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ABSTRACT

Context. Direct Imaging has developed into a very successful tectenfqr the detection of exoplanets in wide orbits, espeaciall
around young stars. Directly imaged planets can both beviiell astrometrically on their orbits and observed spectpsally, and
thus provide an essential tool for our understanding of &by &olar System.

Aims. We surveyed the 25 Ori association for Direct Imaging corigras) having an age of only few million years. Among other
targets CVSO 30 was observed, recently identified as theTfifauri star found to host a transiting planet candidate.

Methods. We report on photometric and spectroscopic high contrasgrviations with the Very Large Telescope, the Keck telessop
and the Calar Alto observatory that reveal a directly imagedet candidate close to the young M3 star CVSO 30.

Results. The JHK-band photometry of the newly identified candidatieeifer than Ir consistent with late type giants, early T and
M dwarfs as well as free-floating planets, other hypotheikesel.g. galaxies can be excluded by more tharv3 A lucky imaging

Z photometric detection limit’z 20.5 mag excludes early M dwarfs and results in less than 19fist CVSO 30 c if bound. We
present spectroscopic observations of the wide compaimplying that the only remaining explanation for the objecbeing the
first very young & 10 Myr) L—T type planet bound to a star, i.e. appearing blbhantexpected due to a decreasing cloud opacity at
low effective temperatures. All except a planetary spectral maeinconsistent with the spectroscopy, and we deduce artzesst

of 4-5 Jupiter masses (total range 0.6 — 10.2 Jupiter masses)

Conclusions. Therefore CVSO 30 is the first system, in which both a closaatha wide planet candidate are found to have a common
host star. The orbits of the two possible planets could nahbee diferent, having orbital periods of 10.76 hours and about 27000
years. Both orbits may have formed during a mutual catakicagvent of planet-planet scattering.

Key words. stars: pre-main sequence, low-mass, planetary systeragetpl detection, atmospheres, formation

1. Introduction the orbital period increases transits become less liketythe
Since the first definitive detection of a planet around am;qrax?igi%%gzrﬁg#g; (Ijne (\:/\I/Iigzsc.):rt])ifso r;trroausrt],dd:]rggfg;n grg"ima
main-sequence star, 51 Peg (Mayor & Queloz 1995), by higfls, ence stars, because such young planets are still atight
precision radial velocny measurements, various Qetecmch— frared wavelengths as a result of the gravitational cotitrac
niques have been applied to find a diverse population of amplg ing their still ongoing formation process.

ets. Among them the transit method, first used for HD 2094 éj Starting in 2005, when the first four co-moving planetary
(Charbonneau etal. 2000), later allowed for a b°°$‘ of @mﬂl candidates around the solar-like stars DH Tau (Itoh et &520
discoveries after the successful launch of two dedicatedlise Q Lup (Neuhauser et al. 2005), and AB Pic (Chauvin et al.
missions, CoRoT (Baglin et al. 2007) and Kepler (Koch et 83545 "5l with masses near the threshold of 13 Mividing
2010; Borucki et al. 2010). Both thgse methods _mdwectly dIbrown dwarfs from planets according to the current IAU work-
cern the presence of a planet by the influence on its hos_trmiar ﬁ’lg definition, and the planet candidate around the brownrdwa
are most sensitive to small and moderate planet-star&8@as ,\11507 (Chauvin et al. 2005a), were found, the total number o
a_rqgnd Qld.’ r_]ence rather inactive main-sequence starssdrhe imaged planet candidates has now increased to about 50-60 ob
sitivity diminishes fast for separations beyond 5 au, beeaas jects. A summary can be found in Neuhauser & Schmidt (2012)

* Based on observations made with ESO Telescopes at the 8 the current status is always available in several omline
Silla Paranal Observatory under programme IDs 090.C-G¥48( Cyclopaediae, such as the Extrasolar Planets Encyclapagdi
290.C-5018(B), 092.C-0488(A) and at the Centro Astronémiovww.exoplanet.eu (Schneider et al. 2011). As in-situ fdiama
Hispano-Aleman in programme H15-2.2-002. at ~100 au to a few hundreds of au separation seems unlikely
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JHK-band (Dec. 2012) ESO VLT/NACO

357 au

Fig. 1. Direct Images of CVSO 30 d.eft: Keck image of data by van Eyken et al. (2012), re-reducede Nbe companion is Northeast, not a
contaminant Southeast as given in van Eyken et al. (2@®ight: Our new VLT epoch, clearly showing the planetary compani@vjng similar
color as its host star (Fig. 2), excluding it as false posifir the inner planet candidate CVSO 30 b.

according to models, Boss (2006) argue that a third body mdaple 1. Previously known CVSO 30 system data
exist, that tossed these planets outward to their presstaindie

; : . CVS0 30
from their young host stars. An altern.atlve explanatlori«t(ble Altern. designations 2MASS J05250788134243, PTF1 J052507.6613424.3
a stellar encounter (Adams & Laughlin 2001). Location 25 Orj/ Orion OB 1a[1,2]
RA, Dec 05h 25m 07.57%,01° 34 24.8’ [2]

While early-type stars have less favorable pIanet-to-staﬁ,gicstral pe M3 (W?)f‘skj}”oiﬂ‘;;“[g]WTTs) 2l
contrast ratios, increasing evidence was found by millgnet Luminosity 0.251 [2]
continuum measurements for larger and more massive prot@f{f}':;ature 1398/107+010R / 4[%02/[21]'0“ 0.01R][23:4]
planetary disks, being available for planet formation @ambu opt. extinction 0.12 mag [2]
these stars (Mannings & Sargent 1997; Andrews et al. 2013pistance [3235%°, 322307 pc/ 357+ 52 pc [2,5]
These conclusions were further strengthened as in 2008 arrde 2.39382 Myr [2,here]
2009 three of the most prominent planet candidates weredfounf. équivalent width '11-4% 2]
around the early F-type star HR 8799 (Marois et al. 2008), thg sy " 80,626 Ll o [3]
first system with multiple planets imaged around a star, Aed t Proper Motion [E,N] [-0.1+ 5.3, 0.9+ 5.5] magyr [6]
A-type stars Fomalhaut (Kalas et al. 2008), the first plapetc % ¥R gﬂg:gm::z 12,2320 o35 .28 &zsélﬂr;‘g‘%géﬁ]] mag 6]
didate discovered in the optical regime using the Hubblec8&pa—— VSO 305/ PTFO 8-8695 b
Telescope (HST) al’)(@]PiC (Lagrange etal. 2009, 2010)’ a planet (Projected) separation 0.00828).00072 au [3]
within the large edge-on disk at only about twice the sejzarat Period (circular) 0.448412 0.000040 d [3]
of Jupiter from the Sun, as e.g. previously predicted bysfeei gt neneon 605775 1s 08¢ 4]

ter et al. (2007) from the structural gaps in the disk.
References: [1] Bricefio et al. (2007a), [2] Bricefio et d0&), [3] van Eyken et al.

