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ABSTRACT

Context. HD 106906AB is so far the only young binary system around Whiplanet has been imaged and a debris disk evidenced
thanks to a strong IR excess. As such, it represents a unjpartanity to study the dynamics of young planetary systems

Aims. We aim at further investigating the close (tens of au scaegyonment of the HD 106906AB system.

Methods. We used the extreme AO fed, high contrast imager SPHERE ttgdestalled on the VLT to observe HD 106906. Both the

IRDIS imager and the Integral Field Spectrometer were used.

Results. We discovered a very inclined, ring-like disk at a distané&® au from the star. The disk shows a strong brightness
asymmetry with respect to its semi-major axis. It shows aamouter edge, compatible with ejection of small grainshzy stellar
radiation pressure. We show furthermore that the planatjepted position is significantly above the disk’s PA. Givke determined
disk inclination, it is not excluded though that the planald still orbit within the disk plane if at a large separati@000-3000 au).
We identified several additional point sources in the SPHERHES field-of-view, that appear to be background objects.ddmpare
this system with other debris disks sharing similarities] ave briefly discuss the present results in the frameworkyofichical

evolution.
Key words. techniques: high contrast imaging- stars: planetary systestars: individual: HD 106906

1. Introduction Alternatively, the planet may have been captured from aroth
LO Ci . , star. This is a plausible scenario as the largescale (c)estei-
ircumbinary planetsféer valuable constraints on planet formazonment of HD 106906AB is and was certainly even denser at

O\ tion theorles (Thalmann etial. 2014). Very few Ior_lg period Ciggier ages (for a discussion, see Lagrange et al. 2018).3ub

C)_ cumbinary planets are known today. One of them is HD 1069 Rvo related key questions are the position of the planet reith

¢ @& Lower Centaurus Crux (LCC) member that hosts a massiysa 1o the disk, and the disk morphological properties.

(M:_lﬁz Maup) giant planet (GP) detected in projected sep- 5q part of a large survey to search for planets around

aration at 650 au by Bailey etlal. (2014). We recently demoQe, s members of young and nearby associations, we recently

— strated that HD 106906 is a close binary, therefore named .qaq high contrast images of HD 106906AB with the

: - HD 106906AB, with a total stellar mass probably_greater _thfngERE instrument recently mounted on the ESO’s VLT Unit

— 25 M, (Lagrange et al, 2015, subm.). In addition, a highrg|escope 3 (Beuzit et 4l 2008). The data resolve the diskié
Iummosny (Ld/L*zl'4X1¢ ) circumbinary disk, |nd|cated BY first time, and constrain the planet position relative to dis.

s the near-infrared and far infrared SPITZER daj[a, is alsequre They also allow constraining precisely the GP populati@uad

(C (Chenetal. 2005), and the dynamical relation between i }inary This letter aims at presenting the observaticna

planet and the disk is theref_ore unknown. Given its youth:_(:_f.S sults, and developing qualitative arguments on the syst&en.

Myr; Pecaut et al. 2012), this systerfiers unique OppOruNities gt jescribe the data and the observations (Section 2) tte

to study early dynamics of planetary systems. A very inte18S o5 its obtained on the disk (Section 3), the planet positita-

related question is where and how the planet formed. If formg, 15 the disk (Section 4), and the search for additionahpts

close to the star by core accretion or disk gravitationabipis the system (Section 5). '

ity, some mechanisms had to eject it on its current orbitout

destroying the disk material supposedly located- &0 au. If

formed bound to the star at its present location, an alt®ats The Data

formation mechanism should be invoked such as cloud calaps

2.1. Data log
* Based on data obtained with the V/Sphere at Paranal. Pro- . . .
gramme: 095.C-0298(A) Various images of HD 106906AB were recorded in March,

** This work is based (in part) on data products produced at tMay and July, 2015 with diierent instrumental set-ups (see Ta-
SPHERE Data Center hosted at OSURBG, Grenoble. ble[). Exposures were taken in May at H band and in H2H3

