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ABSTRACT

Aims. To investigate the astrometridfects of stellar surface structures as a practical limitat@oultra-high-precision astrometry,
e.g. in the context of exoplanet searches, and to quantfgtpected féects in diferent regions of the HR-diagram.

Methods. Stellar surface structures (spots, plages, granulationsradial oscillations) are likely to produce fluctuationghe in-
tegrated flux and radial velocity of the star, as well as aatiem of the observed photocentre, i.e. astrometric jittég use the-
oretical considerations supported by Monte Carlo simoiheti(using a starspot model) to derive statistical relatioatween the
corresponding astrometric, photometric, and radial-aigfceffects. Based on these relations, the more easily observedméisic
and radial-velocity variations can be used to predict theeeted size of the astrometric jitter. Also the third monwdrihe brightness
distribution, interferometrically observable as closphase, contains information about the astrometric jitter.

Results. For most stellar types the astrometric jitter due to stalleface structures is expected to be of order 10 micro-AUeatgr.
This is more than the astrometric displacement typicallysed by an Earth-size exoplanet in the habitable zone, whiabout
1-4 micro-AU for long-lived main-sequence stars. Only fiars with extremely low photometric variability (0.5 mmag) and low
magnetic activity, comparable to that of the Sun, will thi@setric jitter be of order 1 micro-AU, skicient to allow the astrometric
detection of an Earth-sized planet in the habitable zoneile/gtellar surface structure may thus seriously impairab&ometric
detection of small exoplanets, it has in general negligitneact on the detection of large (Jupiter-size) planetsanthe determi-
nation of stellar parallax and proper motion. From the siirsnodel we also conclude that the commonly used spot fiféintpr is
not the most relevant parameter for quantifying the spestnn terms of the resulting astrometric, photometric awlibi-velocity
variations.
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1. Introduction caused by surface structures. In some cases, e.g. for ingotat
Th f ast i s h . sgﬁtted star, the shifts are periodic and could mimic the dy-
€ accuracy 0f astrometric measurements nas Impro ical pull of a planetary companion, or even the star’s par

tremendously in the past decades as a result of new tectmi motion, if the period is close to one year. These shifes
being Ttrql?uce?, both %';‘ the q[rgunddand '”ép?‘c‘?- ;rh.'s devel rently of great interest as a possible limitation of teer@
opment wilf continu€ in the next decade, €.9 aia IS 10 IMProy,etric method in search for Earth-like exoplanets. We want t
P"?"a"é?x accuracy by anothertlwo orders.of r_nagnltude Poemparestimate how important theséects are for dferent types of
with Hipparcos. As a result, trigonometric distances wildb- 55 “especially in view of current and future astromerio-
tained for the Magellanic Clouds, and thousands of Jupitas- planet searches such as VLTI-PRIMA (Ret et all 2005), SIM

exoplanets are likely to be found from the astrometric webblf | 1t C(Unwin 2005) and Gaia (L attanzi &t al 2005
their parent stars. Even before that, ground-based imterfetric anetQuest (Unwin 2005) and Gaia (Lattanzi &t al. 2005).

techniques are expected to reach similar precisions fativel Astrometric observations determine the position of the cen
measurements within a small field. How far should we expee of gravity of the stellar light, or what we call the photoitre.
this trend to continue? Will nanoarcsec astrometry soonree a This is an integrated property of the star (the first momethef
ality, with parallaxes measured to cosmological distareras intensity distribution across the disk), in the same seasieto-
Earth-size planets found wherever we look? Or will the acctgl flux (the zeroth moment of the intensity distribution)stellar
racy ultimately be limited by other factors such as variaigé- spectrum (the zeroth moment as function of wavelength}airss
cal structure in the targets and weak microlensing in theGial  other than the Sun, information about surface structureallys
halo? The aim of this project is to assess the importanceatf si¢ome from integrated properties such as light curves and spe
limitations for ultra-high-precision astrometry. In tipaper we trum variations. For example, Doppler imaging (DI) has breeo
consider the fects of stellar surface structures found on ordRn established technique to map the surfaces of rapidly-rota
nary stars. ing, cool stars. Unfortunately, it cannot be applied to nodshe
Future high-precision astrometric observations will innya targets of interest for exoplanet searches, e.g. low4ictolar-

cases be able to detect the very small shifts in stellaripasit type stars. Optical or infrared interferometric (apertsyathe-
sis) imaging does not have this limitation, but is with catre

Send gprint requests toU. Eriksson, e-mailurban@astro.lu. se baselines€ 1 km) in practice limited to giant stars and other
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extended objects (see Monnier et al. 2006 for a review omteca GOV star by about8107° AU, roughly a factor 4 less than ac-
advances in stellar interferometry). Interferometry ofgmaally  cording to[[8). They also conclude that the correspondiighibr
resolved stars may, however, provide some information abaess variation is less than 2%.
surface structures through the closure phase, which igiserie But f alone may not be a very good way to quantify the
the third central moment (asymmetry) of the stellar intgrdis-  ‘spottiness’. For example, the photometric or astromediiects
tribution (Monnier 2003; Lachaume 2003; Labeyrie et al.€)00 of a large single spot are obviously venffdrent from those
Since there is limited information about surface struduref a surface scattered with many small spots, although tbe sp
on most types of stars, an interesting question is whether ¥iling factor may be the same in the two cases. Thereforeemor
can use more readily accessible photometric and specpinscaletailed (or more general) models may be required to explore
data to infer something about possible astrometfiieots. For the plausible ranges of the astrometriieets.
example, dark or bright spots on a rotating star will in gaher  Bastian & Hefele [(2005) give an assessment of the astro-
cause periodic variations both in the integrated flux anché tmetric dfects of starspots, and conclude that they are hard to
radial velocity of the star, as well as in the photocentreied quantify, mostly because of the irfigient statistics. Although
asymmetry of the intensity distribution. Thus, we shoultast starspots are common among cool stars with outer convective
expect the astrometridtect to be statistically related to the othezones, data are strongly biased towards very active sthes; T
effects. conclude that theféects on solar-type stars are likely to be neg-
We show that there are in fact relatively well-defined statigigible for Gaia, while much larger spots on K giants may be-
tical relations between variations in the photocentreltidix, come detectable. For supergiants and M giants, having o&dii
closure phase and radial velocity for a wide range of possikhe order of 10R,, (or more), the &ect may reach 0.25 AU (or
surface phenomena. These relations are in the following tese more), which could confuse the measurement of parallax and
predict the astrometric jitter in various types of starstheut proper motion.
any detailed knowledge of their actual surface structures. Sozzetti [(2005) gives an interesting review of the astremet
ric methods to identify and characterize extrasolar pan&s
an example of the astrophysical noise sourd&scting the as-
trometric measurements, he considers a distribution asspo
The discovery of exoplanets by means of high-precisioratadthe surface of a pre-mainsequence (T Tauri) star. For a stiar w
velocity measurements has triggered an interest in how-astfadius R, seen at a distance of 140 pc, he finds that a variation
physical phenomena such as magnetic activity and coneect®f the flux in the visual byAF/F = 10% (rms) corresponds to
motions might &ect the observed velocities (Saar é{ al. 20033 astrometric variation of 3 yas (rms), and that the twdfects
Evidence for dark spots have been seen photometrically a€ roughly proportional.
spectroscopically for many cool stars other than the Sud, an While the astrometric féects cannot yet be tested ob-
guantified in terms of an empirically determingubt filling fac- servationally, it is possible to correlate the photometiw
toflf, ranging from< 1% for old, inactive stars to severalradial-velocity variations for some stars (Queloz et al020
percent for active stars. It is therefore natural to relateax- Henry etal.| 2002). From a small sample of Hyades stars
pected radial-velocityféects to the spot filling factor. For exam-Paulson et al. (2004b) found an approximately linear refati
ple,[Saar & Donahue (1997) used a simple model consisting of
a single black equatorial spot on a rotating solar-like &tate- o, ~ 2+ 360007, [ms™] (4)
rive the following relation betweeh (in percent), the projected . ) )
rotational velocityV sini and the amplitudév; of the resulting Petween the RMS scatter in Stromgremagnitude ¢m) and

