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ABSTRACT

Aims. We discuss the spin-orbit orientation of the Fomalhaut gtiary system composed of a central A4V star, a debris diskaan
recently discovered planetary companion.

Methods. We use spectrally resolved, near-IR long baseline intenfietry to obtain precise spectro-astrometric measurenaenbss
the Br+y absorption line. The achieved astrometric accuracy3jias and the spectral resoluti®r= 1500 from the AMBERVLTI
instrument allow us to spatially and spectrally resolvertitating photosphere.

Results. We find a position angle Rg, = 65° + 3° for the stellar rotation axis, perfectly perpendiculartwhe literature measurement
for the disk position angle (Rfx = 1580 + (23). This is the first time such test can be performed for a detigk, and in a non-
eclipsing system. Additionally, our measurements suggestpected backward-scattering properties for the cisteltar dust grains.
Conclusions. Our observations validate the standard scenario for sthpkmet formation, in which the angular momentum of the
planetary systems are expected to be collinear with thiassgins.

Key words. Stars: individual: Fomalhaut; Stars: planetary systertasSrotation; Methods: observational; Techniques: higgular
resolution; Technigues: interferometric

1. Introduction P008), which significantly boosted the general interesthis t
system.

At 7.7 pc from the Sun, Fomalhaut is one of the closest main

sequence star surrounded by a spatially resolved debksltis ~ The circumstellar dust around stars with ages abd@&Myr

has been studied at manyfgirent wavelengths ranging from themight be partially a remnant from the primordial disc. Thekgi

visible to the sub-millimetre regime. At long wavelengtfer{ could also be replenished by the populations of planetdsima

infrared and beyond), the disk shows a pair of intensity maxi that were not used to build up plan {al. 2006). These

interpreted as the ansae of an inclined ring about 140 AU-in faftovers are supposed to produce dust by mutual collisiwns

dius (Holland et gll 2003; Stapelfeldt etjal. 2D04). Thidipatar cometary activity. The study of those debris disks provioies

geometry was subsequently confirmed with ASTS imaging of the best means to explore the properties (size, densign-o

I5), which also provided high accuracy estimtation) and evolution of planetary systems.

tions of the disk inclination and position angig:k = 659+ (4

and PAjsx = 1560 + 23, under the assumption that the disc In standard planet formation scenarios, the disk and the as-

is intrinsically circular. In the scattered light imagesstiparti- sociated planets are expected to be in the equatorial pfahe o

cles are confined in a narrow ring about 25 AU in width, witleentral star, like our Kuiper Belt which is withir? ®f the invari-

sharp edges that suggest the presence of a planetary bodgbég plane of the Solar system (Brown & fan 4004). Yet, assfar a

about 120 AU 2006). It was also noted that the centgibris disks (and circumstellar disks in general) are corezk

of the ring is shifted by 15 AU with respect to the central stahis simple observational prediction has never been potést.

position, pointing on still poorly understood dynamicélleets More generally, the common assumption of collinearity lesaw

that should also be related to the presence of planetarg-mplsinetary orbital axis and stellar spins has only beendeste

or sub-stellar companions. Recently, the presence of @fan the Solar system, with a relevant accuraeyl(), and on a few

companion at the expected orbital distance (119 AU) waslfinatransiting extrasolar giant planets with a rather poor sy

confirmed with HSTACS coronagraphic imagin al(~ 10, by the mean of the Rossiter-McLaughlin spectroscopic
effect,4). In at least one case, XO-3b, a large spin
orbit misalignment is suggested by the observations £/05°,

Send offprint requests to: J.B. Le Bouquin Hébrard et glf 2008). Additionally, the recent controyeabout

e-mail: j lebouqu@eso. org the spin-orbit alignment of HD 17156b illustrates well thé d

* Based on observations collected at the VLTI (ESO Paranale)gh ficulty of such a technique, with measured spin-orbit mgsai

with the 082.C-0376 program from the AMBER Guaranteed Tirhe énents of 62 + 25° b .[(2038) and latef £+ %3

the Osservatorio Astrofisico di Arcetri (INAF, Italy). by [Cochran et g1.[(2008). Up to now, this test has never been