11vl [astro-ph.SR] 8 Oct 201
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dual band imaging (respectively centered at 1.59 and 4n6,7
Vigan et al. 201/0) with the IRDIS camerla_ (Dohlen et al. 2009
and at YJ (0.95--1.3wm, spectral resolution R« 54) with
the Integral Field Spectrometer (IFS) (Claudi et al. 2008)te
that these observations are unpolarized. In July, additidata
were recorded in dual band imaging at K1K2 (centered at 2.
and 2.25um) with IRDIS, and at YH (0.95--1.6am, R =~
33) with IFS. In all these observations, we used an apodiZ
Lyot coronagraph including a 185 mas focal mask (SPHER
mask N_ALC_YJH_S) as well as a pupil mask. IRDIS prd
vides a=~ 12”"x12"field of view (FoV) (1101100 au, given
the star's distance 9283 pc;lvan Leeuwen 2007), with a
12.2 magpixel scale. An IFS dataset consists of 21000 spec
spread over 541 pixels on the detector. After extraction, thq
FoVis 1.7'x1.7’and the spaxel size is %4.4 mas, i.e. 0.68
0.68 au.

The coronagraphic observations were performed keeping
pupil stabilized so as to perform Angularfirential Imaging
(ADI) post-processing (Marois etial. 2006). This allows sl@-
pression of a large fraction of the residual starlight aftes
coronagraph. The FoV rotations for thefdrent sets of data are
provided in Tabléll. Our observing sequence was as follojvs
Point Spread Function (PSF) imaging, with HD 106906AB o
set from the mask, so as to record a PSF and a relative photorpp&_ 2. IFS YJH snr map of the HD 106906AB disk. N is up and E to
ric calibration, 2 Image of the star behind the mask, with fouf,q |eft.
satellite footprints of the PSF that can be used for fine noonit
ing of the centering,/3Coronagraphic sequencé¢,mhage of the
star behind the mask, with four satellite footprints ag&i®SF 3. A disk around HD 106906AB
imaging, and 6 Sky observations, with DITs corresponding tg :
the DITs of the coronagraphic sequence. Finally, the Tr_uemp’aghhi'ﬁcl)ig?g esaersa(?:\llggetrli '\élgrcek]")ﬁoé?s’k()fAposoertqg]filr'é@iui?n
(TN) "’t‘)nd plaéedscales wer:e measured ufsﬂg gﬂﬁggg'g?g“d Iedian images obtained usingfd?ent algorit.hms is shown in k
B D e S G HIG1 The IS mage esuling o th May, 12 atais shown
Note that the plate scales and True North values were mehsd%gmi' The later image is a median over wavelength of the énag
on non coronagraphic data. A shift of about 0.02 fpiel in obtained with PCA (with 50 components). A low-pass median

- ilter (size of 31 pixels) and a software mask leaving the biag
plate scale has been found empirically between the non oero . .
graphic and coronagraphic data. For this reason, we wiltase ween 12 (0.09) and 108 pixels (0.8]) from field center have
servative error bars for the separation measurements ifokhe been used.
lowing.
3.1. Disk properties

2.2. Data reduction In our images, the disk appears mostly as a ring structuteavit
brightness distribution peaking at about 65 au, i.e., muctinér
When observing with IRDIS in dual imaging at H2H3 (respaway than inferred from SED modeling under the assumption
K1K2), IRDIS produces two simultaneous images, the left ord pure blackbody grains (20 au, _Bailey etlal. 2014). It isnsee
at H2 (resp. K1) and the right one at H3 (resp. K2). In clasgiutto 110 au in our images. It is elongated in the SE-NW direc-
cal imaging broadband H, two identical images are taken en tiion. Its northern side is much brighter than the southete,she
left and on the right detector quadrants. The IRDIS data weseuthern side not being seen with all the reduction algamsth
corrected for cosmetics and sky background using the SPHERHRen the age of the system as well as the absence of significan
Data Reduction and Handling (DRH) pipeline_(Pavlov et aimounts of circumstellar gas, and its similarity with ottiebris
2008). The outputs include cubes of left and right images rdisks (see below), we can safely conclude that the disk ib&asie
centered onto a common origin using the satellite spots, atidk.
corrected from distorsion. After these first steps, the datee A full modelling of the disk is beyond the scope of this Let-
sorted out according to their quality, and the followingaalg ter. We nonetheless performed a simple forward modellingef
rithms were applied: Classical Angular fBrential Imaging disk images as done In_Milli et al. (2012) using the GRATER
(cADI, IMarois et all 2006), Template Locally Optimized Comeode (Augereau et al. 1999) to constrain the disk morphology
bination of Images (TLOCI| _Marois etlal. 2014)), and Priradip and disentangle ADI artifacts from real features. We madkll
Component Analysis (PCA,_Soummer etlal. 2012)). To do she disk as an inclined, optically thin ring, centered onstes,
we used an analysis pipeline we developped to reduce and anéth a dust density distribution that peaks at a radjuand fol-
yse our Guaranteed Time Observations . The IFS data were atses a power law of slope;, within ro andaqy beyondrg. The
preprocessed using the DRH pipeline; then they were predessiodel geometry is defined by six free parameters: the intidina
with PCA as described in_Mesa el al. (2015). For the May sethe position angle (PA), the radius of peak dust derrsityhe
qguences, the data were median-binned in 16 (May, 12) andHdnyey-Greenstein cfiecient g parametrizing the anisotropy of
(May 6) data cubes before reduction. scattering, the outer slopg,; and a scaling factor to match the
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Table 1. Observing Log.