. . . (2012), [4] Barnes et al. (2013), [5] Downes et al. (2014)46tharias et al. (2013),
Most of the direct imaging surveys conducted so far haygzacharias et al. (2004), [8] Cutri et al. (2003); Skriéskt al. (2006)

concentrated on AFGK stars. In 2012 a (proto)planet camnelida
was discovered around the2 Myr young sun-like star LkCa

15 (Kraus & Ireland 2012), a close-11 AU) object found by Table2. CVSO 30 astrometry and photometry
single dish interferometry, a technique also referred tspasse

aperture masking. Recently two companions of 4-gWvere P‘%\gg%_%%gs ) Cvs030¢c
discovered around GJ 504 (Kuzuhara et al. 2013), a 160 Myrs S _
K eparation w.r.t. the host star [E,N]
old sun-like star and around HD 95086 _(Rameau et al. 2013), 2010 september 25 [175.453, 63.395] pixel
an A-type star at about 10-17 Myrs. Additionally, over thestpa 2012 December 3 [é-ggr 8‘8331
. . . . + 0. 4
two years.flrst re_sults frpm imaging surveys around M dwarfs (Projecied) separaion 00083800072 au 1] 566 131 a0
were published, increasing our understanding of planetgsy Period (circular) 0.448413 0.000040 d [1] ~ 27100 years
tems around the most numerous stars in the Milky Way (Delorme Orbit. inclination 61.8:3.7°[1]
t al. 2013 Bowler et al 2015) Orbit. misalignment 69 2°/73.1+0.5° [2]
etal. ' ' ' 7' band (diferential) > 6.8 mag
J band (diferential) 7.385: 0.045 mag
P ; ; ; H ; _ Hband (diferential) 7.243 0.014 mag
In this article we describe for the first time the direct de- | /" (diferential) 7353 0,022 mag

tection of a wide separation (1.8%r 660 au, see Fig. 1) di- ~Tband (dierental) 7.18% 0.035 mag
rectly imaged planet candidate around a star (CVSO 30) which
also hosts a short period transiting planet candidate; Viex reeferences: [1] van Eyken etal. (2012), [2] Barnes et all §0

to a more detailed discussion of this object in van Eyken et al

(2012), Barnes etal. (2013) and Yu et al. (2015). A systentwhi

harbors two planets with such extreme orbits gives us theleppy 25 Ori group and the CVSO 30 system properties
tunity to study the possible outcome of planet-planet scaij

theories, used to explain the existence of close-in hotdrgin Despite their importance for the evolution of protoplangta
1996 (Rasio & Ford 1996), for the first time by observations. disks and the early phases in the planet formation process, s
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Table 4. VLT /NACO, VLT/SINFONI, archival KecklINIRC2 and Calar Alt2.2m/AstraLux observation log

Instrument JD-2455000 Date of DIT NDIT # Airmass DIMM 1)  Strehl SN

[days] observation [s] images Seeing  [ms] [%] (brightesge}i
NACO J 1264.69416 03 Dec 2012 15 4 15 1.13 0.8 3.7 3.2 5.9
NACO H 1264.70764 03 Dec 2012 15 4 15 1.12 0.6 4.6 11.2 24.6
NACO Ks 1264.72079 03 Dec 2012 15 4 15 1.11 0.7 4.6 23.7 11.1
NACO J 1266.72899 05 Dec 2012 30 2 15 1.12 1.3 2.8 2.0 6.6
SINFONIH+K  1592.82609 27 Oct 2013 300 2 3 1.12 0.5 5.0 <15
NIRC2 H 465.05374 25 Sep 2010 3 10 12 1.25 0.4 7.0 7.8
AstralLux 7 2260.6696 26 Aug 2015 0.02945 1 70000 1.73 1.1 no AO non-tietec

Remarks: (a) Differential image motion monitor (DIMM) Seeing average of mlages (b) coherence time of atmospheric fluctuations.

Table 3. CVSO 30 deduced planetary properties Table5. Astrometric calibration of VLINACO
Pg\F/g% ?é% 35 ) Cvso30c Object JD-2456000  Pixel scale PA
— - e [days] [magpixel] [deq]
Opt. extinction 0-1953 mag 47 Tuc  264.62525 1324005 +0.6+05
Luminosity (vs.0) -3.78'333 dex
Eff. temperature & 1600320 K Remarks: All data from Ks-band images. (a) PA is measured from N
Surface gravity log) 3.6'L2 dex over Eto S.
Radius 1.9% 0.21 Ryp[1] !
1.64/1.68+ 0.07 Ry [2] 1.63'087 Ryyp
Mass <5.5+ 1.4 My [1] 4.33% Myyp (log g & Roche)
3.0% 0.2 Myyp[2] 4.7'55 Myyp (L, age)
8.6 0.3 My (2] 4736 Map (L, Ter, age) Eyken et al. 2012; Koen 2015). Kamiaka et al. (2015) conclude
< 10 Myyp (27 imaging limit) the stellar spin period to be less than 0.671 d.
References: [1] van Eyken et al. (2012), [2] Barnes et al1l§20 In 2012 the PTE team (van Eyken et al. 2012) reported

a young transiting planet candidate around CVSO 30, named
PTFO 8-8695 b, with a fast co-rotating or near co-rotating
0.448413 day orbit. The very same object, henceforth CVSO 30
b for simplicity, was independently detected with smalkelet
scopes within the YETI (Neuh&user et al. 2013; Errmann et al.
I%)'14), confirming the presence of the transit events by quasi
simultaneous observations.

ficiently large samples of 10 Myr old stars have bedfidilt to
identify, mainly because the parent molecular clouds plési
after a few Myr and no longer serve as markers of these po
lations (see Bricefio et al. (2007b) and references theréig
25 Ori cluster (“25 Ori”, Bricefio et al. 2007a), contains200
PMS stars in the mass rangd < M/M, < 3. The Hipparcos
OB and earlier A-type stars in 25 Ori are on the zero-age mgt
sequence (ZAMS, Hernandez et al. 2005), implying a distang
of ~330 pc, with some of the A-type stars harboring debris dis
(Hernandez et al. 2006). Isochrone fitting of the low masssta
yields an age of 7-10 Myr (Bricefio et al. 2007b). This is th
most populous 10 Myr old sample within 500 pc, which we ot radius of only about twice the stellar radius and a ptary
sequently chose for a direct imaging survey with ESO's VL]g4iys of 1.91+ 0.21 Rup the object appears to be at or within
the Very Large Telescope of the European Southern Obseyvalps goche limiting orbit, raising the possibility of pastargoing

to find young planetary and sub-stellar companions at ottishor, .o |oss. A false positive by a blended eclipsing binaryis u
after their formation. For this same reason the 25 Ori clusées i P y bsing n

| di hes f e | ke iben likely, as the only present contaminant in Keck near-IR igsg
E )f(c))ptlggge(?ct'(la'ralr?si?elﬁirt(i:at?vse ?\r(ér'l'alnsl\lluerhgh guil?tg’t alll e2 0 m]g (see Fig. 1) with 6.96 mag of contrast to the star would have to
. i : be very blue to be bright enough in the optical to mimic a titans
the Palomar Transient Factory (PTF, van Eyken et al. 2012). y g g P e

unlikely to be a star in that case.

CVSO 30 (also 2MASS J05250756134243 & PTFO 8-
8695) is a weak-line T Tauri star of spectral type M3in 25 @ria In 2013 Barnes et al. (2013) fit the two separate lightcurves
an average distance of 3852 pc (Downes et al. 2014). It wasobserved in 2009 and 2010, which exhibited unusu#kedi
confirmed as a T Tauri member of the 25 Ori cluster by the CIDiAg shapes, simultaneously and self-consistently witimetizry
Variability Survey of Orion (CVSO), with properties showm i masses of the companion of 3.0 — 3.6,M They assumed tran-
Table 1. As shown in Fig. 1 in van Eyken et al. (2012), CVS@its across an oblate, gravity-darkened stellar disk ardegs-
30 is one of the youngest objects within 25 Ori, its position ision of the planetary orbit’s ascending node. The fits shoigla h
the color-magnitude diagram corresponding to ZS%QMyr (if degree of spin-orbit misalignment of about’7@hich leads to
compared to Siess et al. (2000) evolutionary models). Thecbb the prediction that transits should disappear for montlagiaie
is highly variable, fast rotating and has a mass of 0.34 —Bl44 during the precession period of this system. The lower plane
(depending on evolutionary model) and dfeetive temperature radius result of1.65 Ry,pis consistent with a young, hydrogen-
of ~3470 K. The rotation period of CVSO 30, possibly synchralominated planet that results from “hot-start” formatioeaha-
nized with the CVSO 30 b orbital period, is still debated (vanisms (Barnes et al. 2013).

