. The horizontal and vertical observable
motions appear to be physically independent.

Evans & Michard 1962a



LETTERS TO THE EDITOR

CORRELATIONS IN THE TIME VARIATIONS OF MACROSCOPIC
INHOMOGENEITIES IN THE SOLAR ATMOSPHERE

In Paper III of a series being published in this Journal (Evans and Michard 1962),
two of us described the oscillatory vertical motions of small photospheric elemcnt: as
observed at the center of the solar disk. This study was made by picking up “individual
oscillations” and directly measuring some properties, such as amplxtudc, period, time-lag
between different lines, and individual association with granules.

While this approach was quick ard sufficient to reveal the most prominent features
of the solar v:lpocnty field, it fell far short of exhausting the information content of the
observations. We have therefor embarked upon a study of the correlation functions and
power spectra of the time variations in velocities and the brightnesses at the line centers
and in the continuum. The work is well advanced, and we present kere some of the more
interesting results, The observations on which they are based have been described by
Fvans and Michard in Papers T and ITT.

To obtain one point at lag Af in a time-correlation curve, we calculated the coefficient
of correlation p hetween the two sets of measurements made on two spectra taken at an
interval At. The two sets contain generally measurements at 150 or 200 points 1000 km
apart on the sun. For each At there are, of course, a number, », of values of p available,
7 being something between 30 and 1, depending on Afand the partcular set of data. The
ram.s. deviation of individual p-values is in all cases around 0.10. Therefore, our time-
(orrelatum curves are very precise up Lo thal &f value where » falls below abeut 10.

The calculation of power spectra is nol yel completed, but the AC (autocorrelations)-

and CC (cross-correlalions)-curves are suflicient to show the main results, Some of the
most mlere-.hug AC-and CC-curves are presented in Figure 1 and commented upon in
the following. The CC-curves have heen separated into their odd and even parts. Let us
recall here that if two periodic functions with identical period are cross-correlated, the
odd and even parts of the CC-curve should he periodic, remain in quadrature, and have
tuupllludw ina ratio equal to ig d, ¢ being the phase lag. We might expect the CC curves
to bave this behavior al small A4 since the ohserved variations contain a sizable propor-
tion of coherent periodic chzmcrcs of equal periods and systematic é's.

1. Velocities.—The AC-curves for the lines formed around the temperature minimum
between photosphere and chromosphere (851408 Fer, 5173.75 Ti1, and 5172.70 Mg 1
arc shown) indicate an enormous predominance of oscillations in a very limited range of
period. Most of these oscillations do not Jast for more than onc to two periods, as shown
by the initial decay of the AC-curves, but a pa.rt seems to persist for much longer, as sug-
gested by the behavior of the AC-curves al large AL The CC-curves of velocitics in
~173 75 and 51"2 70 show a definite time la.g for small Al which disappears at large Al

Wc concludc thﬂ,t the veloclf)' f'lf’|d at these upper nh nt.mphc—ru. levels contains both )
i progressive oscillations of relatively small lifetimes and standing oscillations of great |
¢ persistence. The frequency ranges of these two types of motion overlap a great deal, but §
the progressive tvpe dominates at higher frequencies, while the standing type is more §
i pronounced in the low-frequency range. The mean period of mainly progressive, short- §
¢ lived oscillations is =220 sec (the initial oscillation in the odd part of the CC-curve).

i
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OBSERVATIONAL STUDY OF MACROSCOPIC INHOMOGENEITIES IN THE SOLAR ATMOSPHERE.
V. STATISTICAL STUDY OF THE TIME VARIATIONS OF SOLAR INHOMOGENEITIES (%)

hy J. W. Evans

(Sacramenta Peak Ohservatory,

SoMMATRE. — A [aide de sequmces de specires du centre du dseque sclaive de hawte qualité, nows avons éwdié par d<3

Air Forea Uambridge Reasarcs Laborateries) U n P e u
R, Mcharn, R, Seuvaskax
(Obseryvaloire de Paris-Moudon) | . l ) l )
méthodes statistiques objectives les variations dans le tempe des fluctuations da viteeses vadiales (** zig-zags ') pour
6 raies de Frounhofer de diverses tntensités et maiveaux Lo jormation. Les fluctuations de brillonce dans Te continu o
(granulation ) et au centre de denx raiee, ond <4 anesi anadysiss. On a obiows les sovedlodinis vulve toules ces qguan- e c a s s o a ' re
tilés.

Lia variataons dana ic temps ont 844 dérvites par les apectrea de Fouvier mrrmpondtmta )2 méme leg associndions
entre dwcraes qrandc ure ﬂucmanla crt &t upw'ser.tées par 'es e cmé*enrcs aets :lef €renees de phase » de leurs com-

i

Lé spectrc des mteme wmrales anx mwau.r phowophcrlqwes ektés ed !:mte’ a un dtroit domame dc iréqueme

ma.umwm élant voistn de Z’ = 7‘95 s puur mw vzwyenw’ ! Dans e dwwn s, log mours menis dans wre va*av

8 ','m‘.mxm qm lm do‘nha.mqm .amrJ ':M au atadn ma.'v.u fmn.wtnm' 4‘.’1‘ MOUNIMERLS qord h*m!pn.’ uere d-"s 9n.'.'m st.'mrm
waires, & une fréquenes de résomance,

L onalyes slatistique est compatible aves le fail préeédemment observé, guc lea v Granvdes o brillands déclenchont ics
oscillations verticales, les évolutions ultéricures de ces deux structures étant mdépmdan.t- Les fluetvations de bril-
lance au :evt e des raies sont fortement corrélées et presyue en guadrature avec les vitesses radinles dans les mémes
rwizs, pour le domaine dz (fupt-,mz convenuiie. Cect prouve 4 nowvedw gue lee struciares de la hawte photosphers vie
sont pas dues & la conveshion mas & des ondss lagdrudywvmgma