** ENRS Postdoctoral Researcher performed in non-transiting systems, because it is gelyena
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100 Table 1. Observation log with the number of files (#), the num-
- b2 g 1 ber of frames per file (NDIT) and the elementary integratioret
L AL e i (DIT). Calibration stars are in italic.
A - Date Baseline Target # NDITXDIT
€ * a2 Obs. a) Total: 600s
= Oor e + 7 2008-12-05T00:20 DO0-HO-G1 Fomalhaut 5 200x0.2s
5 L ¢ ] 2008-12-05T01:13 DO0-HO-G1 88AQr 5 200x0.2s
z 2008-12-05T01:30 DO0-HO-G1 Fomalhaut 5 200x0.2s
i b1 ] 2008-12-05T01:48 DO-HO-G1  yScl 5 150x0.5s
5 ff L Y1 1 2008-12-05T02:06 DO-HO-G1 Fomalhaut 5 200x0.2s
| * o1 | 2008-12-05T02:24 DO0O-HO-G1 88AQr 5  200x0.2s
Obs. b) Total: 200s
-100 100 o 100 2008-12-08T02:15 A0-KO-G1 Fomalhaut 5  200x0.2s
< East 2008-12-08T02:31 AO0-KO-G1 88Aqr 5 200x0.2s
ast (m) Obs. ¢) Total: 200s

Fig. 1. Projected baselines of the observations. Each observatioff08-12-09T00:10 ~ A0-KO-G1 ~ Fomalhaut 5 200x0.2s
(a, b, ¢ and d, draw with dierent symbols) is composed of 3_2008-12-09T00:27 AO-KO-G1  88Agqr 5  200x0.2s

baselines (1,2,3) along which the projections of the 2Dspec  Obs. d) Total: 200s
astrometric displacements are measured (se¢]Fig. 2). 2008-12-09T701:31  A0-KO-G1 ~ Fomalhaut 5 200x0.2s
2008-12-09T01:51 A0-KO-G1 yScl 5 120x0.5s

possible to recover the orientation of the rotational aXithe
central star.

With the advent of spectrally dispersed optical long baselition criterion, we have kept the 80% best frames. Consezutiv
interferometry, it becomes possible to put this hypothesis observations of Fomalhaut were grouped into single datatoi
test by spatially and spectrally resolving the stellar pspheres, with enhanced signal-to-noise ratio (SNR), referred tolzseo
even marginally. Indeed, this technique allows the origoneof vations a, b, ¢, and d in Talle 1. Accordingly, the observestiaf
stellar axes to be quickly (geometrically) recovered Wyeden- the calibration stars were also appended into single, higltity
tial astrometry across a photospheric line enlarged byttilais measurements of the instrumental phase. Such an average in-
rotation. The purpose of this Letter is to perform this testhie troduces baseline smearing. Considering the worst casé,of 2
case of Fomalhaut, which advantageously combines a fast pae estimated the smearing of the astrometric signal to k= les
jected rotational velocity of 93 kra (Royer et gl[ 2007) and athan 20%. This is a reasonable price to pay to obtain clear de-

relatively large apparent diameterdf= 2.2 mas|[Di Folco et 4l. tections on all dataset. After the calibration of scientita, we
p003). therefore end up with a set of 4 observations of Fomalhaet (se

Table[]L), each of them composed of the 3 phase spectra from
) ) the AMBER spectrograph. While signal was also detectedan th
2. Observation and data reduction visibility, we decided to focus the analysis of this letter the

Data have been collected at the Very Large TeIescoBQase’ which gontalns the astro_met.rlc qu(_amnty.

Interferometer (VLTI 08) with the AMBE The unav0|dab_le atmospheric dispersion appears as a global

beam combiner{(Petrov et[dl. 2007) recording spectrally digirvature of the fringe phases over tkieband. It cancels per-
ectly when computing the sum of the 3 phase spectra, demon-

persed fringes between9 — 2.28um at a spectral resolution ) ) ; )
of R = 1500. The Auxiliary Telescopes (ATs) were placeﬁtrat'”g that the baselines are consistent to each othéesnn

at stations DO-HO-G1 and A0O-KO-G1. Observations were &%sign (so in d"?"“‘?'ﬁ on sky). Subtracting the instruragnt
sisted by the fringe-tracker FINITO, allowing an individex- Pnhase from the scientific phase removed all fine spectralriest
posure time of 200 ms in AMBER (Le Bouquin e}[al. 2D08). Th own to a level of & (uncertainty level). However, atmospheric

: . " : ; i i t perfectly canceled out. It wakcently re-
seeing ranged.8” to 1.2". FINITO provided good locking ra- ISpersion was no ;
tio and fringe tracking performance. Observations of cation Moved by fitting the spectral rangé2-2.27 um with anad-hoc

stars were interleaved with those of the science targeikenl POlynomial law of order 3. As a matter of fact, phase measure-
most classical interferometric observations, the onlyauai- ments are relative to the continuum value which we suppose to
site for calibrators is not to show spectro-astrometriguees 1aVe @ z€ro phase. It may not be perfectly true because of the

around the Bry line. We therefore favour cool giants becaus@ravity darkening in the fast rotating atmosphere. Howestegh

they have less pronounced Btines and smaller rotation veloc- effect would not bias our measurement.