Keck and Hobby-Eberly Telescope (HET) spectra (van
ken et al. 2012) set an upper limit to the mass of the tran-
ng companion of 5.5 1.4 My, from the radial velocity vari-
tion, which exhibits a phasefeet likely caused by spots on the
urface of the star. This RV limit was already corrected Far t
&erived orbital inclination 61.8 3.7° of the system. With an or-
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Fig. 2. CVSO 30, CVSO 30 ¢ and comparison objects, superimposedioatmlor data from Hewett et al. (2006). CVSO 30 c clearlpdsaout
in the lower left corner, approximately consistent witharslof giants, early M and T dwarfs and free-floating planetaass objects (Zapatero
Osorio et al. 2000; Pefia Ramirez et al. 2012), e.g. consistdnabsolute magnitude and J-Ks color of S Ori 64. Its ualiblue color can most
likely be attributed to the youth of such objects (Saumon &I&g2008), leading to LT transition opacity drop at higightnesses (see Fig. 11).
See Fig. A.5 for details. For CVSO 30 ¢ we give the colors keefgray) and after (red) correction from the NACO to the 2MARSr set as well
as maximum possible systematic photometffsets caused by variability of the primary star used as referéblack).

3. Astrometric and photometric analysis a companion as the proper motion of CVSO 30 is too small to

. " . distinguish a back d f b-stell nopani
After the discovery of the transiting planet candidate by Vaoi’fsgdglcj)lr? cc?mrﬁgngg?(;]pnerfr?(?tgﬁ (-gaea 1S)u steflar co !

Eyken et al. (2012) and our independent detection of the tran . ;

sit signals with YETI, we included the system in our 25 Ori CVSO 30 s in general currently not suitable for a common
VLT /NACO direct imaging survey with the intent to prove tha%m%?cr)prg?m)gtigﬂ"ﬂgﬁiseé ?‘?’atl?lz i)r “XSS cl)rr]bﬁra?Fr)r?c:tinc:r?t;?Q w%cee
the object labeled as a contaminant by van Eyken et al. (20 st star might be detectable, we performed a dedicated orbi

is not able to produce the detected transiting signal andmte c stimation for the wide companion. The analysis shows trete

firm it as second planet. We performed our first high resoﬂutlc‘?r r 2-3 years of epoch fierence no significant orbital motion

photometry (Tables 2 & 4, Fig. 1). Is expected for the wide companion (Fig. A.1).

During the course of their study of the transiting planet USing the Two Micron All Sky Survey (2MASS) (Cutri et al.
CVSO 30 b the PTF team used KeckNIRC2 H-band im- 2003; Skrutskle etal. 200_6) ph_otometry for the primary aud_o
ages obtained in 2010 to identify contaminants capableesf cNACO images for dierential brightness measurements, we find
ating a false positive signal mimicking a planet. We re-el CvSO 30 cto exhibit an unusu_ally que_H-Ks color, while its
these data, and found it already contains the planetary anmp’-H color indicates the companion candidate to be redder tha
ion CVSO 30 ¢, that we report here. In Fig. 1 we show the corfl€ Primary. This implies, that the companion is too red tabe
panion, erroneously given to lie Southeast in van Eyken .et §FliPSing background binary mimicing the transiting siga
(2012), actually being Northeast of the host star CVSO 30. CVSO 30 as a false positive signal, which is further indimati

After astrometric calibration of the VI/NACO detector OF the planetary nature of CVSO 30 b.
epoch using a sub-field of 47 Tuc (Table 5) to determine pixel The diferential photometry (Table 2) of CVSO 30 ¢ was
scale and detector orientation in order to find precise ealoe achieved using psf fitting with th8tarfinderpackage of IDL
the separation of CVSO 30 c with respect to CVSO 30 in rigkiPiolaiti et al. 2000) using the primary star CVSO 30 as p$f re
ascension and declination, we find the object tehe85’ NE of ~erence. First the noise of the final jittered image was coetput
CVSO 30 at a position angle af70° from North towards East, taking the photon noise, the gain and RON as well as the num-
corresponding to a projected separation of 86031 au at the ber of combined images into account, and then handed to the
distance of the star. Although no astrometric calibrataidde Starfinder routine for psf fitting, resulting in the valuesegi in
found in the night of the Keck observations (hence the pwsiti Table 2. The values were checked with aperture photometry.
of the object is given in pixels in Table 2), we note that uging As given in van Eyken et al. (2012) our psf reference CVSO
nominal pixel scale of NIRC2 of 0.009942pixel (+ 0.0000%) 30 varies by 0.17 mag (min to max) in the R band, consistent
and assuming‘Odetector orientation the Keck epoch, resultingiith our estimates within YETI. As a present steep wavelengt
in 1.744 arcsec right ascension and 0.630 arcsec declirsgjp  dependence of the variability amplitudes is best descitilydtbt
aration in the relative position of CVSO 30 c with respecttto istar-spots (Koen 2015), we can extrapolate from measurtsmen
host star is consistent with the VLT data. This was expeated Df the very similar T Tauri GQ Lup (Broeg et al. 2007), thatD.1
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mag in R correspond to about 0.1 mag and 0.055 mag variabilTl@ble 6. Photometric rejection significance, spectroscopic r_edqée
in J and Ks band respectively. As the hot spots change thesbaﬁﬁu'ts and corre.spondllng formal significance withoutesysttics for
simultaneously this gives rise to a maximum systematgepof d'erent comparison objects

0.045 mag in J-Ks color. We give an estimate of this varigbili

J 7 . Object SpT Photometry add. Spectroscopy
as black error bars for a possible additional systemafsebof JH HKs  ref. H-band  K-band
CVSO 30 cin Fig. 2. el [d] loixd]  lo/xd]

The colors of CVSO 30 and CVSO 30 c are very similar HD 237903 Krv 34 05 ] >6/266 >6/1.60
(Table 2 & Fig. 2). As we do not have a spectrum of CVSO 30 2: 2‘2‘8 m% 332 332 {H igﬁgi 2;31;23
¢ in J band, yet, we use the M3V star Gl 388 (Cushing et al.  Gl806 M2V 45 25 1]  >6/2.73  4.31.40
2005; Rayner et al. 2009) and the/L8 Brown Dwarf 2MASS G388 w28 E”H igggg ggigf
J114634492230527 (Cushing et al. 2005) to derive a prelimi- GlI51 M5V 38 35 [2[1] >6/247 2.§121
nary filter correction between 2MASS and NACO for CVSO 30  ©G1406 mev 34 46  [2][1] >6/2.50 2.51.20
and CVSO 30 c. The colors of CVSO 30 are well known from & 54as Ve a8 o4 b aace S
2MASS (Table 1), the dierential brightnesses to CVSO 30 ¢ LHs 2065 MoV 1.7 75 1] >6/245 2.21.17
vary from NACO to 2MASS by 28 mmag in J, -21 mmag in H _ LHS 2924 L0 14 65 [0 >6/277  2.V1.16
and -38 mmag in Ks. Thus CVS0 30 ¢ is 49 mmag redder in J-HZMUCO2088L L1 22 15 "Bl 66 57133
and 17 mmag redder in H-Ks in 2MASS (red in Fig. 2) compared gmggg gigé Liss é?—, >i(23 % >gg.gg ggi.gg
to the NACO results (gray in Fig. 2). : o7 004 T