D'm.s la Luaese chromnosphire reprisentde par les raies infraronges da Ce T, Ie specive de Fourier dw chamyp ds
m'w.sam ae mndiﬁ' on fanetion de Uadsisnde 5 i appamtt wne bande de hawte fréquenee qui, povr $5342 Ca I conticni
s d'énevigie que la bande centréde sur 2035 s. L'ori gine phyaique de ceife dvol rrttou avee I hautewr eat discrtée.,

SUMMARY, ~— From time sequences of high resolution spectra of the center of the solar disk, we have studied by objective
statistical methods the time variations of fuctuations in radial velocities (° wiggles ) for & Fraunkofer lines of
vurivus streagths und etmospheric lzvele.  The fuctuaisons of Irightneas in the conlinawm (* granuladion ™)
and al the cenders of 2 binea have wew boen Gualysed.,  T'he Gime correlulsons Lelwesn ald Uiss guanbifics have
Leen obirmined,
Time variations arve described by the corvesponding Fourier powey spectra,  Similarly the associmtions betwcen
variovs parameters are shown by the ** colzrences ™ and* phase shifts * of their Fourier components as a function af
frequency.
The power spectrum of veritcal velocities al uppsr photospheric lavele s confined to @ narrow razn ge of frequencies,
penked al T — 295 s Jur nverags lines,  Tn this vange the moliony of w sirony e (02) and of a faint line (5173,
75 1) show phasr Ms‘ﬁ.» whick scem ton small jor sound waves. 11 e suggesded 1k the phose shafis ore due o e
lranatend imaliol dages of motiona wkich decay toards etanding oscillations, af 6 riaonanes frequeney.
The statistical analysis is consistent with the previousiy reported fact that sudden appearances of hright = gra-
nules " arve the starting agents of vertical oscillations, with further independent decays of the two features.  Bright-
ness fluctuations at the centers of Frawnhofer lines ave shoin fo be strongly correlated and nearly {n quadrature with
',elof;ilies in the same lines in the relevand frequency range, further groving thal e wpper pholosphieric structures are
not due to conveclson b to hpdrodynanme waves, .
I'n tie: e ohromos phe n,yfmu wﬁwu fred by ihe infraved O T lanes, the poeer spectrum of the velocity freld changcs E vans & M / Ch ar d 19 63
ae a function of height | it develope a Righ frequency il which jor 8542 Cladl contains mors encrgy than the peak ol
T = 205s. Tb.. physizal origin of this height evolution is briefly discussed.

1) Thiz paper is part of 8 series, the first Zour of which appeared in The Aatrophpeival Jowrnal.
— 308 —
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OBSERVATIONAL STUDY OF MACROSCCPIC INHOMOGENETTIESR 2

Peavome — LIpH HOMOUM LUCA2ICEATRABAOCTRH CPEKTPOB COJMABUHOID JHOKA BRCOKOIG KadpcTRa (R

HCCAMODBAUN OOLCKTABIUMH CTETHCTHYLCKU MY MCLOIAME HIMCHOLA BO Dpeded Poykry anud iy Ieepx
oropoered (C afraarn V) par 8 PpayeroPepoppx AHAAR DASHENHNX MurTeHoHDHOCIgE M ypopzed
oOpeaonenRA. PIVETYAREH APROCIHM b KOHTHEYYMC (CPAEY.SIQEI H b OCETPe ADYN JMHEHHA Cuaw
TAKHA AHANHAHDOBAEEL DHIH MOAVISAE COOTHNMAANA MAEAV BOAVE 3THMH EOXATACTBAMIA.

Hanedened B0 BpeMe2uEd GRIH OMACAHE COOTRATCTRYIOMEMHE cmekrpawd Dypre. Acconnanng
MERAY PUASAMTNEME PAVRIVEDVIOIHME BCIRYEHAMHE OHIH TARKE NPCACTARACHEL * CBASECCTANE ~ O
¢ opespsuaNa 0asn ' Ex cocTammpx Dypee B JLDECUMOCTE 01 TUCTOTal.

Cuenrp BEPTARANBOMX cROpocrcd Ha DLCOoRAX @OoreefeprucekEX YpoDDAX OTpanmEgcy yokoi
vacTorEcl obaacreio, Marcavyy Cyanan faraok T = 285 jaos cpepmax JneAk. B arodl ofnacre
MAMKANAA B CHABHOR AHEEH (£2) K = caadcit apwen (5173,75 T:) aehazpEpoBAAR HA HeANATATRIARERS
KOMAMECTER JAA 3BYRUBLIX BOAH. My IDeIICIarasd, YTo CABHTH (pas, CEASAHH ¢ EA9aJbEOR nepe-
NOUICH cTaaEed DECRAIMA, CTPCMEIAXCE K CTAUMOCADDLY BOAHAM ¢ PCJUIANCHOE 4acToroM.