2. Astrometric limits from previous studies

radial velocity variations: in radial velocity ¢,). This relation supports the idea that a
o large part of the radial-velocity scatter in these starsiissed by
AV, = 0.0065f%°V sini (1) surface structures.

o . L& . : Svensson & Ludwigl (2005) have computed hydrodynami-
In a similar vein| Hatzes (2002) estimated both the radiklore cal model atmospheres for a range of stellar types, predicti

ity amplitude and the corresponding astromettiee from a both the phot tri d ast tric iitt d by dea
similar model, but assuming a fixed spot size@dius) and in- QO e photometric and astrometric jitter caused by deanu

stead varying the number of spots placed randomly on therste ion. They find that the computed astrometric jitter is altnos
surface centred around the equator. For the radial velaaity ntirely determined by the surface gravghof the atmosphere

: model, and is proportional tg~! for a wide range of models.
plitude they found This relationship is explained by the increased granulthsize
Av; = (0.0086V sini — 0.0016 %9 (2) With increasing pressure scale height or decreaginbhe ra-

dius of the star does not enter the relation, excepigyisince
in approximate agreement withl (1), while the total ampltwd the increased leverage of a large stellar disk is compemh&gte

the astrometricfect (converted to linear distance) was the averaging over more granulation cells. For their most ex
. 0,92 treme model, a bright red giant with Igg= 1 (R/R, =~ 95)
Apos= (7.1x 107 AU) f () they findopos ~ 300uAU. Ludwig & Becker5 (2005) extended

is by considering theffects of granulation on interferometric
Q servations of red supergiants. They show that both Vliisibi
ties and closure phases may carry clear signatures of amgat
from circular symmetry for this type of stars, and concluuit t
convection-related surface structures may thus be olislerua-
fing interferometry.

Ludwig (2006) outlines a statistical procedure to chardsse

1 f is interpreted as the fraction of the visible hemispherénefdtar the photometric and astrometridfects of granulation-related

covered by spots. micro-variability in hydrodynamical simulations of corot&e

Reffert et al. (2005) discuss the accuracy and limitations
the PRIMA (Phase-Referenced Imaging and Micro-Arcseco
Astrometry) facility at the VLT Interferometer in the cortef
the search for suitable targets for exoplanetary searchfss;
ence and calibrations stars. According to their calcufetia
spot filling factor of f = 2% would move the photocentre o
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stars. Based on statistical assumptions similar to our iriade variation of contrast) we find
Appendix A, he finds the relation
OAx = Oy = Opos = 0.376Rom (12)

ox L oF (5) s = 0139R oy (13)

R V6P :
) ) whereo designates the dispersion of the quandjty
between the RMS fluctuation of the photocentre in one coordi- For the radia|_ve|ocity dispersion’ a similar relation dzn

nate §), the radius of the staR}, and the relative fluctuations of derived under the previously mentioned conditions of a time

the observed fluxR). independent, rigidly rotating star. Using thatX r) - 2= wyy —
wyXwe have

3. Modeling astrometric displacements AVR(t) = wxAY(t) — wyAX(t) (14)

3.1. Relations for the astrometric jitter and

In a coordinate systemyz with origin at the centre ofthestar > _ 2> 2 2 2 2 2 »
and+z away from the observer, lé(r,t) be the instantaneous” Vs = “x7y T yIx = (@it @) pos (15)

surface brightness of the star at point= (x,y, 2) on the visi-  ginceAx(t) andAy(t) are statistically uncorrelated according to

ble surface, i.e. the specific intensity in the directionf® bb- Eq. [A7). Noting thaR(w? + w2)2 equals the projected rota-
. . . . " . " . A X Yy A
server. We are interested in the integrated propertieat o  tjonal velocityV sini we can also writd (15) as

F(t), photocentre fisetsAx(t), Ay(t) in the directions perpen-

dicular to the line of sight, the third central moment of the i o-yos = Roy, /(V sini) (16)
tensity distributionus(t), and the radial velocity fiset Avg(t).

These are given by the following integrals over the visihle s Which may be used to predict the astrometric jitter from te r

faceS (z < 0): dial velocity variations, if the latter are mainly causedrbya-
tional modulation. Combined witli (12) we find under the same
F(t) = f I(r, ) dS () assumption
1 o, = 0.376V sini o (17)
AX(l) = —— f |(r, X dS ) - .
F@) Js In terms of the rotation perioB = 2r/w, and assuming random

AY(D) = % f (. Oy dS ®) orientation ofw in space, Eq[{16) can be written
S
3P
1 = 4/ — ~
ka0 = gy [ - xR (9) TPos= V3 g T = 0195P e (18)
1 A
Avr(t) = =0) L I(r,)) [(wxr)-7 udS (10)  3.2. Modeling discrete spots

As a check of the general relations in Séct] 3.1 we have made

whereu = |2/Ris the geometrical projection factor applied G, merical simulations with a very simple model, consistifig
the surface element when projected onto the 8Kig the angu-  jiniteq number of (dark or bright) spots on the surface of-a ro

lar velocity of the star and the unit vector along 2. (For the 4iing star. The behaviour of the integrated propertieseaily
third moment, only the pure component is considered above.) 4ar<tood in this case (cf. FIg. 1):

Equation [[ID) assumes that the star rotates as a rigid Huaty, t

rotation is the only cause of the radial-velocitifset, and that _ the flux is reduced in proportion to the total projected afea o
the overall diset can be calculated as the intensity-weighted the visible spots (or the spot filling factdy;

mean value of the localffset across the surface. The flux varia-— a black spot on, say, thex side of the star will shift the pho-

tion expressed in magnitudes is tocentre in the-x direction and cause a negative skewness
of the flux distribution along tha& direction;
Am(t) = 1.086M (11) - theapparentradial velocity of the star is modified, depegdi
(F) on whether the dark spot is located on the part of the disk

moving towards the observer (gividgyr > 0) or away from
the observerfvg < 0) (Gray/ 2005, p. 496 and references
therein).

where(F) is the time-averaged flux.

Using a similar statistical method as Ludivig (2006), the
RMS variations (dispersions) ofi(t), Ax(t), Ay(t) andus(t) can
be estimated from fairly general assumptions about theserf Bright spots cause similarffects but with the opposite sign.
brightness fluctuations (Appendix| A). This calculation & a Limb darkening of the stellar disk and a possible centrért-
proximately valid whether the fluctuations are caused bk dajariation of spot contrast will modify the precise amounitefse
or bright spots, granulation, or a combination of all thraed shifts, but not their qualitative behaviour.
whether or not the time variation is caused by the rotation of \we assume a spherical star withspots that are:
the star or by the changing brightness distribution overstire

face. The result is a set of proportionality relations initag) the  — absolutely black,

radius of the staR, the limb-darkening factaa, and the centre- — small compared to the stellar radiRs

to-limb variationc of the surface structure contrast [sEe {A.5)— of equal area (measured as a fraction of the total surface),
and [A.I8) for the definition of andc]. Fora = 0.6 (typical so- — randomly spread over the whole stellar surface, and

lar limb-darkening in visible light) and = O (no centre-to-limb  — fixed in position on the surface, while the star rotates.
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Fig. 1. The curves show theffects in magnitude, position, ra-
dial velocity and intensity skewness (third central momehta 001 , ,
single dark spot located at latitude°30he star is observed at ' 1 10 100

inclinatiqni =90 ar!d the_limb-da_rkening parameter= 0.6. Number of spots (N)

The vertical scale is in arbitrary units for thdfgrent dfects.

