g
4
s

Universiteit
“dd) Leiden
W’b The Netherlands

)
bHa? 1

)
J}
B
B
=

=

o

&

o

Young suns and infant planets: probing the origins of solar

systems
Bohn, A.].

Citation
Bohn, A. ]J. (2021, September 22). Young suns and infant planets: probing the

origins of solar systems. Retrieved from https://hdl.handle.net/1887/3213465

Version: Publisher's Version
License: Licence agreement concerning inclusion of doctoral thesis
) in the Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3213465

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3213465

Young suns and infant planets
Probing the origins of solar systems

PhD Thesis
Alexander Julian Bohn






Young suns and infant planets
Probing the origins of solar systems

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op woensdag 22 september 2021
klokke 16:15 uur

door

Alexander Julian Bohn

geboren te Wiirzburg, Duitsland
in 1993



Promotor: Prof.dr. C.U. Keller
Co-promotors: Dr. M.A. Kenworthy

Dr.ir. F. Snik

Promotiecommissie: Prof.dr. H.J.A. Réttgering Universiteit Leiden

ISBN:

Cover:

Prof.dr. LA.G. Snellen Universiteit Leiden

Prof.dr. B.A. Biller The University of Edinburgh
Prof.dr. PM. Hinz University of California Santa Cruz
Dr. Q.M. Konopacky University of California San Diego
Dr. A.-M. Lagrange Université Grenoble Alpes

978-94-6419-262-9
A digital copy of this thesis can be found at http://openaccess.leidenuniv.nl

The front side of the thesis cover shows the multi-planet system that was detected
around YSES 1. On the backside a circumstellar disk around Wray 15-788 is visual-
ized. Based on observations collected at the European Organisation for Astronomical
Research in the Southern Hemisphere under ESO programs 0101.C-0153(A) and 0104.C-
0265(A).

© A.]. Bohn (2021)


http://openaccess.leidenuniv.nl

Contents

Contents

List of Figures

List of Tables

1 Introduction

1.1
1.2

1.3

1.4
1.5

The search for life in the Universe . .. ... ... ..... ... ...,
The exoplanet revolution . . . . ... ... ... .. ... .. .......
1.2.1 Indirect detections of exoplanets . . . . ... .. ... ... ...
1.2.2  Direct detections of exoplanets . . . . ... ............
Formation of gas giant planets . . . . ... .. ... ... ... ...,
1.3.1 Direct imaging surveys . .. ... .................
1.3.2  Atmospheric characterization of directly imaged planets . . . .
The Young Suns Exoplanet Survey . . . ... ...............
Thesisoutline . . . .. ... ... ... .. ... ... . .

2 A multiplicity study of transiting exoplanet host stars

2.1
2.2
23
24

25

2.6
2.A
2.B

Introduction . . . ... ... L L
Observations . . . . .. ... .. ... .. .. ...
Datareduction. . . . . ... ... ... . ... .. o
Resultsand analysis . . . ... .......... ... ... .......
2.4.1 Determining consistent ages for the exoplanet host stars . . . .
2.4.2 Characterisationof CCs . . . .. ... ..... ... .......
243 Multiplicityrate. . . . ... ... o L o oo
244 Detectionlimits . . . ... ... ... L Lo oL
Discussion . . .. ... ... ... ... . e
2.5.1 Multiplicityrate. . . . ... ... oo oo
2.5.2 HotJupiter hoststars . .. ... ... ...............
2.5.3 Correlation between stellar multiplicity and exoplanet eccen-

tricities . . . . . ... o o
Conclusions . . .. .. ... ... .. ... e
Observational setup . . . . . .. ... ... ... .. . L
Individual detection limits . . . . . ... ... ...... ... ......

iii

vii

68
68
69
69

iii



CONTENTS

3

iv

Discovery of a directly imaged disk around the Sco-Cen member Wray 15-

788 79
31 Introduction . .. ... ... ... ... 81
32 Observations . . . . . . ... ... .. 81
321 Classicalimaging . . . . ... .................... 83
3.2.2 Dual-polarization imaging . . .. ... ... ....... ..., 83
33 Datareduction. . .. ... ... .. ... .. o 84
331 Classicalimaging . . . . ... ....... .. .. ... ..... 84
3.3.2 Dual-polarization imaging . . ... ................ 85
3.4 Observationalresults . . . . ... ... ... .. ... ... ... .. ... 85
341 Cldata........... ... .. 86
342 DPldata .. ............. ... .. . 86
35 Analysis .. .. ... 87
3.5.1 Association of Wray 15-788 with HD 98363 . . . . . . .. .. .. 87
352 SEDmodeling . ... ............ .. .. .. .. .. ... 89
353 Imagingdata ...................... .. ... .. 90
3.6 Discussion . . ... ... ... ... e 98
361 SEDanalysis . ................ ... ... .. . ... 98
3.62 Diskmorphology . . . .. ... ... ... L. 100
3.6.3 Comparison with HD 98363 . . . . .. ... ... ......... 101
37 Conclusions . ... ..... ... ... . 101
3.A Referencestarlibrary . . . .. ... ... ... ... ... ... ... .. 102
3.B Other reduction strategies . . . . . . ... ... ... ... ... .. .. 104
3B1 Cldata........ ... ... ... .. .. 104
3B2 DPIdata . ... .. ... ... ... ... . 105
Detection of a directly-imaged planetary mass companion around YSES 1 107
41 Introduction . ... ... ... .. ... 108
42 Observations . . . . . .. ... ... 108
421 X-SHOOTER . ... ... .. ... .. ..., 110
422 SPHERE ... ... ... .. ... . .. 110
423 NACO .. ... 112
43 Datareduction. . .. ... ... .. ... ... oo 112
431 X-SHOOTERdata .......................... 112
432 SPHEREdata . ............................ 113
433 NACOdata .. ........ .. .. .. .. .. .. .. ... 113
44 Resultsand analysis . . ................ .. .. .. ..... 114
441 Stellar properties . . . . . ... ... oo 114
442 Companion properties . . . . .. ... .. ... ... ... ..., 116
443 Detection limits . . . .. ... ... ... L Lo oL 122
45 Discussion . . . ... ... ... e 125
451 Companion properties . . . . .. ... ... ... . L 125
452 Comparison to other directly imaged sub-stellar companions . 126
453 Formation scenarios . . . ... ... ...... ... ... .. 127
46 Conclusion . . . .. ... . 128
4.A Proper motion analysis of other point sources . ... ... ... .... 129
Two directly imaged planets around the young, solar analog YSES 1 131
51 Introduction . . .. ... ... ... .. L 132



Contents

5.2 Observations and data reduction . . . ... ................ 132

53 Resultsand analysis . ... .. ... ... ... ... .. ... .. 133

53.1 Astrometricanalysis . . ... ... ... ... ... .. .. ... 133

53.2 Photometricanalysis . . . . . ... ... ... .. .. .. .. ... 135

533 Dynamicalstability . . . .. ... ... ... ... ... ... 138

54 Conclusions . ... ..... ... ... 140

5.A Observational setup and conditions . . . ... ... ........... 140

5B Datareduction. . ... ........ ... ... . L. 140

5B.1 SPHEREdata . ............................ 140

5B2 NACOdata .. .......... . ... ... . ... 142

5.C Signal-to-noise assessment . . . . .. ... ... ... L. 142

5.D Posterior distributions of SED fit . . . . ... ... ... ... ... .. 142

5E Dynamical modeling . . . ... ... ... .. ... ... .. ... ... 143

6 Discovery of a directly imaged planet to the young solar analog YSES 2 147

6.1 Introduction . .. ... ... ... ... ... .. ... 149

6.2 Nomenclature of YSESplanets . . . .. ... ... .. .......... 150

6.3 Observations and data reduction . . . . . ... .............. 150

6.4 Stellar properties . . ... ... ... .. o 151

6.4.1 Previousstudies . ........... ... .. .. ... 152

6.4.2 Spectral analysisof YSES2 . . .. ... ... .. ... ... ... 152

6.4.3 Updated stellar parameters . . . . .. ... ... ......... 154

6.5 Observational results and analysis . . ... ... ............. 155

6.5.1 Companion astrometry . .. ... ................. 155

6.5.2 Companion photometry . . . . ... ................ 157

6.5.3 Detectionlimits . . . ... ... ... ... 0 0oL 160

6.6 Discussion . . ... ... ... ... 163

6.7 Conclusions . . ........ ... ... .. ... 165

6.A Observational conditions and setup . . ... ... ... . ... ... ... 166

6.B Referencelibrary . . ... .... ... .. .. ... .. .. .. .. ... 166

6.C Extraction of companion astrometry and photometry . . . .. ... .. 168

6.D Astrometric analysis of background objects . . . . ... ... ... ... 170

7 Outlook 175
7.1 LEGACYS: The Large Extrasolar Giant planet Abundance Census around

YoungSuns . ... ... ... . 175

72 Our placein the Universe . . .. ... ... .. .............. 177

Bibliography 179

Summary 197

The Young Suns Exoplanet Survey . . . ... .................. 198

Future prospects. . . . . ... ... . ... L 200

Samenvatting 201

De Young Suns Exoplanet Survey . . . . .. ..... ... ... ... ... .. 203

Toekomstperspectief . . . .. .. ... ... L L oo L 204

Zusammenfassung 205



CONTENTS

Die Young Suns Exoplanet Survey . . ... ... ............ .. .. 207
Ausblick . ... .. 208
List of publications 209
Refereed publications . . . . ... ... .. ... ... .. . .. o 209
Submitted publications . . . . . ... ... L L L Lo 212
Conference proceedings . . . . . ... ... . ... ... .. .. ... 212
Curriculum vitae 215
Software 217
Acknowledgments 219

vi



List of Figures

1.1 Confirmed extrasolar and Solar System planets . . ... .......... 7
1.2 The radial velocity method . . ... ... ..... ... .. .. .. ...... 8
1.3 The transitmethod . . .. ... ...... ... .. .. .. .. .. .. .. .. 10
14 Microlensingevents. . . . .. ... ... L L L o 12
1.5 Thermal star to planet contrast as a function of systemage . . . . . . . .. 18
1.6 Diffraction versus seeing limited PSFs . . . . . ... ... .......... 20
1.7 Schematic setup of an AOsystem . ... ... ................ 21
1.8 Optical design of a basic Lyot coronagraph . . . ... ... ......... 22
1.9 Comparison of images obtained without and with a coronagraph . . . . . 23
1.10 Contrast improvement with ADI . . . . ... ... ... ... ........ 24
1.11 The multi-planetary system around HR 8799 . . . .. ... ... ... ... 26
1.12 Demographics of directly imaged exoplanets to Sun-like stars . . . . . . . 29
1.13 Exemplary field of view of an YSES target . . .. ... ... .. ... ... 31
1.14 Color magnitude diagram of YSES candidate companions . . . . ... .. 32
2.1 Newly detected candidate companions around transiting exoplanet host

stars from SPHERE/IRDISdata . . . . . . .. ... ... . ... ....... 45
2.2 Previously detected candidate companions around transiting exoplanet

host stars from SPHERE/IRDISdata . . . . . ... ... ... ........ 46
2.3 Proper motion analysis of candidate companions 1 and 2 around HAT-P-57 51
2.4 Proper motion analysis of candidate companion 1 around WASP-7 . . . . 53
2.5 Proper motion analysis of candidate companion 1 around WASP-54 . .. 55
2.6 Proper motion analysis of candidate companion 1 around WASP-76 . .. 57
2.7 Proper motion analysis of candidate companion 1 around WASP-87 . . . 58
2.8 Proper motion analysis of candidate companion 2 around WASP-108 . . . 59
2.9 Proper motion analysis of candidate companion 1 around WASP-123 . . . 61
2.10 Detection limits of our SPHERE survey for detection of stellar companions

to known exoplanet hoststars . . . . .. ... ....... .. ... ..., 63
2.11 Histograms of hot Jupiter system properties . . . ... ... ..... ... 67
2.12 Detection limits of individual targets . . . . . .. ... .. ... .. .. ... 72
3.1 Reduced SPHERE images of Wray 15-788 . . . . . .. ... .. ....... 85
3.2 Annotated version of Figure3.1b . .. ... ... ... ... ... .. .. 87

vii



List oF FIGURES

viii

3.3

34
3.5
3.6
3.7
3.8
39
3.10
3.11

4.1
4.2
43
44
4.5
4.6
4.7
4.8
49

5.1
52

53
54
5.5
5.6
5.7
5.8

6.1
6.2
6.3
6.4
6.5
6.6
6.7

7.1
7.2

N =

i~

Hertzsprung-Russell diagram for the binary system of Wray 15-788 and

HD 98363 . . . . . . e 88
De-reddened spectral energy distribution of Wray 15-788 . . . . . . .. .. 89
Signal-to-noise ratio measurements of the disk flux of Wray 15-788 . . . . 92
Polar projection of the disk around Wray 15-788 . . . .. .. .. ... ... 93
Comparison to average images from reduced reference library targetsI . 96
Comparison to average images from reduced reference library targets II . 97
Contrast and mass limits around Wray 15-788 . . . .. ... .. ... ... 99
Other reductions of SPHERE classical imaging data on Wray 15-788 . . . 104
Other reductions of SPHERE dual-polarimetric imaging data on Wray 15-

788 105
Reduced imaging dataon YSES1. . . . . ... ... ... ... ..... 112
Stellar propertiesof YSES1 . . ... ... ... ... ... ... .. .. ... 115
Proper motion plot of the companion south-west of YSES1 . . . ... .. 118
Best-fit result to the spectral energy distribution of YSES1b . . . . . . .. 120
Posterior distributions of best-fit parameters . . . .. ... ... ... ... 120
Color-magnitude diagram for YSES1b. . . . ... ... ... .. ... ... 123
Detection limits for SPHERE and NACO datasets on YSES1. . . ... .. 124
Directly imaged sub-stellar companions around solar-mass stars . . . . . 127
Proper motion analysis of other candidate companions around YSES1. . 130
Two planetary-mass companions around YSES1 . .. ... ... ... ... 134
Multiepoch proper motion assessments of YSES 1b, ¢, and confirmed

background objects . . . . ... ... oo o 135
SEDOf YSEST . . . . ... 137
Color-magnitude diagram for YSES1lbandc. . ... ... ... ... ... 139
Signal-to-noise ratio assessment of YSES1c . . . . ... ... .. ... ... 143
Posterior distributions of the photometric SED fit of YSES1c . . . . . .. 144
System stability analysis I . . . . ... .......... .. .. .. ..... 145
System stability analysis IT . . . . . ... ... ... ... .. .. .. .. ... 145
Spectral energy distribution of YSES2 . . . . .. ... ... 000 154
Multi-epoch observations of YSES 2 and its planetary-mass companion . 157
Proper motion plot for YSES2b . . . . . ... ... . Lo oL 158
Color-magnitude diagram for YSES2b. . . . . . ... ... ... ... ... 159
50 detection limits of our SPHERE/IRDISon YSES2 . . . ... ... ... 161
Reduced SPHERE data on YSES 2 for the full IRDIS field of view . . . . . 172
Proper motion plot for background objects in the SPHERE/IRDIS field of

viewaround YSES2 . ... ... .. 173
Schematic overview of the LEGACYS project . . . . .. ........... 176
LEGACYS sample compared to other direct imaging surveys . ... ... 177
Potential formation mechanisms of wide-orbit gas giant planets . . . . . . 198
A circumstellar disk around Wray 15-788 . . . ... ... .. ..... ... 199
The planetary systems around YSES1and YSES2 . . ... ... ... ... 200
Mogelijke ontstaansmechanismes van gasreuzen op wijde banen . . . . . 202

Een circumstellaire schijf rond de ster Wray 15-788 . . ... ... ... .. 203



List of Figures

o]

De planetenstelsels YSES1en YSES2 . . .. ... ... .. ......... 204
Mogliche Szenarien fiir die Entstehung weiter Gasriesen . . . . . ... .. 206
Eine circum-stellare Scheibe um Wray 15-788 herum . ... ... ... .. 207
Die Planetensysteme YSES1und YSES2 . . ... ... ... ... ..... 208

X






2.1
2.2

2.3
24

3.1
32
3.3
34
3.5

4.1
4.2
4.3
44

5.1
52

6.1
6.2
6.3
6.4
6.5

List of Tables

Stellar and planetary properties of the targets . . . . ... ... ... ... 42
Astrometry and photometry of candidate companions within the IRDIS

fieldof view . . . . . ... L 48
Contrast performance for all datasets evaluated at discrete separations . . 64
Observational setup and weather conditions for all acquired data . . . . . 70
Stellar parameters of Wray 15-788 and HD 98363 . . . . . . . ... ... .. 82
SPHERE observations of Wray 15-788 . . . . ... ... ... ........ 83
Ellipse fit parameters . . . . . . ... ... ... .. ... L 91
Best fit parameters of the ellipse fitting . . . . ... ..... ... ..... 93
Observations of reference stars used for PSF subtraction . . .. ... ... 103
Stellar propertiesof YSES1 . . . ... ... ... ... .. ... .. .. ... 109
High-contrast observations of YSES1 . .. ... ... ... ......... 111
Astrometry of YSES1b . . . . . . . ... 117
Photometry of YSES Iband itshost . . . . ... ... ... .. .. ..... 119
Photometry of YSES Icanditshost . . .. ... ... ... ... ..... 136
High-contrast observations of YSES1 . .. ... ............... 141
Stellar propertiesof YSES2 . . . . .. .. ... .. .. o 153
Astrometry, photometry, and derived masses of YSES2b . . . . . ... .. 156
SPHERE observations of YSES 2. . . ... .................. 167
Reference library for the data reductionin Hband. . . ... .. ... ... 169
Reference library for the data reduction in Ks band. . . . ... ... ... 171

Xi






CHAPTER ].

Introduction

RE WE ALONE IN THE UNIVERSE? This question has fascinated humans for thou-
sands of years, and it is still one of the most intriguing yet unsolved prob-
lems to date. For many centuries and millenia, this question has been of

mostly philosophical nature, driven by the human desire to understand their place
and purpose within the cosmos. In this thesis introduction I will briefly review
past discourses on humanity’s belief in extraterrestrial life (see Section 1.1). From a
theoretical concept that was already discussed more than 2’000 years ago, an active
search for signposts of intelligent life outside Earth emerged within the last century.
Merely three decades ago, humankind started to discover planets around other stars
than our Sun, of which some even might exhibit favorable conditions to host life. In
Section 1.2 I will introduce this recent exoplanet revolution. I will discuss planet detec-
tion methods, challenges, and future prospects in this rapidly evolving field. Several
vital questions remain unanswered, as for instance regarding the formation and evo-
lution of planetary systems. In Section 1.3 I will describe how current research aims
to understand these phenomena. Special focus will be given to the contributions
that originated from my work during the past four years (see Section 1.4). Driven
by this enormous progress and supported by major technological developments, hu-
mankind might even succeed in obtaining first signs of life outside Earth within the
next century.

1.1 The search for life in the Universe

Already in ancient Greece, philosophers of various schools were arguing whether
our Earth was unique, or there exist several other worlds that might harbor equally
intelligent life. For instance, Metrodorus of Chios (4" century BCE) was a keen sup-
porter of the theory on the plurality of worlds (Pseudo-Plutarch, Placita Philosopho-
rum 879b-c; Greek version published by Bernardakis 1893; translation provided by
Goodwin 1874):

Mntpddwpoc &€ ¢now dtomov evar év  To Metrodorus it seems absurd, that in a
pEYAAe Tediw Eva otdyuv YevnUTjvar xal Eva large field one only stalk should grow, and
xbopov €v 16 anelpe. in an infinite space one only world exist;

6t & Bmepog xatd T TATYog, Sfjhov Ex Tob and that this universe is infinite is mani-
Gmetpor Tot ot €lvou: fest by this, that there are causes infinite.
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Now if this world were finite and the
causes which produced it infinite, it is nec-
essary that the worlds likewise be infinite;

el yap O uev xdéopog menepoopévos, OTL §
oftior Tévta dmelpar, €€ By 60e 6 xboyog Yé-
yovev, avéyxn dnelpoug eivad.

for where all causes do concur, there the
effects also must appear, let the causes be
what they will, either atoms or elements.

o6mov yop T& mavta oftio, Exel xol T&
arotehéopora ditior 8 Htol ob droyor 1| T
oToLyElL.
Opposing to this principle of plenitude (Lovejoy 1936), several of the most renowned
natural scientists from this time did not believe in the existence of further Earth

analogs. Among them was Plato (5th —4th century BCE), who argued (Plato, Timaeus
3la-b; Greek version published by Burnet 1903; translation provided by Lamb 1925):

notePOY 0UV 6p0GC Eva 00pUVOY TROGELRT X0
MEV, 7] TOAAOUC xol dmelpoug Aéyewv v p-
YotepOY;

€va, €lnep xotd 1O ToEddELyUo dEdNUIOVEYT-
uévog €otan.