Date Set-up DIXNDITxXN Par.Ang. Airmass  Seeing Coh. time Wind True North  Platéesca
(s) (deg) (ms) (ns) (deg) (magpixel)

20150330 IRDIS_H2H3 644x9 -3.214.0 1.171.18 >1.7 1714 143183 -1.&0.1 12.255 0.008
IFS_YJ 64¢4x9

20150506 IRDIS_H 16¢14x16 -20.60.98 1.171.18 0.781.11 1.72.2 4.19.6 -2.6:0.1 12.220 0.003
IFS_YJ 64<4x(7+9)

20150512 IRDIS_H2H3 64%4x20 -12.717.8 1.171.18 0.7¢1.06 3.74.3 2.25.7 -2.0:0.1 12.22@ 0.03
IFS_YJ 644x16

201507/03 IRDIS_K1K2 64&5x16 146495 118129 0.641.36 1.42.5 5.46.9 -1.8:0.15 12.242 0.033
IFS_YJH 645x16

Notes. DIT: Detector Integration Time. Parallactic angle as meedat the start and end of each coronagraphic IRDIS sequisticend max
values of the coherence time, airmass, windspeed, andgs&date scales and True North were measured on non cor@hégdata.

H2H3 - CADI H2H3 - LOCI H2H3 - PCA

K1K2 - CADI K1K2 - LOCI K1K2 - PCA

-0.05 0.00 005 010 0.15 0.20 -0.05 000 0.05 010 0.15

Fig. 1. From left to right: CADI, LOCI, PCA, of the HD 106906AB disk &€tom top to bottom) H2H3, H and K1K2 bands (IRDIS data). North
is up and East is to the left. The FoV of each image i§'2.4.8”. The intensity-scale of the top, right image has been adaptaighlight the
southern part of the disk.

disc total flux. We fixed the inner slopg, to 10 because our We derive an inclination of 85.2 0.1 deg, a disk position an-
images are unable to constrain this parameter. Likewiseydh-  gle (PA) of 104.4+ 0.3 deg, a Henyey-Greenstein parameter of
tical dust density distribution is set to a gaussian profilscale anisotropy g of 0.6 0.1. Note that we also performed a simple
height 0.5 au ato with a linear flaring. For each set of datagelliptical fit on the IRDIS data, which gave similar values floe

the disk model is rotated to the appropriate parallactideg inclination and PA. The disk is strongly forward scatterifg
convolved with the instrumental PSF and subtracted fronm eatally, the inversion leads to a slope of -4 for the outer eddbe
frame. The resulting data cube is reduced using the same PCAiag.

gorithm as described previously, retaining 8 componentthi® A remarkable feature of the disk is its E-W brightness asym-
PSF subtraction. These steps are repeated by varying thedre metry, as clearly seen in Fig.1, Fiy.2 and as well in[Fig.3greh
rameters until a reduced chi-squared is minimized. Theaediu we show the brightness distribution along the South-Eadt an
chi-squared is computed in an elliptical annulus where thk d North-West ansae as measured on the-H2+K1+K2 image.

is detected. The result of this minimization is given in BBl The SE side appears about 10% brighter than the NW side. Our