Fig. 2. Results of Monte Carlo simulations of rotating stars with
different numberl{) of spots, all of the same siz& & 0.0025).

The diterent graphs refer to (from top to bottomh, opos, 074,
ando,, expressed on an arbitrary scale; the dots and error bars
show the mean value and dispersion of thealues for a set
itgésimulations with giverN. The dashed lines have slope 0.5,

For circular spots of angular radigs(as seen from the centre
of the star), we havé\ = sir’(p/2). The assumption of abso-
lutely black spots is uncritical if we interprétas theequivalent
areaof the spot, i.e. the area of a completely black spot caus
the same drop in flux. Bright spots can formally be handled
allowing negativeA.

The star is assumed to rotate as a rigid body with peflod  \onte Carlo simulations of a large number of cases with
around an axis that is tilted an angleo the line of sight €2). A = 0.0025 (spot radiup = 5.73) andN in the range from 1 to
For the present experiments we take #yadirection to coincide 50 (assuming random orientation of the rotation axis anchb-i
with the projection of the rotation vectes onto the sky; thus darkening parameter= 0.6) indeed show that the RMSfects
wx = 0, wy = wsini, andw; = wcosi, wherew = 2r/P. Limb  jn magnitude, photocentre displacements, third centrahemd
darkening of the form intensity 1 - a+ au is assumed, where gnq radial velocity are all, in a statistical sense, prdpogl to

rresponding to- o« VN.

p=4/R. N (Fig.[2). More precisely we find
To model a rotating spotted star, we place khepots of the VN (Fig.[2). P Y

griven sizeA randomly or|1_ the s_,ulr_face of ? spherical star and éilfgm ~ (117+0.60)- AVN (19)
the axis to a certain inclination Letting the star rotate aroun

its axis we calculate the integrated quantities as funstafrthe Pos = (057+0.25)-AVN-R (20)
rotational phase, taking into account the projectifiea on the 0y = (0.22+0.09)- AVN-R3 (21)
area of each spot (by the factey as well the limb-darkening

law. ovs = (051+0.26)- AVN-Rw (22)

The dfects of a single black spot as function of the rotationghere the values after show the RMS dispersion of the pro-
phase are illustrated in Fifl 1. It can be noted that tfiects hortionality factor found among thefiierent simulations.
are not unrelated to each other; for example, the radialeitgi The relations[(I9)E£(22) suggest that a measurement of any
curve mirrors the displacement iy and both of these curvesgne of the four dispersions can be usestatisticallypredict the
look like the derivative of the photometric curve. This i B0 other three dispersions, assuming that we know the appedgim
coincidence but can be understood from fairly generalimiat y4djys and rotation period of the star, and that tiiedént éfects
like (14). With many spots the curves become quite com@itat are indeed caused by the rotating spotted surface. An irapiort
but some of the basic relationships between them remain.  noint is that it is not necessary to knowor N in order to do
The total equivalent area of the spotsA (the spot filling  this. For example, expressing the othéieets in terms of the
factor f ~ 2AN). As long asAN « 1, all the dfects are propor- photometric variation we find
tional to A. The dependence ad is more complex because of
the random distribution of spots. For example, the photdmetopos ~ 0.49Rom (23)
effect will mainly depend on the actual number of sgotgsible . . 019R3 (24)
at any time. For any random realization of the mo#dbllows e "
a binomial distribution with parametegs= 0.5 andN; its dis- v = 0-43Rwom (25)
persion is thereforeVN/2. We can therefore expect the RMSComparing these relations with the theoretical result&lE)-¢
photometric &ect to be roughly proportional t& VN. Similar  (I8) we find that the numerical factors from the numerical ex-

arguments (with the same result) can be made for the other gériments are systematically some 30—-40% larger than dccor
fects. ing to the statistical theory. This discrepancy largelyishas if
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the models are constrained to high inclinations ¢£90°). This 4. Application to real stars

suggests that the discrepancy is mainly caused by the sedallv =~ ] o )
ues ofo, obtained in models with small inclinations, i.e. whedn this section we use known statistics about the photomatrl
the star is seen nearly pole-on. Théfeliences in these factorsradial-velocity variations of real stars in order to predie ex-
are in any case well within the scatter indicated in [Eq[23—28ected astrometric jitter for fierent types of stars. Rather than

which emphasizes the statistical nature of the predictimsed Using angular units, we consistently express the astraoiéter
e.g. on photometric variations. in linear units, using the astronomical unit AU, mAU (2G\U)

6 - P ol
It should also be noted that there is a considerable scagétuAU (10 AU). This eliminates the dependence on the dis

between the dierent realisations reported in Egg._](18)4(22 ance to the star, while providing simple conversion to agu

: nits: 1uAU corresponds to Las at a distance of 1 pc. We also
amounting to about 50% RMS about the mean RM&a:. Thus, ote that 1 MAU= 0.215R. and 1uAU ~ 150 km
any prediction based on eithér {12)(18) lor]l (18}}-(22) ig/onp 215 HAS = :
valid in a statistical sense, with considerable uncergamany
individual case. Nevertheless, the overall agreementdmtihe 4 1. pre-Main Sequence (T Tauri) stars
results of these very fierent models suggests that the statistical
relations among the fierent éfects have a fairly general valid-T Tauri stars are low-mass, pre-main sequence stars in a dy-
ity. The expressions far, are the least general in this respecthamic stage of evolution often characterised by prominari d
as they obviously break down if the structures change on e tispots, bipolar outflows or jets, accreting matter with assoc
scale smaller thaR, or if the surface structures themselves hawated rapid brightness variations, and in many cases cirteliars
velocity fields. Equationd{12) anf{13) do not depend on thksks extending to a few hundred AU (e.g.. Rhode &t al. 2001,
assumption that the variability is caused by the rotation. Herbst et all._2002; Sicilia-Aguilar etial. 2005). Taking ttar-

When modeling spotted stars, any brightenifig& of fac- forming region in the Orion nebula as an exa_mple,_ the splectra
ulae is often disregarded (for more details 5ee Aarum-UlvB&es range from G6 to M6, with the large majority in the range
2005); only the darkeningfiect of spots is computed. ForKO to M4 (Rhode et &l. 2001).
the Sun, the #ect of faculae is known to be comparable and Many processes may contribute to the astrometric jitter of
sometimes even larger than the darkenifig@a of sunspots these stars besides their surface structures, e.g. phisioiine
(Eker et al.| 2003;_Chapman_1984; Chapman & Meyer 198@&gularities of the circumstellar disk. The statisticaat®ns
Chapman et al. 1992; Steinegger et al. 1996). However, tiece derived in Sect{13 could therefore mainly seloaver limit to
general relationships, e.g. ii_{14)(18), are equallydvédir the likely astrometric ects! Herbst et al. (1994) found that the
bright and dark spots (or any mixture of them), it should b photometric variability of (weak) T Tauri stars (WTTS) is of
possible to predict the astrometriffexts from the photometric the order of 0.8 mag due to cool spots and occasional flares.
variations. Assuming a typical radius of 2R, (Rhode et al. 2001), Eq.(R3)

leads to an estimated astrometric variability of the order o
1R, ~ 5000uAU.
3.3. Comparison with previous studies and observations