CraTrerrvecknll ANATHS CODMEOTHM ¢ HPCEAC BADAWACOOLIN OaKTON, 9410 GIeCTAMM: * rpaayan
AT HATANO0 BEPTEEAABHHY KOIROAEHAY, JATRHEHRIIA2 DASRATAA HTHX JIRYX CTPYVETYD CYAvVAA AR3a-
RUCHMEIMA (LAVETVALRE ADKOCTA B NQATPE JAAAI TRCHO CEASAFWE, H TOYTH KAK KEAADAT, C AVICERMHE
CRODOCTAME B 3THX 4% AMEHAX 1ad ofIacTi ¢ mogxozameid gacrorcl, DT0 AUKAALBAST CHOBA, Ylo
CTPYREIVDH Bepyaed @orocdepid ue MMCKRT IPHIHAOA KOUDCIIH, MO FAjpolHIoNEYCCIC DOMMLL

B moroed xpomocdepe, npeactapicinofl pnfpakpacouMi NEmEovE Ce I, cnenty Pypne noad
CKOpoCTel MAVEHAATCA B SABHCHIMOCTE OF BLCOTH ; HOABAASICL EBLCOKOTAQTOTHEE MOA0CH, HOTOpAd
s 8542 Ca IT copagpespt O0Abe 2ASDTEH TaM TTOJOCA ¢ TaHTROM B 285 . O0cyiRAaES (IEIHIZCKAA

TPHPOIA ST0H SBOIWLMKM ¢ BHGOTOMH,

T. TNTROTITCTPION.

In 18681, one of ns ahtained at the Sacramento
Pesnk Observatory a fow time sequences of solar
spectra under conditions of excellent image qua-
lity.  Anwexploration of the time changes in upper
photospheric structure bhad already led R, Leici-
Tox (1860 [¢]) to the important discavery of ver-
tieal vseillations in the solar atmosphera, among
otherinterestingresults. The morphological study
. of the time sequences of spectra, as reported in
Peper ILL of this series, showed various important
properties of the avmospheric inhomogeneities
(J. Evaxs, . Moaarp, 1962 ¢)[6]. Wa hriefly
list these propertics. ns constunt reference will be
made later to the results of Paper 111 :

The prominent: vertical oseillations at the center
of the disk increase sharply in amplitude with
height in the atmosphere, as indicated by line
strength,  They are confined to periods in the
range 200-300 seconds.  There is elewr evidence
af wpward propagation of the phase of the motion,
mainly for the initial portions of the oseillations.

~— Individual oscillations seem to start with a
violet shift. initiated hy the apparition of a. granule,
the meximum hrightness of the continuum feature
oceuring roughly 40 s before the maximum init al
violat shift. Then the two features decay inde-
pendently.

— The wvelocity field changes rapidly with
height ; individoal oseillations cannot be clearly
recopnized in the chromospheric line 3542 Ca 11,

where the motions have & smaller time constant.

These results wore abtained by selecting elearly
identifiable festures in a set of curves showing the
velorities (ar brightnesses) as fmetions of position
along the glit and time, then following the indi-
vidual evolurtions of these more prominent features,
Accordingly they de not deseribe the inhomoge-
neous stiosphere ns w whole, sinee they are surcly
influenced by ouar selection criteria and by sub-
jective factora. It seemed important to see if an
entirely objective statistieal snalysis would give
congistent results, Thiz i3 the purpose of the
present paper.  Farther, the brightnesa fluctu-
ations at the centers of average lines were included
in our statistical work. Some of their proverties
had beoen diseussed in Paper 11 (J. Evaws, R.
Micoarn, 1862 b) |6). An explorstory plute paar
in the D 1 line by I B. LEicaTOoN, I W. NOYES,
and G. W. Srvox (1462) [10] had strongly sug-
pested brightness vscillations with the same period
as velacity oseillations. T1 seemed worth while,
therefore, to study the brightness fluetoations and
their relation to velocity fluctuationz az thorou-
ghly as our observational materizal allowed.

The following gueatities have been measured
and analysed

— on film Nea. 471 : Velocities in lines 3173, 75
Ti L; 8172, 70 Mg I (62); and 5171, 81 Fe I,
Brightness in continuum, Prightneszes at the cen-
ters of 531592, 70 Mz T and 6171, 65 Fe 1.

- on film No. 568 : Velccities in lines 3514, U8
Te 1 ; 8408, 06 (a 11 ; and §542, 13 Ca 11,

The time correlstions between sll guantities

— 360 —
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Compréhension physique des oscillations:
-Ulrich (1970)
-Leibacher & Stein (1971)

Confirmation observationelle?

E. Rhodes, étudiant de G. Simon (de Leighton, Noyes &
Simon) collecte des observations a Sacramento Peak.
Mais...
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A (arcsec)
7.8 52
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Un peu
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_ £
T_"’, 0.0196 Pz -15.33 8
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0.013) —8.00
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ok Rhodes, Ulrich & Simon 1977
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Methodes d'observation

km zltt the level of Fe A 6102 to ~3500 km at that of Na A 5896. The r.m s. vertical velocity of ~04 km
4. The vertxcal velocities exhibit a stnkmg repetmve time correlation, with a period 7' = 296 +
sec. This quasi-sinusoidal motion has been followed for three full periods in the line Ca A 6103, and is also
clearly present in Fe A 6102, Na X\ 5896, and other lines. The energy contained in this oscﬂlator motlon is
abhout 104 l.'Jnu“‘ﬂ”(m‘:’.&“&“h"fﬁﬂ ﬁ)-\l\“nf’idnh'mﬁ‘ l(-l.(o)'i\“‘of-l-h(-)( A‘Alt“lﬁ}l")l!"! '
. A similar repetitive time correlation, with nearly the same period, seems to be present in the
bn hiness fluctuations observed on ordma.ry spectroheliograms taken at the center of the Na D; line. We

ol v 1 WwWe ¢ S § O DOe) ) gy 1HILU W v UTOUR

ness-velocity correlation in the ghotosphere, the upward propagatnon of thxs energy by waves of rather
well-defined freauencv. and its dissination into heat in the lower chromosnhere.