10 yop Tepiéyov mdvta ondoa vonre {ea ped’
€tépou Beltepoy ouX &v ToT €in:

TEAWY Yap &v Etepov glvon TO TEpL Exelve dEoL
{&ov, ol uépog v eltnv éxelvew, xol o0x &v
€TL éxelvoly GAN" Exelve 16 TeptéyovTL T68° v
APOUOLOUEVOY AEYOLTO OpVITEQOV.

tva olv 160 xatd THY poOVKOLY Guolov 1
16 mavtehel {ow, did tabta obte dVo oht’
anelpoug Enoinoev 6 mowGY xdopouS, AN €lg
08 UOVOYEVNC 0UROVOC YEYOVMS E0TIV ol
€t éotou.

Are we right, then, in describing the
Heaven as one, or would it be more correct
to speak of heavens as many or infinite in
number?

One it must be termed, if it is to be framed
after its Pattern.

For that which embraces all intelligible
Living Creatures could never be second,
with another beside it;

for if so, there must needs exist yet another
Living Creature, which should embrace
them both, and of which they two would
each be a part; in which case this Universe
could no longer be rightly described as
modeled on these two, but rather on that
third Creature which contains them both.

Wherefore, in order that this Creature
might resemble the all perfect Living
Creature in respect of its uniqueness, for
this reason its Maker made neither two
Universes nor an infinite number, but
there is and will continue to be this one
generated Heaven, unique of its kind.

Also Aristotle (4™ century BCE), one of Plato’s most famous apprentices, was heav-
ily disputing the theory of life outside Earth, as this hypothesis was in stark contrast
with his physical model of the cosmos. Even though some ancient scholars did
not agree with this geocentric viewpoint of Aristotle, the broad majority accepted
this cosmology in the years to come. Among the small opposition was the Roman
philosopher Lucretius (15t century BCE), who said (Lucretius, De Rerum Natura,
Liber 1II, 1067-1076; translation provided by Rouse & Smith 1924):

Praeterea cum materies est multa parata, /
cum locus est praesto nec res nec causa
moratur/ ulla, geri debent ni mirum et
confieri res./

nunc et seminibus si tanta est copia, quan-
tam/ enumerare aetas animantum non
queat omnis, /

Besides, when abundant matter is ready,
when space is to hand, and no thing and
no cause hinders, things must assuredly
be done and completed.

And if there is at this moment both so
great store of seeds as all the time of living
existence could not suffice to tell,
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quis eadem natura manet, quae semina
rerum/ conicere in loca quaeque queat
simili ratione/ atque huc sunt coniecta,
necesse est confiteare/ esse alios aliis
terrarum in partibus orbis/ et varias
hominum gentis et saecla ferarum.

and if the same power and the same na-
ture abides, able to throw the seeds of
things together in any place in the same
way as they have been thrown together
into this place, then you are bound to con-
fess that there are other worlds in other re-

gions and different races of men and gen-
erations of wild beasts.

Despite these doubts, the Aristotelian model — that postulates the uniqueness of
Earth and its unparalleled ability to harbor life in the Universe — was allowed to
endure, and dominated humanity’s view of the world for several centuries until the
late Middle Ages. Accordingly, this model was also promoted by the Church, as
it was well in line with the uniqueness of Jesus Christ and the clerical, geocentric
view of the cosmos. Nevertheless, there remained some inconsistencies between the
Christian and Aristotelian philosophy. Albert Magnus (13" century CE) pointed out
that if there was an omnipotent God, why should he create just the one Earth and
not all possible realizations of it (Grant 1936). In the end, he neglected this flaw in
his reasoning, because a plurality of worlds could just not be congruent with the
uniqueness of Jesus Christ. As a pious bishop, there was no way this fundamental
principle of the unique incarnation — the Christian concept that God became human
(flesh),! embodied in his son Jesus Christ — could not be valid.

This dogma began to change with the advent of the Copernican revolution that
began to emerge in the early 16" century. Based on his astronomical observations,
Nicolaus Copernicus (1473-1543 CE) introduced the heliocentric model of our Solar
System, which was disputing to the geocentric model of Ptolemy (2" century CE)
that had been widely accepted before. These developments were carefully observed
by the Church, which continued propagating Earth as the center of the Universe.
Scholars that were opposing this theory were oppressed and silenced. The most
prominent victims of this rigorous policy of clear denial of scientific facts were Gior-
dano Bruno (1548-1600 CE) and Galileo di Vincenzo Bonaiuti de’ Galilei (1564—1642
CE). Bruno was an Italian monk who was inspired by the recent discoveries of Coper-
nicus. The refutation of Earth as the center of the Solar System let alone the origin of
the surrounding Universe motivated Bruno to revive the historic belief in plurality.
For the first time this concept was partly supported by scientific facts, which made
Bruno postulate (Bruno, De I'Infinito, Universo e Mondi, Dialogo Terzo; translation
provided by Ponnamperuma 1964):

Uno dunque ¢ il cielo, il spacio immenso,
il seno, il continente universale, 1’eterea
regione per la quale il tutto discorre e si
muove.

Ivi innumerabili stelle, astri, globi, soli e
terre sensibilmente si veggono [...]. [...]

Sono dunque soli innumerabili, sono terre
infinite, che similmente circuiscono quei
soli; come veggiamo questi sette circuire
questo sole a noi vicino. [...]

Sky, Universe, all-embracing ether, and
immeasurable space alive with movement
— all these are of one nature.

In space there are countless constellations,
suns, and planets [...]. [...]

There are also numberless earths circling
around their suns, no worse and no less
inhabited than this globe of ours. [...]

ncarnation is derived from the Latin word caro, which means flesh.
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La raggione e, perché noi veggiamo gli We see only the suns because they give
soli, che son gli piti grandi, anzi gran- light; the planets remain invisible, for they
dissimi corpi, ma non veggiamo le terre, are small and dark; [...].

le quali, per esserno corpi molto minori,

sono invisibili; [...].

As this theory was openly disputing the uniqueness of the incarnation, the Church
did not endorse this concept which challenged one of the main pillars of Christian-
ity. Bruno was tried and burnt at the stake in 1600, making him one of the earliest
martyrs of science (Paterson 1971). His beliefs, however, were not purely scientific
but arose from his theologically motivated criticism of the Christian concept of a
unique incarnation (Yates 1964). In fact, Bruno’s work was a huge setback for schol-
ars that were promoting the Copernican view of the cosmos for scientific reasons.
By condemning Bruno and his theories, the Church also had to dispute the heliocen-
tric model and the underlying scientific facts. People including Galileo Galilei, who
insisted on promoting this theory, were denounced as heretics and subjected to the
clerical inquisition.

Even though Galilei himself did not believe that other planets might be inhabited
by forms of life (Drake 1957), his technological developments supported questioning
the uniqueness of Earth and its position in the cosmos. The advent of optical tele-
scopes revealed craters and elevations on the lunar surface, satellites of Jupiter, and
a plenitude of stars that has not been visible to the naked eye before. Paired with the
recent discovery of the Americas in the 15% century, these new astronomical insights
fostered an open mindset towards further undiscovered phenomena far beyond the
imagination of previous generations (e.g., Fontenelle 1686). The Dutch astronomer
Christiaan Huygens (1629-1695 CE) strongly believed in the existence of a multitude
of worlds similar to ours (Huygens, Cosmotheoros Huygens & Huygens 1698):2

What a wonderful and amazing Scheme have we here of the magnificent Vastness of
the Universe! So many Suns, so many Earths, and every one of them stock’d with
so many Herbs, Trees and Animals, and adorn’d with so many Seas and Mountains!
And how must our wonder and admiration be encreased when we consider the
prodigious distance and multitude of the Stars?

[...] how vast those Orbs must be, and how inconsiderable this Earth, the Theatre
upon which all our mighty Designs, all our Navigations, and all our Wars are trans-
acted, is when compared to them. A very fit consideration, and matter of Reflection,
for those Kings and Princes who sacrifice the Lives of so many People, only to flatter
their Ambition in being Masters of some pitiful corner of this small Spot.

These words reflect the so-called principle of mediocrity which postulates that the like-
lihood of an item, if randomly drawn from a sample that contains several subsets,
is proportional to the sizes of the individual subsets. Transferred to the question
regarding the uniqueness of a habitable Earth, this principle implies that life should
also exist on Earth-like planets throughout the Universe, as it does exist on Earth
(e.g., Rauchfuss 2008).

Based on these technical developments and new discoveries, the belief in the plu-
rality of worlds was widely spread by the end of the 18th century. The idea that
there could exist unknown and strange civilizations in the Universe was not dis-

2As I could not find the original Latin version of Huygens’ Cosmotheoros, only the English translation
is provided.
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regarded as an impossible scenario any longer. Accordingly, this theme began to
appear in literature of the 19th century, for instance in the novels of Jules Gabriel
Verne (1828 — 1905; e.g., Autour de la Lune) or Herbert George Wells (1866 — 1946;
e.g., The War of the Worlds). Driven by these fictional influence, searches for signs of
such an extraterrestrial intelligence emerged. These efforts predominately focused
on Solar System objects, owing to the technical limitations of this time. Inspired
by the previous observations of Giovanni Schiaparelli (1835-1910),%> Percival Low-
ell (1855-1916) was convinced that he had detected canals on Mars reminiscent of
intelligent inhabitants of the red planet (Lowell 1895, 1906). Even though Evans &
Maunder (1903) argued that the supposed canals are most likely an optical illusion,
and higher-resolution images collected in 1909 showed that these features were in
fact geological structures, the belief of intelligent Martian inhabitants remained.

Up to the present day, no unambiguous evidence for the existence of extrater-
restrial life in our Solar System has been found. In addition to this local search for
extraterrestrial intelligence in our immediate neighborhood, larger surveys emerged
that were hunting for signs of such civilizations beyond the borders of our Solar
System. Cocconi & Morrison (1959) suggested to search for such technosignatures
at radio wavelengths that might also be used for communication among other intel-
ligent forms of life. This approach was pursued by pioneers such as Frank Donald
Drake, who searched for radio signals from nearby stars such as € Eridani or 7 Ceti,
yet without any success (Drake 1961, 1979). Nevertheless, the search for extrater-
restrial intelligence (SETI) emerged from these pioneering efforts and began to gain
recognition among the astronomical community (Sagan 1982). This search still con-
tinues, driven by humanity’s desire to know whether there are Earth analogs that
harbor similar forms of intelligent life. Privately funded projects like the Break-
through Listen Search for Intelligent Life continue to monitor interesting stellar host
stars to find evidence for such civilizations in our galactic neighborhood (e.g., Wor-
den et al. 2017). For a more detailed overview of the past, present, and future of
SETI, the reader is referred to Tipler (1981), Papagiannis (1985), or Shuch (2011).

1.2 The exoplanet revolution

Despite all these mostly theoretical considerations, planets outside our Solar System
— which are the necessary requirement for extraterrestrial life — remained a theoret-
ical construct without any physical evidence until the end of the 20th century. In
1992 Wolszczan & Frail discovered two planetary-mass objects around the millisec-
ond pulsar PSR B1257+12 with the Arecibo radio observatory in Puerto Rico. This
discovery came as a big surprise, as planets were not expected to survive the super-
nova that must have preceded the current post-main sequence state the system was
observed in. It was hypothesized that these planets actually formed after the main
sequence period of the host, within a debris disk that was composed of the remains
of the pulsar’s stellar binary companion (Wolszczan 1994). Recent simulations by
Fagginger Auer & Portegies Zwart (2021), however, indicate that planets might even
stay bound during and after a supernova if the host system is a stellar binary.

3The Italian astronomer Giovanni Schiaparelli observed Mars in 1877 and reported the detection of
several canali on the planet’s surface. Whereas the original Italian word means as much as channels (which
can be geological structures), it was mistranslated as canals (e.g., Sheehan 1988). As canals are by definition
human-made, this unfortunate translation supported the belief in life on Mars.
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Only three years after the discovery of these pulsar planets, Mayor & Queloz
(1995) succeeded in detecting a gas giant planet around the solar-type star 51 Peg.
This remarkable discovery of the fist planetary-mass object orbiting a main sequence
star was awarded the Nobel prize in physics in 2019. Most peculiar though was the
short orbit that this planet exhibits. An orbital period of merely 4.2 days indicated
a semi-major axis of ~0.05au, which is twenty times smaller than the Earth-Sun
distance in our Solar System and about 13 % of Mercury’s semi-major axis.

With these intriguing discoveries it became clear that indeed planets do exist
around celestial bodies outside our Solar System; the system architectures and for-
mation scenarios of these extrasolar environments, however, can be vastly different
from what we have observed in our immediate neighborhood.

The initial discoveries of planets outside our Solar System by Wolszczan & Frail
(1992) and Mayor & Queloz (1995) launched a new era of extraterrestrial planetology,
leading to 4375 confirmed exoplanets that are listed in the NASA exoplanet archive*
as of April 10, 2021. The semi-major axes and masses of all these exoplanets are
shown in Figure 1.1. Together with the Solar System planets, a parameter space of
almost 6 orders of magnitude is covered by both weight and orbital separations. As
such, TRAPPIST-1 b is one of the lowest-mass exoplanets with a mass equivalent to
that of the Earth and a semi-major axis of merely 0.01au (Gillon et al. 2016, 2017;
Grimm et al. 2018), whilst GU Psc b is more than 2000 au away from its stellar host
and about 11 times as massive as Jupiter (Naud et al. 2014). The colors used in Fig-
ure 1.1 are indicative of the different detection methods that were used to discover
these exoplanets. The techniques that are commonly used to detect and character-
ize extrasolar planets can be divided into two broad categories: direct and indirect
methods. Whereas indirect methods infer the presence of a planetary companion by
monitoring of stellar observables (such as its reflex motion or flux intensity), direct
imaging aims for obtaining spatially resolved images of extrasolar planetary systems.

The clustering of planets that are detected with the same technique indicates
that each method favors a specific region of the parameter space for the detection
of extrasolar planets. Whereas the transit method succeeds in detecting planets at
small semi-major axes that are usually smaller than 1au, direct imaging excels for
separations that are significantly larger than 10au. The underlying causes that are
shaping the individual discovery space for each method are briefly discussed in the
following Sections 1.2.1 and 1.2.2. A substantial part of the parameter space exhibits
no significant number of exoplanet detections. For instance, we do not know any
extrasolar planet that is less massive than Jupiter and more than 20 au away from its
host star. This void, however, must not be interpreted as the absence of such planets
around stars other than our Sun; it is rather the manifestation of the limitations
that each of the discovery methods exhibits. Even though there might be a plethora
of exoplanets that are residing within these unprobed regimes in Figure 1.1, our
current instrumentation is not sensitive enough to reveal this as of yet undiscovered
population.

Our knowledge of extrasolar planetary systems is limited by the available data,
which is also obvious from a comparison to the Solar System planets in Figure 1.1.
Jupiter is the only planet that has extrasolar analogs of similar mass and semi-major
axis. Again, this is not a confirmation that our Solar System planets are unique and
that similar objects do not exist around other stars; it is rather a strong indication that

“nttps://exoplanetarchive.ipac.caltech.edu/
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Figure 1.1: Confirmed extrasolar and Solar System planets as of April 10, 2021. The data were
collected from the NASA exoplanet archive.* We present the planet mass as a function of its
semi-major axis. The exoplanets are categorized with respect to their primary detection method
as indicated by the colored labels in the bottom right. The red stars highlight the planets that were
discovered as part of this thesis. As the orbital parameters for many directly imaged companions
are poorly constrained, the semi-major axes are usually approximated by the projected separations;
the masses of the directly imaged planets are inferred from theoretical models. For the majority
of the planets that are detected by RV measurements, the presented mass is just the minimum
mass Msin(7), as the true mass is degenerate with the orbit inclination.

we are missing a large fraction of extrasolar planets due to limitations of our current
technologies. Especially the next generation of large ground and space-based ob-
servatories will play a crucial role in exploring this uncharted territory of exoplanet
parameter space. The direct detection of Earth-like planets might actually be in reach
of first-generation instruments at the Extremely Large Telescope (ELT) of the Euro-
pean Southern Observatory (ESO). Quanz et al. (2015) simulate that the Mid-infrared
ELT Imager and Spectrograph (METIS; Brandl et al. 2014) will be sensitive enough
to detect ~10 terrestrial planets with equilibrium temperatures between 200 and 500
K around the nearest stars. METIS is expected to see first light in the late 2020s;
accordingly, the first image of an Earth analog outside our Solar System might even
be collected within this decade. Future space-based observatories such as the Large
Ultraviolet Optical Infrared Surveyor (LUVOIR; The LUVOIR Team 2019) and the
Habitable Exoplanet Imaging Mission (HabEx; Mennesson et al. 2016; Gaudi et al.
2020) might accompany these ground-based efforts within the next decades. Even
bigger mission such as the Large Interferometer For Exoplanets (LIFE; Quanz et al.
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Figure 1.2: The radial velocity method for the detection of exoplanets. In a two-body system
both planet and star orbit around the common center of mass (grey dot). Therefore, the presence
of a planet induces a periodic change of the stellar velocity vector. The radial component of
this velocity change can be measured by monitoring the stellar spectrum. If the star moves away
from Earth (panel a) spectral lines are red-shifted and if the star moves towards us the same lines
appear blue-shifted (panel c). The solid black lines in the spectral inlays represent the rest-frame
spectrum of the star; the dotted lines indicate the redshift (panel a) and blueshift (panel c) of
absorption lines due to the orbital motion of the planet. Measuring this periodic change in the
stellar radial velocity allows us to infer the orbital period and the minimum mass of the exoplanet.

2019, 2021) are currently designed. LIFE is supposed to characterize the atmospheres
of terrestrial exoplanets, and might be able to reveal the first biosignatures outside
Earth. Despite the enormous technical challenges that still need to be overcome to
conduct such a measurement, humankind might be able to answer the initial ques-
tion as to whether we are alone in the Universe before the end of the 21% century.

1.2.1 Indirect detections of exoplanets

The majority of known exoplanets have been detected by indirect detection methods
(see Figure 1.1): the NASA Exoplanet Archive lists 4324 out of 4375 (~99 %) to have
been discovered indirectly as of April 10, 2021. These indirect techniques infer the
presence of an extrasolar planet from the analysis of stellar observables such as its re-
flex motion (as for instance radial velocity or astrometric measurements) or intensity
variations of the primary star that are caused by planetary transit or microlensing
events. In this section I will give a brief overview of the main indirect detection tech-
niques, their strengths and limitations. For a more complete review of this topic the
reader is referred to Wright & Gaudi (2013).

The radial velocity method (837 discovered planets as of April 10, 2021)

The first exoplanet around a main sequence star was discovered by Mayor & Queloz
(1995) who evaluated RV measurements of the G2 star 51 Peg as part of a larger
survey for potential extrasolar planets. As visualized in Figure 1.2, a planet that is in
orbit around a star introduces a periodic motion of the host, as both star and planet
are revolving around their common center of mass. Of course, the reflex motion of
the star is several orders of magnitude smaller than the orbital motion of the planet.
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Jupiter for instance has an orbital velocity of approximately 13kms~!, but it induces
an RV amplitude of only 12.4ms~! to the motion of the Sun, when viewed from a
location within the orbital plane (e.g., Cochran & Hatzes 1996). For Earth in orbit
around the Sun the amplitude of velocity change is 0.1ms~!. Nevertheless, it is
possible to detect perturbations to stellar velocities in the order of 1ms~! that can
be attributed to orbiting exoplanets (e.g., Pepe et al. 2021). The radial component
of this movement can be identified by spectroscopic analysis since absorption lines
in the stellar spectrum are blue-shifted when the star moves towards Earth and red-
shifted when it moves away from Earth. Observations that cover a full orbit of the
exoplanet allow us to identify its orbital period. A minimum mass of the planet can
be derived as its true mass is degenerate with the system inclination: a heavy planet
on a close-to face-on orbit can cause the same RV signal as a low-mass planet that
is orbiting almost edge-on. This degeneracy can be broken by inferring the planet’s
inclination by other means, for instance if the planet is transiting (e.g., Barbieri et al.
2007), the companion can be imaged (e.g., Maire et al. 2020), precise astrometric
data is available (e.g., Benedict et al. 2006), or circumstellar material provides hints
towards the most likely system geometry (e.g., Trilling & Brown 1998).
The sensitivity of RV measurements scales as
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where M, is the mass of the primary star and M, denotes the planet mass, P its or-
bital period and a its semi-major axis (Wright & Gaudi 2013). This method, therefore,
favors the detection of massive planets in close orbits around their hosts. This bias is
clearly visible in Figure 1.1, as the majority of RV planets exhibit masses above 1 My,
and semi-major axes that are smaller than 1au. Although the signal-to-noise ratio of
RV measurements theoretically increases with decreasing host star mass, this does
not necessarily mean that M dwarfs are the best targets for large surveys to search for
RV planets. Other factors such as the decreasing luminosity and the activity of these
low-mass stars have a significant impact on the feasibility to detect planets via this
method (e.g., Saar et al. 1998). Yet scientists were able to overcome these challenges
in some cases, and detected Earth-sized planets around the two closest M dwarfs
to Earth: Ribas et al. (2018) discovered a planet with a minimum mass of 3.2 Mg
around Barnard’s star; and Proxima Centauri, the closest star to Earth at a distance
of 1.3 pc, was found to harbor two super-Earths, of which the inner one might be
able to support liquid water on its surface (Anglada-Escudé et al. 2016; Damasso
et al. 2020).