The (near-) proportionality between the observalffeats and 4.2. Main-Sequence stars

the spot filling factorf « AN expressed by Eqd.](1)34(3) is not ] ]
supported by our spotted model, which predicts that tfeces [Eyer& Grenon ((1997) have used the Hipparcos photometric
are proportional té\ VN. However, for smalN and a filling fac- dat@ to map the intrinsic variability of stars across the H& d

tor of a few percent we have rough quantitative agreement w'am- On the main sequence (luminosity class V), stars af-spe
these earlier results. We note tHat (2) ddd (3) can be combine 2! type B8-AS and F1-F8 are among the most stable ones,
give an approximate relation similar {0 {17). with a mean intrinsic variability-,, < 2 mmag and with only

Equation[(b) derived by Ludwig (2006) is practically identia few percent of the stars having amplitudes abad Gnag.

| hich | e h based Early B type stars are nearly all variable with a mean inicins
cal to our [12), which is not surprising as they are based oy V& aiapility of ~ 10 mmag, and among the cool stars the level
similar statistical models.

and frequency of variability increases from late G to early M

Both the theoretical result and the result from the simatati dwarfs. In the instability strip (A6—F0) the main-sequestas
for the relationship between the RMS for the radial veloaitgl  are mostly micro-variable withry, up to several mmag. Among
the RMS for the magnitude shows a distinct relation and #Ms IF—K stars the degree of variability is probably also a strimmg-
sult is confirmed by observations in the literature (Paukstoal.  tion of age or chromospheric activity (Fekel etlal. 2004). e.
2004b) for a very limited number of stars in the Hyades alkhavhe Hyades (age 600 Myr) show variations of about 10 mmag
ing rotation period o ~ 8.5 days. These are GOV-G5V star§Radick et al. 1995).

and should therefore have approximately the same radiieas th The sun (G2V) is located in one of the photometrically most

Sun R~ 7 x 10° km). Equation[(Zb) then gives stable parts of the main sequence, and is one of the (as yet)
few stars for which the micro-variability has been studiedé-
oy ~ 260007, [ms7Y] (26) tail. Analysis of the VIRG@SoHO total solar irradiance data

(Lanza et al. 2003) show variability at the lewg) ~ 0.25 mmag
) ) o (relative variance 5 1078) on time scaless 30 days, which
in reasonable agreement with the empirical resulCin (4 TRan Jargely be attributed to rotational modulation. Theglen
simulations by Sozzeltti (2005) give an astrometric jitteattis  torm solar-cycle related variations are of a similar magte.
roughly a factor 2 greater than predicted byl (12)of (23). The optical data show a strong wavelength dependence, with

Thus the results of previous studies generally agree withify, ~ 0.2 mmag at 860 nm increasing to 0.4 mmag at 550 nm

a factor 2 or better with the theoretical formulae derivethis and 0.5 mmag at 400 nm_(Lanza etlal. 2004). For comparison,
Section. a single large sunspot group (equivalent afea 0.05%, cor-
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responding tof = 0.1%) giveso, =~ 0.6 mmag according to stable at ther,, < 6 mmag level; K3 and later types have an
@9). increasing level of micro-variability with a time scale oft&
The photometric variations of the Sun on short (rotatiori:0 days, whileb —y = 1.1 (xM2) marks the onset of large-
related) timescales appears to be representative for-ldaar amplitude variability ¢m > 10 mmag) typically on longer time
stars of similar age and chromospheric activity (Fekel et alcales £ 100 days). From a larger and somewhat more sensitive
2004). Thus, we may expeet, < 1 mmag for ‘solar twins’ can- survey of G and K giants, Henry etial. (2000) found the small-
didates, such as the sample studied by Meléndez et al.[f20@st fraction of variables in the G6—K1 range, although ewexe h
Inspection of the Hipparcos photometry for these stars (ES&me 20% show micro-variability at the 2—5 mmag level; giant
1997) confirm that most of them show no sign of variability dater than K4 are all variable, half of them withy, > 10 mmag.
the sensitivity limit of a few mmag. Much more detailed and ad’he onset of large-amplitude variability coincides witk ttoro-
curate statistics on micro-variability in solar-type stare soon nal dividing line (Haisch et al. 1991) separating the eadiants
to be expected as a result of survey missions such as MO®ith a hot corona from the later types with cool stellar winds
(Walker et al. 2003), COROT _(Baglin etlal. 2002) and Keplefhis suggests that the variability mechanisms may Ifermint
(Basri et all 2005). on either side of the dividing line, with rotational modudet of
The increased frequency and amplitude of variations factive regions producing the micro-variability seen in mgi
late G-type and cooler dwarf stars is at least partly asnts earlier than K3 and pulsation being the main mechanism
tributable to starspots. Aigrain et'al. (2004) estimategllat for the larger-amplitude variations in the later spectsgless
micro-variability as function of age and colour index from gHenry et all 2000).
scaling of the solar irradiance power spectrum based on the Several radial-velocity surveys of giants (Frink et al. 200
predicted chromospheric activity level. For example, tlieg |Setiawan et al. 2004; Hekker etlal. 2006) show increasimgpint
om = 1.5 mmag in white light for old { 4.5 Gyr) F5-K5 stars, sic radial-velocity variability withB—V = 1.2, with a more or
practically independent of spectral type, while for youteys less abrupt change arouBdV = 1.2 (~ K3). Most bluer giants
(~ 625 Myr) o, increases from 2 to 7 mmag in the same spebaveo,, ~ 20 m s while the redder ones often have variations
tral range. of 40-100 m st
Variability among field M dwarfs has been studied e.g. by
Rockenfeller et al.| (2006), who find that a third of the stars i
their sample of M2—M9 dwarfs are variable at the levedgf ~
20 mmag. Evidence for large spots has been found for manyffth increasing luminosity, variability becomes increwagy
and M stars, yielding brightness amplitudes of up to a fewh®n common among the bright giants and supergiants (luminosity
of a magnitude. _ o _ class ll-la). The Hipparcos survéy (Eyer & Grenon 1997) show
A large body of data on radial-velocity jitter in (mainly)&, a typical intrinsic scatter of at least 10 mmag at most spectr
and K stars has been assembled from the several on-goirgf playpes, and of course much more in the instability strip (idahg
search programmes and can be used to make statistical preghg cepheids) and among the red supergiants (includingegmi
tions as function of colour, chromospheric activity andlevo ylar and irregular variables). Nevertheless there may bav&s-
tionary stage. However, since at least part of the radileiy  Jands’ in the upper part of the observational HR diagram wher
jitter is caused by otherfiects than the rotation of an inho-stable stars are to be found, in particular around G8lII.
mogeneous surface (e.g., by atmospheric convective n®tion |t is clear that pulsation is a dominating variability meeha
its interpretation in terms of astrometric jitter is notasght- nism for many of these objects. However, ‘hotspots’ and othe
forward. From the observations e#50 stars in the California deviations from circular symmetry has been observed in-inte
and Carnegie Planet Search Program. Wright (2005) finds a fé&ometrical images of the surfaces of M supergiants anc Mir
dial velocity jitter of~ 4 m s for inactive dwarf stars of spectral yariples (e.gl, Tuthill et al. 1997, 1999), possibly beihg tis-
type F5 or later, increasing to some 10 m for stars that are ei- jple manifestations of very large convection cells, putsat
ther active or more evolved. Saar et al. (1998), using data fr induced shock waves, patchy circumstellar extinction,aone
the Lick planetary survey, find intrinsic radial-velocititgrs of  other mechanism. Whatever the explanation for these asymme
2-100 m s' depending mainly on rotational velocity 6ini)  tries may be, it is likely to produce both photometric andast
and colour, with a minimum arounB-V =~ 1.0-1.3 (spec- metric variations, probably on time scales of months to gear
tral type~KS5). For a sample of Hyades F5 to M2 dwarf starss et al. (2006) find evidence of a strongfInoise component
Paulson et al. (2004a) find an average rms radial veloctsf it in the power spectra of nearly all red supergiant semireguie
of ~16ms™. irregular variable stars in their sample, consistent wligh pic-
ture of irregular variability caused by large convectioticanal-
ogous to the granulation-induced variability backgrousetsfor
the Sun.
For giants of luminosity class lll, Hipparcos photometrysha
shown a considerable range in the typical degree of variabil o
ity depending on the spectral tyde (Eyer & Grenon 1997). THe®: Summary of expected astrometric jitter