=> observations spectroscopiques (vitesses)
=> observations photometriques (intensite)

14



Methodes d'observation

uvLs

=> observations spectroscopiques
(vitesses)

=> observations photomeétriques
(intensite)

Un bon exemple: SOHO

— GOLF (Global Oscillation at Low
Frequency): mesure de vitesse (par
effet Doppler) integree sur tout le
disque

— VIRGO (Variability of solar
Irradiance and Gravity Oscillations):
mesures (ultra-precises) de variation
d'intensite

15



Meéthodes d'observation

Un autre exemple: HARPS

spectro au sol (version Sud et Nord)

16



Meéthodes d'observation

T 4 & 9 10 11 12
temps (heure)

Ordre de grandeur de |'amplitude des modes: v~10 cm/s

17



Methodes d'observation

GOLF: spectroscope a résonance

solar Na Line profile

Doppler shifted
solar line

vapour cell Zeeman components

18



Methodes d'observation

VIRGO = SPM + LOI + DIARAD + PMO6

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

8

Version 6 005 1709

:

:

1364 |

VIRGO TSI (Wm~,org. scale)

23/24 Minimum (230-day mean): 1365.49 or 1360.41 Wm™

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Ordre de grandeur de |'amplitude des modes: AI/I~ppm

19
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Methodes d'observation

Photométrie:
simplicité de l'instrumentation
rapport S/B moyen

Spectroscopie:
complexité de l'instrumentation
rapport S/B excellent

)
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Methodes d'observation

Photométrie:
simplicité de l'instrumentation
rapport S/B moyen

Spectroscopie:
complexité de l'instrumentation
rapport S/B excellent
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Methodes d'observation

Photométrie:
simplicité de l'instrumentation

rapport S/B moyen —
|
2+

Power/Hz x 10°

—
I

)
Instrument ACRIM mw ur Jw\w

P‘WW ;
Woodard & Hudson 1983 oLt

2.5 — 30 T35
Frequency (mHz)



Methodes d'observation

Spectroscopie:

complexité de l'instrumentation

rapport S/B excellent

Observation depuis le pdle Sud

Grec et al 1980

‘)

Velocity (m? 7% Ay~

0.15

0.10

—

Frequency (mHz)




Methodes d'observation

Photométrie:
simplicité de l'instrumentation
rapport S/B moyen

S\_‘I |

S
_3 ©
g
o
" Q
>
3
o
-

Instrument IPHIR
-L_.‘._..LJLJ_.A-..L....
Toutain & Frohlich 1992 2500 3000 3500 4000

Frequency (pHz)
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Methodes d'observation

0.2
Spectroscopie: _
complexité de l'instrumentation |
bon rapport S/B 0.15
" 01

0.05

I\

)I
1 1.5
Frequency [mHz]

Observations spectro sol stellaires
aCenA

. Meane | 8. 0o

Bouchy & Carrier 2002
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Transformeée de Fourier
S(‘l‘) => S(v)

Meéthodes d'analyse

Importance de la durée d'observation
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Meéthodes d'analyse

Transformeée de Fourier
S(‘l‘) => S(v)

Importance de la continuité des observation

so(t) = cos(2muyt)

s(t) = so(t) x W(t) = S(v) = Sy(v) * W (v)

M/’(f) = [lp x Z(S(t — ’n,to) = |lp % I[[(’I?fo)

28



Méthodes d'analyse

Transformeée de Fourier
S(‘l‘) => S(v)

Importance de la continuité des observation

1.0F | —
1 : (1 -
W (v) = Tsinc(nvT) X %III(nfO) -F 11| ’
0.0f N ARV T‘\u A NI T W Al
S S S
—'15'.%' h ;1'._:'[,_," | x—f‘,_:-f:' Q ol 100 150

Frequence '1: pHz :f.



Meéthodes d'analyse

Transformée de Fourier
S(‘|’) => S(v)

I//‘-[J L] L] l T T L} l T T T I

- I I S

Fulsscce

1.0

0.5

2300 2850 2800 2350 3000
“requence (peHz)
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Meéthodes d'analyse

Transformée de Fourier
S(‘|’) => S(v)

2900
Frequence (uHz)
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Espace ou réseau

Missions spatiales: ACRIM/SMM, Phobos/IPHIR, SOHO,
MOST, CoRoT, Kepler...

32



Espace ou réseau

Missions spatiales: ACRIM/SMM, Phobos/IPHIR, SOHO,
MOST, CoRoT, Kepler...

Réseau au sol: BiSON, IRIS, GONG, SONG

P : }}VOJJ

&
o
Big Bear % % G
Jdaipur

Teide N

Mauna Loa \'

@ Tnloln 0
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Espace ou réseau

Missions spatiales: ACRIM/SMM, Phobos/IPHIR, SOHO

Réseaux au sol: BiSON, IRIS, GONG

‘@ Birmingham

® NMount Wilson

® Las Campanas ® Sutherland

Réseau BiSON
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Petite respiration
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FREQUENCY

Résultats héliosismiques

0.4
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Frequences
observees
pas loin des
frequences
theoriques...

On a tout
compris ?!?

Deubner 1975



Résultats héliosismiques

3427720

3500

3000

Hz)

y {“

2500

Frequency

2000

1500

0 20 10 60 80 100 120
v mod Av (uHz)

Une autre maniere de visualiser la régularite des modes

(de bas degre): le diagramme éechelle
37
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Observation/théorie
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Observation/théorie

l 1 1 1 1 l 1 1 1 1

g

L3l
M
i l-.!‘ L |

— 15 - 1 1 | 1 1 1 1 | Ei-:.:-.'-:.'- 1 L |
2000 3000 4000
v (uHz)

Basu 2016
39



Observation/théorie

(b) [T T
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-15

Observation/théorie

1 1 | 1 L 1 1 | [ AL

2000 3000 4000
v (uHz)
=> Mauvaise description des couches les plus externes

(b)
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Et l'astérosismolgie fat...