Transiting exoplanets (3325 discovered planets as of April 10, 2021)

The first planet that was detected by the transit method was HD 209458 b (Henry
et al. 2000; Charbonneau et al. 2000), yet the existence of the planet was already
confirmed with RV measurements by the time the transit observations were carried
out. Indeed, OGLE-TR-56 b is the first extrasolar planet whose discovery can be
attributed to the transit technique (Konacki et al. 2003). This method exploits the
fact that some exoplanets must move across the line of sight between Earth and their
host star during their orbit. As visualized in Figure 1.3 this obscuration results in a
periodic dimming of the stellar brightness, similar to a solar eclipse observed here
on Earth, yet of much smaller magnitude. The amplitude of the dimming event is
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Figure 1.3: The transit method for the detection of exoplanets. Planets can move across the line
of sight between observer and primary star. This results in a periodic dimming event that can be
measured via continuous monitoring of the stellar luminosity.

directly related to the planetary and stellar radii involved. Based on purely geo-
metrical considerations the stellar fractional intensity reduction, the so-called transit
depth, is modeled as

2
AL _ B (1.2)
I R
where Ry and R, denote the radii of the planet and the star, respectively. If the stellar
radius is well known, the planetary radius can be inferred from a transiting event.
For solar-type stars the mangitudes of these eclipsing events are in the order of 1%
for Jovian companions and 0.01 % for terrestrial planets. Due to the smaller stellar
radii, M dwarfs are particularly favorable to search for Earth-sized planets with the
transit method. The transit depth is increased compared to solar-type primaries and
therefore easier to detect. Instruments like TRAPPIST (Gillon et al. 2011; Jehin et al.
2011) or SPECULOOS (Delrez et al. 2018) exploit this advantage in the search for
transiting, terrestrial exoplanets. One of the most intriguing results from these sur-
veys was the discovery of seven temperate Earth-sized planets around the M dwarf
TRAPPIST-1 (Gillon et al. 2017) that launched a cascade of follow-up observations.
An even larger transit depth of ~57 % is exhibited by the planetary system around
the white dwarf WD 1856+534, which is hosting a Jupiter-sized companion that is
eclipsing its post-main sequence host in a grazing transit (Vanderburg et al. 2020).
A single stellar dimming event, however, is not a solid indicator for a transiting
planet. To confirm a companion, the transit has to occur periodically, which allows
us to determine the planet’s orbital period. If the stellar mass is known, the orbital
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semi-major axis can be derived from the period. But even periodic stellar dimming
events might originate from other sources than transiting exoplanets (e.g. Brown
2003; Charbonneau et al. 2004). There is a variety of non-planetary sources that could
mimic transit-like events, such as stellar variability and other unfortunate stellar
constellations. For instance, grazing eclipses of stellar binaries can look like planetary
transit signatures. Another frequent source of false-positive detections are eclipsing
stellar binaries that are close to the scientific target on sky, yet not resolved by the
recording telescope. When extracting the stellar flux, the contributions of all stars in
the aperture are combined, which can mimic the signal of a transiting exoplanet. To
test for the two latter scenarios, high-contrast imaging at high spatial resolution as
introduced in Section 1.2.2 is a powerful technique. The detection of astronomical
objects that are hidden below the angular resolution limit of transit survey telescopes
is important to correct the derived planetary parameters for the flux contribution of
the identified contaminant (e.g. Evans et al. 2016b; Southworth et al. 2020). This
can lead to revised planetary radii that differ by up to 10% from the previously
derived values, unaware of the close contaminant (for the exoplanet WASP-20 b;
Evans et al. 2016b). Such follow-up observations of transiting exoplanet host stars
at higher spatial resolution can also reveal gravitationally bound stellar companions
(e.g. Daemgen et al. 2009; Faedi et al. 2013a; Bergfors et al. 2013; Adams et al. 2013;
Ngo et al. 2015). Studying the multiplicity of exoplanet host systems is important to
understand the formation and evolution of planetary environments. This topic will
be discussed extensively in Chapter 2 of this thesis.

The majority of exoplanets has been discovered by space-based transit surveys,
which fundamentally contributed to our knowledge of planetary occurrence rates
and the diversity of planetary system architectures. The Kepler space mission has
contributed more than 2’500 objects to our census of extrasolar planets (Borucki et al.
2010), and the Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015) is cur-
rently expanding the sample of short-period planets around bright and nearby stars.
But also ground-based surveys successfully detected planets via the transit method:
especially the Wide Angle Search for Planets (WASP; Pollacco et al. 2006) discovered
more than 150 transiting exoplanets.

Despite this plethora of discoveries, there are a few shortcomings associated with
exoplanet detections via the transit method. First, there is no intrinsic possibility
to derive a planetary mass from the observed dimming event. These parameters
have to be obtained via follow-up measurements using other techniques such as the
RV method. Second, the probability of a planet to eclipsing its host star, piransit,
decreases with the semi-major axis a of the planet as per

R
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again purely based on geometric considerations (Borucki & Summers 1984). Wright
& Gaudi (2013) derive a sensitivity of
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to detect transiting planets, when assuming that the stellar radius scales linearly with
the stellar mass. This assumption is a decent approximation for stars with masses
up to 1 M. Accordingly, the population of transiting exoplanets is heavily biased
towards short-period giant planets with typical planet masses between 10 Mg and
10 Myyp at separations of 102 au to 1au (see Figure 1.1).

11
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Figure 1.4: Microlensing events for the detection of exoplanets. According to Einstein's general
theory of relativity light curves are bent in the presence of matter. Hence, a foreground star that is
passing across the line of sight from Earth, can artificially magnify the recorded intensity of a more
distant background object, similar to a lens in optical physics. A planet in the lensed system can
be identified as perturbation of the magnification lightcurve that is resembling the gravitational
lensing of a single star.

Microlensing events (108 discovered planets as of April 10, 2021)

The microlensing method to detect extrasolar planets makes use of Einstein’s general
theory of relativity (Einstein 1916). This framework postulates that matter curves
space-time, and hence massive objects can bend the trajectories of light. Dyson et al.
(1920) were able to experimentally confirm this theoretical concept for the first time,
by measuring the angular displacement of stars due to the gravitational influence of
the Sun during a solar eclipse in 1919. As visualized in Figure 1.4 this concept is
also applicable to other stellar constellations that can be observed here on Earth. If a
foreground star is moving across the line of sight, the light emitted by a background
star is deflected due to general relativity. Accordingly, this foreground star can act as
a lens that is magnifying the background source’s intensity measured on a detector. If
the lensing system harbors a planetary companion, the gravitational influence of this
planet can create an additional magnification on top of the intensity variations caused
by its stellar host. This second-order magnification is of much smaller magnitude and
acts on much shorter time-scales than the primary magnification. Yet with sufficient
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temporal sampling of the lightcurve of the background star, this variation can be
identified and attributed to a planet.

This method was successfully employed by Bond et al. (2004) for the first time to
detect OGLE 2003-BLG-235L b (MOA 2003-BLG-53L b). The observed microlensing
event was attributed to a binary system with a mass ratio of 4 = 0.0039 between the
primary star and its companion. As this observational technique just provides this
mass ratio and not the individual masses of both objects, follow-up measurements
were necessary to break this degeneracy. Bennett et al. (2006) identified the lensing
star in Hubble Space Telescope data, determined its spectral type, and concluded
that OGLE 2003-BLG-235L b is likely a gas giant planet with a mass of 2.6 My, with
an orbital semi-major axis of 4.3 au. Indeed, microlensing detections of exoplanets
are not possible for arbitrary system geometries. The method heavily favors the
detection of planets that are close to the Einstein radius (Einstein 1936) of the lensing
foreground star. The optimal separation of a planet to be detected via these means
is

2M,

dopt ~ 2.85au
®

(1.5)

(see Wright & Gaudi 2013). Due to this intrinsic bias, the majority of microlensing
planets have been detected in a range of semi-major axes from approximately 1au
to 10au (see Figure 1.1). Future missions such as the Nancy Grace Roman Space
Telescope (Spergel et al. 2015) are supposed to discover more than one thousand
bound exoplanets by microlensing events (Penny et al. 2019). Furthermore, this mis-
sion might reveal a significant population of unbound planetary companions that are
freely floating through our Galaxy (Barclay et al. 2017). Such isolated planets were
observed in the past (Sumi et al. 2011); they are are postulated to be ejected from
their natal circum-stellar systems (e.g., Rasio & Ford 1996).

Other indirect detection methods (54 discovered planets as of April 10, 2021)

There are several other indirect methods that can detect extrasolar planets. The
number of planets detected via these means, however, is small compared to the three
major indirect methods discussed above. Future instrumentation might enable a
plethora of new detections — a planet population that is just out of reach of current
observatories.

Astrometry The reflex motion of a planetary host star that is induced by an orbiting
companion does not only have a radial component as probed by RV measurements.
The star also moves perpendicular to the line of sight in the plane of the sky. This
motion can be measured and associated with a planetary-mass companion. The
combination of RV observations with astrometric measurements breaks the mass de-
generacy by revealing the orbital inclination (Tuomi et al. 2009). However, extremely
high astrometric precision is required to reveal the presence of an exoplanet: whereas
a Jupiter analog orbiting a Sun-like star creates an astrometric signal in the order of
~0.1mas, the astrometric amplitude of an Earth analog is about 0.1 nas (Wright &
Gaudi 2013). Hence only a handful of planets were claimed to be discovered by
this technique (e.g., Muterspaugh et al. 2010; Sahlmann et al. 2013), and most of the
results need to be confirmed by longer observational baselines or complementary

13
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detection methods. The Gaia space observatory of the European Space Agency (Gaia
Collaboration et al. 2016) is the most promising mission to significantly increase the
small number of astrometrically confirmed exoplanets. Gaia is monitoring the mo-
tions of more than 1 billion stars with unprecedented precision during a nominal
mission duration of 5 years. Perryman et al. (2014) simulated that these data should
reveal about 21’000 new planets via the astrometric wobbles of their respective host
stars.

Transit timing When a system with a single planet is aligned such that this com-
panion is transiting, this transit occurs strictly periodically. If further planets are
present, their gravitational influence will affect the orbit of the initial planet. Even if
the additional planets do not transit themselves, their presence manifests itself in a
deviation from the strict periodicity of the initial transit signal. Using this technique,
non-transiting planets can thus be detected in known transiting planet-hosting sys-
tems (e.g., Nesvorny et al. 2012).

Pulsar timing Even though the first exoplanets were discovered by this method
(Wolszczan & Frail 1992), the absolute number of pulsar planets is small: Only seven
planets are associated with this category according to the NASA exoplanet archive.
The method relies on modulations of the pulsar period by an orbiting plant. Due to
the induced motion the frequency of the pulsar is altered, which allows us to derive
the mass and the orbital period of the planetary companion.

Pulsation timing Similar to the modulation of the pulsar frequency, orbiting planets
can affect the arrival time of lightcurve modulations due to stellar variability. Silvotti
et al. (2007) used this technique to reveal a Jovian gas giant orbiting the extreme
horizontal branch star V391 Pegasi. The second planet discovered by the pulsation
timing method was found around KIC 7917485 in the Kepler field of view (Murphy
et al. 2016).

Disk kinematics One of the most recently developed techniques to indirectly detect
exoplanets is the analysis of kinematic structures in protoplanetary disks. The advent
of the Atacama Large Millimeter/submillimeter Array (ALMA) facilitated studies at
radio wavelengths with unprecedented spectral and spatial resolution (e.g., Ansdell
et al. 2016; Andrews et al. 2018). Forming planets will impact the gas dynamics
in the protoplanetary disk, and therefore these signatures can be searched in the
spectroscopic data. Teague et al. (2018) and Pinte et al. (2018) exploited these novel
opportunities and announced the detection of several protoplanets around the young
star HD 163296; yet other methods could not confirm these proposed protoplanets
so far (e.g., Mesa et al. 2019a).

1.2.2 Direct detections of exoplanets

Only ~1% of all known exoplanets have been discovered by taking a direct image
of the companion (51 out of 4375 as of April 10, 2021). This small number is due to
the challenging nature of the problem to image a faint planet right next to its host
star that is many orders of magnitude brighter. Hence, the nature of the underlying
problem for our imaging system is twofold: not only the huge contrast between star
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and planet has to be overcome, but this sensitivity has to be provided at very small
angular separations from the star.

Huge contrast and small angular separation: the main challenges of direct imaging

The typical angular separations when trying to image Solar System analogs can be
assessed geometrically and scaled with the distance of the targeted system. Whereas
a Jupiter analog to a star at 5 pc is separated 1” from its primary, the same system
geometry at 100 pc corresponds to an angular separation of 0705. An Earth twin
would have an angular separation of 0”2 and 0”01 for a system at 5pc and 100 pc,
respectively. For comparison, a 10 m-class telescope (which is the largest category
of currently operating optical telescopes) has a diffraction limit of about 07015 at
optical wavelengths (600 nm) and 0”705 in the near infrared (2 pm). But this diffraction
limit based on the Rayleigh criterion (see equation 1.11) is not equivalent to the true
spatial resolving power of a ground-based observatory, as discussed later. From
these geometrical considerations, it seems plausible that the direct imaging search
for exoplanets should focus on the stars that are closest to the Sun. These provide
more favorable angular separations for Solar System equivalents, and planets should
be easier to detect.

The second variable, however, that needs to be considered in this problem is the
contrast between the star and the planet. To quantify the magnitude of this chal-
lenge, one has to investigate the different types of electromagnetic radiation that are
emitted by a planetary-mass companion. Planets cool down after their formation, as
their masses and hence the internal temperatures are too low to fuse hydrogen or
deuterium in the core (e.g., Burrows et al. 1997). The major sources of electromag-
netic radiation that can be detected from such a planetary-mass object are

1. reflected light of the host star
2. and thermal radiation

a) from reprocessed starlight

b) or due to release of gravitational energy.

To first order, sources 1 and 2a do not depend on the age of the system, as they
just rely on the stellar radiation that is either reflected or absorbed by the planet.
The spectral energy distribution (SED) of reflected light from an exoplanet is shaped
by the emission spectrum of its primary star, altered by atmospheric molecular ab-
sorption and scattering processes (e.g., Selsis et al. 2008). The reflected light contrast
between star and planet c,¢(A) can be approximated by

Rp
a

2
cref<A>=Ag<A>( )frefm,a), (1.6)

where Ag(A) and fref(A, &) denote the wavelength-dependent geometric albedo and
phase function of the planet (e.g., Seager 2010). The latter quantity also depends on
the phase angle & of the planet, which determines the amount of flux reflected off the
planet towards the direction of Earth. For a fixed planet radius, geometric albedo,
and phase angle, the reflected light contrast at a certain wavelength becomes more fa-
vorable the higher the stellar irradiation, i.e. the smaller the planet’s semi-major axis.

15



1. INTRODUCTION

16

Of course, this effect is exactly the opposite in our imaging system, whose contrast
degrades the closer a source is to the primary star (when assuming a regular Airy-
shaped point spread function for both sources; see, e.g., Figure 1.6). For an Earth
analog with a geometric albedo of 0.4 and a phase function of 0.5, equation (1.6)
provides a reflected light contrast in the order of 4 x 10710 at visible wavelengths.
The detection of Jupiter analogs is not much more favorable in reflected light, as
the larger semi-major axes reduce the amount of stellar irradiation, providing con-
trasts in the order of 2 x 107. These requirements are significantly lower than the
sensitivities of current instrumentation. Ground-based optical studies can achieve a
total intensity contrast of approximately 1 x 107, which is more than three orders of
magnitude higher than the required specifications (e.g., Hunziker et al. 2020). Future
space-based observatories such as the Nancy Grace Roman Space Telescope might
be able to achieve these challenging requirements (e.g., Robinson et al. 2016; Trauger
et al. 2016; Zimmerman et al. 2016; Girard et al. 2020).

As the reflected light spectrum of an exoplanet roughly follows the SED of the
stellar primary, leading to the extremely challenging contrasts 10~° — 101, the ther-
mal emission of a planet is usually better suited for its direct detection. The SED
maximum of solar or earlier type stars is located at visible wavelengths, whereas
the peak emission of much cooler planets is in the near to mid infrared wavelength
regime. In this region, the stellar luminosity decreases as a function of A~# accord-
ing to the Rayleigh—Jeans limit of its approximated blackbody emission. This leads
to more favorable star-to-planet contrasts at near to mid infrared wavelengths. When
approximating both star and planet as a blackbody B, (T), the thermal planet con-
trast is

_ (Rp\? BA(Tp)
Ctherm()\) - (R*> B)\(T*) ’ (1'7)

with T}, and T, denoting the planetary and stellar temperatures, respectively (Wright
& Gaudi 2013). Assuming that we observe both blackbodies in the Rayleigh—Jeans
limit, equation (1.7) simplifies to

Ro\2 T,
Ctherm()\) - (Ri) Ti ’ (1.8)
which can be written as
Rp\? T
Ctherm()\) = (Ri> Ti:l ’ (1.9)

when requiring the planet to be in thermal equilibrium (T, = Teq). Teq denotes the
theoretical equilibrium temperature of a planet, which is derived under the assump-
tion that the energy from the absorbed stellar irradiation is completely re-emitted as
thermal blackbody radiation of the planet: in this framework it is assumed that the
planet is isothermal (i.e. there are no temperature gradients across its surface) and
that it has no intrinsic source of energy. Utilizing our example of an Earth and Jupiter
analog with equilibrium temperatures of 250K (Earth) and 110K (Jupiter) and an ef-
fective solar temperature of 5’800 K, provides contrast ratios of 4 x 107¢ and 2 x 1074,
respectively. This is an improvement of 4-5 orders of magnitude compared to the
previously discussed reflected light contrasts.
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However, no such Solar System planet analog with a similar age and equilibrium
temperature could be directly observed so far. The reason for this shortcoming is
simple: for equation (1.9) to hold, we assumed that A is in the Rayleigh-Jeans limit
of the Planck function, which requires that

he
A> kT (1.10)

The right-hand side of this inequality is in the order of 50 um for a terrestrial equi-
librium temperature of 250 K. Observations at this wavelength range are impossible
from the ground as our own atmosphere is not transparent at these frequencies. An-
other issue that comes along with observations in the infrared is closely related to
the reason that favors the detection of terrestrial planets in this frequency regime.
As everything on Earth has a temperature similar to this equilibrium temperature
of 250K, the amount of noise originating from the atmosphere, the telescope, and
other surfaces is exponentially increasing for wavelengths that are longer than 1 pm.
Observations at 10 um are feasible, but the background noise is usually larger than
the signal from any astrophysical source (e.g., Absil et al. 2004). When going to
shorter wavelengths, condition (1.10) is violated and the star-to-planet contrast de-
grades drastically, due to the exponential dependence of B)(T) in the opposing
Wien regime. Evaluation of the initial equation (1.7) provides a thermal contrast
of 5 x 1079 when observing an Earth analog at 5um and even 7 x 10717 at 2 um.
So, space-based observatories are strictly mandatory for the direct detection of old,
evolved exoplanets with equilibrium temperatures below 300 K. But even then, these
observatories must be actively cooled to minimize the thermal noise of the obser-
vations. Besides, the ability to resolve star and planet scales inversely proportional
with wavelength leading to enormous aperture sizes that are required to provide the
additionally required spatial resolution. A solution might be a space-based nulling
interferometer such as the proposed LIFE mission (Quanz et al. 2021).

The only class of exoplanets that could be directly probed with current instrumen-
tation are those of category 2b that emit additional energy released by the gravita-
tional contraction following their recent formation. In other words, these are young
exoplanets that exhibit higher temperatures and that are therefore more luminous
than their older counterparts. Young Jovian giants with ages that are smaller than
20Myr and masses in the range of 1 My,, — 13 Mjyp usually have temperatures of
1’000 K—-2'000K. For solar-type host stars with T, = 5800K and R, = 1Ry and
Jupiter-sized planets (Rp = 1Rpp), this corresponds to contrasts in the order of
2x107° -7 x107% and 4 x 107* — 2 x 1073 at 2pm and 5pm, respectively (see
equation 1.7). This regime is well probable with current telescopes and instruments
as discussed below.