most stable giantsofy < 2 mmag) are the early A and lateTable[1 summarises much of the data discussed in this Section
G types. The most unstable ones are of type K8 or later, Wiy the main-sequence, giant and supergiant stars, and tiiee

a steadily increasing variability up t0.1 mag for late M gi- corresponding estimates of the astrometric jittay,§) based on
ants. The stars in the instability strip (roughly from A8 t6)F theoretical formulae. These estimates are given in threerots

are typically variable at the 5-20 mmag level. As these age piapelled with the corresponding equation number:
sumably mainly radially pulsating, the expected astroimtr

ter is not necessarily higher than on either side of the insta- Equation[(IR) is used to predict the positional jitter frdma t
bility strip. This general picture is confirmed by other sasl typical values of photometric variability in columary,. This
Jorissen et all (1997) found that late G and early K giants are is based on the assumption that the variability is due either

4.4, Bright giants and supergiants

4.3. Giant stars
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to (dark or bright) spots, granulation, or any other surface It is of interest to evaluate the astrometric signature lier t
features that vary with time. Note that the temporal vaviati already detected exoplanets. For most of them we only know
need not be related to stellar rotation. The resultipgsare M, sini from the radial-velocity curve, and we use this as a
probably realistic order-of-magnitude estimates exceygnw proxy for Mp. This somewhat underestimates the astrometric
the photometric variability is mainly caused by radial puls effect, but not by a large factor since the spectroscopic detec-
tions. In such cases (e.qg., for stars in the instabilitpsinid tion method is strongly biased against systems with smail si
red supergiants) the values given clearly represent upper | Analysing the current (April 2007) data in the Extrasolaarits
its to the real fect. Encyclopaedia (Schneider 2007) we find a median value

— Equation [(IB) is used to predict the astrometifieet from 1200uAU; the 10th and 90th percentiles are 15 and 10080.
the radial-velocity variability in colummr,,. This is only Future exoplanet searches using high-precision astrametr
valid if the radial velocity is rotationally modulated. & techniques may however primarily target planets with mnasse
pulsations, non-radial oscillations, convection and marlfie range from 1 to 10 Earth massédetm ~ 3 x 105My)
other dfects may cause radial-velocity variations without & the habitable zone of reasonably long-lived main-seqgeen
corresponding astrometridfect, these estimates are agaistars (spectral type A5 and later, lifetinge 1 Gyr). For a star
upper limits. Nevertheless, rotational modulation is imef luminosity L we may take the mean distance of the habitable
portant among active (young) main-sequence stars andzigne to bea ~ (L/Ly)Y? AU (Kasting et all 1993; Gould et al.
dwarfs, and for these objects Ef.(18) may provide corre2003). In this mass range (0.2—-2 M,,) the luminosity scales as
order-of-magnitude estimates. M35 (based on data from Andersen 1991), so we &ind M22°

— Finally we have included an estimate of the astrometrierjittand
based on the following equation

M. )1‘25 29)

M
Tpos = (300pAU) x 10'1°99 27) @=@uAU)x ( p )(Mo

MEarth
with logg taken from| Cox [(2000). Equation_(27) is de- " . .
rived from the inverse relation to surface grawitjound by For a planet of one Earth mass orbiting a main-sequencétgtar,

Svensson & Ludwigl (2005) for a range of hydrodynamiC%ﬂasrggﬁtﬁgrgiif&%';”/ aboutAU for an A5V star to 2.3:AU

model atmospheres. Although the authors warn that spheric- Lopez et al.[(2005) have argued that life will have time to de-

ity effects may render an extrapolation of this relation to S lop also in the environments of subaiant and giant staring
pergiants very uncertain, we have applied it to all the atell P 9 9 ’

types in the table. Since it only includes the randdfacis of :he|0r| slotv;/ p;;Z%sfof del\\//lelo?mentihThe hab|tabled_zor|1e|may ex
stellar granulation, it represents a lower limit to the ectpd endoutto =2 ora Vo star, Wfl] Iacorresp%n fmg yhargaer
astrometric jitter. astrometric signature. However, the long period of suchet
would make their detection fiicult for other reasons.
If the estimates based on the photometric and radial-vglest
timates are strictly considered as upper limits, the resnlthe
table appear rather inconclusive. However, if the likelycine
anisms of the variabilities are also considered, it is fmedio The detection probability is in reality a complicated fuoatof
make some quantitative conclusions. For main-sequencevA tomany factors such as the number of observations, their tempo
stars, the expected level of astrometric jitter is gengirialthe ral distribution, the period and eccentricity of the orlaind the
range 2—2@AU probably depending mainly on the level of stel-adopted detection threshold (or probability of false diéted. A
lar activity; old, inactive stars should have less jitter§2AU).  very simplistic assumption might be that detection is ordg-p
The Sun appears to be more stable than the typical old, Bledar- sible if the RMS perturbation from the planet exceeds the RMS
star, but not by a large factor. The most stable giant starth@ noise from other causes. Neglecting orbital eccentriqity as-
late F to early K types, were the expected astrometric jistef  suming that the orbital plane is randomly oriented in spaoe,
order 25uAU. Late-type giants and supergiants haxgs of a that(sir?iy = 2/3, the RMS positional excursion of the star in

5.2. Exoplanet detection

hundred to several thousapAU. a given direction on the sky is/ V3. With a sifficiently pow-
erful instrument, so that other error sources can be neglect
5. Discussion the condition for detection then becomesrp.s 2 V3. In real-

. ity, a somewhat larger ratio than3 is probably required for a
5.1. Astrometric signature of exoplanets reliable detection, especially if the period is unknownr Ex-

The possibility for an astrometric detection of a planetatets ample, Sozzetti (2005) reports numerical simulations shgw
on the angular size of the star’s wobble on the sky relatitego thate/o 2 2 is required for detection of planetary signatures by
total noise of the measurements, including the astropaljgic SIM or Gaia, wherer is the single-epoch measurement error,
induced astrometric jitter discussed in the previous eactin Provided that the orbital period is less than the missiogtien
linear measure, the size of the wobble is approximatelyrgivéFor the corresponding problem of detecting a periodicalign

by the semi-major axis of the star’'s motion about the comméadial-velocity date., Marcy et al. (2005) note that a velppre-

centre of mass, or thstrometric signature cision of 3 m s? limits the detected velocity semi-amplitudes to
greater than-10 m s%, implying an even higher amplitugteise
o= Mp o~ Mp a (28) ratio of 3.3.) As a rule-of-thumb, we assume that detectiotinb
M. + Mp M. astrometric method is at least in principle possible if

(cf.[Lattanzi et al. 2000, who however express this as aneangl(fposg 0.5a (30)
whereM, is the mass of the exoplandl,. that of the star, and

the semi-major axis of the relative orbit. In all cases oéiest For old, solar-type stars the expected astrometric jiter i
here,M, < M., so that the second equality can be used. <5 pAU, implying that exoplanets around these stars witk
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Table 1. A summary of typical photometric and spectroscopic valitgifor different stellar types, and inferred levels of astrometric
jitter (opos)- The jitter is estimated in threefférent ways: from the photometric variability, using Ha.)([tBis will overestimate
the jitter if part of the variability is due to radial pulsati]; from the radial-velocity variability, using Ed. {18hjs method will
overestimate the jitter if the variability is not caused byational modulation]; and from the surface gravity, usiw (27) [this
only includes jitter caused by granulation, and is theefiower limit]. References to typical observed quantitiess given as
footnotes. Radii and log (not shown) are taken from Cox (2000).