1=2 1=0 I=1
1600 - !
24
23
22
1400 - 2 f
o 20
o
=1 19
p—
;.? 1200 18 =
=
& 17
-
g 16
—
B~ 1000 15
14
13
12
800 | )
11 Lund et al 2017
10
0 10 20 30 40 50 60

Frequency modulo Av (62. 07 uHz)

Oscillations => information sur des discontinuite
dans la structure interne de l'etoile



Résultats héliosismiques

Inversion des frequences => Vitesse du son en fonction du rayon

0 02 04 06 08 10

Christensen-Dalsgaard et al 1985



Résultats héliosismiques

Inversion des frequences => Vitesse du son en fonction du rayon

Christensen-Dalsgaard et al 1991
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dc2/c?
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Observation/théorie
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Résultats héliosismiques

Nature Vol. 293 8 October 1981

—

60

)

Mean velocity amplitude (cm?s-

Claverie et al 1981
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=> rotation du coeur en 13



Résultats héliosismiques

Nature Vol. 293 8 October 1981

o| => rotation du coeur en 13

-

4
Q0 -
—
g

2 ' 16 observing conditions during the 1980 season and a possibly
no:sy source as the measurements were made during the solar
maximum. The widths of the /=0 and /=1 peaks (0.5 pHz)
should.he compared. with the intrinsic resolution of the data set

1 dhere T is the length of the set in seconds.

Hence the width observed is consistent with the intrinsic

frequency resolution and thus indicative of high Q oscillations.

Assuming that all the splitting determinations have equal
statlsttcal weight yields a mean value of 0.75 wHz. This should
ared with the anticipated umform rotanon value of

20

Mean velocity amplitude (cm?s-?)
£

. . . ) ) , ) of the theories of differential rotatnons of the solar surface, as
4 8 ' 12 16 these rec}unre that the solar interior rotates more slowly than the

re .1 S T L e - - e e o %l ——em m Al aaa

Claverie et al 1981
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Résultats héliosismiques
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Entrée en scene du champ magnétique

Variation de fréquence au cours du cycle magnetique
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<00

<Av>,(nHz)

Frequency v (mHz)
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Libbrecht & Woodard 1990



Entrée en scene du champ magnétique

90 'ﬁ"'lﬂ"llﬁlﬁiF

SSN

Fréequences des
modes d'oscillation
correlees avec le
champ magnéetique

1995 2001 2007 2013

Year
Basu 2016
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Entrée en scene du champ magn
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Frequency shift [uHz]
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Les péripéties magnétiques
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Kiefer et al 2017

Variations de frequences pour 23 étoiles sur 24
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Frequency shift [uHz]
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Frequency shift [uHz]
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Les péripéties magnétiques

Etoiles avec oscillations detectees

Etoiles sans oscillations detectees
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Number of stars (normalizec)

Les péripéties magnétiques
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Etoiles de type solaire
Etoile F8 V
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power (in ppm®/uHz)

Etoiles de type solaire
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power (in ppm‘/uHz)

1.5

O_Op.l.‘ll.lk.lt Lo
1800 2000 2200 2400 2600 23800
frequency (uHz)
Appourchaux et al 2015



59

Et l'astérosismolgie fat...

Fig. 1. Echelle diagrams of tae power spectra of two simple stars (KI1C 2427720 and KIC 9139163). The power spectra are normahised by the
background ard smoothed over 3 uHz.

Appourchaux et al 2012

maag

Differents "diagrammes-éechelle", plus ou moins compliques
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Et l'astérosismolgie fat...

CoRoT (lance en 2006) et Kepler (lancée en 2009)
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Kepler = 66 étoiles de la Sequence Principale sismiques



separation (in uHz)

Large

Et l'astérosismolgie fat...
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Kepler = 66 etoiles de la Sequence Principale sismiques



Et l'astérosismolgie fat...

—— Simple
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Et l'astérosismolgie fat...
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0.00 |- N ]
' " A(Lz) <0
=3 -
- .
g -0.10
-0.20
Castro et al 2018
_030 ] ‘ ] L 1 I I ] ] ] 1 1 1 1
6000 5900 5800 5700 5600 5500

Tur (K)

Contraintes dans le diagramme H-R
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Et l'astérosismolgie fat...

Contraintes sismiques

114 4

))))))

;: 106 h
. cquc:.i;) (“H ) 2400 '..’(i'()() ' . cqucn’{;;) (#H ) '.’4'()0 P
Castro et al 2018
Mass Radius Age
(Mp) (Ro) (Gyr)
TGEC 1.02+0.02 | 1.20 £ 0.01 6.8ﬁ8§
CESTAM | 1.01 £0.02 1.20 6.4+0.3
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145

Av (uHz, £=0)

138

137

Et l'astérosismolgie fat...

Contraintes

dvgz/ vy

sismiques

0,10

0.9 4

0.08

0.07 -M
0.06

.';_'z:cl;lqucncy (’d':ll) ' 26000 '.'?-:'ZII ) rrcquc.':!cl:;) (N‘Hz) .'N'H!l ZM':()(] asi
Castro et al 2018
Mass Radius
(M) (Ro) :
TGEC 0.92+0.03 | 0.97+0.01 ¢
CESTAM | 0.94 + 0.02 0.96 "
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Line width. I {11z

Line vrdth. I' (jd1z)

Line width, " (p01z)

Et l'astérosismolgie fat...

o

1004 KIC 12268514 i e
i g
2 B—H'”"‘:’//
t00] KGOS 5 gl Largeurs des modes
: A => information sur l'excitation et
| E /‘/ 3 I'amortissement des oscillations
i (convection)
o0 | KIC 12069449 - 4
| A
| /
o #'_,‘#,---é‘ ‘é‘a-—--ix_‘q_g‘_tp //

. . . . . . Lundetal 2017

1750 2000 2250 2500 2750 3000 3250
Frequency (pHz)



Et l'astérosismolgie fat...

