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A long-awaited discovery

- Main disk (PA = 31.4°)
- Inner warp (PA = 35.6°)
- Global “Butterfly” asymmetries
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distance from the star (AU) Gohomowsk,- ef al. 2006
Mouillet et al. 1997

If 1 planet between 3 and 20 AU on a tilted (3-5°) orbit:

see also some more recent work by Lagrange et al. 2012 & Milli et al. 2014
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A long-awaited discovery

600

1/ Disk asymmetries

- Main disk (PA = 31.4°)
- Inner warp (PA = 35.6°)
- Global “Butterfly” asymmetries

- 4 Belts (6, 16, 32 and 52 AU)
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A long-awaited discovery

2/ Falling evaporating bodies

Beust & Morbidelli 1990-2004 ; Beust & Valiron 2007

w H. Beust’s talk
m

At least one giant planet at ~10 AU

Mickaél Bonnefoy

STELLAR DISTANCE (A.U.)

0.05 0.1 0.15 0.2

2

-4 -8B

T T v \4 v v T V\V Al Al T r v w v Y ¥ T Al

., P
-
. v g v -
_____________ ; '_7'_‘...'..';.__,‘_______1
3 E oo .\‘:‘_.
. . 4
s v, . 2:% -
. A ) h
- -
2 " " A l A " " l A " " A 1

3 4 D

2

1

Relative intensity

o : [ | 1 1 1
-50 0 50

10 ' 20
STELLAR DISTANCE (R.)

Q = 5.98x10° ke/s
zat 1 AU. = 6x10%° &~

Ion : Call

|} T 1 1 I 1 1 1 ! l 1 1 1 1 ] 1 1 1 )

- K line
— FWHM = 9.3 km/s
- v = 42.6 km/s

log(N) = 11.7

100 150
Heliocentric velocity (km/s)

Paris - 09/09/2014

0 0.02

~0.02

1




A long-awaited discovery

3/ Photometric event on Nov. 10, 1981 @
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A long-awaited discovery

- VLT/NaCo, L' band (3.8 pm)
- 3 datasets from Nov. 10 & 13, 2003
- field stabilized (no ADI!)

Compatible with a 8 M,,, planet
Along NE side of the disk

Lagrange et al. 2009 Projected separation of 8 AU
Tett around 1500 K
Comoyving ¢
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A long-awaited discovery
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A long-awaited discovery
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Orbital properties

w . Nielsen’s talk
—M

from Nov. 2003 until Jan. 2013

Dec. 2009 until March 2012

December 2012

November-December 2013

Currie et al. 2011 Macintosh et al. 2014
Chauvin et al. 2012  Bonnefoy et al. 2014
Nielsen et al. 2014  Males et al. 2014
Boccaleti et al. 2013  Absil et al. 2013
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Orbital properties

w . Nielsen’s talk

Monitoring
DRI —————

Possible-orbital solutions
Eccentricity = 0.0 - 0.2
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Orbital properties

Planet vs disk

Number of orbits
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Orbital properties

Bonnefoy et al. 2014
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Physical properties & origins

Multi-A imaging
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Physical properties & origins
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Comparable to young early-L dwarfs

= Bolometric luminosity
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Physical properties & origins

Spectroscopy with the planet imagers
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Atmospheric parameters

Normalized flux

F\ (10"Wm=2 pm™)
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Physical properties & origins
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Physical properties & origins

Hot-start: gravitational energy fully enters the object
(e.g Chabrier et al. 2000, Burrows et al. 1997)

Preb Cold-start: gravitational energy of
infalling gaz is radiated away into space.
(Marley et al. 2007, Fortney & Marley 2008)
Theb OF
Tequ

VWarm-start: cooling curves depend on the

the initial entropy (Sinit) and object mass (M)
(Spiegel & Burrows 2012, Marleau & Cumming 201 3)

Courtesy C. Mordasini
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Hummm wait!

