


2



17/06/2021 3



Synthetic population from Kopparapu et al. 2018
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Bern model of planet formation and evolution (Mordasini et al. 2012)
Including the Young Stellar formation regions (Cha, Sco-Cen)
Including Young moving groups (Beta Pictoris, TW Hya, Carina, etc..)
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P. Kalas et al. Science 2008
"Optical Images of an Exosolar Planet 25 Light-Years from Earth"

L24 A.-M. Lagrange et al.: A probable giant planet imaged in the β Pictoris disk

0 20 40 60 80 100

Nov, 13

EC=47/45%;t0=4.6/2.7ms;texp=385/350s
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Fig. 3. Top: scaled subtraction of the composite image by the saturated
image of HR 2435 for sets A−C (from left to right). Bottom: simulated
planets at PA of 150◦, 210◦, and 330◦ for sets A−C.

We therefore derive an apparente magnitude of L′ = 11.2 ± 0.3
for the CC.

3.2. Results from lower quality data (sets B and C)

All other sets of data were processed as before. It quickly ap-
peared that the detection becomes more marginal when the ex-
posure time and/or the image quality decrease. For the best re-
maining sets in terms of atmospheric conditions and relative
parallactic angle between β Pic and HR 2435 (described in
Sect. 2.1 and Table 1), the results are shown in Fig. 3. The same
point-like signal is seen in both cases, although with a lower
signal-to-noise ratio. This is due to the lower exposure times and
the (slightly) poorer image qualities. This is illustrated in Fig. 2,
where we also added fake planets with magnitudes equal to that
of the fake planets used for Set A to the data sets B and C. The
fake planet signals are, like the CC signal, much less detectable
under these conditions; hence the results from our 3 data sets are
consistent.

4. Bound companion or background object?

With these data alone, it is not excluded that the CC could be a
foreground or background object. To definitely test this hypoth-
esis, second-epoch measurements are needed. Using the known
β Pic proper and parallactic motions, we considered the posi-
tion of the CC assuming it would be a stationary contaminant. It
would be closer than 0.′′2 to β Pic in 2008, hence not detectable
with current techniques. In past years, β Pic has been moni-
tored by numerous programs of the Hubble Space Telescope,
including observations using the Advanced Camera for Surveys
(Golimowski et al. 2006; Kalas et al. 2005), the Near-Infrared
Camera and Multi-Object Spectrometer (Brown et al. 1999), and
the Wide Field Planetary Cameras (Kalas et al. 2000). The lack
of spatial resolution or the size of the coronographic mask pre-
vented getting any reliable hints of any point sources close to
the star.

To our knowledge, the highest angular resolution and dy-
namical data available are the coronagraphic data taken by
Heap et al. (2000) in 1997 September with the Space Telescope
Imaging Spectrogrpah (STIS). These authors were able to probe
the close stellar environment down to 0.′′75 from β Pic. They

did not report any CC in their images at the expected location of
0.′′9 North and 0.′′25 East of β Pic. Based on STIS detection limits
and the disk brightness derived by Heap et al. (2000), all objects
brighter than V ≤ 17 would have been detected. Red giants or su-
pergiants can be ruled out for their distances, which would bring
them unrealistically far (typically >∼10 000 pc) from us. If we
consider a foreground or background stellar field contaminant,
it would therefore have a large color difference (V − L) ≥ 5.8,
i.e., a spectral type later than mid-M. Based on the number den-
sity of L dwarfs of 1.9 × 10−3 pc−3 given by Burgasser (2001)
and Cruz et al. (2003), the probability of finding a foreground or
background field L dwarf in a region of 500 mas radius around
β Pic and with L′ = 11.2 is about 10−10. Without any assump-
tion on the contaminant spectral type, one can use galactic pop-
ulation model outputs to estimate the probability of finding any
(L′ ≤ 12) galactic source at 500 mas from β Pic. We find a low
probability of 6 × 10−5. Last, we cannot strictly rule out a con-
tamination by an extragalactic source, such as a high-redshift
quasar. In conclusion, a contamination appears very unlikely.
In addition, that the candidate companion falls into the disk
strongly favors it being bound to the star.

