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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..)

very young planets (< 5 Myr, < 150 pc)
young planets (< 50 Myr, < 60 pc)
Detected by Radial Velocity

Detected by Imaging
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Stellar light (Extreme AO, 25%Strehl)

very young planets (< 5 Myr, < 150 pc)
young planets (< 50 Myr, < 60 pc)
Detected by Radial Velocity

Detected by Imaging
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e P. Kalas et al. Science 2008
"Optfical Images of an Exosolar Planet 25 Light-Years from Earth”

ek

400 Myr

2008:

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

Nov, 10 Nov, 10 N Nov, 13 =
EC=47/45%;to=4'.6/2.7@@:38% :

EC=63/63%,tau0=11.5/11.6ms;texp=660/630s EC=58/60%;t0=8.1/9.7ms;texp=420/420s Fomalhaut b Planet

500 mas
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2009:

NACOQO / Beta Pictoris

17/06/2021 10



THE GRAVITY
INTERFEROMETER




GRAVITY @ ESO VLTI

i Courtesy,Qf £SO

12



17/06/2021

13



Calibration unit Fiber control unit Spectrometer Metrology injection

Fiber coupler Acquisition camera | Integrated optics

—
————

e

o

ey

o

—

- —
A —
—~——

< b
4 B
w7 7N
. i
l"
.
g |
b
- >
s |
4 f -

Haug, Thiel, Hausmann & the GRAVITY collaboration

17/06/2021

14



File Image Help

r1 r

Nane facq MasterskyFisld £if
o D & M 4

Camera:|  NGCIRL
Status : Attached |[C

Attach| Detach ﬁj

Low : —1'1.6707';

High : | | 66.00]
Auto Cuts MinMAax

Apply graphics configuration I

On-Axis 3 On=8xis




GQ'LUP

GQ LuP B:

o« /00MAS
e 6 MAGNITUDES CONTRAST | ~

17/06/2021 16



Calibration unit Fiber control unit Spectrometer Metrology injection

Fiber coupler Acquisition camera | Integrated optics

—
————

e

o

ey

o

—

- —
A —
—~——

< b
4 B
w7 7N
. i
l"
.
g |
b
- >
s |
4 f -

Haug, Thiel, Hausmann & the GRAVITY collaboration

17/06/2021

17



Cryostat window

\

FIBERCOUPLER

'I"TP actuator Plll)ll actuator

Y

/ aadh®

vl '\
2V Roof-prism 3y
Mi12
o

Retro-reflector
(lens + flat mirror)

17/06/2021

18



FIBERCOUPLER

17/06/2021



* GQLlupB

17/06/2021 20



Gravity contrast curves

—— Airy Pattern
stellar Flux Strehl= 100%
stellar Flux, Strehl = 60%
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Meftrology phases Fringe Tracker visibilities

‘QFitsView - butfer1 [[Users/slacour/GRAVITY/OId/PZTel/GRAVITY_PARALLEL_OBS211_0040.fits, ext #9, col #2]

+] +=[~]@/ =}

vour
1 2 3 4 s 6 7 s
00655004 | -0.0847684 | -0.0649206 |-0.0360369 00296623 |-00645420 -0.0624093 00270325  -0.00284132 -00M3I034  -0.0234331
00307098 00276097 0062472 | -0.0168105 | 00684202 0026714 003747 00690994 00240046 0000246  -0.03503
0022166 00283 -00362426 |-0.0312003 | -00764304 -0.005046 -0.0201502 00633000  O.0G1SST 0001633  -0.0472372
00307098 00362447 0030210 |-0.033966 007218 00645420 003747 0075 00609414 00034  -0.0301471
006M07 0030761 0048765 00018567 | 01301 00426408 0761345 000498  0.0403445 000212452  -0.0607496
0M2103 0067053 00685018 | 0.0MOSN 0132203  -0042046 0166332  0OMAZ03 00202026  -0020764  -0.0936246
0073431 | -0.009M9 00630085 |-0.0366473 00809326 -0032298 017339  -00300843 -0.0'60485 -00361693  -0.0994231
000507465 0133697 0046924 | -0.0348162 | 000860487 00762107 00300714 0043122 00453772 0104363  -0.0240435
0046274 0123832  -00386323 000305 | 0103821  -005710M 0045646 0007061 0.0267612  -OMOM2  -0.0820
00233071 0107657  00W76S1 003445908 | -OMMME 0031044 00643138  OOWIE  0.0447668 00625737  0.0318045