L1 0 60, I 2 0 60

Amplitude relative
des modes (+m)
N oo => angle d'inclinaison

n — =307 —_— =307 |

l_ | - - - 1=80° I—.j - - = 1=80°

0.6 0.6

P(‘) ."'. e ' ’

F’ ower

- Gizon & Solanki 2003
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Normalized fraction

0.5
0.4

0.3 -

0.2 -
01

0.0

Et l'astérosismolgie fat...

0

|
Low angle <12 Mid angle +:+ High angle

10

: 1 NGC 6791 _ 12

1 | 1
20 30 40 50 60 70
Projected stellar-spin inclination angle (°)

80

90

NGC 6819

SO N R O

S N &S O 00

14

S

uiq 43d junod Je)g

o

Etoiles alignees
dans deux amas
ouverts!

Corsaro et al 2017



Une derniére petite
respiration
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L'épopée des géantes rouges

Dziembowski et al (2001):

"The amplitudes of stochastically excited non-radial modes, including those that are most
efficiently trapped in the acoustic cavity, are expected to have values much lower than those of

corresponding radial modes."
d:L] ‘ 107225700
de Ridder et al (2009): m? icramamen
5C
C s
§C m |

0 I MM 0’ " J\M\j W \ }\/‘ I A Uul\_‘ A l"}.'/\f\l r/ \W\w\ ’\/ \m \ ’L lLA . -
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‘epopée des géantes rouges

Ve & ¢ Vinax \* "o "
2, =t 5 +eB) —doAv) + = (n - —= => ‘universal pattern
800 - SHERANERG: . 2
3
600 7
N
=
400 S
200 i}
0 (
0
v (p[[?)

- Mosser et al. 2011



Power spectral density (ppm” pHz ')

Le “universal pattern”

s U KIC 8006161

k- KIC 12059424
200 MUJ-;LL " , ,
200 KK &M12183
00 -

| { 1 } 4 |
500 -

KIC 12508433

500 -
KIKC 6035129
400
M0
n e At - " e | —
500 1.00C 1,500 2,000 250 3)c0 3,500 4,000

Frequency (UHZ)

(2

Au

dela des geantes rouges

Chaplin & Miglio 2013



Et les fameux modes mixtes

L'épopée des géantes rouges

Kepler Detected Gravity-Mode Period
Spacings in a Red Giant Star

P. G. Beck,** T. R. Bedding,® B. Mosser,” D. Stello,® R. A. Gardia,” T. Kallinger,”

5. Hekker,”” Y. Elsworth,® S. Frandsen,” F. Carrier,’ ). De Ridder,! C. Aerts,?

T. R. White, D. Huber,® M.-A. Dupret,’” ]. Montalbin,*" A. Miglio,’" A. Noels,*”

W. ). Chaplin,® H. Kjeldsen,* ). Christensen-Dalsgaard,” R. L. Gilliland,"” 1. tA. Brown,"’
S. D. Kawaler,™ S. Mathur,*" J. M. Jenkins™®

512 10 8 6 5 4 3 2
——— ) 8 i
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M : Iv{._-s
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< < 8% .
S ?f S 0B S
2 Y- §
ApE S
e s 3
2 2!
22 ~ 58
.2 g ¢
25 .. 5 g
'~.§~sg |
R
: R
! ”f‘ W ) -
R IR o
j Mosser et al 2014
10 100

A (wHzZ) 73



L'épopée des géantes rouges

2 / Re
5 12 10 8 5 5 4 3 >
1000 [ ' ' ' * ‘ ]
P —— . 8 -
0.8 1.2 1.6 2.0 2.4 2.8 |
M/ M O

10 100
M (wHz)

74 Mosser et al 2014



L'épopée des géantes rouges

1000 _
D
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Mosser et al 2014



L'épopée des géantes rouges

550-— B S S e S S B S S S S S S e S B S S e s _-
! G- ® Q W0
500 | a @ o -
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~ 450 _
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>a00F @ oe < ® g
o 0@ @ @ 'y ®
S B0FO © ® ® ® .
N © ©
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250 [ ® O
0 5 10 15 20 25

Frequency modulo Av (uHz) Deheuvels et al 2012

Fréquences observees et frequences deduites du modele
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L'épopée des géantes rouges

3
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Mesure du decalage rotationnel pour des modes mixtes
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L'épopée des géantes rouges

IIIIIIIII "'Illll"l"llll'l"'ll""l'l'll"""l'l'l’"llll'l"Illl"'
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A2 0.2F o ~W_ -
© : § o
0.1F 3
Deheuvels et al 2012
0,0 E IR, I I I T | .

Rotation observee, rotation a 2 zones, rotation rigide
=> coeur en rotation 5x plus rapide que la surface

/8



L'épopée des géantes rouges

Deheuvels et al 2012: coeur en rotation 5x plus
rapide que la surface (1 etoile RGB)

Goupil et al 2013: coeur en rotation 20x plus rapide
que la surface (1 etoile RGB)

Deheuvels et al 2015: coeur en rotation (1.8+0.3)x a

(3.2+1.0)x plus rapide que la surface pour 6 étoiles
(Red Clump 2), 1 compatible rotation rigide (aussi
RC2)
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L'épopée des géantes rouges:

' 4 ° °
archeologie galactique
M ( Vina )’*‘( Av )‘4( e )
MO - 1"111&.\.@ AU@ Igll@
i . Vmax ) ( Av ) 2( 1ot )]/2
R a (me,@ Ave Lor.® |

vmax + Av + Teff => Masse, rayon

rayon + Tefr + magnitfude => distance

masse + geante rouge => age

80

Miglio et al 2013



z (pc)