In Fig. 2 and Table 6 we compare CVSO 30 c to the colors of MUCD 11314 16 20 84 [2[]2] ig;gﬁgg fé%gg
several possible sources. We find that background starsecf sp 2MUCD 10721 L7.5 58 >11 2] >6/349 34129
tral types OBAFGK are too blue in J-H, late M dwarfs are too Szgﬂsuscfségégi LT%S 1205 g?_f [[32]] igfig; fg;_-;‘;
blue in J-H and too red in H-K, while foreground L- and late T- sbss o90s652 T15 03 04 [4] >6/8.04 >6/3.64
dwarfs are either too red in H-K or too blue in J-H. In addition zsﬁfssslgé’gﬂé TT42 g-f 02-10 [[22]] igﬂg; i§§ i:flJ
background galaxies, quasars an#ielwhite dwarfs are also in- 1D 204585 VMASIT 04 08 [ >6/186 >6/188
consistent with the values of CVSO 30 c. Only late type giants HD 175865 M5l 01 05 1] >6/191 >6/178
early M- and T-dwarfs and planetary mass free-floating dbjec %i';‘;‘;z various 42 39 [5[1556] >6/2.28  >6/1.61
e.g. found in ther Orionis Star Cluster have comparable colors white bwarfs ~ various 6.4 3.9 5] — —
(Zapatero Osorio et al. 2000; Pefia Ramirez et al. 2012). <F:’\£ST<ZI3BO ,\'\f? 2217 111 . ig;ggé g.gi.gg

CTChab M9 04 13 [8l[0] >6/227 18113
4. CVSO 30 ¢ spectroscopic analysis jRXS16096 L4 11 30 [y Sezr0 29118
As a common proper motion analysis is not feasible because oM1307 b 0 55 s [[1123]] igﬁ:gg 2.51.20
of the low proper motion of the host star (Table 1), we carried SOri64 uT 09 07 [14] — —

DP (Fig. 4) — — — [15] 22116 2.01.14

out spectroscopic follow-up observations at the end of 2043
ing the ESO VLT integral field unit SINFONI. The observationseferences: [1] Rayner et al. (2009), [2] Cushing et al. 20[B] Burgasser et al. (2010a),
were done in HK band with 0.1 ma,spaxe| scale (FOVZ 3 arcsed?] Chiuetal. (20_06), [5] Hewett et al. (200_6), [6] Mannuetial. (2001), [7_] Schmidt et al.
. . iy s . . (2014), [8] Schmidt et al. (2009), [9] Schmidt et al. (2008))] Bowler & Hillenbrand
x 3 arcsec). The instrument provides us with informatiorhi@ t (501s) [11] Lafreniere et al. (2008), [12] Chilcote et #0(5), [13] Patience et al. (2010),
two spatial directions of the sky in addition to the simu#ians [14] Pefia Ramirez et al. (2012), from VISTA to 2MASS magnitmidsing colour equations
H- and K-band spectra. An unfortunate timing of the obser érlﬂnhttgt'/gzla?;(j%%t).cam.ac.Laiurveys—projec}{sista’technicaﬁphotometric—properties, [15]
tions led to a parallactic angle at which a spike, likely oé th gere ’
telescope secondary mounting was superimposed onto the wel
separated spectrum of the companion candidate CVSO 30 c.
After correction the resulting spectrum can be compared
model atmospheres to determine its basic properties arttiéo o
sub-stellar companions to assess its youth and the réabi
of the models at this low age, surface gravity and tempegatt
regime.
In an attempt to optimally subtract the spike of the ho
star we performed several standard and customized reduc

steps. After dark subtraction, flatfielding, wavelengthization . N N
P g 9 Ehg 3. Median in wavelength direction of the reduced YSINFONI

and cube reconstruction, we found that the spike was SuF)erlntegral field cubesLeft: Cube after reductiorCenter: Cube after re-

posed onto the companion in every one of the 3 individual Efoval of the primary halo, assumed to be centered at the atépaof

posures, however at slightlyftrent orientation angles (Fig. 3,1 g5« a5 measured in the VINACO images. North is about 7@rom
left panel). As a first step we used the NACO astrometry tordetgne right hand side towards the bottom of the pl@ight: Cube after
mine the central position of the primary, being itself otiésthe removal of primary halo, spectral deconvolution and potyia flat-
observed field of view of the integral field observations. ©He tening of the resultant background, used for the extraaifothe final
entation of the SINFONI observations was intentionallysg#o spectrum.

to leave the connection line of primary and companion eyactl

in x direction, the primary is about 1.85 arcsec exactly t® th

left of CVSO 30 c in the data, because the x directifiiers a the primary star is determined by the AO performance at the di
twice as good sampling regarding the number of pixels for tiierent wavelength. At this stage we extracted a first spechyu
separation. We were thus able to subtract the radial synunesubtracting an average spectrum of the spike, left and oighie
halo of the host star from the data cube (Fig. 3, central pane@lompanions psf from the superposition of companion andespik
using the nominal spatial scale. This is necessary as tledfial We find the results in Fig. A.2 before (red spectrum) and after
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Fig. 4. Spectrum of CVSO 30 c, as extracted from the spectral detwtimo corrected cube in the right panel of Fig.Tap: The spectrum in
resolution 700 (black) is shown after binning of the origiestracted spectrum in resolution 1500 (green). The b#stgiDrift-Phoenix model
Helling et al. (2008) is shown in red, fitting both the indivaly normalized H and K spectra. This type of normalizatieas necessary as the
redder color of the models, in comparison to the unusualkg bblature of CVSO 30 ¢, would steer the best-fitting model ghdii temperatures,
unable to fit the individual features present in H and K barite Best-fitting model (red) corresponds to 1600 K, surfaesityrlog g 3.6 dex,
metallicity [M/H] 0.3 dex and 0.19 mag of visual extinctiddottom: Absolute value of the dierence between spectrum and model from the top
panel (black) versus noise floor at the corresponding pos{tireen).

spike within the 3 median combined cubes leads to less qverla
on the right hand side of the cube than on the left hand side.
] For this reason the continuum in Fig. A.2 is not trustwortsy,
E the flux of the spike below the companion candidate is not the
E average of the spike flux left and right of the object.
- E We tried several methods to remove the spike and decided
P P : to follow the spectral deconvolution technique (Sparks &d~o
Effective temperature [K] 2002; Thatte et al. 2007), a method able to discriminate both
‘ the wavelength dependent airy rings and speckles, as well as
the spike from the light of the wavelength-independent com-
panion position by using the long wavelength coverage of the
] observed data cube. As given in Thatte et al. (2007) for the
X 1 same instrument the bifurcation radius for SINFONHK is
] for e=1.1 =246 mas, and foe=1.2 =268 mas, so parts of the
000 prros P 2500 data without contamination of the companion could be found a
Effective temperature [K] the much higher separation of about 1.85 arcsec. The reducti
o ] was then completed by applying a polynomial background cor-
] rection around CVSO 30 c, as the previous reduction steps lef
a low-spatial frequency remnant around it (Fig. 3, rightgdan
and finally the optimal extraction algorithm (Horne 1986}-pe
formed around the companion and subtracted by the corrdspon
ing background flux from the close, well corrected vicindapd
200 2500 the telluric atmosphere correction using HD 61957, a B3\¢tspe
Effective temperature [K] troscopic standard observed in the same night.