ities. The observation log is given in Talfle 1. Regardingtiag- The calibrated dferential phaseg were converted into
nitudes, Fomalhaut is.Q0 K™9 y Scl is 172 K™ and 88 Aqr differential astrometric shiftp using the well-known formula

is 0,98 K™, Because it is fainter, data grScl have been ob- for marginally resolved interferometric observati¢n (haomp

tained with slightly longer integration time. This has naiin 2003):

dence on the dlierential analysis made in this paper. = _$ .4 (1)
Phases of interferometric fringes were computed using tlge_ 2r B ) . . .

latest version of themdlib package (version 2.99, Chelli etB is the length of the interferometric baseline anid the dfec-

al., private communication) and the interface provided Iy t tive wavelength of the spectral channel considepeipresents

Jean-Marie Mariotti CentfrFollowing a standard fringe selec-the projection, on the baseline direction, of the 2D phateee
in the plane of the sky, hereafter calledA single astrometric

! http://www.jmmc. fr/data_processing_amber.htm solution (i.e. a single 2D vect) was fitted to all observations
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8 10C E cise spectro-astrometric measurements ever achievedt, ihe
& ooF E best.
@ E ] When talking about potential bias, our main concern was the
' dal aokb ! ‘ i ‘ ‘ ‘ ‘ presence of a possible artifact on th&eliential phase(1) due
,WWW???“:*“WWW to the particular spectrum of our target (A4V, i.e. strong)Br
0. G1-AO | absorption line) in comparison to the calibrator spectringit
A L= —,-_WWTM ants, i.e. almost no By-line). However, an instrumental artifact
: P ] linked to the AMBER spectrograph woutdtate on sky between
08 d1: Ko-G1 __L__‘__ observations a), b), ¢) and d), following the rotation of #sso-
' 7 o A ciated baseline triangles (see taﬁle 1 anc[fig. 1). The gomag
F c3 A0-KO ! ] ment between the signal obtained during 8alent nights and
P sl b e e on different configurations confirms its astrophysical origin. As
) | an additional test, we observed other fast rotating stadsoan
c2: G1-A0 " . . . . .
TN b e tained various kinds of spectro-astrometric signals, alé age
g B i | expected non-detection on small photospheres.
E %% o ko-a1 |
s e e ThAanaatts ielinhas s an s ans S s R 2es
o | 3. The Fomalhaut rotation axis
E L . b3: A0O-KO ﬂ: 1, 4
g {'LHWW%\‘AF': I Our observations represent the most precise spectroreetirio
= S R displacements ever measured with the AMBER instrument
0.4 W’.m; - (x3uas in the Bry line). To extract the scientifically useful in-
f v formation, we plot the spectro-astrometric photocentats the
b P foet b ; | plane of the sky. As a first check, we plot the photocentensan t
- o 1 spectral windows of continuum around the Bfine (Fig. Ba).
a3: Ho-G1 H | The dispersion of the data points as a function of waveleimgth
uﬁ‘m‘}"‘*ﬁ#ﬁﬂ"mﬁr‘d‘. ""#I’H’}J'HH‘*‘WLLFH the continuum is fully compatible with our estimated unagrt
02 o booo E 8 ties @3pas) and shows no systematic behaviour or unexpected
Wﬁ%w%ﬁ% features at our precision level.
i On the contrary, a significant astrometric displacemengis d
L0 HES | . tected when plotting the signal across the)Bline (Fig. [3b).
| ‘ | ‘ i asial | ‘ | The photocentre is displaced in one direction on the blugwin
~2000 ~1000 0 1000 2000 of the line, and is identically displaced on the oppositection
Av (km/s) on the red wing. The shift is compatible with zero in the centr