500-”””H””““”f_”””””_u””juu__u”““u.;“”. e verennnnats

-500F

-1000F

_1500-“““““““““f““_””_”””“j””““””__””

L'épopée des géantes rouges:
archéologie galactique

: Sun _ Galactic Centre 15000

o % ,m' \ - 10000
: : ) :
i ~ , > 5000
: _ *& _ .
: : wh Su Galactic Centre
: L 180 |- 4 '

210

-2000C

-15000 -10000 -5000 0 x (pc)
X (pc)

avec 2 runs CoRoT

81 Miglio et al 2013



Fraction
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Archéologie
galactique

avec 2 runs CoRoT

Difference en masse
=> difference en age
(etoiles agees plus
dispersees)

(voir aussi Anders et al 2017)



La saga des modes g (solaires)

Pourquoi?

=> sonder le cour
(structure, rotation)

Amplitude?

=> 10-4al cm/s
[modes p ~10 cm/s]

o

0 2 4 6

/]
A
AN / ‘

g N
0 0.5 1

Asymptotique, équidistant en

période
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0 0.5 1

0O 2 4 &6

Provost et al 2000



La saga des modes g (solaires)

Nature Vol 259 lanuary 15 1976

articles

Observations of solar pulsations

A. B. Severny, V. A, Kotor & T. T. Tsup

Crimean Astrophysical Observatary, p/o Nauchny, Crimea, 354413 USSR

We have modinea owr solar magneiograpi 1o measure
velocities @t ke solar suefuce, cather than magnetic fields
Using thic apparatus, we have observed fluctuations of
period 2 h 30 min, which are remarkably siable. The inter-
pretation of this phemumenon seems to cause nch theoretical
difficulty.

We have reported previously!® on the sucoesstul messunement
of the Sun’s magnetic ficld using a solar magnetograph and the
Crimean Solar Tower Telescope, The magnetopraph consists ol
an electro-oplical modulator (o pick out the circularly polarsed
Zeeman companents of magnetically sensitive lines, a grating
and photomultipliers set on the wings of the lincs., We thus
aclpeve sensivity, bul, wilh the ad of an avtaomace Doppler
compensator, avoid the perturbations of varying z¢lative velo-
citics between the Earth and Sun, terbulenee in the atmosphere
and apparatuz noise. By the use of some additioral apparatus

wlibration sipnel D), wille the anl af

glass plate of the welocity compensator (!
calibrations, and "on” for recording Ax) an
Live intensily al the central part of the solar i
rim, fi = f.f, = +in our case (Intensities m
multipliers). Tre calibration is madce ior a4 s
L0031 A of the 5123.7 A line, which corre
of =1,815 m £, 0 that 31 equals 31 (O} w
Al —iordaspeed of 4238 msy .

Accuracy of experiment

The accuracy of the method 15 limited by
spectroeruph and electrome nose, wml @a b
the accnmey of magonetic field measureme
feld strengtns of | zauss were messured, corne
ms 4 By increasing the dita accomulation
we can achieve = 1.0ms~', correspondi
shift Ak, ~ 10 A

Severny et al 2000

Les fameuses 160 mn...