Fig. 5. 1 o contour plots of thg? Drift-Phoenix model fit to the spec- ~ We first compare the spectrum of CVSO 30 c to spectra de-
trum shown in Fig. 4. Contour plot in extinction vsfective temper- rived from Drift-Phoenix atmosphere simulations, dedicata-
ature (top), surface gravity log g vsifective temperature (center) anddiative transfer models that take into account the stromgico
metallicity [M/H] vs. effective temperature (bottom). The fit shows gum altering influence of dust cloud formation in the detelgta
best fit at 1600 K, low extinction of 0.19 mag, higher valuettiog parts of planetary atmospheres (Helling et al. 2008). Frorh a
less and less likely and a best fit at log g 3.6. While all serigravities - -omparison of the H- and K-band spectra to the model grid, we
seem to be aimost of equal probability, a high surface gréoteground g4 o gfective temperature of about 1800 - 1900 K, while the
brown dwarf can be excluded from the shape of the H-band in6-ig individual fit of the H-band spectrum as well as the K—band:spe

Although the young planetary modeldfer in photometric colors, this . o
could be because of a not yet fully understood change in thelgirop-  [rum give a lower T+ of about 1600 K. In addition, the slope of

erties at the L-T transition, indicated by the change infiirigss of the the blue part of the triangular H-band is too steep in the atmo
L-T transition with age of the system, shown in Fig. 11. sphere models of about 1800 K and does not fit the continuum
well. The higher T¢¢ is only needed to fit the unusually blue
H-Ks color of the object, as already discussed in the previou
(blue spectrum) spike subtraction, which also removestiie sphotometry section and visible in Fig. 2, since the modelsato
present OH lines. The horizontal spike in Fig. 3 appears to naclude a good description of the dust opacity drop at the L-T
row to the right. This is a projectiorffect as the rotation of the transition, yet. We thus decided to fit the H- and K-band simul
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Fig. 6. H-band spectrum of CVSO 30 c (lower left) compared to sevaralvn planetary candidates and background objects (sishfa|dD, E).
The triangular shape of the H-band (A), with red linear fitelqwg the eye, indicates that it is not a background galadiatsub-stellar companion.
Beta Pic b has approximately the same luminosity and terhperéChilcote et al. 2015), however dférent surface gravity, hence about twice
the mass of CVSO 30 c. As shown (C) the Drift-Phoenix model&ate that the H-band becomes less steep with temperatisemeans CVSO
30 cis even slightly lower in temperature thaRic b. In the upper left another candidate is shown, detexttdd3” from the Al star HD 35367,
being about 0.5 mag brighter in the K-band than CVSO 30 c, buibaisly in the background. In addition the H-band (D) and&&d (E) of CT
Cha b and 2M 0441 Bb, the best-fitting comparison objects lraldel are given. Both and CVSO 30 c in (D, E) with identic@i$ets in H-band
and K-band. Additionally the best-fitting giants and a sagfllate type dwarfs is shown for comparison. Referencesrafiddual reduced,?
comparison values are given in Table 6. Low-res spectraea-fioating planetary candidates are not shown, but canwelfmm Martin et al.
(2001).

taneously, but normalizing them individually, to cope witte Nstalie 2015/08
unusual colors, while using all the present information tfoe zband il
fit. In this way we find a best fitting = 16007325 K, an extinc- T

tion Ay= 0.1933% mag, a surface gravity logfcm/s?]= 3.6'7¢

dex and a metallicity log[(WH)/(M/H)s]= 0.3 99 dex at the up- 2
per supersolar edge of the grid. The fitting contours can be '
found in Fig. 5, showing the full regime for the error barsgan

the best fit itself is shown in Fig. 4.

In Fig. 6 we compare the spectrum of CVSO 30 c to the tri-

angular shaped H-band spectrum of ghieic b planet, obtained E L
with the Gemini Planet Imager (GPI, Chilcote et al. 2015), as i i

well as to other planetary mass obje@sRic b is particularly ’
suited as comparison object, as it is young (10-20 Myr), and Jargseo &

has about the same luminosity arfteetive temperature (1600—

1700 K), while being of higher mass (10-12;}). We show Fig. 7. AstraLux Z band image of CVSO 30, taken on Aug 27th 2015.
linear fits to the blue and red part of the H-band as well as tfhe dotted circle indicates an angular separation of 1. 8earo CVSO
triangular shape of chosen Drift-Phoenix models. In cattia 30 (Se€ Fig. 8). Beside the star, which is located in the ceniténe
M5 — L5 companions, for which the 40 index in Allers et al. AStraluximage, no further objects are detected.

(2007) shows anincrease in water absorption, the absonpis

shallower for later spectral types. This means that evengho ;i of 10 cys2]= 4.3 dex according to the linear prior orbit
the formaly? fit finds a best temperature of 1600 K for CVSO 3 tin Bon%gfg)y et E]i|. (2014b). This co?rects the surfgce yav

¢, the temperature is likely to be lower than gdeic b, exhibiting ¢ ~\/ | _ 07
a steeper H-band spectrum. The object’s spectrum is notseong CVSO 30 ¢ to logy[emys] 3.67g5 dex.

tent with a giant of any spectral type. The best fitting giavith

consistent photometry (Fig. 2 & Table 6) are shown as compai ; i . ;

son in Fig. 6 and would be at a distance of about 200 Mpc.a'ﬁ') AstraLux lucky imaging follow-up observations
improve the fit in the K band the spectral type would have to e performed follow-up of CVSO 30 with 2000 s of AstralLux
later than M7III, while the H band does not fit for these olgectintegration in Z The individual AstraLux images were com-
Finally CVSO 30 c, being comparable but younger, must havdmed using our own pipeline for the reduction of lucky imagyi
lower surface gravity thafPic b, determined to have alipper data. The fully reduced AstraLux image is shown in Fig.7. z
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0 ' . v . c. To determine the luminosity we considered the extindéon

| by Rieke & Lebofsky (1985), a bolometric correction of BcE.
i 3.3'29 mag for spectral type L5-T4 (Golimowski et al. 2004),
AN 0M and a distance of 35752 pc to the 25 Orionis cluster. From the
"""" N 2MASS brightness of the primary and théfdrential brightness
g’ PN _ measured in our VLT NACO data (Table 2) as well as the extinc-
o N 20M,, tion value towards the companion derived from spectrosaoey
<