Type Om Ovr R P O pos GIZ) O pos @) O pos @)
[mmag]  [ms'  [R] [d] [uAU] [uAU] [uAU]

Main sequence stars:
O-B7V 10 7 120 0.3
B8-A5V <2° 25 <9 0.2
A6-FOV 2-8 1.6 5-20 0.1
F1-F8V <2¢ 3-10C" 1.3 3P <5 1-30 0.1
FO9-K5V (young) 5-185% 16 1 1@ 10-25 18 0.1
F9-K5V (old) 1-34 3-5 1 25 2-5 8-14 0.1
G2V (Sun) 0.4 1 29 0.7 0.1
K6-M1V 1 5m 0.6 4G 10 20 0.1
M2-M9V 20 1om 03 02-2 10 0.2-2 0.04

Giants:
O-B7Il 4-g 10 70-140 1
B8-A7IIl <4° 5 <35 1.5
A8-F6lII 5-20 5 50-200 2
F7-G5lll 2-6 <20 7 10 25-75 <25 5
G6-K2IlI <2°9 20-3G:f" 15 3¢ <50 60 20
K3-Kalll 5-10" 20-108'" 25 200-500 50
Mol 20¢h 30-156'" 40 1400 150
M5l 100¢h 50-306'" 90 16000

Bright giants and supergiants:
O-Ala,b 4-40 30 200-2000 25
Fla,b 20-108 100 4000-20 000 100
Gll 2-10 30 100-500 40
G—Kla,b 10-100 150 3000-30 000 250
Mila,b, Il ~100° 500 ~100 000 300-3000

ReferencesfAiarain et al. (2004)"Cox [200D) {Ever & Grenoh[(1997{Fekel et al.[(2004){Frink et al. (2001),[Hekker et al.[(2006){Henry et al.[(2002)Jorissen et al (1997),
iLanza et al.[(2004)iPaulson et al[(2004bjRadick et al.[(1995)YRockenfeller et a[(2006)Saar et a1/ (1998)[Setiawan et al[ (2004)

10 ©AU could generally be detected and measured astrometmum achievableelative error in parallax. For main-sequence
cally. This applies to the vast majority 80%) of the exoplanets stars this relative error is less than-40for giant stars it is of
already detected by the radial-velocity method. Such elaserorder 104 to 10-3, and for supergiants it may in some cases ex-
tions would be highly interesting for obtaining indepentien ceed 1%. We note that a 1% relative error in parallax gives a 2%
formation about these systems, in particular orbital mations (0.02 mag) error in luminosity or absolute magnitude.
and unambiguous determination of planetary masses. If proper motions are calculated from positional data sep-

Exoplanets of about 1Mearn orbiting old F-K main- arated byT years, the random error caused by the astrometric
sequence stars in the habitable zome~( 20-50uAU) would jitter, converted to transverse velocityisopos V2/T. Even for
generally be astrometrically detectable. This would alsdhe 3 very short temporal baseline suckias 1 yr, this error is usu-
case for Earth-sized planets in similar environments~( 2— ally very small:~0.1 m s for main-sequence stars arn€.5—
5 1AU), but only around stars that are unusually stable, such@g, <1 for giants. (Note that 1 AU y* ~ 4.74 km s.) In most
the Sun. applications of stellar proper motions this is completedygligi-

ble.

5.3. Determination of parallax and proper motion

The primary objective of high-precision astrometric measu g conclusions

ments, apart from exoplanet detection, is the determinaifo

stellar parallax and proper motion. We consider here ondflgr For most instruments on ground or in space, stars are stid-un

the possible #ects of stellar surface structures on the deternseolved or marginally resolved objects that can only be okeskr

nation of these quantities. by their disk-integrated properties. The total flux, astetnic po-
Stellar parallax causes an apparent motion of the star, knosition, efective radial velocity and closure phase are examples of

as the parallax ellipse, which is an inverted image the Eartlsuch integrated properties. Stellar surface structufkseince all

orbit as viewed from the star. The linear amplitude of the paof them in diterent ways. Our main conclusions are:

allax dfect is therefore very close to 1 AU. (For a space obser-

vatory at the Sun—Earth Lagrangian point kuch as Gaia, the 1. Theoretical considerations allow to establish statistre-

mean amplitude is 1.01 AU.) Thus, the size of the astrometric lations between the fierent integrated properties of stars.

jitter expressed in AU can directly be used to estimate the mi  Under certain assumptions these relations can be usedto pre
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dict the astrometric jitter from observed variations in phcESA. 1997, The HIPPARCOS and Tycho catalogues (ESA SP-1200)

tometry, radial velocity or closure phase.

2. The total flux, astrometric position and third central m

Eyer, L. & Grenon, M. 1997, in ESA SP-402: Hipparcos - Venige,'467—472

d:_ekel, F. C., Henry, G. W,, Baliunas, S. L., & Donahue, R. A020in I1AU

Symposium, ed. A. K. Dupree & A. O. Benz, 260—

ments (related to closure phase) are simple moments of mﬁk, S., Quirrenbach, A., Fischer, D., Roser, S., & Swiih, E. 2001, PASP,

intensity distribution over the disk, and for these theistat

tical relations are valid under fairly general conditionfor

113,173
Gould, A., Ford, E. B., & Fischer, D. A. 2003, ApJ, 591, L155

example, they hold irrespective of whether the variatiags aGray, D- F. 2005, The Observation and Analysis of Stellart&$mheres, 3rd

caused by spots on a rotating star or by the temporal eygs;

Edition (Cambridge, UK: Cambridge University Press, ISBH0851866)
aisch, B., Schmitt, J. H. M. M., & Rosso, C. 1991, ApJ, 3835L1

lution of granulation. By contrast, radial-velocity vef@s Hatzes, A. P. 2002, Astronomische Nachrichten, 323, 392
can only be coupled to photometric and astrometric variaekker, S., Réfert, S., Quirrenbach, A., et al. 2006, A&A, 454, 943
tions if they are primarily caused by rotational modulation Henry, G. W., Donahue, R. A., & Baliunas, S. L. 2002, ApJ, 37711

3. The theoretical relations are supported by numericallsim

tions using a model of a rotating spotted star. In this case

variations in total flux, position, radial velocity and clos

Henry, G. W., Fekel, F. C., Henry, S. M., & Hall, D. S. 2000, &p130, 201
erbst, W., Bailer-Jones, C. A. L., Mundt, R., Meisenheimé., &
Wackermann, R. 2002, A&A, 396, 513
Herbst, W., Herbst, D. K., Grossman, E. J., & Weinstein, R4, AJ, 108, 1906

phase are a” proport|0na| mm’ WhereA |S the equ|va_ Jorissen, A., Mowlavi, N., Sterken, C., & Manfroid, J. 198&A, 324, 578

lent area of each spot aitthe number of spots. This meanﬁi

asting, J. F., Whitmire, D. P., & Reynolds, R. T. 1993, Icri01, 108
iss, L. L., Szab0, G. M., & Bedding, T. R. 2006, MNRAS, 37721

that, e.g., the astrometric jitter can be (statisticallgdicted | gpeyrie, A., Lipson, S., & Nisenson, P. 2006, An Introdatto Astronomical

from the photometric variability without knowing andN.