00358195  -0100638 00121334 | 00WMEZS  -0.0632322 -0.0340058 0036003 OOV 0073638  -0.0378541  0.024175

g 1010919(]

000905764 -0.0719508  -0.00877641 |-0.0122328  -0.0778808 | -0.0713278  -0.0508236 0030654 00406407  -0.0280883  -0.0002304.
0012031 -00423483 00260142  -0.0100966 | -0.0272200 -0.0139639 | -0.067932 003 00469031  -0.0512821  0.0192021

000286004 |-0.0768337  -00202235 | -0.028407  -0.0488867 -0.00785028 -0.0427336 -00038376 00243107  -0.0540287  -0.0226176

00207160  -0.0604384 -00200836  -0.0267126  -0.00686824 -0.0002207.. 000670569 00160824 0079707  -0.00184282 0.0367719

000843163 | -0.0454001 -0.00450388 000337 | 00356463  0.0306025 00320612 00336984 0108244  -0.0198485  0.010300

000965236 | -0.0216061  -00130489 00164541 00206925  0.0166486 00143456 00330881 00064268 00772224  -0.0133622
00194181 00731716 -000602078 000424601 00423603  -0.0161746  -0.0134362 -00166663 00676844  -0.0673857  -0.028316

00374238 | -0.0432630 -000389352 000851044 | 0.0463276  0.0336543 00201336 00578077 00606362

\

00392649 -0.00008367 00138060 00662638  0.0460224 0030527  -8.279720-06 0.0GS9766  0.0984786
00432222 0043691 000207798 00323235  -0OVMES! 0026161 00412076 004766  0.0612466

00081547 | -00624902 |-0.0420666 0062841 00836703 00034414  -0.0647065 007866 00212679

008047 0106741 0054715 OOWEM6 0003445 00664584 00763034 005724  0.0227938

0101206 -0.0608M6 000766569 0026061 0100760  -0.00693478 0077775 01844 0.00067108

0104869  -00548607 -0.0136503 00296769 | -0M4502 00106060 | -0.019845  0.0504834  -0.0168706  0.00161416 ' -0.0506942

0059006 | -0.0792752 | -0.0536379 | 00256095  -0.0766601 | -0.0264663 -0.035104 00443708  -0.00223006 0.00678669  -0.0885008

Select FITS file extension - [Users/slacour/GRAVITY/OId/PZTel/GRAVITY_PARALLEL_OB

Extension Header Type f 2]

PRIMARY IMAGE load
ARRAY_DESCRIPTION BINARY TABLE 5x108 BINTABLE OPTI_NAME VALUE
ARRAY_GEOMETRY BINARY TABLE 6x4 TEL_NAME STA_NAME STA_INDEX DIAMETER
OPTICAL_TRAIN BINARY TABLE 30x4 INDEX TEL_NAME OPTI_NAME1 VALUE1
IMAGING _DATA_ACQ IMAGE 1000 x 1000 load
IMAGING _DATA_SC IMAGE 360 x 288 x 30
PORTS CORRELATION
STEPS BASELINE_STATE
SC_POS OPL_AIR
METROLOGY BINARY TABLE 4 x 55627 POWER_LASER LAMBDA_LASER
IMAGING _DATA_FT BINARY TABLE 2x1011
- PORTS CORRELATION
12 ACQ_ABS_REF_POSITION BINARY TABLE 4x154 VALUE1 VALUE2 VALUES VALUE4
13 GVCTU_CONV_PARAM_1 BINARY TABLE 75x 56 trafoName crsrcl crsrc2 crdst1
14 GVCTU_CONV_PARAM_2 BINARY TABLE 75x 56 trafoName crsrcl crsrc2 crdst1

V 1010919(]

Cancel Read All




cience camera visibilities

Metrology phases

vour
0.0855004
0.0307008
0.0252168
0.0307008
0.0861107
om2103
0.0734381
0.00507465
0.046274
0023307
00356195
0.000957
001203
000286004
00207150
0.00843163
000065236
00194181
0.0374238
0.0392549
0.0432222
0.0081547
0.0850475
0101208
0104869