In Figure 1.5 we visualize the thermal contrast of gas giant companions as a
function of age for several wavelengths. We used AMES-Cond evolutionary mod-
els (Allard et al. 2001; Chabrier et al. 2000) to obtain the effective temperatures for
planets of various masses at ages in the range 1 Myr—10 Gyr. We simulated a solar-
like primary whose effective temperature as a function of age was determined in
a similar fashion using MIST models (Dotter 2016; Choi et al. 2016). For host star
and planet we applied radii of 1R and 1 Ryyp, respectively, which we assumed to
be constant in time. It is clearly visible that the star to planet contrast, cyerm, for a
fixed object mass decreases as a function of time, mainly driven by the cooling of
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Figure 1.5: Thermal star-to-planet contrast as a function of system age. The contrasts are derived
using equation (1.7). Planetary and stellar temperatures are derived from AMES-Cond and MIST
evolutionary models, respectively. A range of planet masses are assessed as indicated in the top
right of the left panel. We further assume a constant planetary and stellar radius of 1 Ry, and
1R, respectively. The contrast is evaluated for infrared wavelengths of 1 pm (left panel), 2 pm
(middle panel), and 4pm (right panel). The dashed lines represent instrumental contrast limits
for SPHERE (1 pm and 2 pm; simulated with the SPHERE exposure time calculator®) and NACO
(4 pm; Launhardt et al. 2020).

the planetary object. Independent of age, the contrast is more favorable for higher-
mass objects, which also agrees with the higher temperatures that are associated with
heavier objects.5 When evaluating cyherm for different wavelengths, it becomes clear
that the planet contrast becomes more favorable at longer wavelengths. As noted be-
fore, the thermal background noise on our detectors increases at longer wavelengths
as well, deteriorating the achievable contrast. To obtain reasonable estimates for
actual instrumental sensitivities at the wavelengths of this comparison (1 um, 2 pm,
and 4 pm), we relied on the performance of advanced high-contrast imaging instru-
ments for each corresponding wavelength regime: for 1um and 2um this was the
Spectro-Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE; Beuzit
et al. 2019) and for 4 pym the NAOS adaptive optics system combined with the CON-
ICA camera (NACO; Lenzen et al. 2003; Rousset et al. 2003). The NACO contrast
at 4pum was adopted from data on € Eridani (myym ~ 1.6 mag) published by Laun-
hardt et al. (2020). For SPHERE we utilized the dedicated exposure time calculator®
and simulated the contrast for 1h on-target integration on a bright, solar-type star
(m = Omag). For both instruments, we assessed the contrast performance at 1",
which is visualized by the dashed lines in Figure 1.5. As expected, the instrumental
contrast performance decreases when going to longer wavelengths. A wavelength of
41m seems to be most favorable for the detection of young planets: for system ages
that are smaller than 10Myr planets with masses down to 1 My, can be detected,
and for older systems planets with masses close to the deuterium burning limit of
~13 Mjyp seem to be within reach of NACO. But this must not be interpreted as
a general conclusion. First, the angular resolution is proportional to wavelength,
which means that at shorter wavelengths smaller angular scales can be probed. Sec-
ond, these simulations rely on synthetic evolutionary models for sub-stellar objects

5Note that the energy budget to calculate the planetary luminosity does not include any reprocessed
stellar light in this scenario.
6Online available at https://www.eso.org/observing/etc/
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which have their own uncertainties. And third, observations at shorter wavelengths
are usually more efficient as longer integration times can be applied and less time is
spent off-target to monitor and model the thermal sky background. It is true though
that wavelengths from H to L band are best suited for the detection of gas giant
exoplanets as all undisputed planet discoveries by direct imaging were exclusively
made in this wavelength regime (e.g., Marois et al. 2008, 2010; Lagrange et al. 2010;
Rameau et al. 2013; Macintosh et al. 2015; Chauvin et al. 2017b; Keppler et al. 2018).
Besides, younger planets are brighter and therefore easier to detect. Due to this re-
lation, the majority of directly imaged planets exhibit ages that are younger than
100 Myr. Particularly favorable are young stellar associations with ages of even less
than 20 Myr. As these are mostly farther away than 100 pc from Earth, the physical
scales that can be probed with current instrumentation are usually larger than the
semi-major axis of Jupiter in the Solar System: for instance, an inner working angle
of 0”1 as minimum angular separation, at which state-of-the-art instruments can de-
tect planetary-mass companions, would correspond to detectable planet semi-major
axes that are larger than 10 au for systems that are farther away than 100 pc.

From these considerations it is clear that the development of observing strategies
for the direct detection of planetary companions is a high-dimensional problem that
cannot easily be optimized. There is certainly no perfect strategy to detect such
companions, and several trade-offs have to be considered such as

* observing at longer wavelengths (as planets are brighter in this regime) versus
the increasing background noise and the lower angular resolution of the imag-
ing system (going hand in hand with a reduced sensitivity, especially at small
angular separations);

* or targeting comparably older systems close to Earth (to probe physicals scales
of a few Astronomical Units) versus more distant, young associations (for
which the planet contrast is more favorable due to the younger ages).

The past decade has shown us that current instrumentation is capable of imaging
young, self-luminous gas giant planets, yet significant technical advances were re-
quired to obtain these achievements.

Techniques required for the direct detection of exoplanets

The main deliverable required of a system for the imaging of extra solar planets is
the high-contrast that has to be provided at small angular separations. The funda-
mental resolution limit of an imaging device with an unobstructed, circular aperture
is determined by the Rayleigh criterion, which defines the minimum angular separa-
tion Omin that can be resolved with an aperture size D when observing at wavelength
A as
Omin ~ 1.22 A 1.11
min ~ L- E . (1.11)
This leads to the conclusion that for a fixed wavelength a large aperture size is
required to probe tiny angular scales in the order of a few tens of milliarcsecond
(10mas =1au at 100 pc). While this assumption is in theory correct, there are other
effects that need to be considered when performing observations from the ground.
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Figure 1.6: The effect of astronomical seeing on the angular resolution of an imaging system.
Top panel: Diffraction limited PSF of a stellar point source and a planetary companion at an
angular separation of 1" with a contrast of 1073, The left panel shows an image of both sources,
and the right panel represents the intensity profile along the x direction for y = 0”. Bottom panel:
Same as top panel but with a simulated seeing of 0”'8.

Adaptive optics systems Unfortunately, the true resolution of an imaging system
is usually not equal to the Rayleigh criterion in equation (1.11), which must rather
be interpreted as a lower limit of physically possible resolutions. This deviation is
caused by wavefront aberrations induced to the collected light before being focused
onto the detector. Especially for ground-based observatories the inhomogeneous and
turbulent temperature profile of Earth’s atmosphere is severely perturbing the plane
wavefronts that are approaching from a distant point source such as a star or an exo-
planet. This effect commonly known as astronomical seeing convolves the theoretical
Airy-like point spread function (PSF) with a kernel that can be approximated by a
Gaussian function to first order. The full width at half maximum (FWHM) of this
Gaussian function depends on the strength of the atmospheric turbulence, which
can be parameterized by the Fried parameter ry (Fried 1966). Instead of a diffrac-
tion limited PSF that is scaling as /D, the collected image is seeing limited with
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Figure 1.7: Schematic setup of an AO system. The distorted incoming wavefront is corrected
by a deformable mirror. This mirror is controlled by a real-time computer that is analyzing the
wavefront distortions that are measured with a wavefront sensor. This sensor is usually fed with
the blue part of the incoming spectrum that is separated by a beam splitter. The aberrations of
the red part of the light are corrected and focused on a detector.

6 o« FWHM o A/r,. Accordingly, the achieved resolution does not depend on the tele-
scope aperture size any longer, but is purely determined by the strength of the seeing.
FWHMSs smaller than 0’8 are usually considered as good seeing conditions; at prime
sites of ground-based astronomical research these values can even go as low as 074
in some exceptional nights. The impact of this effect on the imaging of exoplanets is
visualized in Figure 1.6. Whilst an off-axis companion at (Ax, Ay) = (1”,0”) with a
contrast of 102 is visible in the diffraction-limited image (top panel of Figure 1.6),
it is clearly hidden below the seeing halo of the primary star in the bottom panel of
Figure 1.6.

To image faint exoplanets at close angular separations, it is therefore paramount
to have an imaging system that is working close to the diffraction limit of the cor-
responding telescope. The effect of the seeing can be reverted by so-called adaptive
optics (AO) systems (Babcock 1953; Hardy 1998). A schematic overview of such a
system is presented in Figure 1.7. The blue part of the distorted, incoming light is
analyzed by a wavefront sensor that sends information about the residual aberra-
tions to a real-time computer. This computer calculates and alters the shape of a
deformable mirror to correct for the remaining aberrations. This correction process
has to be applied in real time to correct for quickly varying aberrations. Whereas the
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Figure 1.8: Optical design of a basic Lyot coronagraph. The light propagating through the
entrance pupil is focused, and a coronagraphic mask is occulting the central part of the image
(i.e. where a bright source is located). When the beam is reimaged afterwards, the majority of
the remaining light from the on-axis source is distributed at the edges of the pupil image. This
beam passes a Lyot stop that is blocking this residual light from the central star and transmitting
photons from off-axis sources (red lines). When imaged on the detector, the bulk of stellar light
is removed and faint, off-axis point sources become visible.

blue part of the corrected light is directed towards the wavefront sensor, the red part
propagates as an almost flat wavefront towards the science detector.

Usually, the Strehl ratio is used as a metric to measure the performance of an AO
system. Strehl is defined as the ratio between the peak intensity of a recorded PSF
to the peak intensity of the theoretical diffraction-limited PSF. Extreme AO systems
such as the SPHERE AO for eXoplanet Observation (SAXO; Fusco et al. 2006) can
achieve on-sky Strehl ratios of more than 90 % in the H band.

Coronagraphy The use of (extreme) AO is usually not sufficient to reveal faint exo-
planets with contrast in the order of 107> at angular separations of less than 1”. As
presented in the top panel of Figure 1.6, Airy rings of the stellar PSF are still brighter
than the Airy core of such a potential companion. To reduce the amount of stellar
flux at separations that are larger than the diffraction limit of the system, so-called
coronagraphs are used. The concept of coronagraphy was developed by the French
astronomer Bernard Lyot, who aimed to study the solar corona (hence the name
of the device; Lyot 1939). Inspired by the concept of a solar eclipse, Lyot tried to
block the bulk of solar intensity without requiring the moon to move across the line
of sight. The basic concept of such a Lyot coronagraph is presented in Figure 1.8;
and this setup can also be used to decrease the intensity of unresolved stars. The
light that enters the entrance pupil of the telescope is focused, and the central part is
blocked by an opaque mask. Afterwards, the pupil is reimaged and residual starlight
is removed by a Lyot stop in the pupil plane. Eventually, the stellar intensity in the
final image is reduced drastically, whereas this design does not significantly affect
the throughput of off-axis sources. In this way a faint planet that is usually hidden
by the PSF of the primary star can become visible. In Figure 1.9 we present two
exemplary images that emphasize the importance of a coronagraph in high-contrast
imaging observations. A faint off-axis point source that is barely visible in the non-
coronagaphic frame (left panel of Figure 1.9) is detected at high signal-to-noise ratio
when using a coronagraph (right panel of Figure 1.9). By adding this additional piece
of optic to the instrument, the contrast in the science images improves significantly.
Despite many developments to improve the performance of such focal-plane coro-
nagraphs (e.g., Guyon 2003; Soummer 2005), the underlying principles of this basic
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Figure 1.9: Comparison of images obtained without and with coronagraph. Left panel: SPHERE
non-coronagraphic Ks band image of a point source with a faint companion. The exposure time
is 2s, and a neutral density filter attenuates the collected flux by a factor of 6.9. Right panel:
SPHERE coronagraphic K; band image of the same system. The exposure time is 8s and no
neutral density filter is placed in the optical path.

concept that was developed almost a century ago are still in use in modern high-
contrast imaging instruments. Another class of coronagraphs are mounted in the
instrument’s pupil plane instead (e.g., Soummer et al. 2003; Codona et al. 2006; Ken-
worthy et al. 2007; Snik et al. 2012). These alter the stellar PSF and create dark holes
around the primary star by destructive interference of light. For a recent review
about past, current, and future coronagraphic concepts and technologies the reader
is referred to the review articles of Mawet et al. (2012) and Ruane et al. (2018).

Observation strategies and post-processing In addition to AO systems and coro-
nagraphs, the final contrast can further be optimized based on suitable observing
and post-processing strategies. Usually, this contrast improvement is achieved by
modeling and subtraction of the stellar PSF.

Angular differential imaging It is most common to carry out high-contrast imaging
observations in pupil-stabilized mode, which enables so-called angular differential
imaging (ADI; Marois et al. 2006a) techniques in post-processing. In this observ-
ing mode the telescope’s field-derotator is disabled. This leads to a rotation of the
imaged field of view throughout the observing sequence. The general idea of this
setup is that the stellar PSF halo, residual aberrations, and speckles in the focal
plane around the target star are (quasi) static, whereas a potential off-axis compan-
ion would rotate according to its parallactic angle. Due to this artificially created
diversity, the stellar PSF can be modeled by taking the median along the time di-
mension. If the parallactic rotation in the datset is sufficient, this PSF model only
contains a negligible amount of signal from the off-axis point source. Hence, this
model can be subtracted from each individual image; afterwards, the residuals are
derotated and stacked to increase the signal-to-noise ratio of a potential companion.
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Figure 1.10: Contrast improvement with ADI. Left panel: Derotated and median combined image
from an observing sequence collected in pupil-stabilized mode. Right panel: Classical ADI residuals
for the same dataset. Several point sources that were hidden by stellar noise are now visible in the
image. The inner region around the coronagraph is obscured by an artificial mask.

The contrast gain that can be obtained by this post-processing method is demon-
strated in Figure 1.10.

Instead of just taking the median along the temporal dimension, there exist more
advanced methods to obtain a PSF model from the data. The first class of these
sophisticated PSF modeling algorithms relied on a Locally Optimized Combination
of Images (LOCI; Lafreniere et al. 2007a); several advanced versions of the original
LOCI code are available today (e.g., Marois et al. 2014; Wahhaj et al. 2015). Another
class of PSF reconstruction algorithms relies on principal component analysis (PCA;
Kendall 1957; Deeming 1964) that is creating an orthogonal set of basis vectors from
the images via singular value decomposition. First PSF subtraction schemes that
relied on this low rank approximation were PynPoint (Amara & Quanz 2012) and
KLIP (Soummer et al. 2012); Meshkat et al. (2014) presented an optimized version of
the original algorithm that includes frame rejection and different cutoff radii. Several
additional PSF subtraction algorithms have been proposed in the past years, such as
low-rank plus sparse decompositions (Gomez Gonzalez et al. 2016) or non-negative
matrix factorization (Ren et al. 2018).

Spectral differential imaging The latest generation of extreme AO high-contrast imag-
ing instruments such as the SPHERE, the Gemini Planet Imager (GPI; Macintosh et al.
2014), or the Subaru Coronagraphic Extreme Adaptive Optics System (SCExAO; Jo-
vanovic et al. 2015) are all equipped with integral field spectrographs (IFS) that pro-
vide low resolution spectra (R ~ 50) for a field of view in the order of 2" x 2" (e.g.,
Claudi et al. 2008; Larkin et al. 2014; Peters et al. 2012; Groff et al. 2015). As the size
of the stellar PSF, along with residual speckles, scales as a function of wavelength,
the position of a planetary companion, however, is constant in the field of view, IFS
observations deliver another option to discriminate between off-axis signals and con-
taminating stellar flux. Similar to ADI, this spectral diversity can be used to model
and remove the stellar PSF without subtracting the signal of a potential planet. The
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idea of using simultaneous images of different wavelengths to subtract stellar light
was first introduced by Racine et al. (1999); Sparks & Ford (2002) recognized the po-
tential of this strategy and proposed coronagraphic imaging with an IFS for an im-
proved sensitivity to faint extrasolar planets. By now, spectral differential imaging
(SDI) has become a standard technique for post-processing of high-contrast imag-
ing IFS data, and SDI is included in several reduction algorithms (e.g., Marois et al.
2006b; Janson et al. 2008; Pueyo et al. 2012; Rameau et al. 2015; Galicher et al. 2018).
SDI can also be combined with ADI, leading to improved contrasts compared to
either of these methods applied by themselves (Vigan et al. 2010; Christiaens et al.
2019; Kiefer et al. subm).

Reference star differential imaging One of the oldest methods to subtract the PSF of
a primary star is by observing a reference star, whose PSF is used as a template
for the science target. Smith & Terrile (1984) used this technique to detect a dusty
disk around the young star B Pictoris.” For the same primary star, Lagrange et al.
(2009) later found a giant Jovian planet that was located inside the dusty debris
disk. Lagrange et al. discovered the companion B Pictoris b in archival NACO
data from 2004, which were reassessed by subtraction of a reference PSF acquired
on HR 2435, a nearby star of similar spectral type. This basic concept of reference
star differential imaging (RDI) proved to be very useful to study especially circum-
stellar environments (Mawet et al. 2009; Rameau et al. 2012). ADI does not work
particularly well for these science cases, as the angular variety of disks observed
at low inclinations is small; this leads to remaining disk signal in the subtracted
PSF model and hence the over-subtraction of scattered light signal (e.g., Milli et al.
2012). RDI reductions were significantly improved by the introduction of PCA-based
processing schemes. Especially the Archival Legacy Investigations of Circumstellar
Environments (ALICE; Hagan et al. 2018) project revealed several circum-stellar disks
from archival HST data that were previously undiscovered (e.g., Soummer et al. 2014;
Choquet et al. 2014, 2016, 2017).

But RDI has also been successfully employed for the detection and characteriza-
tion of extrasolar planets (e.g. Soummer et al. 2011; Wahhaj et al. 2021). Especially our
Young Suns Exoplanet Survey (YSES, see Section 1.4) heavily relies on an RDI-based
data reduction strategy; and with the combination of RDI and PCA we discovered
disks and planets (see Bohn et al. 2019, 2021).

Other approaches Instead of traditional PSF subtraction algorithms, there are also
other methods to identify planets in high-contrast imaging data. These rely either
on a forward model, such as ANDROMEDA (Cantalloube et al. 2015) and TRAP
(Samland et al. 2021); statistical discrimination between speckles and planet signals
as proposed by Gladysz & Christou (2008), or as implemented in several variants of
the PACO algorithm (Flasseur et al. 2018, 2020), the STIM map (Pairet et al. 2019), and
the RSM detection map (Dahlqvist et al. 2020, 2021); machine learning algorithms
(e.g., Gomez Gonzalez et al. 2018; Gebhard et al. 2020); or other iterative approaches
such as MAYONNAISE (Pairet et al. 2021). For a recent performance evaluation of
various post-processing algorithms the reader is referred to Cantalloube et al. (2020).

"Note that the final image presented in Smith & Terrile (1984) is a ratio image and not a differential
image. According to the authors’ description, such a difference image, which showed the circum-stellar
disk, was created as well.
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Results and prospects of direct detections of exoplanets

By overcoming all these challenges, direct imaging of exoplanets is indeed possi-
ble. The first planetary-mass companion that was discovered by direct imaging is
2MASS J12073346-3932539 b that is orbiting its M type primary at an angular sepa-
ration of more than 55au (Chauvin et al. 2004). One of the most emblematic envi-
ronments that could be directly imaged so far is the multi-planetary system around
HR 8799 (see Figure 1.11). Marois et al. (2008, 2010) revealed four gas giant planets
in orbits of 15au to 70au around this A type® star. Continuous monitoring of this
intriguing system showed significant amounts of orbital motion,’ revealing that the
system exhibits an almost face-on geometry (e.g., Maire et al. 2015; Wang et al. 2016).
Direct imaging is currently only

sensitive to young, super-Jovian plan- 20 1.0 00  -10 2.0

ets that are widely separated (usually i ]
>0"2) from their primary stars. This
bias is clearly visible in Figure 1.1,
where the directly imaged planets ex-
clusively occupy the upper right of the
mass versus semi-major axis parameter
space. As this technique cannot reliably
probe Solar System scales in terms of
planet masses and physical separations,
it seems to be inferior to other methods
that can at least partly detect these So-
lar System analogs. Indeed, this cur-
rent bias can also be interpreted as a iy 1.0 0.0 1.0 20
particular strength unique to the direct ARA [arcsec]

imaging method as no other exoplanet
detection technique is capable to probe
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Figure 1.11: The multi-planetary system around

1 ith X . HR 8799. The star is located at the center of the
numerous planets with semi-major axes image and post-processing with ADI plus PCA is

that are larger than 5au. Direct imag-  performed to remove the stellar halo. Four plan-
ing thus provides unique insights into ets (labeled b, c, d, and e) are clearly visible in
the wide-orbit architectures of planetary the image. North points up and east towards the
systems up to thousands of Astronomi- left. The data was collected with VLT /SPHERE
cal Units (e.g. Naud et al. 2014). These on the night of 2017 October 11 (ESO ID: 099.C-
extreme scales are not even accessible in 0588(A); PI: Biller) and published in Biller et al.
our own Solar System, which is hypoth- (2021).

esized to host an additional, undiscov-

ered Planet 9 at several hundreds of As-

tronomical Units (Batygin & Brown 2016).