It is noted that the spot filling factor, being proportional t
AN, is not the most relevant characteristic of spottiness f

these fects.
. Using typical values for the observed photometric anditad

Interferometry (Cambridge, UK: Cambridge University RresSBN
0521828724)
@chaume, R. 2003, A&A, 400, 795
anza, A. F., Rodond, M., & Pagano, |. 2004, A&A, 425, 707
Lanza, A. F., Rodono, M., Pagano, I., Barge, P., & LIebakia2003, A&A, 403,
1135

velocity variations in ordinary stars, we have estimategl thattanzi, M. G., Casertano, S., Jancart, S., et al. 2005,9A BP-576: The
expected size of the astrometric jitter caused by surfacelhree-Dimensional Universe with Gaia, 251~

structures (Tablel1). The estimates range from belgAl

Lattanzi, M. G., Spagna, A., Sozzetti, A., & Casertano, RMNRAS, 317,
11

for the Sun, seve_radAU for most main-sequence stars, SOMEope;. B., Schneider, J., & Danchi, W. C. 2005, ApJ, 627, 974
tens ofuAU for giants, and up to several mAU for some Sutudwig, H.-G. 2006, A&A, 445, 661

pergiants.
5. The expected positional jitter has implications for tlosgi-

Ludwig, H.-G. & Beckers, J. 2005, in The Power of optitRl Interferometry:
Recent Scientific Results and 2nd Generation VLTI Instruatem, ESO
workshop in Garching bei Miinchen, private communication

ble astrometric detection of exoplanets. While pIanetsrheeMamy G. W., Butler, R. P., Vogt, S. S., et al. 2005, ApJ, G

ier than 10 Earth masses may be astrometrically detectedadlendez, J., Dodds-Eden, K., & Robles, J. A. 2006, ApJ, 6483

the habitable zone around ordinary main-sequence st#s's,

itlonnier, J. D. 2003, Rep. Prog. Phy, 66, 789

likely that Earth-sized planets can only be detected arouf@h!son, D. B., Cochran, W. D., & Hatzes, A. P. 2004a, AJ, 8579

stars that are unusually stable for their type, similar to o

Sun.
6. Stellar surface structures in general have negligibleaith

|!j’aulson, D. B., Saar, S. H., Cochran, W. D., & Henry, G. W. 2004, 127,

1644
Queloz, D., Henry, G. W., Sivan, J. P, et al. 2001, A&A, 37892
Radick, R. R., Lockwood, G. W., SKj B. A., & Thompson, D. T. 1995, ApJ,

on other astrometric applications, such as the determimati 452, 332 _
of parallax and proper motion. A possible exception are sféfert, S., Launhardt, R., Hekker, S., et al. 2005, in ASP Comf. S38:

Astrometry in the Age of the Next Generation of Large Telgsesy 81+

pergiants, where very large and slowly varying spots or CORFode, K. L., Herbst, W., & Mathieu, R. D. 2001, AJ. 122, 3258

vection cells could limit the relative accuracy of paraltie¢
terminations to a few per cent.

Rockenfeller, B., Bailer-Jones, C. A. L., & Mundt, R. 2006%A, 448, 1111
Saar, S. H., Butler, R. P., & Marcy, G. W. 1998, ApJ, 498, L153
Saar, S. H. & Donahue, R. A. 1997, ApJ, 485, 319
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Appendix A: Statistical properties of the spatial whereA; is the mean intensity at the disk centre=£ 1). From
moments of the intensity distribution across a (A.D) we obtain
stellar disk E[Mm] =

In this Appendix we derive the mean values and variancesof th 1 2 .
moments(x™y") for a spherical star, wheneandy are spatial R 2 f du f dp A) pt (1 = 2)™ /2 codp sy (A.6)
coordinates normal to the line-of-sight af)dlenotes the instan- 0 0

taneous flux-weighted mean. The analysis extends and dgenesdnich with (A.5) evaluates to

izes that of Ludwigl(2006) by considering also the third mame

(relevant for measurement of closure phase) and a centiedbo E[Mpmr] =0 (A7)
variation of the intensity contrast.

g . if eithermornis odd, and to
Letd, ¢ be polar coordinates on the stellar surface With0

at the centre of the visible disk agd= 0 along thex axis. With 5 (M—=1)(n-1)!
[ = cosf we write the instantaneous intensity across the visibfdMmnl = 2e R (m+n)!! ArHmen(a) (A-8)
stellar surfaces as|(u, ¢), and introduce the non-normalized
spatial moments if both mandn are eveii Here, we introduced the functions
1
Mo = [ 05l )Xy = M@ = [ di(@-araiu(-
s 0
1 2 l-a ki
F?mmzf d/,lf do 1 (i, ) 1 (1 = 2 ™72 cody sin'y (A.1) w2 T ko @ (evenk)
0 0 B +2  (k+3) (A.9)
- - I )

wherex = R(1 - p?)Y?cosp andy = R(1 - u?)Y?sing. The 1-a + Kk x a (oddk)
factoru in the integrand is the foreshortening of the surface ele- k+2  (k+3)It 2
ment & = R2du dp when projected normal to the line-of-sight o which presently, we only need
The normalized moments are given by ' ’

M Ho@=2-2  and Ho@)=1-122 (A.10)
oY = o a2 77276 2% =27 60 '

) % ) Thus, the mean total flux is

where it can be noted thalpy equals the instantaneous total a
stellar flux. E[Mog] = 7R A¢ (1 - §) (A.11)

It is assumed that(u, ¢) varies randomly both across the
stellar surface (at a given instant), and as a function a1 a 5,4 the second moments
consequence, the spatial momehis{A.1) andl(A.2) are afso ra
dom functions of time, and the goal is to characterize them | _ 1 7a
terms of their mean values and varian@eince we are inter- QMZO] = E[Mog] = Z”R4 Ay (1_ 15 (A.12)
ested in quite smallféects of the surface structure it is generallyr ) o ) o
true that the dispersions are small compared with the tatal fiThe rms extension of the star in either coordinate is given by
and scale of the star, so that for exampleMgf] <« E[Maqo] 12 12 12
and DM1o] < RE[Mog). In this case the variability ofx™y") is ¢ _ (E[Maol ™" _ (E[Mo2]\™ _ R (1-7a/15 (A13)
mainly produced by the numerator [0 (A.2), and we may use the \ E[Moo] E[Moo] 2\ 1-4a/3 '
approximations

E[Mmn]
E[Moo]
In the following we therefore focus on deriving the mean ealu
and dispersions of the non-normalized momevits. The (tem-

poral) mean value and dispersion Idfi, ¢) are assumed to be
independent op; thus

D[Mmn] A.2. Dispersion of the moments

(A.3)

E[Moo] In order to compute the dispersion idf,, we need to introduce
the second-order statistics Kfu, ¢). Following/Ludwig (2006)
we divide the visible hemisphere intkbequal surface patches of
size AA = RPAGAp sind = R°AuAp = 27R?/N, with the centre
of patchk at position fi, ¢x). Thus the integral over the visible
surface of any functiom(u, ¢) can in the limit of largeN be

E[l(u. 9)] = Aw), DI ¢)] = oi(w) (A.4) replaced by a sum:

whereA(u) ando (1) are functions to be specified. 1 2n 2R
R du [ dogue) = 5 D dlaad (A19
k=1