0.089091

jow - butter? [

0.0847684
0.0276997
0.0283
0.0362447
00307815
0.0457063
0.0901119
0133507
0123832
0.107657
0100638
0.0719508
0.0423483
0.0768337
0.0504384

0.0454001

o.0731716
0.0432639
0.00908367
00435601
0.0624902
0108741
00698148
0548607

0.0792752

3
0.0849296
0.0524172
0.0362426
0.0350219
0048755
0.0685918
0.0830985
0.046924
0.0356323

0.0107661
00121338
0.00877641

0.0260142
00202236
0.0200836
0.00450388
0.0130489
0.00602078
0.00389362

0.0138069
0.00207798
0.0420566

0507415
000755569
00136593

0.036379

0360369
00168105
00332003
0.0336955
0.0018567

0.0010511
0.0366473
0.0348162

00103505

0.0344598

o.01623
00122328

0.0100966

0.00333137
0.0164581
0.00424601
0.00851944
0.0582638
0.0323235
0.0628416
0.09751M6
0.026081
0.0206769

0.0256005

lacour/GRAVITY/OIJ/PZTel

0.0206623
0.0684202
0.0764394
00287
0137301
0132203
0.0809326
0.00860487
0103821
0.1
0.0832322
0.0778808
0.0272200
0.0488887
0.00585824

0.0356463

00206925

0.0423603

0.0463276

0.0460224
00174551
0.0836703
0.093445
0100769
014502

0.0766601

0.0545420
00287714
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0.0545420
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0.042046
0.0832208
0.0762107
0.0521014
0.031044
0.0340958
00m3278
00130539
0.00785028
0.0002207.
0.0306025
0.0166486
001748
0.03365
0.0304527
0.028161
0.0034414
0.0554584
000693474
00105969

0.0264863

00524993
0031747
00201502
o0ma7
00781345
0166332
0137330
00300714

0.0445648

0.0270325

0.0890904
00633000
0.061775
0.0190498
0.0m4203

0.0078061
o.o1251
0.0172187
0.0370854

0.019355

°
0.00284132
0.0240148
00616517
0.0609414
0.0493425
00202026
00150485
0.0453772
00267812
0.0447668
0.0734538
0.0496497
0.0469031
0.0243107
0.0740707
0108244
0.0954268
0.0575844
0.0606362
0.084786
0.0612486
00212679
0.0227938
0.00067108
00168796

00223096

0.013034
0.012148
0.00617633
0.00181034
0.00212452

0020764

00381603
-0.104383

00792

00625737
-0.0378581

00280883

00512821
-0.0540287

0.00184282

00198485
00772224
-0.0573857

00305208
0.00731250
00213500
00320322
o0.0137214
0.00075404
000161416

0.00578669

00234331
003503
00472972
00301471
-0.0597496
-0.0036246
00094231
-0.0240435
005820
00318045
0.024175
-0.0002304.
00192021
-0.0226178
0035719
0510309
00133622
0028318
030147
0012181
-0.0566978
00628014
-0.0701287
-0.0563926
00505042

-0.0885008

Frin-ge Tracker visibilities

VISDAT AphasedrT = VISDAT Axexp | i | PHASE_REF — PHASE_MFET TELFC — 2TWOPD_DISP

2
VISDAT Appaseaxy = VISDAT Appasedrt X €Tp @7” UCOORD x X + VCOORD x Y
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<+ B Backup targets @ . . . .
#1 acquisition 1901327 #2 science 1901328 #3 science 1901329 #4 science 1901331
@ 2791421 51Eri_on_LOW
FT object name betapic Science integration i = Science integration 100 = Science integration 1 -~
ti DIT i ti DIT i il DIT i
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SC object expected ” Seqt{ence of SC 1 Sequ.ence of SC -99 Sequ.ence of SC 1
2 relative offsets relative offsets relative offsets
+ ® 51Eri_on-off MED@ visibility ( I t) DEC offset: ( | t) DEC offset: ( | t) DEC offset:
- - mas; mas mas;
RA offset from FT to -0.6 . " .
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+ B betapic_on_HIGH @ TS o milliarcsecond milliarcsecond milliarcsecond
== cqCam guide star
% & 3:51 Data product category SCIENCE - Data product category SCIENCE o Data product category SCIENCE o
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+ B8 executed @ VLTI field and pupil no Duplicate (8
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Duplicate (8
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. . SC object
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¥ GRAVITY_dual_acq
#1 acquisition 1901327