\ find logLpoi/Le = —3.78°333 dex. From the luminosity and ef-

or Yo 1 fective temperature, we calculate the radius to belR63'55]
B - Rjup In combination with the derived surface gravity this would
, , ‘ , correspond to a mass of #M4.3 My, dominated in its errors
0 1 2 3 4 5 by high distance and surface gravity uncertainties. Whigelat-
separation [arcsec] ter value and the photometry (Fig. 2) would be consistertt wit
Fig. 8. The SN=5 detection limit of our AstraLux observation of@ high surface gravity. thus old foreground T-type brown dwa
CVSO 30 (Fig. 7). The reached magnitudé&etience dependent on thebut inconsistent with an L-type brown dwarf, the availalgec
angular separation to the star is shown. The horizontaleghbhes in- troscopy excludes an old T-type brown dwarf (Fig. 6 & Table 6)
dicate the expected magnituddfdiences of sub-stellar companions of¥/hile the photometry is also consistent with early M dwarfs,
the star at an age of 3 Myr. Beyond about 1.8 arcsec-@#0 au of the K-band spectroscopy and upper limit show the opposite
projected separation) all companions with masses down Mjl0can  pehaviour, being only consistent with late M dwarfs, extgd
be excluded around CVSO 30. all types with high significance. Similarly the remainingddnd
spectroscopy excludes all comparison objects. Only thé bes
photometry of CVSO 30 was not measured so far, but can be &8ing Drift-Phoenix model (Fig. 4) shows low deviation in-H
rived from its magnitudes in other photometric bands usiveg tband, consistent with the fact that the only available venyng
color transformation equatiohfrom Jordi et al. (2006). The V directly imaged planet candidates exhibit higher tempeest
and R band photometry of CVSO 30, as given by Bricefio et #lus a steeper H-band (Fig. 6).
(2005) and van Eyken et al. (2012) &/16.26+ 0.19 mag, and Although recent observations by Yu et al. (2015) cast doubt
R = 15.19+ 0.085 mag), and the | band photometry of the sta@n the existence of the inner transiting planet candidaté GV
listed in the 2005 DENIS database=113.695+ 0.030 mag), 30 b or PTFO 8-8695 b, we assume its existence throughout the
yield Z = 13.66 mag. remaining discussion, as there aréfidulties for all 5 hypothe-
The (SN= 5) detection limit reached in the AstralLux obserses to reproduce the observations presented in Yu et al5)201
vation is given in Fig. 8. At an angular separation of abo@t 1including e.g. diferent types of starspots. The inner planet hy-
arcsec from CVSO 30 (0¥640 au of projected separation) compothesis gives another constraint, namely that the systench
panions, which ar&z’= 6.8 mag fainter than the star, are stilbe stable with both its planets. As described in van Eykem et a
detectable at/8l = 5. The reached detection limit at this angulaf2012), CVSO 30 b is very close to its Roche radius, the radius
separation is’z 20.5 mag, which is just a tenth of magnitud®f stability. Assuming the values for mass of CVSO 30 b, its ra
above the limiting magnitude in the background noise lichitedius and orbital period (Tables 2 & 3), we find from the Roche
region around the star at angular separations larger thao-2 &mit an upper limit for the mass of CVSO 30 &f0.92 M, for
sec. This results in a limiting absolute magnitude gfM12.7 a stable inner system comprised of CVSO 30 A & b. This mass
mag, allowing the detection of sub-stellar companionseftar limit for CVSO 30 is fulfilled at 1 Myr for masses of CVSO 30 ¢
with masses down to 10 jy, according to Bargie et al. (2015) of < 6.9 Mypat< 760 pc up to 5.8 Myr with masses of CVSO 30
evolutionary models. c of < 9.2 Mypat < 455 pc, according to BT-Settl evolutionary
Further the AstraLux observations also exclude all youmgodels (Allard 2014; Bafée et al. 2015). Higher ages are not
(3 Myr) stellar objects (mass larger than 75yl unrelated to consistent with the age estimate of the primary, howeven ave
CVSO 30, which are located in the AstraLux field of view at dis20 Myr we find a mass of CVSO 30 ¢ &f 12.1 My, at < 340
tances closer than about 3410 pc. All young M dwarfs with d¢. With the Roche stability criterion for CVSO 30 b the previ
age of 3 Myr and masses above 15MTer > 2400 K) can be ous calculations resultin a mass estimate @a‘Mf{‘g‘:? M jup for
ruled out up to 530 pc, respectively. All old stellar objegtgss CVSO 30 c.
larger than 75 M) with an age of 5 Gyr can be excluded, which ~ For the approximate age of CVSO 30 2-3 Myr BT-Settl evo-
are located closer than about 130 pc. lutionary models (Allard 2014; Bafie et al. 2015) predict an
The AstraLux upper limit results inf zKs > 1.75 mag, which apparent brightness of yn~ 18.5 mag (assuming the distance
corresponds to exclusion gf0.2 M, or > 3300 K (Bardte etal. to 25 Ori), éfective temperature 1575 K, mass 4-5 W, and
2015) as possible source or about earlier than M4.5V in spéegLwo/Lo ~ -3.8 dex. These expected values are very close to
tal type (Kenyon & Hartmann 1995). As any object later thaline best fit atmospheric model spectra fits above and even the
~M2V /M3V can be excluded by 4 o from JHKs photometry derived visual extinction of about 0.19 mag is very closeht® t
(Table 6), no type of M dwarf can be a false positive of the nevlue of the primary-0.12 mag (Bricefio et al. 2005).
companion candidate CVSO 30 c. Of course, these evolutionary models can also be used to de-
termine the resulting mass from the luminosity and age of the
o i companion candidate and system, respectively. To put CVSO
6. Mass determination and conclusions 30 c into context we show the models and several of the cur-

With the object brightness determined from the direct rigiar-"€Ntly known directly imaged planet candidates in Fig. 9e Th
imaging and the information provided by the spectroscopat-a €W companion is one of the youngest and lowest mass com-

ysis, we can directly estimate the basic parameters of CVgORfNIoNs and we find a mass of ¢ Maup, as the luminosity is
not very precise, because of the rather scarce knowleddesof t

1r-R=077-(V-R) -0.37andr - Z = 1.584- (R-1) - 0.386 distance of the system. However, if we take additionallygern
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\ Fig. 10. Dynamic range per pixel achieved in our VIINACO Ks band
L OHRS8799c&d observations, given asa@ contrast to the primary star. The companion
[ would have been detectable till 0.48 arc seconds or 171 aaratm.
6L A depth of 20.2 mag was reached at maximum, corresponding8to 2
f X 2M0103 ABb 1 Map
- & CTChab & CXHR73b :
- 2M044144 b ® 51 Erib
3 > zi‘:& lol(g,llf‘zb 1 upto100s or 1000s of au (Stamatellos & Whitworth 2009; Naga-
" @ DH Taub &SR 12 AB c o <«rPZTelp | Sawa & I1da 2011), comparable to our outer planet candidate mi
r | | | | 1 imum separation of 660 au. The closest match to CVSO 30 bc
e of a model simulation was presented by Nagasawa & Ida (2011)
6.0 6.5 7.0 7.5 8.0

with an object at-300 au, having an inner hot planet with which
it was scattered. Scattering or gravitational interactioght not
be that uncommon as 72246% of hot Jupiters are part of multi-
planet angbr multi-star systems (Ngo et al. 2015).

The luminosity of CVSO 30 c is only consistent with “hot-
start” models, usually representing the objects formedriayig
tational disk-instability, not with cold-start modelsréitited to
core accretion formed planets (Marley et al. 2007). However
ature into account, we find a more precise mass determinaftioras stated in Spiegel & Burrows (2012) first-principle cadeul
4.7°35 Myyp putting CVSO 30 ¢ well into the planetary regimeions cannot yet specify with certainty what the initial §po
and being very close in mass to the probable inner companformation) entropies of objects should be in th&efient forma-
of the system CVSO 30 b with about 2.8 — 6.9Jy(van Eyken tion scenarios, hence CVSO 30 c could have formed via gravi-
et al. 2012; Barnes et al. 2013). tational disk-instability or core accretion and be scaidewith

In Fig. 10 we show the reached depth per pixel in the KsVSO 30 b afterwards.

band epoch of 20.2 mag, corresponding to 2 gt the age of |y this context it would also be important to clarify the na-
CVSO 30, using the same models as above. Brown dwarfs coy|ek of the unusually blue H-Ks color of CVSO 30 c. It is con-
be found from 30 au outwards, planets from 79 au outwards a§gient with colors of free-floating planets (Fig. 2) andlddee
CVSO 30 c could have been found from 171 au outwards.  c5,sed by its youth, allowing the companion to be very bright

The core accretion model (Safronov & Zvjagina 1969; Gositill already being at the L-T transition, consistent witimsla-
dreich & Ward 1973; Pollack et al. 1996), one of the much dgons of cluster brown dwarfs at very young ages and thersol
bated planet formation scenarios, is unlikely to form areobin  in Saumon & Marley (2008) (Fig. 11). This would imply a tem-
situ at>660 au, as the time-scale would be prohibetively long gerature at the lower end of the-Errors found for CVSO 30
such separations. In principle the object could have alsodd ¢, < 1400 K, which is however consistent with the less steep H-
in a star-like fashion by turbulent core fragmentation ath® band in comparison t6 Pic b of about 1600—1700K (Chilcote
case of a binary star system, since the opacity limit forrfrag- et al. 2015), as shown in Fig. 6. For old brown dwarfs the L-T
tation is a few Jupiter masses (Bate 2009), however, the latgansition occurs at Ji+ 1200-1400 K, when methane absorp-
separation and high mass ratio argue against this hypsthesi tion bands start to be ubiquitously seen. However, in488

The even more obvious possibility would be planet-plan®tyr old planet candidates around HR 8799 no strong methane
scattering as an inner planet candidate CVSO 30 b of comlgarab found, while the spectrum of thed0 Myr old object around
mass is present, that could have been scattered inwardwarhe GU Psc shows strong methane absorption (Naud et al. 2014),
same scattering event. Several authors simulated suctserah all at temperatures of about 1000-1100 K. Thus the L-T transi
found mostly high eccentric orbits for the outer scatterdad@ts tion might be gravity dependent (Marley et al. 2012). Bityeoif

log (age) [yr] .