Direct imaging is the only technique which spatially resolves the planet and its
host star. This facilitates unique opportunities of planet characterization that are
hardly accessible by indirect detection methods. Even though spectra of transit-
ing planets can be obtained by evaluation of the transit depth for several wave-
lengths (Brown 2001), the spectra of directly imaged companions usually exhibit

8The spectral type of HR 8799 is controversial as different tracers provide various estimates ranging
from A5 to FO (Gray & Kaye 1999).

9A nice visualization of the planets orbiting around the star is available online: https://en.
wikipedia.org/wiki/HR_8799#/media/File:HR_8799_0rbiting_Exoplanets.gif
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much higher signal-to-noise ratios and can be obtained with much higher efficiency:
observations can be collected in a continuous observing sequence, whereas the com-
bination of several transit measurements is required to perform transit spectroscopy.
Despite several ground-breaking results from transit spectroscopy — such as mea-
surements of the cloud coverage on Kepler-7b (Demory et al. 2013), the detection of
Na I'in the atmosphere of HD 189733b (Wyttenbach et al. 2015), and atomic iron and
titanium in the atmosphere of Kelt-9b (Hoeijmakers et al. 2018a) — direct imaging is
by far the most promising method to characterize the atmospheres and to evaluate
the habitability of terrestrial planets in the future (e.g., Biller & Bonnefoy 2018), par-
ticularly due to the special system geometry that is required for the planet to transit
and the time-intensive nature of transit-based characterizations.

One of the first directly imaged exoplanets that was characterized by consecutive
spectroscopic measurements with Keck/OSIRIS (Larkin et al. 2006) was HR 8799b
(Barman et al. 2011). Barman et al. found a hydrogen-dominated atmosphere, and
the authors were able to constrain the planet’s temperature, luminosity, and surface
gravity. Further major results from these spatially resolved exoplanets are among
others: water and carbon monoxide absorption features detected in the atmopshere
of HR 8799¢ (Konopacky et al. 2013); rotation period measurements of the fast-
spinning super-Jupiter B Pictoris b (Snellen et al. 2014); and the detection of two
accreting protoplanets that are carving out the gap around the young T-Tauri star
PDS 70 (Keppler et al. 2018; Wagner et al. 2018; Haffert et al. 2019). Interferomet-
ric observations with VLTI/GRAVITY (Gravity Collaboration et al. 2017) exhibit an
enormous potential to perform medium resolution spectroscopy (R ~ 500) of Jovian
exoplanet atmospheres even beyond the diffraction limit of current 10 m-class opti-
cal telescopes (Gravity Collaboration et al. 2019, 2020; Nowak et al. 2020; Wang et al.
2021).

Even though terrestrial planets are too faint to be directly characterized by the
current generation of telescopes, future observatories and instruments might provide
the required angular resolution, contrast performance, and sensitivity. These might
be either space-based telescopes with large apertures such as LUVOIR (The LUVOIR
Team 2019) or HabEx (Mennesson et al. 2016; Gaudi et al. 2020) or ground-based
extremely large telescopes that will become available over the coming decades. The
European ELT, currently under construction, will have an unprecedented primary
mirror diameter of 39 m (Gilmozzi & Spyromilio 2007). METIS, one of the first-light
instruments at the ELT, is expected to image and characterize terrestrial exoplanets
around the nearest stellar neighbors (Quanz et al. 2015). Ambitious future projects
such as LIFE might be required in the end to reveal first unambiguous signs of
biosignatures outside Earth (Quanz et al. 2019, 2021).

1.3 Formation of gas giant planets

The technical advances of the past decades facilitated the direct detection of several
gas giant planets outside our Solar System. Whereas some of these reside within
orbits that are comparable to those of Jupiter, Saturn, Uranus, or Neptune (e.g.,
B Pictoris b at ~8au, Lagrange et al. 2009, 2010; Quanz et al. 2010; 51 Eridani b at
~13 au, Macintosh et al. 2015; PDS 70 b at ~22 au, Keppler et al. 2018; PDS 70 c at
~30au, Haffert et al. 2019), the majority of these Jovian giants exhibit significantly
larger semi-major axes (>50au) than all Solar System planets (e.g., Chauvin et al.
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2005; Schmidt et al. 2008; Rameau et al. 2013; Bailey et al. 2014; Chauvin et al. 2017a;
Bohn et al. 2020a,b). The formation pathway and early evolution of these wide-orbit
systems is poorly understood. It remains unclear whether these gas giants have
formed in situ by (A) fragmentation processes of the collapsing proto- stellar cloud —
thus representing the lower-mass threshold of the stellar binary population (Kroupa
2001; Chabrier 2003) — or if they were born at closer separations to the star (B) via core
accretion mechanisms (e.g., Pollack et al. 1996; Alibert et al. 2005; Dodson-Robinson
et al. 2009; Lambrechts & Johansen 2012), followed by a potential outward migration
that is driven by scattering events (e.g., Veras et al. 2009; Mustill et al. 2021). In situ
formation via core accretion is thought to be very unlikely as the timescales to build
up a solid core that is massive enough to accrete a gaseous atmosphere are too long
at separations larger than 50 au compared to typical disk lifetimes (Haisch et al. 2001;
Rafikov 2011). A third scenario that supports planet formation for a wide range of
orbital separations is (C) the disk instability paradigm that postulates the formation
of planetary cores from gravitational collapse of dense regions in the protoplanetary
disk (Boss 1997, 2011; Rafikov 2005; Durisen et al. 2007; Kratter et al. 2010; Kratter &
Lodato 2016).

There are two common approaches to evaluate the efficiencies of these planet
formation scenarios:

1. In a statistical framework, simulated planet occurrence rates based on the var-
ious formation mechanisms (e.g., Mordasini et al. 2009a,b; Forgan & Rice 2013;
Forgan et al. 2018) are compared to observational survey results, to place con-
straints on the efficiency of the corresponding formation pathway.

2. Spectral characterization of identified wide-orbit gas giants can further link the
atmospheric molecular and isotopologue abundance ratios of these compan-
ions to their natal environments.

I will further discuss these scenarios in Sections 1.3.1 and 1.3.2, respectively.

1.3.1 Direct imaging surveys

Several direct imaging surveys have been conducted in the past years (e.g., Lafreniere
et al. 2007b; Kasper et al. 2007; Biller et al. 2013; Nielsen et al. 2013; Galicher et al.
2016; Bowler 2016), and the analyses of the most relevant studies are still ongoing.
The preliminary statistical evaluation of the first 150 stars observed as part of the the
SpHere INfrared survey for Exoplanets (SHINE; Vigan et al. 2020) indicates that sub-
stellar companions (with masses in the range 1 My, — 75 Mjyp) around M-type stars
likely formed via either protostellar fragmentation processes (A) or gravitational in-
stabilities (C), whereas the occurrence rates of objects of the same mass around B and
A-type stars are consistent with planet populations from core accretion simulations
(B). The statistical data for the intermediate category of F, G, and K-type stars does
not favor a single formation pathway, but can be explained best by a combination
of all scenarios. These findings are corroborated by the Gemini PLanet Imager Ex-
oplanet Survey (GPIES; Macintosh et al. 2018). Nielsen et al. (2019) find that giant
planetary companions with masses between 1 My, and 13 My, are predominately
created by bottom-up formation mechanisms (B), whilst the population of brown
dwarf companions with masses in the range 13 My, — 80 My is rather compatible
with top-down formation mechanisms (A,C). These distinct formation pathways for
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Figure 1.12: Demographics of directly imaged exoplanets in 2019 (left panel) and 2021 (right
panel). The orange box highlights solar-like host stars with 0.8 < M/M., < 1.2. The stellar markers
with the red outlines indicate new planetary-mass companions that were discovered as part of our
Young Suns Exoplanet Survey (see Section 1.4).

the sample of giant planets and brown dwarfs are in perfect agreement with recent
results from Bowler et al. (2020). Based on analyses of orbital parameters of di-
rectly imaged companions, Bowler et al. find that the eccentricity distributions show
clear evidence for two distinct populations, indicative of different formation chan-
nels.!% Both Vigan et al. (2020) and Nielsen et al. (2019) find that heavier mass stars
are more likely to harbor gas giant companions with semi-major axes in the range
5au — 100 au, which is confirmed by results from RV surveys for planets with shorter
periods (Johnson et al. 2010; Ghezzi et al. 2018). To study if this relation even holds
for stars with masses that are larger than 2 M), Janson et al. (2021) are currently car-
rying out the B-star Exoplanet Abundance Study (BEAST) that is targeting the most
massive stellar members of the Scorpius-Centaurus association (Sco-Cen; de Zeeuw
et al. 1999).

All these results indicate that planet formation depends heavily on the mass of the
primary star. Especially for the intriguing sub-class of Sun-like stars, no dominant
formation pathway of gas giant companions could be established so far. This can
also be attributed to the small number of exoplanets that have been found around
solar-type host stars. As presented in the left panel of Figure 1.12, there seems to
be a void of planets around solar analogs (until 2019). However, this might also be
an observational bias as young (<20Myr), solar-type stars were largely neglected
in past direct imaging searches for extrasolar planets. This is mostly due to the
fact that the majority of such young targets are located at distances of more than
100 pc, and therefore exhibit R band magnitudes that are fainter than 10 mag. As the
quality of the AO correction is usually degrading with a decreasing flux from the
natural guide star, previous surveys focused on the significantly brighter population

19Note that Bowler et al. (2020) apply slight different thresholds than Nielsen et al. (2019) for objects to
be considered either giant planet or brown dwarfs. In Bowler et al. (2020) giant planets are selected with
masses in the range 2 Mj,p — 15 My, and brown dwarfs are identified as objects with masses between
15 Myyp and 75 Myyp.
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of B, A, and F type stars of these associations.!! Despite the worse AO correction
on young G and K type stars at distances of more than 100 pc, these targets can
be observed with the latest generation of high-contrast imaging instruments, and
the astrometric precision is sufficient for the required proper motions checks (see
Chapters 4, 5, and 6). It is thus vital to use the capabilities of these state-of-the-
art instruments to systematically study a population of young, Sun-like stars with
statistical significance. Such observations might reveal important clues regarding the
origin of wide-orbit Jovian companions in young, Sun-like environments.

1.3.2 Atmospheric characterization of directly imaged planets

To identify the birthplaces of individual gas giants, Oberg et al. (2011) proposed to
use elemental abundances in the planetary atmosphere as a tracer. The C/O ratio
might be indicative of the natal environment of a planet in a circum-stellar disk. Due
to a radial temperature gradient in the disk, certain molecules freeze out at charac-
teristic separations from the primary star. These transition regions are called icelines
(or snow lines when talking especially about H,O; Stevenson & Lunine 1988; Lod-
ders 2004; Kuchner & Seager 2005). These processes affect the abundance ratios of
molecules that are either in the solid or gas phase. For a typical young, solar-type
star the HyO snowline is located at approximately 3 au (e.g., Hayashi 1981; Podolak
& Zucker 2004; Martin & Livio 2012). Farther out water molecules are predomi-
nantly present in their solid phase, whereas carbon bearing species such as CO;
or CO are still in their gas phase. Accordingly, the C/O ratio in the gas increases
when radially moving outward across the H,O snowline, whereas the C/O ratio in
the grains decreases (as the amount of oxygen in the gas phase is rising, whilst the
carbon fraction remains unaltered). Similarly, the carbon to oxygen ratio is altered
at the CO; and CO icelines, which are located at approximately 10au and 40au in
the protosolar nebular, respectively (Oberg et al. 2011; Andrews & Williams 2007).
The atmosphere of a gas giant planet should therefore exhibit imprints of this vari-
able atmospheric abundance ratio; indicative of its natal environment with respect
to the primary star. But disk evolution or enrichment by planetesimals can alter
these primordial abundances and hence should be considered in the interpretation
(Ali-Dib et al. 2014; Mordasini et al. 2016; Eistrup et al. 2016, 2018). Planet migra-
tion and structural inhomogeneities in the natal disk complicate establishing links
between present day abundances and the planetary birth environment (e.g., Mad-
husudhan et al. 2014; Cridland et al. 2016). These issues are extensively discussed in
recent review articles of Pudritz et al. (2018), Lammer & Blanc (2018), Madhusudhan
(2019), and Oberg & Bergin (2021). Nevertheless, the study of a large sample of giant
planetary atmospheres is necessary to identify potential correlations that might be
indicative of planet formation history. New GRAVITY data on f Pictoris b revealed
a subsolar carbon to oxygen abundance ratio for this super-Jovian gas giant (Gravity
Collaboration et al. 2020). This was interpreted as an indication for its formation via
the core-accretion channel (B), followed by a strong enrichment by icy planetesimals
that exhibit a C/O ratio that is below the solar standard.

These unique insights into the formation history of planetary systems might even
be further corroborated when measuring isotope abundance ratios such as D/H or

1The SPHERE user manual predicts median (H band Strehl ratio of 50 — 75 %) to poor (H band Strehl
ratio < 50 %) AO performances for stars that are fainter than R = 9mag: https://www.eso.org/sci/
facilities/paranal/instruments/sphere/overview.html
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12C /13C, which impose additional constraints on the location of the natal environ-
ment (Molliére & Snellen 2019; Morley et al. 2019). Such a measurement in an ex-
oplanet atmosphere, could not be conducted thus far. New instrumentation such
as VLT/CRIRES™ (Dorn et al. 2014), VLT/ERIS (Davies et al. 2018), and the James
Webb Space Telescope (JWST; Gardner et al. 2006), which will all become available
shortly, might provide the required sensitivity to measure isotopologues contents of
an exoplanet atmosphere for the first time. In addition to the large statistical surveys
described in Section 1.3.1, characterization studies of known wide-orbit gas giants
and measurements of their atmospheric compositions are thus promising next steps
to understand the origins and formation pathways of gas giant Jovian companions.

1.4 The Young Suns Exoplanet Survey

To enhance the low number of planetary companions to Sun-like primaries and to
test their formation scenarios at statistical significance, we started the Young Suns
Exoplanet Survey (YSES) that targets a homogeneous sample of 70 young, solar-mass
members of the Lower Centaurus-Crux (LCC) subgroup of Sco-Cen. This subgroup
has an average age of 15 + 3 Myr (Pecaut

& Mamajek 2016); latest parallax and 4 03 2 1 0 -1 -2 -3 —-a
proper motion measurements provided
by the third early data release of the
Gaia space mission of the European
Space Agency clearly confirm the LCC
membership of our targets (Gaia ERD3;
Gaia Collaboration et al. 2021). The
YSES sample has an average distance
of 118 + 20pc, and it consists exclu-
sively of stars with masses in the range
08My — 12Mgs. Therefore, it is a  —2
unique collection of the nearest statisti- -3}
cally significant sample of young, Sun-
like stars to our Sun. There is no closer

ADec [arcsec]

(£ 120 pc) and younger (< 100 Myr) as-
sociation with so many stars of about
1 Mg, making the YSES sample partic-
ularly significant for statistically con-
straining the wide-separation planetary
population around young solar analogs.

YSES is still ongoing: at the moment,
we have observed each of the 70 stars
once with SPHERE. Our data reduction
strategy is based on short snapshot ob-
servation in the order of ~2 min per tar-
get and filter, in combination with RDI.
As all stars within our sample are co-

ARA [arcsec]

Figure 1.13: Exemplary field of view of an YSES
target. As most of the stars from the sample
are close to the galactic plane, there is a very
high-fraction of background contaminants. From
a single image as presented here, it is not pos-
sible to distinguish planetary companions (white
arrows) from unassociated background stars (all
other off-axis point sources in the image). The
primary star is located at the image center behind
an artificial mask.

eval, at the same distance, and of similar spectral type, they exhibit similar magni-
tudes at both optical and near-infrared wavelengths. This homogeneity facilitates
highly consistent observing conditions in terms of recorded near-infrared flux and
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Figure 1.14: Color magnitude diagram of YSES candidate companions. The orange circles indicate
off-axis objects detected within the scope of our survey. The red stars highlight actual companions
that we discovered. The grey markers represent previously known directly imaged companions
and the green and blue lines are from synthetic evolutionary models that were evaluated at the
approximate age of LCC.

instrumental AO performance. Hence we can use all frames collected for YSES as a
reference library, which we can analyze with PCA. For each target, the stellar PSF
is then modeled by a certain number of principal components, and subtracted. In
Chapter 6 we asses the performance of this reduction method and show that it is
superior to other potential reduction schemes.

Our first epoch observations revealed a plethora of companion candidates. As
LCC is close to the galactic plane, a high fraction of associated background stars is
therefore expected to be revealed by our observations. This is impressively demon-
strated by the image presented in Figure 1.13. More than 50 off-axis point sources
are detected around the primary star. From a single snapshot like this, we cannot
tell whether one of these objects is indeed a planetary companion or rather a back-
ground contaminant. For that reason, we took data in an additional filter to analyze
the detected companion candidates in a color-magnitude diagram. As presented
in Figure 1.14, almost all the candidate companions that we detected around the
sample of 70 young suns are compatible with predictions from evolutionary models
or known sub-stellar companions. Since sub-stellar objects around the L-T transi-
tion can appear colorless or even blue in the near infrared (Burgasser et al. 2002;
Cushing et al. 2005), this pre-selection of interesting candidate companions by color-
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magnitude analysis did not work well. Instead we established that second epoch
observations and checks for common proper motion with the primary are indispens-
able measures to confirm gravitationally bound companions around our YSES targets
(e.g., Nielsen et al. 2017).

As we did not want to bias our selection of candidate companions by angular sep-
aration cutoffs (with preference for small angular separations), we decided to follow-
up all targets with candidate companions in the instrument field of view. This turned
out to be the right choice as we found gravitationally bound companions at unexpect-
edly large separations of more than 100 au. For eight targets we could acquire second
epoch-observations; these data revealed three planetary-mass companions to two of
our stars. Most intriguing was the discovery of the first multi-planet system that was
imaged around a Sun-like star (see Chapter 5). We found that YSES 1 (TYC 8998-
760-1) hosts two giant planets of 14 &+ 3 My, and 6 & 2 My, at physical separations
of more than 160 au and 320 au, respectively. Due to their moderate separations, this
system is a prime laboratory to perform consecutive characterization measurements
to probe their atmospheric composition and potential formation scenarios. The latest
addendum to the small group of directly imaged planets to Sun-like stars is YSES 2b
(see Chapter 6): a 6.3:1):8 Myjyp planet at a projected separation of 115au. This gas
giant is challenging current theories of giant planet formation: it is too far separated
from the star to have formed in situ via core accretion mechanisms (B), yet it is not
massive enough to be compatible with latest models of gravitational instabilities in
circum-stellar disks (C). Follow-up measurements of this intriguing system might be
able to probe further companions to YSES 2, that could have scattered YSES 2b to its
current separation.

Follow-up observations for 44 remaining targets with candidate companions are
still pending. We might have been extremely lucky in the selection of our 8 systems
that were chosen for follow-up, but it is also likely that there are indeed more planet
discoveries from YSES ahead. Even though the survey is not completed yet, YSES
already contributed significantly to populate the previously sparsely sampled group
of wide-orbit giant planet to solar-type host stars. As shown in the right panel of
Figure 1.12, our three detections from YSES already helped to fill the apparent void
of such companions; this is tentatively indicating that it was indeed an observational
bias, as young Sun-like systems have not been systematically studied at statistical
significance prior to our survey. Future prospects of this extremely successful and
efficient program are discussed in Chapter 7.

1.5 Thesis outline

Except for Chapter 2 this thesis mainly focuses on the results from YSES. A brief
description of the most important results and conclusions reported in each chapter
is provided below.

Chapter 2: A multiplicity study of transiting exoplanet host stars

In this chapter we aim to study the stellar multiplicity of known systems to transiting
exoplanets. We use VLT/SPHERE to study 45 transiting exoplanet host stars at
unprecedented spatial resolution and contrast. We discovered new stellar companion
candidates to 13 stars from the sample, which need to be validated by further proper
motion measurements. Instead we assigned a likelihood for each companion to be
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bound by evaluating stellar population synthesis models. In addition we could detect
and confirm previously known companions to 13 other stars from our sample. Based
on these data we derived a likelihood of 55.43:?1 % for transiting exoplanet host
stars to be part of a multiple system. This measurement is in good agreement with
previous surveys and with multiplicity estimates of stars that do not harbor any
known planets.