Article number, page 3 ¢fl 7
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Table 2. Best model parameters for the HD 106906 disk after forwa i EEEESESE————___ ]
modeling. 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Filter o (au) incl.i(®) PA() g Qout
H2 66.0:1.8 85.40.1 104.40.3 0.60.1 -4.50.3
H3 63.0:1.0 85.20.1 104.30.3 0.6:0.1 -3.8:0.4

0.8

060 |

Integrated flux

K1K2 - CADI

028
0.0

0.4
|

o
o
=}
o
s}
o
=}

Separation (AU)

Fig. 4. The disk and the planet around HD 106906AB. North is up and

Fig. 3. Disk brightness along the semi-major axis, extracted frofr@Stis to the left. HD 106906AB b is the bright source tofwig
H2+H3+K1+K2 data (see text). To improve the SN, we averaged the

flux over 3 pixels perpendicular to this axis. The black cuceere- .
sponds to the East side, the red one to the West side. The HD 106906 system is the second known system

with a resolved disk and an imaged planet; the other is the
B Pictoris systefh In both cases, the planetis a massive giant and
disk bulk of material lies at a few tens of aus. In both sase
inner part of the disk shows a relative void of materi&le T

st stars are both early-type, massive, young stars. Yele w

D 106906AB b is orbiting more than 600 giRictoris b orbits

at less than 10 au. The dynamical histories of these plazeds,
also their formation histories, might befidirent.

simple symmetric model is not able to fully account for thi €
brightness asymmetry. This asymmetry could be explained L

an elliptic disk, with a pericenter located on the NW sidet(bllj_|
see also below).

3.2. Comparison with other debris disks

The disk of HD 106906AB shows similarities with the HR479¢- Position of the planet relative to the disk
one (Schneider et al. (2009), Lagrange etlal. (2012c), se :’11”3 106906AB b is located more than 7"

Milli et al, 2015, in prep.) : they both present rings with anér away from the cen-

c e ! . ; tral stars in projected separation (Bailey et al. 2014) hWitch
void, with similar distances and widths (Table 3). Yet, tiuaiter a separation, the planet is at the edge of our IRDIS FoV. We the

edges are quite flerent: while the HR4796 disk brightness S|0p8arefully scheduled a series of observations to image bth t

is about-10, the HD 106906AB disk is4, I.e. more comparable yiqy ang the planet on the same frames, to measure as pyecisel
to that of thes Pictoris disk ((Lagrange et al. 2012a). A full disk; ¢ possible tﬁe planet PA relative to the disk PA using a%ingl

modeling of thes Pictoris system, including radiation Pressur§ia set. Indeed when comparing PA coming froffedént in-

acting on the small grains produced by collisions, repreduc ;
; ; ' struments or telescopes, the systematics due to true Namthee
most of the disk asymmetries (Augereau et al. 2001). Intke ¢ P y

. - ) ery high, as demonstratedlin_ Lagrange étlal. (2012a). We had
O.f HR4796, the steep edge is not fully understood, it mMay¥MPihen a timing constraint to ensure that the planet would bgssr
either the presence of a companion close to the outer disk or; b

| o C ; g the detector FoV in Pupil Tracking mode, and to ensure as
due to a higher opacity in the HR4796 disk that partly blotkes t : : : .
stellar flux (for a detailed discussion, see Lagrange!e0di2#). well a large enough FoV rotation. The image resuilting frofa th

set of observations is shown in Fi.4Jsing the NICl and HST
Neither thes Pictoris disk nor the HR4796 disk show strong\CS data, we confirm that HD 106906AB b shares a common
side asymmetries as does the disk of HD 106906AB. The diskoper motion with the central stars (see [Hig.5 and Table 4).
around the F2V star HD 15115 (see also Table 3) is more compa- The first question addressed is whether the planet could stil
rable from this point of view (Mazoyer etial. 2014), with asympe orbiting within the disk, even though seen 23 degreeseabov
metries both along the minor and major axes. Possible eaplathe disk in projected position. Assuming a disk inclinatiin
tions to the asymmetry along the semi-major axis includerint, and a diference between the disk and the planet PAf i
actions with the ISM, perturbation by a possible neighbdar, s then the planet could still be within the disk if located 650
HIP 12545, or intrinsic disk properties. The HD 15115 disk is Snlipho o
bowed (se¢ Rodigas et al. 2012); such a bow might be presénf(1 + (G, )?) au from the central stars. Witg = 5° (resp.
in HD 106906 data, but the data are not good enough to allow®, its physical separation to the central star woulc=b8000
firm conclusion at this point. (resp. 2000) au. Then, the planet could still be within thekdi
A comparison with the solar type star HD 61005 disR/ane if located at a much larger distance than the projeseipd
(Hines et al 2007) is interesting as the disk also has a warrgration. We note that even if, on the contrary, the real magli