Fig. 9. Evolution of young stars, brown dwarf and planets with BTHSe
evolutionary tracks (Allard 2014; Bafte et al. 2015). Shown are a few
of the so far known planet candidates in comparison to the sidw
stellar companion candidate CVSO 30 c (see Table A.1).
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mass of CVSO 30 c. Simulations of a possible scattering event

will profit from the current (end) conditions found for thessy
tem. Considering that the inner planet is very close to thehieo
stability limit and the outer one is far away from its hoststie
future evolution and stability of the system is also vergietst-
ing for dedicated modelling. To investigate how often sucdts
tering events occur, a search for inner planets also arotihet o
stars with directly imaged wide planets should be conducted
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Appendix A: Supplemental Material

0.6

CVSO 30 is currently not suitable for a common proper motion —i=0deg | .=t
analysis (Table 1). As orbital motion around the host stayhii ol | oo de| L wmmemTTT

be detectable, we simulated the expected maximum separatio | ___-==

(top) and position angle (bottom) change in Fig. A.1, deend oal

on inclination and eccentricity of the companion for an dpoc
difference of 3 years. This corresponds to our first astrometri-
cally calibrated epoch from 2012 to a tentative new obsermat
end of 2015. The dedicated orbital analysis shows that efren a
ter 2-3 years of epoch fllerence no significant orbital motion is
expected for the wide companion.

A first spectrum of CVSO 30 c at an intermediate reduction
step, shown in Fig. 3 (central panel), by subtracting anamyer
spectrum of the spike, left and right of the companions psfifr 00 0102 03 04 05 06 07 08 09
the superposition of companion and spike is given in Fig.. A.2
We find the results before (red spectrum) and after (blue-spec
trum) spike subtraction, which also removes the still pne&SH — i—o0deg
lines. In addition the spectrum of the host star CVSO 30 iswsho ogl| === 1= 52 deg
in black for comparison.

In Fig. A.3 we show the expected signal to noise ratiiNiS
for the given conditions and integration times (Tables 4 &4) _
ing ESQO's exposure time calculator for SINFONI and the kates 3 0
available Pickles template spectrum M6 (blue). We deriwe th =
almost identical 8\ using the flux of the companion after spike <

A sep [mas]
o
W

0.1+

removal (Fig. 3) compared to the noise of the backgroundtoext 0.02

the spike (black). However, thesg\NSestimates are not achieved

for our final extracted spectrum and its noise estimate @)g. oot
as the spike itself adds slight additional noise and moremp [

tantly because of the imperfect removal of the spike dorimgat 005 o1 02 03 04 o5 06 07 08 09
the final SN (red). To take this #ect, likely caused by imper- e

fect primary star positioning into account, we derived onafi

noise estlmate_, given as noise floor in Fig. 4, as standar d%m) change, dependent on inclination and eccentricithefcompan-
ation of the neighboring spectral channels after removahef i, for an epoch dierence of 3 years (end of 2015, since first calibrated
continuum at the spectral position of interest. This na#sal$o  epoch was done end of 2012).

used for the spectral model fitting (Figs. 4 & 5) and the reduce
x? estimation for several comparison objects (Table 6).

We show the color-magnitude diagram given in Fig. 11 ilarge enough, but in this case it was shown to possess althost a
the main document with the identification of all the unlaleleof its dust within 400 au separation (Parit al. 2009), still too
objects in a full version in Fig. A.5 with the correspondimd-r small for formation at 660 au.
erences in Table A.2 . The objects seem to follow the preaficti  If the object has not formed in situ, a very obvious solu-
of Saumon & Marley (2008) quite well, especially around 1fion would be scattering induced by a stellar flyby close ® th
Myr. Only 2M1207 b seems to be faffppossibly because of system (Adams & Laughlin 2001; Mufioz et al. 2015) or with
an edge-on disk reddening the object heavily (Mohanty et ahother object of the system. While Reipurth & Clarke (2001)
2007). Whether HR 8799 c, d are unusual can hardly be judgddscribe this possibility for the formation of brown dwabfg
as no similar object having very low luminosity is known ath disintegration of a small multiple system and possibly afut
age. HR 8799 b is, however, very low in luminosity (Fig. 9)eThfrom the formation material reservoir, which might have hap
younger the objects the higher in luminosity they are at camppened e.g. for directly imaged circumbinary planet cantgisla
rable spectral type because of their larger radius, siregdhe like ROSS 458(AB) c (Burgasser et al. 2010b) or SR 12 AB ¢
still experiencing gravitational contraction. The ploigFA.5) (Kuzuhara et al. 2011) the even more obvious possibilityldiou
implies that CVSO 30 c is the first very young {0 Myr) L-T  be planet-planet scattering as an inner planet candidaB3C30
transition object. b of comparable mass is present, that could have been schtter

The core accretion model (Safronov & Zvjagina 1969; Golaward at the very same scattering event.
dreich & Ward 1973; Pollack et al. 1996), was also discussedi A way to discriminate between the formation scenarios
models for HR 8799 bcde by Close (2010), arguing that therinngould be by higher 8\ ratio spectroscopy as done for HR 8799
planet was likely formed by core accretion, while for theesut ¢ (Konopacky et al. 2013). With both® and CO detected one
ones the gravitational instability of the disk (Cameron 897is able to estimate the bulk atmospheric carbon-to-oxygga r
Boss 1997) is the more probable formation scenario. Howevand whether it dfers from that of the primary star, which lead
HR 8799 is an A- or F-star, and recent numerical simulatiohdarley (2013) to speculate that HR 8799 ¢ formed by core ac-
(Vorobyov 2013) show that disk fragmentation fails to proglu cretion rather than gas instability.
wide-orbit companions around stars with mas8.7 M,, hence We can put CVSO 30 ¢ best into context by comparing with
unfeasible for the-0.34 — 0.44 M, M3 star CVSO 30. In addi- the recent M dwarf survey of Bowler et al. (2015), who find
tion the disk would have to be large enough for in situ forovati fewer than 6% of M dwarfs to harbor massive giant planets of
The most massive disks around M stars (e.g. IM Lupi) might i5e-13 My, at 10-100 au and that there is currently no statistical

Fig. A.1. Expected maximum separation (top) and position angle (bot-
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Keck II

JHK-band (Dec. 2012) ESO VIT/NACO

357 au = oo e 357 au

Fig. A.4. Direct Images of CVSO 30 dop row, left to right:Quasi-simultaneous VLT NACO J, H, Ks band data, taken in asece and shown
in same percentage upper cudf-and lower cut-& value 0.Lower row, left to right:VLT NACO J band with double exposure time per single
image, the same in total, Keck image of data by van Eyken €@1.2), re-reduced, note, the companion is Northeast, cot@minant Southeast
as given in van Eyken et al. (2012) and a JHKs color compastitewing that CVSO 30 ¢ has similar colors as its host star. @ig
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H:Ig A.3. Signal to noise ratio (Bl) achieved for the brightest pixel
VS. the background noise in the combined cube (black). Fawpeoi-
son the expected and almost identicAN $s shown, simulated using
the exposure time calculater (ETC) of ESINFONI (blue). In red we
present the final achievedi$of the extracted companion spectrum af-
ter removal of a superimposed spike (Fig. 3), as shown in&ig.