Chapter 3: Discovery of a directly imaged disk in scattered light around the Sco-
Cen member Wray 15-788

This chapter presents the first detection of YSES. Around the ~11Myr-old K3 star
Wray 15-788 we detect clear scattered-light signals from a protoplanetary disk. SED
modeling indicates that this disk is at a transition stage, and we detect clear struc-
tures of an outer and inner arc, separated by a gap of reduced scattered light flux.
Even though the outer arc of the disk is detected almost face on with an inclination
of 21 deg £6 deg, we do not detect disk signal for all phase angles. We hypothesize
that this lack of scattered light flux originates from a misaligned inner disk, interior
to the inner working angle of our observations, that is casting a shadow on the outer
structures that we see in the SPHERE images. This misalignment might be caused by
a massive companion in the system. We further identify Wray 15-788 as secondary
to the A type primary HD 98363 with a projected separation of about 7000 au. This
massive primary hosts a debris disk that was first revealed in scattered light by GPI
after the publication of our paper (Hom et al. 2020). The different evolutionary stages
of these two coeval disks tentatively support the giant companion hypothesis. Such
a companion could cause pressure bumps in the disk that are trapping dust grains
at certain separations, leading to the observed gapped geometry (e.g., Pinilla et al.
2015). Future observations with both SPHERE and ALMA will shed light on this
fascinating circum-stellar environment.

Chapter 4: Detection of a wide orbit planetary mass companion to a solar-type
Sco-Cen member

In this chapter, we present the first planetary-mass companion that was detected by
YSES. YSES 1b (TYC 8998-760-1 b) has a mass of 14 + 3 My, and sits thus directly at
the boundary between gas giant planets and low mass brown dwarfs. We measure a
projected separation of ~160 au which is indicative of an orbital period of more than
1’000 yr. The combination of high mass and wide separation favor formation via top
down scenarios (A,C); yet further evidence to corroborate this theory is required.

Chapter 5: Two directly imaged, wide-orbit giant planets around the young, solar
analog YSES 1

In data obtained to characterize YSES 1b, we identified a very red point source, which
turned out to be another planet around this solar-type primary. This discovery is
described in Chapter 5 of this thesis. YSES 1c has a lower mass (6 & 2 My,p) than
the previously identified YSES 1b. The new planet is even farther separated from
its primary star with a projected separation of ~320au. This discovery marked the
first image of a multi-planet system around a Sun-like star. Further analysis of this
intriguing environment might provide vital insights into the formation processes and
the dynamical evolution that were shaping this system.
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Chapter 6: Discovery of a directly imaged planet to the young solar analog YSES 2

This chapter presents the latest YSES discovery: A new planet to the 1.1 My host
star YSES 2 (TYC 8984-2245-1). YSES 2b has a mass of 6.3 My, and a minimum
physical separation of 115au with respect to its primary star. This companion is
especially fascinating due to its dubious origin: in situ core accretion (B) can be ruled
out due to the large separation; yet gravitational instabilities (C) tend to produce
heavier mass companions. As YSES 2b might have been scattered to its current
location, a deep search for additional companions in the system is required.

Chapter 7: Outlook

In this chapter, we present the next steps that are required for the conclusion of the
YSES program. We further propose a potential successor program that is observing
a large sample of young, Sun-like stars with ages in the range 1 — 20 Myr, to obtain
a temporally resolved insight into the occurrence rates of gas giant companions to
solar analogs. This program is likely to reveal several planetary-mass companions
that allow for statistical testing of planet formation mechanisms, and detailed at-
mospheric characterization studies. Lastly, we come back to the initial question as
to whether we are alone in the Universe, and present some speculations regarding
potential insight that we might gain within the next decades.
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CHAPTER 2

A multiplicity study of transiting

exoplanet host stars. |.
High-contrast imaging with VLT /SPHERE

ANY main-sequence stars are part of multiple systems. The effect of stellar
multiplicity on planet formation and migration, however, is poorly under-
stood. We study the multiplicity of stars hosting known transiting extra-

solar planets to test competing theories on the formation mechanisms of hot Jupiters.
We observed 45 exoplanet host stars using the infrared dual imaging spectrograph
(IRDIS) of the Spectro-Polarimetric High-Contrast Exoplanet Research (SPHERE) in-
strument at the Very Large Telescope (VLT) to search for potential companions. For
each identified candidate companion we determined the probability that it is gravita-
tionally bound to its host by performing common proper motion checks and model-
ing of synthetic stellar populations around the host. In addition, we derived contrast
limits as a function of angular separation to set upper limits on further compan-
ions in these systems. We converted the derived contrast into mass thresholds using
AMES-Cond, AMES-Dusty, and BT-Settl models. We detected new candidate com-
panions around K2-38, WASP-72, WASP-80, WASP-87, WASP-88, WASP-108, WASP-
118, WASP-120, WASP-122, WASP123, WASP-130, WASP-131, and WASP-137. The
closest candidates were detected at separations of 07124 =+ 07007 and 07189 £ 07003
around WASP-108 and WASP-131; the measured K -band contrasts indicate that these
are stellar companions of 0.35 & 0.02 M, and 0.62f8:82 M), respectively. Including
the re-detection and confirmation of previously known companions in 13 other sys-
tems, we derived a multiplicity fraction of 55.4f8:2 %. For the representative sub-
sample of 40 hot Jupiter host stars among our targets, the derived multiplicity rate is
54.81“8:3 %. Our data do not confirm any trend that systems with eccentric planetary
companions are preferably part of multiple systems. On average, we reached a mag-
nitude contrast of 8.5+ 0.9 mag at an angular separation of 0”/5. This allows us to
exclude additional stellar companions with masses higher than 0.08 My for almost
all observed systems; around the closest and youngest systems, this sensitivity is
achieved at physical separations as small as 10 au. Our study shows that SPHERE is
an ideal instrument for detecting and characterizing close companions to exoplane-
tary host stars. Although the second data release of the Gaia mission also provides
useful constraints for some of the systems, the achieved sensitivity provided by the
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current data release of this mission is not good enough to measure parallaxes and
proper motions for all detected candidates. For 14 identified companion candidates
further astrometric epochs are required to confirm their common proper motion at
50 significance.

Adapted from

A.]. Bohn, ]. Southworth, C. Ginski, M. A. Kenworthy, P. F. L. Maxted, and
D. E Evans

Astronomy & Astrophysics, 635, A73 (2020)



2.1. Introduction

2.1 Introduction

The detection and characterization of extrasolar planets has evolved rapidly during
the past decades. Many large-scale radial velocity surveys (RV; e.g. Baranne et al.
1996; Mayor et al. 2003; Cosentino et al. 2012) and transit surveys (e.g., Bakos et al.
2004; Pollacco et al. 2006; Auvergne et al. 2009; Borucki et al. 2010) have provided a
statistically highly significant sample consisting of several thousands of exoplanets
with various physical properties that mostly differ from what we had known from
the solar system so far. Already the first exoplanet detected around a main sequence
star, 51 Peg b (Mayor & Queloz 1995), showed drastically deviating attributes com-
pared to all Solar System planets. With the detection of several similarly behaved
Jovian planets on very close-in orbits with periods of a few days (Butler et al. 1997;
Fischer et al. 1999), a new class of so-called hot Jupiters was established. These gas
giants typically have masses higher than 0.3 My, and separations to their host stars
that are smaller than 0.1 au.

Although hundreds of hot Jupiter systems are known today, there is no consensus
on a consistent formation pathway of these environments. Shortly after the discovery
of 51 Peg b, Lin et al. (1996) argued that in situ formation of hot Jupiters through
core accretion is disfavored because the typical temperatures in protoplanetary discs
at their characteristic separations are too high to facilitate the condensation of solids,
hence preventing rocky cores from forming in these regions (Pollack et al. 1996). Sim-
ulations of Bodenheimer et al. (2000) and more recent results of Boley et al. (2016)
and Batygin et al. (2016), however, challenge this hypothesis: previous assumptions
on the amount of condensable solids in the circumstellar disc were based on abun-
dances in the solar nebula, which might be too simplistic to cope with the huge
variety observed in exoplanetary systems.

Alternatively to the in situ formation scenario, hot Jupiters might form at wider
separations of several astronomical units and migrate inwards towards their detected
position (Lin et al. 1996). Theories that describe this migration process, however, are
still a highly controversial topic. Potential scenarios of this inward migration are re-
quired not only to reproduce the small orbital separations, but also to provide useful
explanations for other properties of known hot Jupiters, for instance highly eccen-
tric orbits (Udry & Santos 2007) or orbital misalignments with respect to the stellar
rotation axis (Winn et al. 2010). Recent research shows that the observed spin-orbit
misalignments may have a primordial origin caused by either magnetic fields of the
star interacting with the protoplanetary disc (Lai et al. 2011) or gravitational inter-
action with massive stellar binaries (Batygin 2012). The high eccentricities, however,
are not reproduced by an inward migration, as first proposed by Lin et al. (1996),
due to damping of excited modes caused by gravitational interaction with material
of the circumstellar disc (Kley & Nelson 2012). Other theories hypothesize a high-
eccentricity migration of the companion after its formation (Socrates et al. 2012): after
the planet has formed in a circular orbit of several astronomical units, it becomes ex-
cited to high eccentricities, and tidal dissipation at subsequent periastron passages
reduces the orbital semi-major axis as well as the eccentricity gained. The excitation
of high eccentricities may be caused by planet-planet scattering (Rasio & Ford 1996;
Chatterjee et al. 2008; Wu & Lithwick 2011), through Kozai-Lidov (KL) oscillations
due to a stellar binary (Eggleton & Kiseleva-Eggleton 2001; Wu & Murray 2003; Fab-
rycky & Tremaine 2007), or by a combination of these mechanisms (Nagasawa et al.
2008).
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To test these theories, additional data of exoplanet host systems is required. Es-
pecially stellar binaries may play an important role in the evolution of exoplanetary
systems because they are essential ingredients for explaining primordial spin-orbit
misalignments or high-eccentricity migration due to KL mechanisms. Current es-
timates on the multiplicity fractions among transiting exoplanet host stars are not
very conclusive and range from 7.6+2.3% (Ngo et al. 2017) to 13.5% (Law et al. 2014)
for RV planet hosts, but are usually higher for transiting planetary systems as the
sample selection criteria for RV surveys impose an intrinsic bias against multiple
stellar systems. Ngo et al. (2015) recently estimated a much higher multiplicity rate
of 494+9% for systems with transiting hot Jupiters compared to their RV analogues.
To reduce the uncertainties on these ratios, it is necessary to expand the samples to
achieve statistically more significant results.

For transiting planet hosts stars, observations at high spatial resolution are also
an important tool to reject other scenarios that might cause the periodic dip in the
light curve, in particular background eclipsing binaries. Furthermore, the derived
properties of the exoplanet and its host star are normally measured under the as-
sumption that all the light from the system comes from the host star, that is, there is
no contamination from unresolved sources at very small projected separations. If this
assumption is violated and the data are not corrected for the contaminating light, its
presence may cause both the mass and radius of the planet to be systematically un-
derestimated. In the worst-case scenario, a not-much-fainter nearby star could even
be the planet host star, and measurements of the planet mass and radius under the
assumption that the brightest star is the host would lead to planetary properties that
are severely biased away from their true values (e.g., Evans et al. 2016b). In a com-
panion paper (Southworth et al. 2020) we reanalyze the most strongly affected of the
planetary systems included in the current work, in order to correct measurements
of their physical properties for the light arising from the nearby companion stars we
have found.

A powerful method for the detection of stellar companions at small angular sep-
arations is adaptive optics (AO)-assisted coronagraphic high-contrast imaging. We
therefore launched a direct-imaging survey targeting host stars of transiting exoplan-
ets. Starting with the TEPCat catalog (Southworth 2011), we selected all targets that
are observable from the Very Large Telescope (VLT) and that have an R -band magni-
tude brighter than 11 mag to enable the AO system to lock on the source as a natural
guide star. A detailed list of the 45 studied objects and their properties is presented
in Table 2.1.

In Section 2.2 of this article we describe the observations we have carried out,
and in Section 2.3 we explain the applied data reduction techniques. We present
the detected candidate companions (CCs), analyze the likelihood of each to be a
gravitationally bound component within a multiple stellar system, and present de-
tection limits for all targets of our sample in Section 2.4. Finally, we discuss our
results within the scope of the previous literature in Section 2.5, and we conclude in
Section 2.6.

2.2 Observations

Our observations (PI: D. F. Evans) were carried out with the Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019) instrument that is



2.3. Data reduction

mounted on the Nasmyth platform of Unit 3 telescope (UT3) at the ESO VLT. SPHERE
is assisted by the SAXO extreme AO system (Fusco et al. 2006) to obtain diffraction-
limited data. The targets were observed using the integral field spectrograph (IFS,
Claudi et al. 2008) of the instrument and the infrared dual imaging spectrograph
(IRDIS, Dohlen et al. 2008) simultaneously. Within the scope of this article we focus
on the analysis of the IRDIS data, which provide similar inner working angle (IWA)
capabilities down to 100 mas (Wilby et al. in prep.), but a much larger field of view up
to 5”5 in radial separation than the IFS. IRDIS was operated in classical imaging (CI,
Vigan et al. 2010) mode applying a broadband Ks-band filter (Filter ID: BB_Ks). The
filter has a bandwidth of AAKs = 313.5nm centred around AKX = 2181.3nm. To sup-
press the stellar flux, an apodised pupil Lyot coronagraph (Soummer 2005; Carbillet
et al. 2011; Guerri et al. 2011) was used (coronagraph ID: N_ALC_YJH_S). To locate
the star position behind the coronagraphic mask, center frames were taken along-
side the science observations. For these frames, a sinusoidal pattern was applied to
the deformable mirror to create four reference spots around the star. To perform
precise photometry of potential companions, we obtained additional unsaturated
non-coronagraphic flux images of each target with a neutral density filter in place.
Furthermore, the observations in ESO period 98 were conducted in pupil-stabilized
imaging mode, whereas the data in period 99 were collected in field-stabilized mode.
A detailed description of the observational setup and the atmospheric conditions for
all observations are presented in Appendix 2.A.

2.3 Data reduction

The data reduction was performed using a custom processing pipeline based on the
latest release of PynPoint (version 0.8.1; Stolker et al. 2019) that includes standard
dark and flatfield calibrations. Bad pixels were replaced by the average inside a 5x5
box around the corresponding pixel. Furthermore, we corrected for the instrumen-
tal anamorphic distortion according to the description in the SPHERE manual. To
achieve photon-noise-limited sensitivities, an accurate model of the thermal back-
ground is essential for Ks -band imaging. Unfortunately, no sky images without
any source in the field of view were taken alongside the science observations of
the program. We thus searched the ESO archive to find useful calibration files that
were obtained with the same instrumental setup (i.e. exposure time, coronagraph,
and filter choice). Within these constraints, we found exactly one suitable sky image
taken as part of another program (PI: M. Kenworthy, ESO ID: 0101.C-0153).  For
an optimal background subtraction, we performed the sky subtraction for both sides
of the detector individually. We cropped all images around the rough position of
the star in the science frames and aligned the sky images to prominent features in-
duced by the substrate of the inserted coronagraph. The alignment was performed
using a cross-correlation in Fourier space according to Guizar-Sicairos et al. (2008)
and Fienup (1997). While masking a region of 0”786 around the star, the aligned sky
image was fitted to each individual science frame by a simple linear least-squares
approach. This yielded one optimized scaling coefficient per science frame that the
sky image had to be multiplied with, before the subtraction. The sky subtraction
afterwards was applied to the full frame to ensure a precise background subtrac-
tion even for the location of the star. After sky subtraction, the science images were
shifted to correct for their corresponding dither positions and centered by using the
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center frames as described in the SPHERE manual. At this stage we averaged both
detector sides for each exposure to dampen noise introduced by bad pixels. Finally,
we de-rotated the data that were obtained in pupil-stabilized mode according to the
difference in parallactic angle. An additional constant pupil offset of -135299 was
taken into account as well. The rotation was skipped for data that were taken in
field-stabilized imaging mode. For both pupil- and field-stabilized data, we finally
performed a correction for the true north position given by a rotation of -1°75 ac-
cording to Maire et al. (2016). No further point spread function (PSF) removal was
performed, and our final image was obtained as the median of the processed stack.

2.4 Results and analysis

2.4.1 Determining consistent ages for the exoplanet host stars

We used version 1.2 of the program bagemass' (Maxted et al. 2015) to estimate the
age of each star based on the observed values of T, [Fe/H] and the mean stellar
density p.. These values were obtained from the references listed in Table2.1. The
methods and assumptions used for the calculation of the stellar model grid using the
GARSTEC stellar evolution code are described in Serenelli et al. (2013) and Maxted
et al. (2015). We set lower limits of 80K on the standard error for Te¢ and 0.07
dex for the standard error on [Fe/H] and assumed flat prior distributions for the
stellar mass and age. The ages derived are shown in Table 2.1. The values and
errors quoted are the median and standard deviation of the sampled posterior age
distributions provided by bagemass.

2.4.2 Characterisation of CCs

In the IRDIS data we detected 27 off-axis point sources around 23 stars of our sample.
Compilations of these detections are presented in Figure 2.1 and Figure 2.2, which
show new detections by our survey and previously known sources, respectively.
Sixteen of the 27 CCs have not been detected by similar surveys of the multiplicity
of these exoplanet host stars. This impressively demonstrates the ability of high-
contrast imaging with SPHERE. Only 256 s of on-target integration are sufficient to
reach better sensitivities than previous surveys that have been carried out either with
different AO-assisted instruments or with other observing strategies such as lucky
imaging.

Because we did not perform any PSF subtraction, we characterized the compan-
ions directly in the median-combined images, applying the standard astrometric so-
lution of IRDIS with a plate scale of 12.265mas in Ks; band. For the astrometric
characterization, we fitted a two-dimensional Gaussian function to the PSF of the
companion. The magnitude contrast was estimated with aperture photometry that
we applied on both flux and science image around the previously determined cen-
troid. We used an aperture size that is equivalent to the full width at half-maximum
(FWHM) of the SPHERE PSF in K; band of 55mas and scaled the counts from the
flux image to account for the difference in exposure time and applied neutral density
filter. A detailed list of all detected CCs including their separations, position angles
(PAs), and magnitude contrasts is presented in Table 2.2. Furthermore, we calculated

Ihttps://sourceforge.net/projects/bagemass/
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Figure 2.1: Newly detected CCs around transiting exoplanet host stars from the SPHERE/IRDIS
data. An unsharp mask was applied to highlight point sources. The origin of the axes is located
at the position of the host star. The images are displayed using a logarithmic scale with arbitrary
offsets and stretches to highlight the CCs. In all images north points up and east towards the
left. The lower left corner of each image shows the reduced non-coronagraphic flux image with
the same spatial scale and field orientation.
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Figure 2.2: Previously detected CCs around transiting exoplanet host stars from the
SPHERE/IRDIS data. An unsharp mask was applied to highlight point sources. The origin of the
axes is located at the position of the host star. The images are displayed using a logarithmic scale
with arbitrary offsets and stretches to highlight the CCs. In all images north points up and east
towards the left. The lower left corner of each image shows the reduced non-coronagraphic flux
image with the same spatial scale and field orientation.



2.4. Results and analysis

mass and temperature estimates based on the derived photometry using evolution-
ary models of (sub-)stellar objects (e.g., Allard et al. 2001; Baraffe et al. 2003). Because
various physical processes play major roles for objects of different temperatures, we
used AMES-Cond, AMES-Dusty, and BT-Settl models for the characterization of CCs
with Tog < 1400 K, 1400 K < Togr < 2700 K, and Tegr > 2700 K, respectively.

There are three potential scenarios, depending on the available data, with which
the likelihood can be assessed that a CC is gravitationally bound to its host:

1. Gaia DR2 provides parallax and proper motion of the CC.

2. Previous studies have detected the CC and provide astrometric measurements
of it. This includes the case that Gaia DR2 only provides the position of the CC
at reference epoch J2015.5, but no parallax or proper motion estimates.

3. None of the information above is accessible.

In the first case, the hypothesis whether the CC is bound or not could be easily
tested by the provided parallaxes and proper motions of primary and CC. For the
second scenario, we tested the proper motion of the object instead and determined
whether its astrometry over several epochs agrees with a co-moving companion.
When no other data on the CC were available, we estimated the likelihood of its
companionship by a synthetic model of the stellar population around the stellar
coordinates. This analysis was performed in a similar way to that described by
Dietrich & Ginski (2018). First we used TRILEGAL (Girardi et al. 2005) to simulate a
stellar population for one square degree centered around the exoplanet host star. We
chose the 2MASS K-band filter, which is in good agreement with the actual SPHERE
filter used for the observations. The limiting magnitude provided for the simulation
was based on the maximum contrast we reached around the particular target (see
Section 2.4.4). Other than this, we used the default parameters of TRILEGAL v1.6.
Following the description of Lillo-Box et al. (2014), we measured the likelihood of a
CC to be a background object as

PB = 7T1’2Psim, 21
where pgim, denotes the number of simulated stars per square degree around the
exoplanet host and r is the radial separation of the corresponding CC. Because this
analysis is purely based on statistical arguments, we did not classify the CCs within
this category as background or bound, but rather flagged them as ambiguous objects,
whose common proper motion needs to be confirmed by future studies. Because
we base the further analysis of these ambiguous candidates only on the derived
background probabilities (see Section 2.4.3), this classification does not affect the
derived multiplicity fractions in any way. A detailed analysis for each detected CC
is presented in the following subsections.