r'.”g"'ke shape, with a sharp inner edg_e. Brl_ghtness aSYMME £ alhaut hosts a disk and a possible planet surroundedsbytul
tries are seen also along the semi-major axis and semi-MigOr yjanet photons have not been detected vet (Kala etos) 20
axis. An extending, tenuous feature is seen emerging fr@m th |, yractice, the planet was within the FoV only in 35 cubes afut
ring, possibly due to interactions with a warm, low denslgud  the whole data set (made of 64 cubes). We selected these 85 ant
(Maness et al. 2009). Such extended features are not seen inre@duced them again. We checked that the position of the iplasieg
data. the extracted dataset was the same as the one using the watadetd
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Table 3. Morphological properties of the HD 106906, HR4796, HD1514B61005 angB Pictoris disks.

System Disk luminosity Systemage Star ST Starmass Peak SEWHM  aj, aoy  Offset
La/L. Myr (Mo) (au) (au)

HD 106906AB  1.410°° 13+ 2 F5V 2.6 65 30 10 (fixed) -4 ?

HR4796 51073 8+2 A0V 2.4 80 10 <-3 <-13 =~YES

BPictoris x10°® 21+ 3 A5V 1.75 100 >40 ~-2 -35 NO

HD 15115 51074 12-100 F2v 1.6 90 10 -4 YES

HD 61005 X108 90+ 40 G8vV 60 =5 -45 YES

Notes. Ref. HD 106906: Pecaut etlal. (2012), this work. HR4796: hage et al|(2012a), Milli et al. (2015), Schneider et al 0% Stadfer et al.
(1995). B Pictoris :| Lagrange et al. (2012b). HD15115: Kalas etlal0fg( Mazoyer et al.| (2014). HD65001: Hines et al. (2007), rialiest all.

(2010), Desidera et al. (2011).

tion of HD 106906AB b is 23 degrees with respect to the disp(,—?ble 4. Stars and planets around HD ;06906AB. PA qnd separations
(in parenthesis, the monthay of observations, all taken in 2015) were

measured using all images. The error bars provided herénéosepa-
ration, PA, and the contrasts are those provided by the @idrapro-
dure only. Additional photometric error bars due to uniaated flux

the planet would not induce Kozai resonanffeets on the disk,
whatever its orbital properties. Indeed, for most thredysys-
tems, the Kozai mechanism starts only above a mutual incli

tion around 40 (see Ford et al. 2000, and ref. therein). Whethgk jations during the exposures are estimated to be 0.4 Gugerva-
the planet may be causing, through regular perturbatibes)t-  tive astrometric error bars (dominated by uncontrolledatams plus

served disk asymmetry is not clear. To answer such a questigistorsion &ects) of 30 mas are estimated for the targets further than

we would need to know the planet orbital properties, which wie”
obviously be dfficult to get. We conclude that even if complex

the stability of the binary disk + planet system is probably not

an issue. Indeed, the binary is very tight, so at the distahttee
inner ring, it acts as a single, massive central star. Alsgeen
above, if the orbit of HD 106906AB b is not coplanar with the
disk, it should not destroy the disk provided its orbit is tmt

eccentric. To account for the inner edge of the disk, addiitio Sizr >
companions or other dynamic processes need to be invoked.