_ ) _ ) _of the line, and its maximum amplitude in the line wings ressch
Fig.2. Top: continuum-normalized spectrum obtained witBhout 15.as. This is a clear detection of théfezt of rotation
AMBER for a spectral window centered on the PBr- on the stellar photosphere, from which the)Babsorption line
line. Bottom: Diferential phase measurements converted inggiginates. Interpreting such a small astrometric shitesinot
spectro-astrometric shiffg(1) in mas. Colours represent the porequire deep modelling of the fast rotating atmosphereain p
sition within the line, from blue to red. The solid lines litke ticular, the astrometric displacementis necessarilyqrdjzular
results, reprojected on the baselines, of the global 2D@Eric  to the position angle of the stellar rotation axis. Fitting oom-
solution p(1) performed independently for each spectral chapiete data set, we find the stellar rotation axis to have joosin-
nel. Phase spectra are shifted vertically b§8mas. gle PA, = 65° +3°. This value is perfectly perpendicular to the

literature measurement for the disk angle;8A= 1560 + (23
(Fig.[3c and]3d).

available within a single spectral channel (i.e. the 12gmtpns Theoretically, an estimation of the inclination anglg; is
p). This global fit is perfectly linear and has the advantage afso possible from spatially and spectrally resolved fetemet-
showing the ultimate astrometric performance. Howeverréh ric observations by using rapidly rotating stellar photueic
sulting astrometric signgh() can be slightly biased (towardsmodels [Domiciano de Souza et| pl. 2p02). However, the lim-
reduced amplitude) because of the smearing that may occuiténl accuracy and spectral resolution of our data does fmt al
case of diferent spectral calibration between the observatione stellar inclination to be constrained in a meaningfuf\Wse
This has no impact on the astrophysical interpretation niadenote that Fomalhaut has been observed intensively in bvaad-
the following. The diferential astrometric shiftp(1) are repre- interferometry with the VINGVLTI instrument I.
sented by the dots and the error bars in fig. 2. The resulteof ff004{Le Bouquin et 4. 20p6), but these observations, evemw
global fit by the 2D vectop(2) is represented, reprojected on theonsidered as a whole, did not allow to recover the inclomati
baselines, by the solid lines that connect the fitted values.  angle, mostly due to the very small expected oblateness rati

Uncertainties were propagated into the astrometric vggtoof the Fomalhaut photosphere3%, O. Absil et al., in prepara-
by standard formulae. We did not take into account the uncéien). Weak constraints on the stellar inclination can mihadess
tainty on the baseline length nor on the spectral calibndbie- be extracted from simple physical assumptions. The maximum
cause theyféect all spectral bins in the same way and therefopermissible break-up velocity for Fomalhaut is close to R®{s
have negligible ffect on our final observable. The astrometriaccording to von Zeipel equations with typical values fonA5
error ellipses were found to be almost circular thanks to¢lee stars (2 M, and 17 R,). Assuming a projected rotational veloc-
tively uniformu, v plane coverage provided by our observatiority of 93 knys (Royer etq[ 2007), it gives a lower linfis > 15°.
(see Fig[ll). Uncertainties are in the ranguas to+6 uas, with  We conclude that the current existing constraints are ctiblpa
typically +3uas across the By-line. It is among the most pre- with the literature value for the disk inclinationyx = 65.9°),
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Fig.3. AMBER spectro-astrometric positiong1) in the continuum (a) and across the Bebsorption line (b). Colors refer to the
wavelength bin, as shown in Fiﬂ. 2. The signature of the irgihotosphere (c) is clearly detected and is comparecetdebris
disk and the planetary companion (d) imaged in the visiblKhlas et . |(2008). For the sake of clarity, the astromedrior
ellipses are represented by their projection into the Nanith East directions.

but does not represent a significant test. Interferometisensa- believe this to be the first detection of the astrometric ldisp-
tions at higher precision, higher spectral resolution, idiedlly ment created by an absorption line in a fast rotating phdtesgp
with longer baselines may certainly answer this importaip Fitting our complete dataset, we find the position angle of