FT object name betapic
FT object total 3.48
magnitude

FT object diameter 0
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FT object expected 1
visibility

FringeTracker mode AUTO
SC object name betapicc
SC object total 3.48
magitude
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DEC offset from FT to
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AcqCam guide star

VLTI field and pupil no
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FT object parallax 0.05144
(arcseconds)

Science spectrometer HIGH
resolution

Fringe-tracker ouT
spectrometer
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Science spectrometer ouT
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Coude guide star (GS) SCIENCE
input

GS RA if SETUPFILE 00:00:00.000

GS DEC if SETUPFILE 00:00:00.000
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VISDAT Aphaseart = VISDAT Axexp (z [PHASE_REF — PHASE _MET TELFC — 27”0PD_DISPD
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VISDAT Aphaseart = VISDAT Axexp (z [PHASE_REF — PHASE _MET TELFC — 27”0PD_DISPD
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Exposure 2

m
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48]

Exposure 4

MJD= 58888.225 RA = 145.461 mas, DEC = 149.991 mas

(0.037mas ,78.02deg) , (0.099mas ,-11.98deg) ---> std RA/DEC/rho: [ 0.041, 0.097, -0.426]

Exposure 1

EigenVal =
|

160 140

170
F160
L1480

6x2=974.8

=
o [6)( 103314,

//
160 /
. 7

160
0
#o

ox2=7771.2

160 ~ 140

6x%=6920.9

160 140

6x2=1422.0

140

ox2=371.2

14

6x%2=812.0

170 .

160

6x2 = 4566.7

F160
r150
140

160
F130 .

Baseline 1

[6)(2 =8363.9

Baseline 2

Baseline 3

6x%=2385.4

o
117 6x<= 25193.5

Baseline 4

Baseline 5

Baseline 6




Gravity contrast curves

—— Airy Pattern
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I Beta Pictoris
Beta Pictoris b
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Real Part of Coherent Energy Imaginary Part of Coherent Energy

I Beta Pictoris 250 -
_ |\ peta picoris I Coherent Flux from planet A
- (:(,: 0- A B\ B = oy RS
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AU MIC OBSERVATIONS (10PC)
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Beta Pictoris planets
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BETA PICTORIS B & C
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Parameter Prior distribution Posteriors (10) Unit
Star [ Pictoris
Stellar mass Gaussian (1.77 £0.02) 1.82 £0.03 Mg
Parallax Uniform 51.42 £0.11 mas
proper motion Uniform ra=4.88 + 0.02, dec=83.96 + 0.02 mas/yr
RV vy Uniform —23.09 £+ 8.44 m/s
RV jitter Uniform 31.21 +8.09 m/s
Planets [ Pictoris b 5 Pictoris ¢
Semi-major axis Log Uniform 9.90 £ 0.05 2.72£0.02 au
Eccentricity Uniform 0.10 £0.01 0.37+£0.12
Inclination Sin Uniform 88.99 + 0.01 89.17 £+ 0.50 deg
PA of ascending node Uniform 31.82 £0.02 30.98 £0.12 deg
Argument of periastron Uniform 196.9 £+ 3.5 66.2 + 2.5 deg
Epoch of periastron Uniform 0.72 £0.01 0.83 +0.02
Planet mass Gaussian (15.4 £ 3.0) 9.0+ 1.6 Mjup
Log Uniform 8.2+0.8 up
Period — 23.28 + 0.46 3.37+0.04 years
Amg — 8.940.1 10.8+0.1 mag
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Nowak et al. (2020)
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Gaussian prior on coplanarity
with disk : Sigma = 10 degrees .
PDS 70 B & C 2~ Wang et al. (work in progress)
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PDS 70 b
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Spectral Mc 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
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petitRADTRANS scattering + clouds retrieval (GRAVITY + GPI fit)

Flux (107 W m™? ym™!)
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Planet composition varies with disk radius

1 AU 10 AU 100 AU

Oberg et al. 2011

This simple picture ignores chemistry (freeze out only)
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Contrast (A = 2.20e-06 m)
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The Very Large Telescope in 2030 —WhHESoam 2d to
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GRAVITY* : Towards ~ 1 science, !
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