84

87
39
g v
T P - 7h 40 min
o) i L . .
~~~ - f . r 1
- . ]
|m 1 - ! = ]I' _ ‘
O ]
O . - : .
———H

nik

|
e
|

050 0.5 1.0
Time (periods)

Fig. 3 Rasult of tha superposed epoch analysis wirh 2 h 40 min
period. Error bars represent rms. deviations of individual
measuremrents for eacnh 10-min block of the data.

by Eddington™ and Rosscland®, where the best agreement
with observations can be reached for almost homogeneous
spheres at ¥ — 5/3. We agrec with Rosscland’s conclusion that
‘a thorough discussion of the problem on a new basis seems 1o
be called for’

We thank Dr D. Gough for helpful discussion of the paper
before publication.

Note added in proo/: Preliminary results of ohservations for
16 d in 1975 show the same periodicity in the mean magnetic
field of the Sun, with an amplitude of 0.01 gauss.

Received June 2 accepted (Actoher 25, 197).



La saga des modes g (solaires)

Confirmant une théoric d'Einstein quatre cherchewrs caropéons ont déoclé des endes qui font vibrer le Soleil

Confirmant une théorie d'Einstein

quatre chercheurs europeens ont

décelé des ondes qui font vibrer le |
Solell =

LE MONDE | 12.10.1583 a 00h00 - Mis a jourle 12.10.1983 a COh0D

Unc déeonverte majenre vient d'étre faite par quatre cherchenrs
européens : la premiére mise en évidence d'ondes gravilationnelles,
donnant ainsi l'explication d'une mystéricuse vibration dn Seleil, qui se
traduit par des mouvements de sa surface. Les Francais Philippe Delache
(observatoire de Nice) et Jacques Paul (Centre d'études nucléaires de
Saclay), le Britannique George Isaak (université de Birmingham) ct
I'Ttalien Giovanni Bignami (umversilé, de Milan), onl montré que celle
vibration cst engendrée par les ondes gravitationnelles qu'émet Geminga,
un astre effondré - trou noir ou étoile & neutrons - relativement proche du
sysleme solaire (le Monde du 24 aoul 1983).

Le presque aussi fameux "Geminga”...

85
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La saga des modes g (solaires)

THE ASTROFHYSICAL JOURNAL, 338: 557 S62, 1989 March |
0 1985, The Amenicar Astronomical Society ANl rights reserved. Primced in U.S.A

Elsworth et al 1989

THE 160 MINUTE SOLAR OSCILLATION: AN ARTIFACT?

Y. P. ELsworth,' S. M. Jerreries,® C. P. McLeoD,! R. New,! P. L. Pai1i®
H. B. van DErR RaAY,! C, REGULO,” AND T. Roca Corris?
Recetved 1937 December 16 accepted 198% August 1)

ABSTRACT

Analysis of data obtaincd at Izana over the years 1980-1985 are analyzed to show that the period of the
160 minute signal 1s indeed 160.00 minutes, It is further demonstrated that this signal may be simulated by a
slightly distorted diurnal sine wave such as that occasioned by differential atmospheric extinction.

Subject headings: Sun: oscillations

| Analysis of these simulated data mimic the spect;um, fre-
The bith of helioseimaiogy wae herr QUENCY, and. phase of the actual recorded data. Hence it may be

"ot Boationin Nanre (Brookes 15t /concluded that, for the [zana observations, the observed 160.00™

mingham University and Crimean Astro mirIUte e Solar » oscﬂlation is an artifact produccd by a simple !

ing the di fa It} . o . : ’ i :"
ation of ampitude ~2 ms . Howswe| fistortion of the diurnal signal due primarily to differential
Leighton. Noyes, and Simon (1962), Ulri ¢ . . . . . 1 h t t1 Sun
cher and Stein (1971) should not be overl, | tmospherlc extinction mtc_racn with a rota ing )

that the authenticity of this signal was i

minutes is exactly one-ninth of a day. L AN ]n cn et a " ‘ e Sa da pSC cd at Ul tel
btained h 1wd 1974 1976 (B . ’ r

cated that the experimental evidence . AU Symposium 123 (Pallé and Roca Cortés 1986), althougf
Tom conclusive. Alhough the wen s Tnisinterpreted at the time, confirms the phase constancy o

eported, Toed variavle aodleGer the 160,00 minute signal. In this analysis a signal of frequency

The reaffirmation of the 160 minute 104.160 qu (160.01 minutes) was fitted to the data and the

from an analysis of the combined data of

over a long period of time. Using = sur  nhage was found to increase at the rate of ~}2 mi‘putes per

nique, it was found that the phase of the



La saga des modes g (solaires)

Fig. 3. Power spectrum of the 10| ]
PSD, normalized to the standard X GOLF ]
deviation, far the real GOLF data
(top) and a numerical simulation
(bottom) of ¢ = 1, 2, and 3 gravity
modes computed using the seismic
model, for a core rotating at 433
nHz and without noise. The shaded
region corresponds to the zane

where the AP, peak is expected. fﬂlﬂW‘J‘rﬂl‘

This pattern changes slightly (with | MODEL
maxima at ~7.3¢ or 6c) when : t=1,2.3
shorter frequency ranges in the

58l-0 2

P.S.

—{

1))

o
PSD are used (fig. S2). The horizon- 10 20 10 40 50
tal dashed line at 5.81c corre- Period (min)

sponds to 99.7% confidence level
for individual peaks (equivalent to 3¢ level of a normal distribution). A full interpretation of the other
highest peaks at low periad is given in (22).

Garcia et al 2007
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Simu
Jﬁ"r.’.u>"';lj..-
Obs. ; ‘
l ' o, ‘ | |
k " v a 1‘ J
J}l(l_,‘i.'{"‘.ﬂ'._ 1P L “"‘“ 1 b Iy | !"L l‘
Spectres en période Spectres en fréquence

Elsworth et al 2006
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La saga des modes g (solaires)

1500
I
~ [ I
T 1000 | |
& 1 |
E 1
o il
CCL% i |l | | [l
500 | It | :
ﬂJ \ | [ ’\.'Mr
il Il ﬁ]‘ .\‘ | |1‘1‘“.
- e Im MM v
0 15 2 2[.5 :Ia 3.5 Alf 4i5 Is
Frequency (Hz) %10~
Fossat et al 2017

Derniers épisodes en date

(une méthode encore plus compliquée...)
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La saga des

modes g (solaires)

\ A [
N, NS

0.5

1 1.5 2
Time (s)

Etape 1: spectre du spectre

=> périodicité du spectre

25
x 10*

Fossat et al 2017

(variations de la grande séparation avec le temps
=> nouvelle série temporelle)
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g 0:04- 'J|' ‘J‘] | : 'h *L1 I. “ { ,.‘, | 1 ’I_
gt A
S T EATA TR
Pl LAt i i
-0-04(; 0.5 1 Fr(:diency Iagé(Hz) 25 3 x1g.j

Etape 2: autocorrélation du spectre de Av(t)

=> décalage rotationnel
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La saga des modes g (solaires)

S/N ratio of Fig. 16
— N w P
O N O (o} 8] § o (9]

-
I
|

SN - |
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\'. P N
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v !
—_ I —
. “
L)

0 l | l | |
2 4 6 8 10 12 14 16 18

Data set duration (years)

Fossat et al 2017

Vérification: le S/B augmente avec la durée de la série temporelle
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La saga des modes g (solaires)

Garcia et al, Jimenez et al:
rotation du coeur 3-5x rotation de surface

Fossat et al:
rotation du coeur (3.8+0.1)x rotation de
surface

Prochain episode?!?
(en attendant: Fossat & Schmlder 2018

confirment de leur cote)

0.08

c 0.06

=

@ 0.04
~-

3
0.02

0.-

1] L 1 I 1
I ‘ L A ! I

|
-2 -1.5 -1 0.5 0 0.5 1 1.5 2
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Perspectives

Que de donnees...
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Perspectives

=> lien avec les exo-planetes (R, M, age)

=> rotation stellaire (et solaire!)
=> magnetisme
=> dynamo/structure interne

=> micro-physique
=> evolution
=> dge (exoplanetes, archéologie
galactique)
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Ouf...