5. Search for other planets

Our IRDIS images reveal 3 additional point sources in the BI2H
H or K1K2 FoV (see Tablel4). Two of them (Star 1 and Star 2)

were already present in ancillary HST ACS data (taken in o0& 1anet

Sep PA AMag
mas deg
Starl 6965+ 28. (0703) 299.70+ 0.23 (0703) K1=12.7+0.1
K2=12.6+0.2
6957.+ 10. (0912) 299.78+ 0.1 (0512) H2=12.6+ 0.1
H3=12.5: 0.1
6438+ 20. (0703) 11.89+ 0.18 (0703) K1=12.0+ 0.1
K2=11.8+ 0.2
6440.+ 5. (0512) 11.80+ 0.05 (05312) H2=12.2+ 0.1
H3=12.0+0.1
Star3 2362+ 16. (0703) 68.99+ 0.40 (0703) K1=12.6+0.1
K2=12.4+0.1
2356.+ 4. (0512) 68.62+ 0.11 (0312) H2=12.6+ 0.1
H3=12.6+0.1
711%13. (0703) 307.1%0.1 (0703) K1=9.4+ 0.1
K2=9.1+ 0.1

and in the NICI planet b discovery images (taken in 2011)eGiv
the long time span between the HST data (taken in 2004) and the
present SPHERE data, and given HD 106906AB ppm, we could

easily check that these sources do not share a common pr@gilitional massive inner planets, possibly responsibiléh®in-
motion with HD 106906AB (see Fig.5). Stdd,Jocated closer ner void of material within the disk. They also leave room for
to the star was not seen in NICI nor ACS data. Finally, anothagditional planets that could be responsible for the indgegif

very faint target is seen in the H images south of Star 3, trerbiting closer than about 10 au from the inner edge, assgimin

was not present in the HST or NICI data. No point source wiat their separation (a), eccentricity (e), massand distance

identified in the IFS FoV.

Using the SPHERE IRDIS and IFS data, we computed tfel-8 €/° (My/M.)">.

contrasts achieved in these observations. We then tradslat
these contrasts into masses, using the BT-Se@IOND inte-

to the edg@a follow the/Mustill & Wyatt (2012) criterium da/a

aAcknowIedgements The project is supported by CNRS, by the Agence Na-
tionale de la Recherche (ANR-14-CE33-0018), and the Pnogra National

rior models adapted to the SPHERE filters, and assuming d&Planétologie (PNP, INSU) and Programme National de BhgsStellaire
age of 10 Myr. The results are summarized in[Big.6. Note tH&NPS, INSU). AL.M, D.M,, and R.G. acknowledge support @idn MIUR

the extinction towards HD 106906AB is negligible\(A0.04+
0.02, | Pecaut et &l. 2012). We exclude companions with masggs,

through "Premiale WOW 2013". JO acknowledges support fiaerMillennium
Nucleus RC130007 (Chilean Ministry of Economy). We thanRé&lorme and E.
dec (SPHERE Data Center) for theii@ent help during the data reduction

1 My, or more at projected separations 200 au or more, plaecess. SPHERE is an instrument designed and built by @xama consisting
ets with masses in the range 1-2J¥between 100 and 200 au,of IPAG (Grenoble, France), MPIA (Heidelberg, Germany),NlAMarseille,
planets more massive than 3JLM\/\/ithin 30-100 au, and plan- France), LESIA (Paris, France), Laboratoire Lagrange €Nierance), INAF

ets more massive than 10,5\ in the range 10-30 au. These,

- Osservatorio di Padova (ltaly), Observatoire de Genevét{8rland), ETH
urich (Switzerland), NOVA (Netherlands), ONERA (Frana)d ASTRON

limits are significantly improved with respect to the ones7(5 (Netherlands) in collaboration with ESO. SPHERE was funbeESO0, with
Mjyp further than about 40 au) obtained with the Clio L' datadditional contributions from CNRS (France), MPIA (GeriyaniNAF (ltaly),

(Bailey et al. 2014). There is still the possibility that teeare

3 We label this target "Star" for convenience, but we do nothafor-
mation yet on its nature.

FINES (Switzerland) and NOVA (Netherlands). SPHERE alseired funding
from the European Commission Sixth and Seventh Framewagr@mmes as
part of the Optical Infrared Coordination Network for Asimmy (OPTICON)
under grant number RII3-Ct-2004-001566 for FP6 (2004-20§8nt number
226604 for FP7 (2009-2012) and grant number 312430 for F@T32016).
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Star1 Star3

Fig. 5. From left to right: in blue,
HDI06906AB b HD 106906AB b, star 1 and star 3 relative
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