Besides constraining the orientation of the stellar photGomalhaut rotation axis to be BA = 65 + 3°, perfectly
sphere, spatially and spectrally resolved observatists @n- perpendicular to the literature measurement for the diskean
strain the direction of its spin vector. Taking into accothrat PAgisk = 15&0 + 023. This is the first time such a test could be
the Br-y line is in absorption, we conclude that the South-Eaperformed outside the Solar system for a non-eclipsingesyst
part of the star is moving towards us. If we assume that the étewever, as when using the Rossiter-McLaughlin method, the
bital angular momentum of the planetary companion points timclination angle remains unknown. We can only concludé tha
wards the same direction as the stellar spin, the Westem diblere is strong evidence, but no definite proof, that the gslan
of the debris disk is located on the observer's side of the sigry system of Fomalhaut is in the equatorial plane of théraén
plane. Combined with the observed increased brightnessin star. Additionally, by determining the direction of thelktespin
Eastern part of the dis{ (Kalas e fl. 2D05), it suggeststtieat vector, we demonstrate that the technique is able to cangira
dust grains are mostly backward-scattering. This findingnis scattering properties of the dust grains surrounding Foansl
contradiction with the well-known forward-scattering pesties Such measurements as presented in this paper are onlylpossib
of circumstellar dust grains in our Solar system, generadly thanks to the remarkable combination of a fast stellar imtaa
sumed to be true in all debris disks (e|g., Weinberger|e¢©98191 large stellar apparent diameter, the presence of a resdiskd
Kalas et a][ 2005). Unfortunately, this question only appdas and of a planetary companion with resolved orbital motion.
avery interesting by-product at the time of the study, antbbu We plan to continue observing the Fomalhaut system to pro-
serving strategy has not been specifically designed to ariswevide even better constraints on the rotation of the centeal s
Especially, no check star is available in the data-set téeptly  as well as to extend the study to other fast rotating starsrigps
secure the sign of the AMBER phase. resolved debris disks.

We did our best to calibrate the phase sign a-posteriori.
First we checked that a positive delay corresponds to a ne§gnomedgements. JBLB warmly thanks the complete VLTI team of the
tive phase as measured by the AMBER reduction package %@a”a' Observatory. This work has made use of the SmibighSA

strophysics Data System (ADS) and of the Centre de Qonreesn@miques

used. Secondly, we converted the phase curvature acroks th@g sirashourg (CDS). Graphics were performed mickﬁ_
band (due to atmospheric refraction) into actual positiogkiy.
We found that the blue part of the band is indeed shifted to-
ward the zenith (as it should be). However, even if we are eonfieferences

dent, we cannot draw definite conclusions before a real gpect
Brown, M. E. & Pan, M. 2004, AJ, 127, 2418

astrometric reference has been observed. Cochran, W. D., Redfield, S., Endl, M., & Cochran, A. L. 200$JA683, L59
Di Folco, E., Thévenin, F.,, Kervella, P., et al. 2004, A&A6} 601
Domiciano de Souza, A., Vakili, F., Jankov, S., Janot-Pech&., & Abe, L.

4. Conclusions 2002, A&A, 393, 345
Haguenauer, P., Abuter, R., Alonso, J., et al. 2008, in SRIE.CVol. 7013

From the technical point of view, these observations aftsorard, G., Bouchy, F., Pont, F. etal. 2008, A&A, 488, 763
P olland, W. S., Greaves, J. S., Dent, W. R. F,, et al. 2003, B82, 1141

a strong validation of the remarkabl_e p_ot(_antlal c_>f thﬁalas, P., Graham, J. R., Chiang, E.. et al. 2008, Scienc 1315

spectro-interferometer AMBERLTI, especially in its Medium  kalas, P., Graham, J. R., & Clampin, M. 2005, Nature, 4357106

Resolution mode and associated with the fringe-tracketRIN  Lachaume, R. 2003, A&A, 400, 795

Stacking 17 min of gective integration on a K= 0.94mad gtgr.  Le Bouquin, J.-B., Abuter, R., Bauvir, B., et al. 2008, in ERonf., Vol. 7013
. : " Le Bouquin, J.-B., Labeye, P., Malbet, F., et al. 2006, A&B041259

we We_re able.to reach a spectro E.lStromemC apcura&)Bphs. Mann, ., Kéhler, M., Kimura, H., Cechowski, A., & Minato, 2006, A&A Rev.,

Associated with a spectral resolutiB= 1500, this was enough 13’159

to resolve the rotating photosphere of Fomalhaut, with graep

ent diameter of 2 mas and a rotational velocity of 93 ksnWe 2 http://yorick.sourceforge.net




J.-B. Le Bouquin et al.: The spin-orbit alignment of Fomaitarobed by OLBIN

Narita, N., Sato, B., Ohshima, O., & Winn, J. N. 2008, PASJ] L6806
Petrov, R. G., Malbet, F., Weigelt, G., et al. 2007, A&A, 464,

Quillen, A. C. 2006, MNRAS, 372, L14

Rossiter, R. A. 1924, ApJ, 60, 15

Royer, F., Zorec, J., & Gomez, A. E. 2007, A&A, 463, 671

Stapelfeldt, K. R., Holmes, E. K., Chen, C., et al. 2004, AAES!, 458
Weinberger, A. J., Becklin, E. E., Schneider, G., et al. 199%J, 525, L53

List of Objects

‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag
‘Fomalhaut’ on pag

1
2
2
2
3
3
3
4
4
4
4
4