Most of the CCs that we detected with IRDIS are unresolved in the 2MASS cat-
alogue (Cutri et al. 2012a), which we used for calibrating the K -band magnitude of
the host star. Only for WASP-8, WASP-111, and WASP-123 does the 2MASS cata-
log provide spatially resolved flux measurements for the primary and CC. For the
remaining cases, we had to assume that the flux of potential CCs is contributing to
the listed 2MASS K -band magnitude of the primary, but of course this contribution
is negligible for large contrasts between both components. The corrected K -band
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magnitude for primary j from our sample that is hosting n; CCs with corresponding
magnitude contrasts of AK;y fort=1,..., nj, is

nj AKj
K] = KZMASS,j +25 10g10 (1 + 2 <102]5>) . (22)
(=1

We applied this correction directly to the 2MASS system magnitudes that are pre-
sented in Table 2.4. The updated K -band magnitudes of primaries with companions
that are unresolved in 2MASS photometric data are listed in Table 2.2 instead.

HAT-P-41

In the discovery paper of a transiting hot Jupiter around HAT-P-41, Hartman et al.
(2012) detected a potential stellar companion south of the star. The candidate was
also detected by the lucky-imaging surveys of Wollert et al. (2015) and Wollert &
Brandner (2015). Based on stellar population synthesis models, these studies con-
cluded that the object is probably bound. Ngo et al. (2016) also detected the CC in
Keck/NIRC2 K; data and their color analysis supported the theory that HAT-P-41
is a candidate multiple stellar system. Evans et al. (2016a) carried out an additional
high-resolution imaging campaign, and they determined a common proper motion
with 20 significance. An additional companion to the system that was also detected
by Evans et al. (2016a) was ruled out at a later stage and identified as an instru-
mental artifact (Evans et al. 2018). Therefore, previous studies have presented much
evidence that HAT-P-41 is indeed a binary system. A conclusive common proper
motion analysis and an accurate distance determination has not been published so
far, however.

These previous results were confirmed by our SPHERE survey. We detected ex-
actly one off-axis point source within the IRDIS field of view at the position of the
previously detected CC with a separation of 37621 £ 0”004 and a position angle of
18399 £ 0°1. Furthermore, this companion was also detected by the second data re-
lease of the Gaia mission (Gaia DR2; Gaia Collaboration et al. 2018). Bailer-Jones
et al. (2018) provided distance estimates based on the Gaia parallaxes of 348 &+ 4 pc
and 338 £ 4pc for HAT-P-41 and the CC, respectively. Considering the reported
proper motions of (uZ, ') = (—3.28 +0.06, —6.39 & 0.04) mas per year for the pri-
mary and (8, u8) = (—3.71 £ 0.05, —6.78 £ 0.04) mas per year for the secondary, we
could conclude that both sources are co-distant and co-moving. Thus, the former CC
is proven to be a stellar binary to HAT-P-41 and should be named HAT-P-41 B accord-
ingly. From our comparison to BT-Settl models we derived a mass of 0.71f8:8§ Mo
for the secondary component of the system.

HAT-P-57

We re-detected the binary pair southwest of HAT-P-57 that has been found in the dis-
covery paper of the transiting exoplanet HAT-P-57 b (Hartman et al. 2015). Hartman
et al. (2015) have concluded that HAT-P-57 b must orbit the primary star because
the detected binary is too faint in the optical to be responsible for the measured
transit depth. Additional RV data of the system confirmed this hypothesis. From
photometric H and L band analysis in a color-magnitude diagram, Hartman et al.
(2015) concluded that both binary components are co-evolutionary with the primary.
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Figure 2.3: Proper motion analysis of CC 1 and 2 detected around HAT-P-57. PA and separation
are evaluated individually. The dashed cone presents the expected position of a gravitationally
bound companion considering potential orbital motion of the object. The grey trajectory represents
the expected location of a stationary background object, instead. For the MMT /Clio2 data we
adopted the separation measurement presented Hartman et al. (2015); no PA of the source at this
epoch is provided.

Consequently, they argued that all three stars form a hierarchical triple system and
should be named HAT-P-57 ABC. The masses of the smaller companions were es-
timated as 0.61 +0.10Mg and 0.53 + 0.08 M. However, no other test for actual
companionship, such as a common proper motion analysis, was performed.

With the two SPHERE epochs, we aimed to perform such an analysis. Hartman
et al. (2015) only provided a separation of 27667 & 07001 from the primary to the
binary pair and a separation of 07225 =+ 07002 between the two components of the
binary itself. No individual separations from the primary to each component of the
binary and no PAs were presented in their article. For this reason, we considered the
binary pair as a single component and performed the proper motion test by splitting
up the evaluation of separation and PA. The results of this analysis are visualized in
Figure 2.3.

Already the two SPHERE epochs imply that the binary agrees better with the
hypothesis of being bound to HAT-P-57 than with being an unrelated background
object. The additional separation measurement adapted from Hartman et al. (2015)
that is based on MMT/Clio2 data from 2011 June 22 confirmed this hypothesis.
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Because their presented uncertainty in separation, only 1mas, seemed to be very
optimistic (the primary is heavily saturated), we adjusted this value to 20mas to
also account for the difference in separation of both CCs. This analysis proved that
the binary pair is clearly incompatible with a stationary background object at more
than 5¢ significance. Therefore, CC 1 and CC 2 should be named HAT-P-57 B and
HAT-P-57 C, respectively.

From the K;-band photometry, we derived masses of 0.60J_r8:8% Mg and 0.51 fg:g% Mga
for components B and C, respectively. Furthermore, we measured separations of
0260 + 07004 and 07261 £ 07004 as well as PAs of 168°3 4= 0°1 and 168°4 £ 0°1 be-
tween components B and C for the SPHERE epochs. This is compatible with the
increasing trend in separation when the separation of 07225 %+ 07002 between the
two components in 2011 is also considered (Hartman et al. 2015). For a conclusive
orbital motion fit of these two objects, a detailed analysis and another epoch at high
astrometric precision are required, which is beyond the scope of the current work.

K2-38

Evans et al. (2018) reported a potential companion around K2-38 at a separation
of 10”7752 £ 070950, which is unfortunately outside the IRDIS field of view. The
potential companion, however, was picked up by Gaia DR2, and together with two
additional sources listed that were previously considered unlikely to be bound by
Evans et al. (2018), these three objects were clearly proven to be background based
on their parallaxes.

In our SPHERE data we detected a previously unknown CC south of the star
at a separation of 17378 + 0”7014. Because no other astrometric data of this CC are
available, we estimated its likelihood to be a background object using TRILEGAL.
This provided a probability of 1.59% that the candidate is a background object.

WASP-2

In addition to the detection of the hot Jupiter WASP-2 b, Collier Cameron et al. (2007)
also reported a potential stellar companion to WASP-2 b at a separation of 0”7 and
a magnitude contrast of AH = 2.7mag. This companion was detected by several
follow-up surveys (Daemgen et al. 2009; Bergfors et al. 2013; Adams et al. 2013; Ngo
et al. 2015; Wollert et al. 2015) and photometric analysis suggests a spectral type of
late-K to early-M dwarf. The most recent astrometric measurements by Evans et al.
(2016a) proved a common proper motion of the companion with its host at more than
50 significance. Furthermore, they detected a linearly decreasing separation between
the stellar companion and the primary, implying a nearly edge-on orbital solution,
which we could confirm with our data.

WASP-7

Evans et al. (2016a) reported a CC around WASP-7 at a separation of 4”414 4+ 07011
and a PA of 228°73 £ 0°12. However, no extensive analysis was performed to de-
termine whether this candidate is actually bound to the exoplanet host star. The
separation and PA presented in Evans et al. (2016a) are an average of three individ-
ual epochs obtained on 2014 April 25, May 9, and May 16. As presented in Figure 2.4,
the astrometry based on the data from 2014 April 25 does not agree with the two later
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Figure 2.4: Proper motion analysis of CC 1 around WASP-7. The dashed blue line represents the
trajectory of a static background (bg) object.

epochs. Instead of averaging over all three datapoints, we used the data from 2014
May 9 as baseline for a further proper motion analysis?.

We also detected the candidate in our IRDIS data with a separation of 4”474 +
07007 at a PA of 231°51 £ 0°11. Including this new epoch in a proper motion analysis,
as presented in Figure 2.4, clearly showed that the object better agrees with the
background trajectory than with being a bound companion.

WASP-8

We re-detected WASP-8 B south of the primary at a separation 4”520 £ 07005 and
with a PA of 170°9 4= 0°1. This stellar companion was first detected by Queloz et al.
(2010), who classified it as an M-type dwarf. Further studies by Ngo et al. (2015)
and Evans et al. (2016a) confirmed the companionship status by common proper
motion at more than 5¢ significance. This was consolidated by additional Gaia DR2
astrometric measurements, which provide parallaxes of 11.09 4 0.04 mas and 11.02 +
0.04 mas as well as proper motions of (u4, uf) = (109.75 + 0.06,7.61 + 0.06) mas per

2We present the common proper motion tests in a plot that displays the candidate’s differential offsets
in right ascension and declination to the host, henceforth. Using one datapoint as baseline, we simulate
the trajectory of a static background object based on the parallax and proper motion of the exoplanet host
star. Several measurements of the CC astrometry help to discern whether it is orbiting the primary or a
background contaminant.
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year (u8, uB) = (110.26 £0.06,5.57 - 0.06) mas per year for primary A and secondary
B, respectively.

WASP-20

Using the same SPHERE data as presented in this article, Evans et al. (2016b) re-
ported the detection of a bright close-in binary to WASP-20. Our new evaluation
of these data showed, however, that the companion’s position angle given in Evans
et al. (2016b) is not correct. We found this to be because Evans et al. (2016b) treated
the data as being collected in field-stabilized imaging mode, whereas it was actually
obtained in pupil-stabilized mode. Our new analysis of the data yielded measure-
ments of the separation and magnitude contrast that agree within the uncertainties
with the values derived by Evans et al. (2016b); the correct position angle of WASP-
20 B is 216°0 £ 0%6.

Furthermore, we inferred a slightly higher effective temperature estimate for
WASP-20 B that is, however, consistent within the uncertainties with the value of
5060 £ 250K as presented in Evans et al. (2016b). This discrepancy can be explained
by the ATLAS9 (Castelli & Kurucz 1994) models used by Evans et al. (2016b) in
comparison to the more recent BT-Settl models that we used instead. Unfortunately,
no precise parallax measurement of the host was provided by Gaia DR2, probably
because of the binary nature of the system. This resulted in the rather large uncer-
tainties in effective temperature as presented in Table 2.2, which may be constrained
by better distance estimates based on future Gaia data releases.

Because the object was only observed in a single epoch, Evans et al. (2016b) were
unable to assess the common proper motion. Furthermore, the CC is not detected in
Gaia DR?2, therefore we evaluated the companionship with TRILEGAL instead. This
analysis provided a probability of 0.004% for the CC to be a background contaminant.

WASP-54

A companion candidate around WASP-54 was first detected by Evans et al. (2016a).
Further proper motion analysis presented in Evans et al. (2018) led to the preliminary
conclusion that the object is a bound companion. The authors stated, however, that
additional measurements are required to confirm this hypothesis.

We combined the data presented in Evans et al. (2016a) and Evans et al. (2018)
with the latest SPHERE epoch and additional astrometric data from Gaia DR2. The
latter only provided coordinates of the CC and no proper motion that could be used
to confirm its companionship. In Figure 2.5 we analyze these data in a proper mo-
tion diagram. The data presented in Evans et al. (2016a) consist of five individual
epochs obtained in 2014 May. The individual measurements had an intrinsic scatter
larger than the provided uncertainties. For this reason, we averaged the single mea-
surements using the standard deviation of the datapoints as an uncertainty of the
combined measurement. One of these datapoints, obtained on 2014 April 18, devi-
ated by more than 3¢ from the average of the remaining measurements. We therefore
removed this datapoint from our combined astrometry solution for this first epoch.

Evans et al. (2018) presented two additional epochs, 2015 April 29 and 2016 May
3. As shown in Figure 2.5, the first of these epochs agrees well with the expected
position of a static background object. The second epoch, however, assigns the com-
panion a position in the opposite direction as expected from a background object.
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Figure 2.5: Proper motion analysis of CC 1 around WASP-54. The first measurement from Evans
et al. (2016a) (orange circle) is the average of four individual epochs, collected from 2014 May 6
until May 8. The dashed blue line represents the trajectory of a static background (bg) object.

Because both epochs do not agree within their uncertainties, it is likely that the re-
sults of Evans et al. (2018) were subject to a source of systematic error that was not
accounted for in the quoted uncertainties.

No clear conclusion could be drawn from these data alone, but adding Gaia and
our latest SPHERE measurements facilitated an unambiguous classification of the
potential companion. Both additional datapoints were not compatible with the tra-
jectory of a static background object but are consistent with a co-moving companion.
Therefore we conclude that WASP-54 B is a stellar binary to WASP 54 A. From our

Ks-band photometry we derived a mass of 0.19f8:8% M.

WASP-68

Candidate companion 1 presented in Evans et al. (2018), at a separation of approx-
imately 13”1 and with a position angle of 119°7, was confirmed as a co-moving
stellar companion by Gaia DR2 parallaxes of 4.39 + 0.03mas and 4.19 & 0.15mas
for primary and secondary, respectively. Additional proper motion measurements
of (uf,uft) = (—11.17 £0.06, —6.21 £ 0.04) mas per year (u5,uf) = (-11.45=+
0.24, —6.24 £ 0.17) mas per year strengthened the claim that the CC is WASP-68 B,
a stellar companion to WASP-68 A. However, we did not detect any CCs around
WASP-68 within the IRDIS field of view.
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WASP-70

A K3 stellar companion was found to exoplanet host WASP-70 by Anderson et al.
(2014b), and we also detected the object in our SPHERE data. Previous studies
(e.g., Wollert & Brandner 2015; Evans et al. 2016a, 2018) stated a common proper
motion of the companion at 5¢ significance. This was also confirmed by Gaia
DR2, which provided parallaxes of 4.47 4+ 0.06 mas and 4.35 £ 0.03 mas as well as
proper motions of (4, uf!) = (33.24 £ 0.08, —30.04 & 0.05) mas per year (&, u¥) =
(44.77 £0.05, —30.11 £ 0.03) mas per year. From our K;-band photometry we derived
a mass of 0.70700¢ M, for WASP-70 B.

WASP-72

We detected a CC to WASP-72 at a separation of 0”639 + 07003 and a position angle
of 33129 £ 093 that was previously unknown. By stellar population synthesis models
we derived a probability of 0.02% that the CC is an unassociated background or
foreground object. For the case of confirmed common proper motion, we calculated

a mass estimate of 0.66")05 M.

WASP-76

We re-detected the stellar CC to WASP-76 that was first detected by Wollert & Brand-
ner (2015). Follow-up studies led by Ginski et al. (2016a) and Ngo et al. (2016)
suggested that the companion shows common proper motions with its host. We con-
firmed this trend with our additional SPHERE epoch as presented in Figure 2.6; a
background object could be ruled out at 50 significance. For the stellar companion
WASP-76 B we estimated a mass of 0.781“8:8% Mg, based on our Ks-band photometry.

WASP-80

We report the detection of a new CC around WASP-80 at a separation of 2132 +
07010 and a position angle of 275°5 + 0°3. Although the system was explored by
previous studies of Wollert & Brandner (2015), Evans et al. (2016a), and Evans et al.
(2018) no CCs were revealed by these programs. This is in good agreement with
the large magnitude contrast of 9.25 + 0.28 mag at which we detected the companion
just above the noise level. This is below the detection threshold of previous surveys,
which explains why it remained previously undetected. From our TRILEGAL anal-
ysis we derived a probability of 3.29% that the CC is not associated with WASP-80.
Assuming the object is gravitationally bound to the exoplanet host, we estimated a
mass of 0.071’8:8% Mg based on the K; magnitude.

WASP-87

In the discovery paper reporting a hot Jupiter around WASP-87, Anderson et al.
(2014a) also detected a potential stellar companion south-east of the star at a separa-
tion of 8”2. Evans et al. (2018) suggested that the proper motion analysis presented in
Anderson et al. (2014a) based on UCAC4 data (Zacharias et al. 2013) is not supported
by other catalogs. Based on its color, Evans et al. (2018) concluded that the two com-
ponents are nevertheless bound. This assumption was confirmed by Gaia DR2 paral-
laxes of 3.32 + 0.04 mas and 3.19 £ 0.04 mas for WASP-87 A and WASP-87 B, respec-
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Figure 2.6: Proper motion analysis of CC 1 around WASP-76. The dashed blue line represents
the trajectory of a static background (bg) object.

tively. Furthermore, the proper motions of (uZ, u£) = (—1.36 £ 0.06,3.92 £ 0.04) mas
per year and (15, u¥) = (—1.73+0.04,4.20 £ 0.04) mas per year were absolutely com-
patible with a gravitationally bound binary system.

Within the IRDIS field of view, we detected two additional point sources south-
east of the star. Both were also detected by Gaia DR2, but the catalog provided a
parallax estimate only for CC 2, whereas only the celestial position was measured
for CC 1. Based on the parallax measurement of 0.02 &= 0.14 mas for CC 2, we clearly
confirm this object as a background source. Because for CC 1 only the position was
provided by Gaia DR2, we performed a common proper motion analysis as presented
in Figure 2.7. This analysis placed CC 1 close to the expected position of a station-
ary background object. Because of the large magnitude contrast of CC 1, however,
the SPHERE detection was only marginal. Therefore the uncertainties of the derived
astrometric precision were too large to either confirm CC 1 as a co-moving compan-
ion or to show that it is a background object. Our TRILEGAL analysis provided a
probability of 19.83% that CC 1 is not associated with WASP-87.

WASP-88

We report the detection of a new CC north of WASP-88. It is rather faint, with a
magnitude contrast of 7.60 + 0.53 mag. From our stellar population synthesis model
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Figure 2.7: Proper motion analysis of CC 1 around WASP-87. The dashed blue line represents
the trajectory of a static background (bg) object.

analysis, we derived a probability of 1.65% that this CC is a background object and
not bound to WASP-88.

WASP-108

The system was explored within the scope of one previous multiplicity study of ex-
oplanet host stars (Evans et al. 2018). Evans and collaborators reported several CCs,
but the colors of only two of them are consistent with being bound to the planet host
star. Because WASP-108 lies within a crowded field, Evans et al. (2018) did not rule
out the possibility that both sources are background stars. Instead they explicitly
stated the necessity of additional tests. Evans et al. (2018) estimated that the first ob-
ject at 1974563 to the north-east is likely to be background, based on differing proper
motion from the host reported in UCAC4, NOMAD, and PPMXL catalogs. This was
confirmed by the latest Gaia astrometry, which provided a parallax of 0.18 £ 0.03 mas,
which contradicts the measured value for WASP-108 itself of 3.84 £ 0.05 mas. For the
second CC discussed by Evans et al. (2018), no proper motion data were available at
the time of their analysis. The latest Gaia astrometry proved that the object is in good
agreement with a co-moving companion. Gaia Collaboration et al. (2018) reported
a parallax of 2.93 & 0.47 mas for the companion. to which we refer as WASP-108 B
henceforth. The proper motions of (uZ, %) = (25.80 & 0.13, —22.57 & 0.08) mas per
year and (B, uB) = (24.76 £0.97,—21.13 £ 0.69) mas per year also confirmed the
hypothesis that this is a gravitationally bound binary.
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Figure 2.8: Proper motion analysis of CC 2 around WASP-108. The dashed blue line represents
the trajectory of a static background (bg) object.

In addition, we found two CCs within the IRDIS field of view. CC 1 is very
close to WASP-108 at a magnitude contrast of AKs; = 3.90 £ 0.06 mag. Because of
its proximity it is likely to be gravitationally bound to the primary. This agrees
very well with our TRILEGAL analysis, which provided a probability of 0.02% that
CC 1 is rather an unrelated background or foreground contaminant. The second
CC in the IRDIS data was detected south of the star at a separation of 57039 +
07005. We performed a proper motion check based on Gaia DR2 and our SPHERE
data as presented in Figure 2.8. This analysis indicated that CC 2 is compatible
with a background object that has a non-zero proper motion; this hypothesis was
supported by a background probability of 32.82% based on our TRILEGAL analysis.
Because of the large uncertainties in the SPHERE astrometry, however, further tests
are necessary to confirm this theory.