A.1l. Mean value of the moments

ELXTYM] = DI(X™Y™] =

] ) ) ) _ In particular, from[(A.1) we have

We assume a linear limb-darkening law with fia@enta, such
that 2 rRMN+2 N _
= = 2 e (L= )™ cos sirl'py (A.15)
Al) = (1-a+au)A (A.5) k=1

2 We use the notation K] for the mean value (expectation) of the 3 The double factorial notation meak¥ = k(k — 2)(k — 4)--- 2 for
generic random variablg, V[ X] = E[(X — E[X])?] for the variance and even integek, andk!! = k(k — 2)(k — 4)--- 1 for oddk. We have 0!!=
D[X] = V[X]¥? for the rms dispersion. =D = 1.
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wherely is the mean value df(u, ¢) in patchk. This expresses Using [A.3) we obtain the following general expression foe t
the moment as a linear combination of the random variahles dispersion of the normalized spatial momént, = D[(X™y")]:
If we now assume that the intensity variatiaxig = I — E[l] of

the patches are uncorrelated, i.eAEAl] = 0 fork # k', we (2m-D! 2n- 1) Kenen(@. ©)
have - (2m+ 2n)!! ment&,
Dyn=C; R™ A.25
V[Mm] = mn =t Ho(a) (A25)
4r2Reme2nta N Note thatDgp = D[Moo] /E[Moo] is the relative dispersion of the

2 2 ;
Z VLI g (= ™" cos™pic sinpx (A16)  total flux, Dyo is the dispersion of the photocentre along the
k=1 axis, etc. We have in particular
For suficiently largeN the patches would resolve even the
VKo(a ©)

N2

smallest surface structures and we would have]VE o(ux) Doo = C; (A.26)

according to[(A}4). However, in that case the intensitieadf Ho(a) |

jacent patches would be correlated, S0 _(A.16) would not.hold 1

For the latter equation wefectively need patches that are large V2 Ki(a0)

than the correlation length of the surface structures. Wetmu’'10 = Doy = ClRT(a) (A.27)

therefore assume that is large enough for the discretization

(A12) to hold, and still small enough that the patches are un \3Ka(a )

correlated. In this regime we have N[ < o2(u), sincely is Dao = Doz = C1 R BT (A.28)

the averageintensity in patctk, not thelocal intensity at point o(a)

(ux, ¢x)- In fact, V[l] will depend on the patch size () in /%KS(& 0)

such a way that M[]/N is invariant (Ludwig 2006). (This is D3y = Dg3=C;RP ———— (A.29)

obviously the case for independent patches: grouping thém i Ho(a)

larger and fewer patches decreases the variance in propooti

the resultingN.) We write the invariant quantity as A.3. The third central moment

V[l\llk] = A(/Jk)ZC(/Jk)Z (A.17) Closure ph.ase is sensitive to the asymmetry of the stellagém
and the third momentsMm, for m+ n = 3) are intended to

whereA(y) is the mean intensity as before 8?91) the centre- provide a statistical characterization of this asymmeThese
to-limb variation of the contrast (scaled By */%). In analogy moments are calculated with respect togeemetrical centref

with (A.5) we assume a linear centre-to-limb variation o ththe disk (atx = y = 0). However, intrinsic image properties such
contrast according to as size, shape and asymmetry are more properly expresded wit
C(u) = (1- ¢+ cu)Cy (A.18) respectto thehotocentreatx, = Mio/Moo, Yo = Mo1/Moo, i.€.,

. . . . by means of central moments (here denoted with a prime). For
Inserting [A.LY) and[(A.18) into (A.16) and using {Al14) tqyample, the third central moment along thexis is given by
transform the sum into an integral gives

V[Mn] = 22RET 2144 Mo = [ S 1) (- x0)°
1 2n S
X f du f do A(u)?C(u)? u? (1 — u?)™" cogMy sinfy = Mzo — 3%oMzo + 3x5M10 — X3 Moo
0 0
MzoM M3
_ po2pemiznia (2M= D@ -1 5, = Mgp—3—0220 4 p 10 A.30
= 4n°R? Gm 21 A2C2Kimin(a,0)  (A.19) 30 Moo M2, (A.30)
where we introduced the functions It is seen that B{1;,] = 0 as expected. However, to calculate

1 the variance oMy, it is necessary to make some approxima-
Kk(a,c) = fdpt (1-a+au)’(l-c+au*’(L-p?* (A20) tions. First we replace the even moments in the right-hadel si
0 of (A.26) by their mean values and introduce the rms exsearfit

Fork=0,...3 we have the stellar disk from{A.13), yielding
11 1, 2 2
Ko(a,c) = §—é(a+c)+%(a + 4ac+ c°) M§0=M30—3Mlo(sz—§x§) (A.31)
1 1
~30 aca+c)+ ﬁsazcz (A.21) The photocentre displacement is normally very small coempar
2 1 1 with the size of the disk, so that the second term in the pheent
Ki(a,c) = " 16 (a+c)+ - (a® + 4ac+ c?) ses can be neglected. Then
_ 11 ac@a+c) + 1L e (A.22) VMGl = EIM5) = E[Msq] - 6 ElMiohta + OS'E[Md
420 126 ' = V[M3q] — 65°V[ M) + 95*V[ My (A.32)
8 29 23 . . . .
Ka(a,C) = — — — (a+ ) + —— (a® + dac+ c?) using that EM1oMso] = V[Mzg]. Finally, the dispersion of the
2 105 4320 12258 normalized third central moment is found to be
-— —— a’c? A.23
14093+ 9+ 55302 A2) p GRS ag- 2@ qoy
« 16 13 29 o e, 2 Ho(a) {16 8 Ho(a)
_2 2% 322 8 \Ho@/ '
T3ge0@+ O + gz a’c (A.24) 0(a)
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A.4. Scaling relations

Since all the dispersions ih (A.26) amnd (Al 33) are propoiido
C, we obtain a set of simple scaling relations that can be used
predict the dispersion of a certain moment from a measurem
of the dispersion of a éfierent moment (assuming thatndc
are approximately known). The most useful relations allow
predict the dispersions of the first and third moments froat th
of the total flux (zeroth moment). For the first moment (photq
centre) we have

D[Mig] _ ,( Ki(a©)

D[M-30)/RF3D[M00]

0.14

0.2 0.4 0.6 0.8

Limb-darkening factor (a)

1/2
st =R (2o 5 (A-34)
and for the third central moment
DMz, _ R 5 Ks(@c) 9 Hax(a) Ka(ac)
D[Moo] 16 Ko(a,c) 8 Ho(a) Ko(a,c)

? Ki(a,0)
Ko(a, €)

Ha(a)

o (A.35)

HE

Fig.A.2. Similar to Fig. [AJ but for the scaling factor
D[M%,]/R®D[Moq] from Eq. [(A.35)

The numerical factors on the right-hand sides [of (A.34) and
(A35) are graphically shown in Figs_AI=A.2 as functioris o

the structural parameteasandc.

0.5

0.484

0.46

DIM10)/RD[MOO]

0.8

[

0.2 0.4 0.6

Limb-darkening factor (a)

Fig.A.1. The scaling factor D¥110]/RD[Mgg] from Eq. [A32)
between the expected dispersions in photocentre positidtoa
tal stellar flux, plotted as function of the limb-darkenireyam-

etera and the parameter for the centre-to-limb variation of sur-
face structure contrast) The dtferent curves represent, from

top to bottomc=-1, -0.5, 0, 0.5, 1. The solar symbol indicate
the typical value for solar granulation in white light= 0.6 and
c=04.
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