Fig. A.2. Spectrum of the primary (black) and the companion at t
best illuminated pixel as given in the central panel of Figredl; with
OH lines). And the spectrum after subtraction of the aversgijee East
and West of the companion (blue), composing about 30 % lightr
bution (beforehand). While the H-band spectrum presentsagular
shape and bluer color, indicating a young sub-stellar canopa the
full continuum of the companion is not reliable agfdrent amounts of
flux is superimposed by the rotating primary spike, changegoverall

continuum shape because offfent spike removal quality. (Chauvin et al. 2005a) are also exceeding this long-terhitkta

ity limit at about three times the age of CVSO 30.

The currently acquired data is consistent with planetgtian
scattering simulations in Ford & Rasio (2008), showing that
gasswe planets are more likely to eject one another, wherea

nfaller planets are more likely to collide, resulting inbdiaed
(%/Istems as supported by Kepler satellite and Doppler gueve
Its finding predominantly smaller (Wright et al. 2009;aain
W t al. 2011) low density (e.g. Lissauer et al. 2013) planets i
éacfmpact close multiplanet systems.

evidence for a trend of giant planet frequency with stellasth
mass at large separations. We note, however, that CVSO
would probably not have been found at the distance of thelrt
gets, as it would not have been in the field of view, because
its large separation of about 660 au. About 20 of the 49 djrecﬁ
imaged planet candidates at www.exoplanet.eu have an Mfd
as host star.

At a projected separation ef660 au, the system is above
the long-term stability limit 0~390 au for a M3 primary star of
0.34 — 0.44M,, (Table 1), following the argumentation of Wein-
berg et al. (1987) and Close et al. (2003). However, as shown
in Mugrauer & Neuhauser (2005) 2M1207 and its companion
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Table A.2. Color-magnitude plot (Figs. 11 & A.5) references

C 1T T 7T 1T T 7T ‘ T T T 1T T 7 1T T 71 ‘ \ T T ‘ T
8- HIP 78530 be xpHIP77900b 1y Taup <5 Myl f __ f
P PZTelb Otsu oMy | e e
L 2ZMI207 AT gglﬁg‘%’{) 1 A&b Mohanty et al. (2007) bc d
r Oph 11 A/ b 100 Myr: Ducourant et al. (2008) B Picbh Bonnefoy et al. (2013)
9L : - 1RXS Lafreniére et al. (2008) ROXs Kraus et al. (2014)
[ ] 1609 b 42B b
r -SR&% ?13169 : 500 Myr DH Tau Itoh et al. (2005) SR 12 Kuzuhara et al. (2011)
r ROXs 42 Bb """""" 4 b Luhman et al. (2006) ABc
r 1RXS 1609 b 1 ABbPic Chauvin et al. (2005c) nglb()S Delorme et al. (2013)
101~ { Ross Burningham et al. (2011) USco Béjar et al. (2008)
N 1 458 CTIO
[ HD 106906 b 7 ABc 108 b
- N GSC Ireland et al. (2011) PZ Telb Mugrauer et al. (2010)
) N ] 06214 b GJ 504 Kuzuhara et al. (2013)
g np S}ggf% L | ouPs Naud et al. (2014) b
= r - ] b 2M0122 Bowler et al. (2013)
EM F D 130948 B/C , (;43%30 Metchev & Hillenbrand (2006) HbD o - 2002)
= = otter et al.
F 1 2M0122b 1 b 130048
[ ] GSC Chauvin et al. (2005b) B&C
12+ 2M0355 - 08047 b Bonnefoy et al. (2014a) 2M0355 Faherty et al. (2013)
F " (GJ 417 B/C A HN Peg Luhman et al. (2007) CD-35 Wahhaj et al. (2011)
F W0047+68 4 b 2722b
L 'ﬁ' ] xAnd b Carson et al. (2013) OTS 44 Luhman et al. (2005b)
C § ] Hinkley et al. (2013) Cha Luhman et al. (2005a)
13 rT4.5 = HIP Lafreniére et al. (2011) 1109
Fos B 78530 b HD Bonavita et al. (2014)
F y Oph11  Jayawardhana & Ivanov (2006) 284149
C ] A&b Close et al. (2007) b
v 2M1207 b LP Reid & Walkowicz (2006) HIP Aller et al. (2013)
1 261-75 Kirkpatrick et al. (2000) 77900 b
14 — b G196-3 Rebolo et al. (1998)
] GJ 417 Kirkpatrick et al. (2001) b
[ I B B&C Dupuy et al. (2014) HD Bailey et al. (2014)
0.0 05 1.0 15 2.0 2.5 3.0 CHXR Luhman et al. (2006) 106906
_ 73b b
J-K [mag] CTCha Schmidt et al. (2008) W0047  Gizis etal. (2015)
b +68
Fig. A.5. Color-magnitude diagram of simulated cluster brown dwarf vHs Gauza et al. (2015) 2M0219  Artigau et al. (2015)
population from Saumon & Marley (2008). Each sequence spoeds 1256 b ) b )
to a diferent age as given in the legend. Superimposed the positior@’\"g““l Bowler & Hillenbrand (2015) Fﬁg Liu etal. (2013)
tion and CV3Dc. See

several planet candidates with full identifica
Fig. 11 and Table A.2 for further details.

Table A.1. Evolutionary plot (Fig. 9) references

Object reference [ Object reference
GJ504 b Kuzuhara et al. (2013) HD 95086 Rameau et al. (2013)
2M1207 Chauvin et al. (2004) b Galicher et al. (2014)

b Mohanty et al. (2007) HR 8799 Marois et al. (2008)
HR 8799 Marois et al. (2010) b, c,d Zuckerman et al. (2011)
e Zuckerman et al. (2011) Moya et al. (2010)

Moya et al. (2010) B Pich Lagrange et al. (2009)
1RXS Lafreniere et al. (2008) Bonnefoy et al. (2014b)

1609 b Neuh&user & Schmidt (2013) Binks & Jeffries (2014)

Pecaut et al. (2012) Mamajek & Bell (2014)
CT Chab Schmidt et al. (2008) CHXR 73 Luhman et al. (2006)
2M044 Todorov et al. (2010) b
144 b GQLupb Neuh&user et al. (2005)
HD Quanz et al. (2013) LkCA15 Kraus & Ireland (2012)
100546b Quanz et al. (2015) b, c Sallum et al. (2015)

ROXs Currie et al. (2014) SR 12 Kuzuhara et al. (2011)

42B b ABc

DH Tau Itoh et al. (2005) 2M0103 Delorme et al. (2013)

b Neuhéauser & Schmidt (2012 ABb
AB Pic b Chauvin et al. (2005c) HD Bailey et al. (2014)
Neuh&user & Schmidt (2012) 106906 b
51Erib Macintosh et al. (2015) GU Pscb Naud et al. (2014)
Montet et al. (2015) GSC Ireland et al. (2011)
USco Béjar et al. (2008) 06214 b Preibisch et al. (2002)

CTIO Preibisch et al. (2002) PZ Tel B Mugrauer et al. (2010)

108 b Pecaut et al. (2012) Biller et al. (2010)
2M0219 b Artigau et al. (2015) Jenkins et al. (2012)