« B Picis 21 Myr old, not 12!... »

(Binks et al. 2014, Malo et al. 2014)
w A. Binks’s talk




Physical properties & origins

Mass & initial entropy

Hot-start: gravitational energy fully enters the object
(e.g Chabrier et al. 2000, Burrows et al. 1997)

= M= 10 f012 MJup

Preb CO gl 14’ of
infalling gaz is -\ ;ay into space.
(Marley ¢ ~"4O7, Fortney &k S
Theb OF |
Tequ

VWWarm-start: cooling curves depend on the

the initial entropy (Sinit) and object mass (M)
(Spiegel & Burrows 2012, Marleau & Cumming 201 3)

Courtesy C. Mordasini
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Physical properties & origins
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For a given age, predicted luminosities
increase with mass and Sinit
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Physical properties & origins

Mass & initial entropy

14:

Sinit > 10.5 Kp/baryon

Hot-start conditions, poss.
induced by the accretion of
solids
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Physical properties & origins
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Physical properties & origins

Formation history

|[Fe/H|-0 A
1.7 Maun

no gap limitation

Bonnefoy et al. 2013
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Physical properties & origins
Toward a consistent picture?

Warp & belts

log (D/1 AU)

= M. Keppler's poster

F.E.B.

Slightly eccentric orbits still possible (e < 0.17). Need lower bounds on the eccentricity

w H. Beust's talk
M

Mickaél Bonnefoy Paris - 09/09/2014 22




Physical properties & origins
Toward a consistent picture?

Transit event

H. Beust, priv. com.
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Physical properties & origins
Toward a consistent picture?

Transit event

H. Beust, priv. com.
2 4000
But 2-4% W
of chances [k
to transit e 2000 ¢
N

2017 2017.2 2017.4 2017.6 2017.8 2018

w H. Le Cavelier's talk Transit dates (yr JD)

Paris - 09/09/2014 23




What can we do nexit?

Additional astrometric measurements

With GPI & SPHERE:

1/ Constraints on the eccentricity = F.E.B. model
2/ Inner disk structures vs planet orbit
3/ Constraints on the inclination = « next » transit

4/ Additional planets by direct imaging

+ Increased baseline for the R.V. = dynamical mass & additional planets

Mickaél Bonnefoy Paris - 09/09/2014 24




F, (scaled and filtered)

What can we do nexit?

Determining the atmospheric abundances

Konopacki et al. 2013

C/O=0.44
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C/O =0.65
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—_
S

198 2,00 202 204 226 228 230 2.32 234 2.36 2.38
Wavelength (um)

Instruments: VLT/SINFONI, Keck/OSIRIS

Oberg et al. 2011
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But we might be limited by errors in atmospheric models.
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What can we do nexit?

Surface inhomogeneities & 3D atmospheric structure
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Multi-A lightcurves (with the IFS go GPl and SPHERE) :

spots and/or holes in the cloud deck vs different atmospheric pressure
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I What can we do nexi?

Crossfield et al. 2014

w J. Birkby's talk
w

One of the most (ELT-HIRES, ELT-MIR)
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What can we do nexit?

and polarization fraction, SED > 5 pm, new spectraq,
additional epoch with CRIRES+...

+ repeat the measurements |
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I Conclusions

Detailed portrait of B Pictoris b since 2009

« Low-eccentricity orbit, with s.m.a. around 9 AU

* Not in the main disk

« Low-res spectra: similar to young early-L brown-dwarfs

» Dusty, low surface-gravity atmosphere

« Hot-start-like initial conditions, mass=10-15.5 MJup

« Rotation, follow the trend of solar-system planets

« C.A. more plausible than G.l., or need to stop inward migration+planet from growing

The planet properties fits with indirect hints (so far)
- F.E.B.
« Warp & belts
« Transit event of 1981

Lots of things remain to be learned!

« variability (weather, cloud deck structure)
 primordial enrichment (C/0, Fe/H)

* better constraints on the orbit

- and more (polarization fraction,...)
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I Conclusions

Thank you

Contributions: A.-M. Lagrange, H. Beust, G. Chauvin
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