5. Implications for understanding the β Pic system

With an L′ magnitude of 11.2 ± 0.3, and assuming a distance of
19.3 ± 0.2 pc and an age of 12+8

−4 Myr (Zuckerman et al. 2001),
the mass of the CC is estimated to 9+3

−2 MJup using COND mod-
els (Baraffe et al. 2003) and 8+4

−2 MJup using DUSTY models
(Chabrier et al. 2000). The planet should still be in the phase of
cooling: Dusty and COND models predict effective temperatures
of 1400 and 1600 K, respectively. The validity of these models in
the case of young planets formed by core accretion has recently
been questioned (Marley et al. 2007) on the basis that the ac-
cretion shock might affect the planet initial internal entropy and
its subsequent early thermal evolution. These authors claim that
young giant planets could be significantly cooler and fainter than
predicted so far. However, the treatment of the accretion shock
is still a matter of debate. The impact of the initial disk mass
also needs to be studied. This may be important in the present
case, as β Pic is significantly more massive than the Sun. In the
present case, the Marley et al. (2007) model predicts a luminos-
ity ten times fainter than what we observed for an 8 MJup planet
at the age of β Pic. However, we can already note that a compan-
ion at a true separation of ∼8 AU could not be significantly more
massive than 10−20 MJup, since otherwise it would have been
detected through radial velocity measurements, as shown by a
detailed analysis to be presented in a forthcoming paper (Desort
et al., in preparation).

If the observed projected separation happens to be the physi-
cal one or one close to the physical one, then the companion ex-
plains three very intriguing and so far unique characteristics of
the β Pic system: the warp in the inner disk, the inner belts, and
the falling evaporating bodies (Freistetter et al. 2007). Mouillet
et al. (1997) and Heap et al. (2000) show that the warp of the
disk constrains the (mass Mp, semi-major axis a) domain of the
planet as

log (Mp/M") + 2 log a + log t ≈ 6.7, (1)

where M" = 1.8 M) (Crifo et al. 1997) and t is the age of the star.
Given an age t = 12 Myr, masses Mp = 6 and 13 MJup give a =
9.7 and 7.6 AU, respectively, nicely bracketting the measured
projected separation. This further strengthens the likelihood that
the observed CC is the planet causing the warp.

Lagrange et al. A&A 2009
"A probable giant planet imaged in the β Pictoris disk"

400 Myr

20 Myr
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3.3.3 Dual-field vs. single-field mode 

We designed a special roof prism that provides a dual field mode (off-axis fringe tracking) as well 
as a single field mode (on-axis fringe tracking). The dual field mode uses two objects on sky. One 
object for fringe tracking and one object for long science integration. Thus the roof prism acts as a 
classical field-splitter. In the single field mode, only one object is used simultaneously for fringe 
tracking and science integration. In this case the roof prism has to act as a beam-splitter.  

The roof prism consists of a glass prism with coated quadrants. The glass substrate is fused silica. 
Figure 3 shows the concept (seen from top). 
 

 

Figure 3: Sketch of the roof prism working principle. The left two quadrants serve as a con-

ventional field splitter, consisting of two reflective surfaces tilted with respect to each other. 

The right two quadrants serve as a 50/50 beam-splitter. 

 
Each mode invokes two quadrants. The dual field mode uses the two reflective surfaces (conven-
tional roof prism). The single field mode uses a 50/50 beam-splitter coating, a reflective gold coat-
ing at the bottom of the prism and an anti-reflective (AR) coated surface. The roof prism is de-
signed such that it is possible to switch between the dual field mode and the single field mode 
without changing the optical train. The switch is simply done by offsetting the telescope to the re-
quired field position on the roof prism. The f-number at the roof prism is F#=5.6 (PSF diameter 
~14.4 μm). The field size corresponding to 1 arcsecUTSky is 0.16 mm. The sharpness of the roof 
prism edge, i.e. the minimum object separation is limited by manufacturing processes. The sharp-
ness is < 0.2” on sky. 
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default). The advantage of this data product is that the Science DITs are not co-added. This is how astronomers
have all latitude to co-add the complex visibilities coherently at any position in space. Alternatively, astronomers
can use directly VISPHI in the dualvis files, but the coadding will be done for the X and Y positions which are
in the header.

Of importance is the OI_VIS table in the *_ASTROREDUCED data product. Inside are stored the complex
coherent amplitude (VISDATA), the differential fibered delay lines optical delay (OPD_DIS), the differential
phase between Fiber Coupler and telescope diodes (PHASE_MET_TELFC), and the phase of the fringe tracker
(PHASE_REF). All theses values, in this table, are sampled at the frequency rate of the SC detector. They are
also re-sampled to the spectral resolution of the science detector. It is by adding all these variable that one can
phase the science VISDATA, and perform astrometry.

To be more explicit, the goal, to be able to do astrometry, is to reference the phase of the science complex
visibility with respect to the phase of the object observed on the fringe tracker. This is done as follows:

V ISDATAphasedFT = V ISDATA⇥exp

✓
i


PHASE_REF � PHASE_MET_TELFC � 2⇡

�
OPD_DISP

�◆

(113)
It is important to realise at this point that V ISDATAphasedFT is a highly wrapped quantity. It does not convey
the notion of interferometric field. It is therefore often useful to reference the VISDATA to an arbitrary position
in the field of the interferometer. To do so, one can add a specific phase offset, as follows:

V ISDATAphasedXY = V ISDATAphasedFT ⇥ exp

✓
i
2⇡

�
(UCOORD ⇥X + V COORD ⇥ Y )

◆
(114)

using the UCOORD and VCOORD columns in the OI_VIS table. These values are the projected baseline
coordinates, also described in the previous section by Eqs. (110) and (111). X and Y are the position coordinates,
in radians, from the position of the fringe tracker star.

Because a few lines of python code are worth a thousands words, here is the code to reference the VISDATA to
the fringe tracker object position.

extension = 10 # for COMBINED observations
wave=fits.getdata(f,’OI_WAVELENGTH’,extension).field(’EFF_WAVE’)
opdDisp = fits.getdata(f,’OI_VIS’,extension).field(’OPD_DISP’)
phaseTelFc = fits.getdata(f,’OI_VIS’,extension).field(’PHASE_MET_TELFC’)
phaseRef = fits.getdata(f,’OI_VIS’,extension).field(’PHASE_REF’)
phaseFt = phaseRef - 2*pi/wave*opdDisp - phaseTelFc
visData = fits.getdata(f,’OI_VIS’,extension).field(’VISDATA’)
visData_phasedFT = visData * exp(1j*phaseFt)

with "f" the astroreduced file. If the user wants to reference the phase to the GRAVITY pointing position (value
in the header), it can be done as follows:

X=fits.getheader(f)["HIERARCH ESO INS SOBJ X"]
Y=fits.getheader(f)["HIERARCH ESO INS SOBJ Y"]
X/=1000/(180/pi*3600)
Y/=1000/(180/pi*3600)
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have all latitude to co-add the complex visibilities coherently at any position in space. Alternatively, astronomers
can use directly VISPHI in the dualvis files, but the coadding will be done for the X and Y positions which are
in the header.

Of importance is the OI_VIS table in the *_ASTROREDUCED data product. Inside are stored the complex
coherent amplitude (VISDATA), the differential fibered delay lines optical delay (OPD_DIS), the differential
phase between Fiber Coupler and telescope diodes (PHASE_MET_TELFC), and the phase of the fringe tracker
(PHASE_REF). All theses values, in this table, are sampled at the frequency rate of the SC detector. They are
also re-sampled to the spectral resolution of the science detector. It is by adding all these variable that one can
phase the science VISDATA, and perform astrometry.

To be more explicit, the goal, to be able to do astrometry, is to reference the phase of the science complex
visibility with respect to the phase of the object observed on the fringe tracker. This is done as follows:
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coordinates, also described in the previous section by Eqs. (110) and (111). X and Y are the position coordinates,
in radians, from the position of the fringe tracker star.
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Beta Pictoris planets
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Lagrange et al. 2019, 2020



Nowak et al. (2020)
Lagrange et al. (2020)
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Nowak et al. (2020)
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Gaussian prior on coplanarity
with disk : Sigma = 10 degrees

+
Gaussian prior on coplanarity
between b & c

Wang et al. (work in progress)
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< 80 Rjup

< 50 Rjup
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With circumplanetary model, 
for PDS70b:

Rcpd < 1mas (0.1au)

R Hill = 1.6 au
R Bondi = 8 au

< 80 Rjup

< 50 Rjup
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Beta Pictoris b

Gravity Collaboration: M. Nowak et al. (2020)
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Self-consistent 
Chemical Modeling
Cloud Modeling
Radiative-convective temperature
=> “correct” / slow / can use sparse data 

Free retrieval
Abundance
Cloud opacity Parametrize!
Temperature
=> “data speak” / fast / compare models

• complicated
• unknown
• love to blow up self-consistent codes

} 

} 

Spectral Modeling
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Beta Pictoris b
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Öberg et al. 2011

Planet composition varies with disk radius

This simple picture ignores chemistry (freeze out only)
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Can we directly
observe these
Exoplanets?

Synthetic population from Kopparapu et al. 2018
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GRAVITY    : Towards faint science, all sky milliarcsec
optical interferometric imaging

The Very Large Telescope in 2030 – White paper proposed to ESO – strongly supported

Laser Guide Stars

Off Axis Tracking

Improved Sensitivity

Adaptive 
Optics

+

ExoGRAVITY : exoplanets are design-driver science case

STC recommends immediate start

Credit: ESO, Huedepohl
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