WASP-111

In the IRDIS data we re-detected the companion that was first identified by Evans
et al. (2018) east of WASP-111 at a separation of 57039 & 0”005. Gaia DR2 data
confirmed that the companion is bound because WASP-111 A and WASP-111 B were
measured to be co-moving with (uZ, u4') = (12.88 £0.10, —4.31 + 0.11) mas per year
and (uB,u%) = (13.35£0.10, —5.15 £ 0.10) mas per year, and they are co-distant with
parallaxes of 3.33 &= 0.07 mas and 3.39 &+ 0.07 mas.
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WASP-118

We detected a new CC around WASP-118 at a separation of 1”251 & 07004 and with
a position angle of 246°5 4+ 0°2. TRILEGAL analysis provided a probability of 0.09%
that this CC is not associated with WASP-118. For the case that the CC is actually
gravitationally bound to the host, we derived a mass of 0.15f8;8% Me.

WASP-120

The IRDIS data revealed a potential binary companion east of WASP-120 at a sepa-
ration of approximately 2”/2. Our simulated stellar population around the position
of the primary predicted background probabilities of 0.47% and 0.51% for CC 1 and
2, respectively. This supports the hypothesis that WASP-120 is a hierarchical triple
system WASP-120 ABC. Further astrometric measurements are required to confirm
this theory.

WASP-122

We detected a new CC north of WASP-122 at a separation of approximately 0”8. The
TRILEGAL analysis yielded a probability of 0.50% that this CC is not associated with
the exoplanet host star. We derived a mass estimate of O.23J_r8:81 Mg for the case that
the CC is actually co-moving with WASP-122.

WASP-123

Evans et al. (2018) detected a CC south of WASP-123 at a separation of 4”/8 that is
marginally consistent with a bound object based on its color. No conclusive result
was presented whether this companion is co-moving. By combining the data from
Evans et al. (2018), Gaia DR2 astrometry, and our IRDIS data, we analyzed the proper
motion of the CC as presented in Figure 2.9. This clearly demonstrates that the CC is
not compatible with a stationary background object with a significance greater than
50. Therefore we conclude that the CC is actually WASP-123 B, a stellar companion
to WASP-123 A with a mass of approximately 0.401“8:8% Me.

WASP-130

We detected a bright CC east of WASP-130 at a separation of 0”6. Although the target
was also included in previous exoplanet host star multiplicity surveys, no compan-
ion was detected by any of these (Evans et al. 2018). The TRILEGAL analysis yielded
a probability of 0.22% that this CC is a background or foreground contaminant. As-
suming the object is gravitationally bound to WASP-130, we derived a mass estimate
of 0.307 005 M.

WASP-131

We detected a very close-in CC to WASP-131 at a separation of 0”189 £ 0.003 and with
a position angle of 111°5 4= 099 that had not been detected by any previous surveys.
Due to the proximity and no other objects in the field of view, it is very likely to orbit
the primary. This assumption is in good agreement with a background probability
of only 0.01%, which is based on our synthetic stellar population models around
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Figure 2.9: Proper motion analysis of CC 1 around WASP-123. The dashed blue line represents
the trajectory of a static background (bg) object.

the host. If confirmed, WASP-131 B, would be a stellar companion with a mass of
0.627 003 M
9<0.04 VO

WASP-137

We report the first detection of a CC south of WASP-137. Our TRILEGAL analysis
suggested a probability of only 0.14% that this object is not associated with the exo-
planet host. From the Ks-band photometry, we estimated a mass of 0.17f8:8§ Mg for
the CC, assuming it is gravitationally associated.

Non-detection of confirmed companions

Because the IRDIS field of view is limited to approximately 5”5 in radial separation,
some companions to stars from our sample were not detected within the scope of this
survey. These confirmed multiple systems are K2-02 (Vanderburg et al. 2015; Evans
et al. 2018) and WASP-94 (Neveu-VanMalle et al. 2014; Evans et al. 2018). Further-
more, we could confirm previous CCs outside the IRDIS field of view around WASP-
68 (Evans et al. 2018, and section 2.4.2 of this work), WASP-87 (Evans et al. 2018, and
section 2.4.2 of this work), and WASP-108 (Evans et al. 2018, and section 2.4.2 of this
work) as actual co-moving companions based on Gaia DR2 astrometry.
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2.4.3 Multiplicity rate

For our sample of 45 observed exoplanet host stars, we reported 9 targets (HAT-P-41,
HAT-P-57, WASP-2, WASP-8, WASP-54, WASP-70, WASP-76, WASP-111, and WASP-
123) that harbor at least one companion within the IRDIS field of view that shows
clear common proper motion with the primary from several epochs of observations.
Furthermore, 5 additional stars from the sample were confirmed multiple systems
with binary components lying outside the IRDIS field of view: the confirmation
of these binaries was either performed by previous studies (K2-2 and WASP-94) or
by evaluation of Gaia DR2 astrometric measurements for former CCs within this
work (WASP-68, WASP-87, and WASP-108). In addition, we found 12 systems that
show ambiguous CCs, where future checks to prove common proper motion at 5¢
significance are necessary3 (K2-38, WASP-20, WASP-72, WASP-80, WASP-87, WASP-
88, WASP-118, WASP-120, WASP-122, WASP-130, WASP-131, and WASP-137).

We simulated the stellar multiplicity rate of the exoplanet host stars in our sample
as

1 N nj
=y ) (\/ Bix(n =1, Pﬁ)) , (2.3)

where i describes the index of the simulation (to be repeated 10° times), N denotes
the sample size of 45 exoplanet host stars, 7; is the number of CCs around target j,

and Bjj describes a draw from a binomial distribution with n = 1 and ij,{, where

the latter refers to the probability that CC k around target j is actually bound to its
host. CCs that were confirmed to be gravitationally bound (labeled 'C” in Table 2.2
plus five additional confirmed companions outside the IRDIS field of view) were
assigned p© = 1. Targets without any CCs or CCs that were proven to be background
were assigned p& = 0, accordingly. The remaining ambiguous cases were assigned
p¢ = 1— pB, with pB denoting the previously determined probability of being a
background contaminant based on our TRILEGAL analysis (equation 2.1).

The outcome of Bjj is either 0 or 1, therefore we calculated the logical disjunc-
tion over all CCs of an individual target to simulate whether this host is part of a
multiple system. Making 10° independent draws for each CC and accounting for the
sample size of N = 45 resulted in a multiplicity rate of 55.4J_rg:Z %. The uncertainties
were obtained as the 68% confidence level around the average of the simulated 7;.
However, this analysis only addresses the statistical errors that might occur due to
our inconclusive characterization of some CCs and the limited size of the sample. Of
course there might be other intrinsic biases caused by sample selection, or size of the
used field of view, that were not considered in this multiplicity estimate.

2.4.4 Detection limits

To assess the sensitivity we achieved around each target as a function of angular
separation, we estimated the contrast in our reduced IRDIS images. For this purpose,
we used the non-coronagraphic flux frames and fitted a two-dimensional Gaussian
function to the unsaturated PSE. We took the best-fit amplitude of this function as an

SWASP-87 and WASP-108, although harboring CCs within the IRDIS field of view, have previously
been proven to be multiple systems with companions at greater separations (see Sections 2.4.2 and 2.4.2).
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Figure 2.10: Detection limits of our SPHERE survey for detection of stellar companions to known
exoplanet host stars. The grey lines represent all individual targets and epochs as presented in
Table 2.4, and the red curve and orange curves indicate the average contrast performance and the
corresponding 10 interval.

estimate of the stellar flux and scaled it to account for exposure time difference to
the science images and attenuation by potential neutral density filters. The noise was
estimated directly from the post-processed coronagraphic images in radial annuli
with a width of 55mas. The annuli were centered around the position of the star
behind the coronagraphic mask, and we chose 100 discrete steps of equidistant radii,
growing from the inner working angle of approximately 100 mas (Wilby et al. in
prep.) up to the edge of the detector. Afterwards, we determined the standard
deviation inside each annulus to obtain an estimate for the noise as a function of
separation.

For HAT-P-57, where two epochs of the target were obtained, we continued ana-
lyzing just the slightly deeper contrast that was obtained on the night of 2016 October
9. The 50 detection limits for all datasets are presented in Figure 2.10. The spread
in contrast performance between different datasets can be explained by the strongly
varying atmospheric conditions for different observations of the program as pre-
sented in Table 2.4. On average we reached a magnitude contrast of 7.0 = 0.8 mag at
a separation of 200 mas, and we were background limited with an average magni-
tude contrast of 8.9 + 0.9 mag at separations larger than 1”. Because of the missing
sky frames and the imperfect background subtraction, a slight decrease of the con-
trast performance was observed for all datasets. This was the case for separations
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larger than 3" and the strength of the effect in of the order of half a magnitude.
The detailed contrast performance for each individual target evaluated at discrete
separations of 0”2, 0”5, 10, 2'/0, and 570 is presented in Table 2.3. We converted
the magnitude contrast into mass limits by the same metric as illustrated in Sec-
tion 2.4.2 using AMES-Cond, AMES-Dusty, and BT-Settl models (Allard et al. 2001;
Baraffe et al. 2003). The corresponding contrast curves for each individual target are
presented in Appendix 2.B.

For almost all targets within the sample we were sensitive to stellar companions
with masses higher than 0.1 M, at separations larger than 0”5, and for most of them
we even reached the threshold to the regime of brown dwarfs around 0.08 M. In the
five cases where we did not achieve this sensitivity, this was caused by the large dis-
tances to the corresponding targets of more than 350 pc and/or poor AO conditions.
It is clear that the sensitivity achieved in only 2565 of integration with SPHERE in
mediocre conditions outperformed similar studies based on lucky imaging or con-
ducted with other AO-assisted instruments.

2.5 Discussion

2.5.1 Multiplicity rate

We derived a multiplicity rate of 55.41“8:2 % from our sample of exoplanet host stars.
This value seems to be higher than estimates of many previous near-infrared surveys
targeting transiting exoplanet host stars to search for stellar companions, which de-
rive multiplicity fractions of 21 & 12 % (Daemgen et al. 2009), 38 &= 15 % (Faedi et al.
2013a), 29 £ 12 % (Bergfors et al. 2013), and 33 & 15% (Adams et al. 2013) among
their samples. Although the sample sizes of these studies were considerably smaller
than the number of targets studied within the scope of this survey, this discrepancy
in multiplicity rates most likely originates from the incompleteness of these previous
surveys. As most of these programs were carried out using lucky-imaging strategies
or with the first generation of AO-assisted imagers, the sensitivity achieved at small
separation to the host stars was lower than that achievable with SPHERE. A more
accurate assessment of this incompleteness was presented by Ngo et al. (2015), who
derived a raw multiplicity fraction of 34 &7 % for their sample of 50 transiting exo-
planet hosts. After simulating the population of binaries that were missed because
of the instrument sensitivity and limited field of view, they presented a corrected
fraction of 49 £ 9 % instead. This value agrees very well with the rate derived from
our sample because we already considered previously detected companions outside
of the SPHERE field of view for the statistical analysis.

2.5.2 Hot Jupiter host stars

A large sub-sample of the targets studied within this survey are host stars to tran-
siting hot Jupiters. To study all stars from our sample that harbor giant planets
with masses higher than 0.1 My, and semi-major axes smaller than 0.1au, we only
needed to dismiss K2-2, K2-24, K2-38, K2-99, and WASP-130 from the original set.
Reiterating the analysis as described in Section 2.4.3 provided a multiplicity rate of
54.8f8:g % for this sub-sample of hot Jupiter hosts. Consequently, we aimed to assess
whether this sub-sample of 40 targets is representative for the general population of
host Jupiter host stars.
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Figure 2.11: Histograms of hot Jupiter (HJ) system properties. We compare the targets analyzed
within the scope of this study (orange bars) to a general sample of hot Jupiter environments (blue
bars). In the top panel the relative frequency distributions of stellar masses M,, radii R,, and
effective temperatures Toi among both samples are presented. The lower panel shows properties
of the transiting companions such as planetary masses Mp,, planetary radii Rp, and orbital periods
P . In the upper part of each plot, we present the 68 % confidence intervals around the medians
of the corresponding distributions.

As described in Section 2.1, our target selection was purely restricted by the po-
sition on sky because we required the objects to be observable with the VLT, and
the targets’ R band magnitude to enable AO-assisted imaging. All hot Jupiter host
stars that met these criteria were observed within this survey, even if they had been
considered in previous studies. To further evaluate the quality of our sub-sample, we
compiled a control group of 366 objects from the Exoplanet Orbit Database (Han et al.
2014), considering all hosts to transiting planets with masses higher than 0.1 Mj,p and
semi-major axes smaller than 0.1au. We compared our sub-sample of hot Jupiters
to the control group using six observables, of which three describe properties of the
hosts and three characterize the transiting giant planets. These parameters are the
stellar masses My, stellar radii R, effective temperatures T.¢, planetary masses Mp,
planetary radii Rp, and orbital periods P. In Figure 2.11 we present the relative fre-
quency distributions of these observables among control group and targets used for
this study. There seems to be a trend towards slightly higher mass stars in our sam-
ple with respect to the general population of hot Jupiter hosts. This agrees well with
the applied magnitude cutoff, which induces a marginal bias towards brighter and
thus more massive host stars. The same trend is marginally detected for the plane-
tary properties as well. Nevertheless, the distributions of all observables presented
in Figure 2.11 agree well between our sample and the control group, and the 68 %
confidence intervals we determined for both samples intersect significantly for each
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of the parameter distributions. We therefore argue that the targets analyzed within
the scope of this study can be considered a good representation of typical hot Jupiter
systems.

2.5.3 Correlation between stellar multiplicity and exoplanet eccentricities

Nine systems in our sample harbor a transiting exoplanet that shows a non-zero
eccentricity. To test theories on the formation of these particular systems, we eval-
uated the multiplicity rates among these environments and in comparison to the
systems that do not have any known eccentric transiting planets. For this purpose,
we repeated the analysis from Section 2.4.3 for the two sub-samples of eccentric and
non-eccentric planet host stars. From this analysis we obtained multiplicity rates of
44ﬂg % and 58f?1 % for the systems that host eccentric planetary companions and
those that do not, respectively. The large uncertainties on especially the first value
arise from the very limited sample size of nine systems with the required properties.
Nevertheless, there is no statistically significant difference between the multiplicity
rates amongst eccentric and non-eccentric sub-samples. This agrees well with previ-
ous results from Ngo et al. (2015) and Ngo et al. (2017).

2.6 Conclusions

We have observed a sample of 45 transiting exoplanet host stars with the IRDIS
instrument of VLT /SPHERE to search for stellar companions. Our results are listed
below.

* We detected 11 CCs that had been identified by previous studies around 10
targets of our sample. For these CCs, we were able to confirm 9 as co-moving
binaries with common proper motion, proving HAT-P-41, HAT-P-57, WASP-2,
WASP-8, WASP-54, WASP-70, WASP-76, and WASP-111 to be multiple systems.
One candidate around WASP-7 has been confirmed to be a background object.
The status of a very bright and close companion to WASP-20 is still ambiguous
because only one epoch of astrometric data was available. Synthetic stellar
population models, however, suggest that WASP-20 B is a gravitationally bound
binary, which is in agreement with the conclusions from Evans et al. (2016b).

* We detected 16 candidates that have not been reported by previous studies.
These candidates are distributed among 13 different systems. By combining
SPHERE and Gaia astrometry, we were able to show that WASP-123 is a binary
system, whereas we could prove CCs around WASP-87 (CC 2) and WASP-108
(CC 2) to be background objects. For new CCs detected around K2-38, WASP-
72, WASP-80, WASP-88, WASP-108 (CC 1), WASP-118, WASP-120, WASP-122,
WASP-120, WASP-131, and WASP-137 too few astrometric measurements were
available to prove common proper motion at 50 significance. Based on stellar
population synthesis models, we derived the probability that the candidates
are instead background contaminants. The most promising candidates with
background probabilities lower than 0.1% were detected around WASP-131,
WASP-72, and WASP-118.

¢ Additional proper motion checks need to be performed to test the companion-
ship of these newly identified candidates and WASP-20 B.



2.A. Observational setup

* We derived detection limits for all of our targets and showed that we reach
an average magnitude contrast of 7.0 £ 0.8 mag at a separation of 02, while
we were background limited for separations about 1”70 with an average mag-
nitude contrast of 8.9 £ 0.9mag. For each individual target we converted the
derived contrast into a threshold of detectable mass by applying AMES-Cond,
AMES-Dusty, and BT-Settl models depending on the effective temperature of
the object. For 40 targets, we were able to exclude companions with masses
higher than 0.1 M, for separations that are larger than 0”5, and in 20 cases we
reached the lower mass limit for potential stellar companions of approximately
0.08 M.

¢ Based on our results, we derived a stellar multiplicity rate of 55.45’:2 % among
our sample, which agrees well with results from previous surveys. For the
representative sub-sample of 40 host stars to transiting hot Jupiters, the derived
multiplicity fraction is 54.8'_"8:8 %.

¢ We did not detect any correlation between the multiplicity of stellar systems
and the eccentricity of planets that are detected around these stars.

We have shown that SPHERE is a great instrument for carrying out studies like
this. The precision of the Gaia mission, especially the claimed performance of future
data releases, is also a valuable tool to find stellar companions to exoplanet host
stars.

In a companion work (Southworth et al. 2020) we will revisit the systems for
which we have identified relatively bright nearby companions in the current work.
We will use new and existing photometric and spectroscopic observations to redeter-
mine the properties of the systems, corrected for the light contributed by the nearby
companion stars.

2.A Observational setup

The detailed observational setup and the weather conditions of the individual obser-
vations are presented in Table 2.4.

2.B Individual detection limits

The detection limits for each individual target are presented in Figure 2.12. We used
AMES-Cond, AMES-Dusty, and BT-Settl models (Allard et al. 2001; Baraffe et al.
2003) as illustrated in Section 2.4.2 to convert magnitude contrast into detectable
Jupiter masses. The data used for creating these plots will be published online in the
Strasbourg astronomical Data Center (CDS).
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Figure 2.12: Detection limits of individual targets. We convert projected angular separations into
projected physical separations using the distances presented in Table 2.1. The mass limits arise
from comparison to AMES-Cond, AMES-Dusty, and BT-Settl models as described in Section 2.4.2.
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Figure 2.12 (continued).
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Figure 2.12 (continued).
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CHAPTER 3

Discovery of a directly imaged disk in
scattered light around the Sco-Cen
member Wray 15-788

ROTOPLANETARY disks are the birth environments of planetary systems. There-
fore, the study of young, circumstellar environments is essential to under-
standing the processes taking place in planet formation and the evolution

of planetary systems. We detect and characterize circumstellar disks and potential
companions around solar-type, pre-main sequence stars in the Scorpius-Centaurus
association (Sco-Cen). As part of our ongoing survey we carried out high-contrast
imaging with VLT /SPHERE/IRDIS to obtain polarized and total intensity images of
the young (1136 Myr old) K3IV star Wray 15-788 within the Lower Centaurus Crux
subgroup of Sco-Cen. For the total intensity images, we remove the stellar halo via an
approach based on reference star differential imaging in combination with principal
component analysis. Both total intensity and polarimetric data resolve a disk around
the young, solar-like Sco-Cen member Wray 15-788. Modeling of the stellar spectral
energy distribution suggests that this is a protoplanetary disk at a transition stage.
We detect a bright outer ring at a projected separation of ~370 mas (= 56 au), hints
of inner substructures at ~170mas (=~ 28au), and a gap in between. Within a posi-
tion angle range of only 60° < ¢ < 240°, we are confident at the 50 level that we
detect actual scattered light flux from the outer ring of the disk; the remaining part
is indistinguishable from background noise. For the detected part of the outer ring
we determine a disk inclination of i =21° £ 6° and a position angle of ¢ =76° +16°.
Furthermore, we find that Wray 15-788 is part of a binary system with the A2V star
HD 98363 at a separation of ~50” (~ 6900 au). The detection of only half of the outer
ring might be due to shadowing by a misaligned inner disk. A potential substellar
companion can cause the misalignment of the inner structures and can be responsible
for clearing the detected gap from scattering material. However, we cannot rule out
the possibility of a non-detection due to our limited signal-to-noise ratio, combined
with brightness azimuthal asymmetry. From our data we can exclude companions
more massive than 10 My,, within the gap at a separation of ~230mas (~35au).
Additional data are required to characterize the disk’s peculiar morphology and to
set tighter constraints on the potential perturber’s orbital parameters and mass.
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3.1. Introduction

3.1 Introduction

In the past few years, the second generation of high-contrast imaging instruments
such as the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE, Beuzit
et al. 2019) instrument and the Gemini Planet Imager (GPI, Macintosh et al. 2015)
have resolved and characterized several disks around young, pre-main sequence
stars (e.g., Avenhaus et al. 2018; Millar-Blanchaer et al. 2017). These range from
warm, gas-rich protoplanetary disks around young stars of ages usually lower than
10 Myr (Andrews et al. 2012) to cold debris disks around more evolved stars where
the primordial gas has already dissipated (Matsuyama et al. 2003; Wyatt et al. 2003).
Since planets form within protoplanetary disks (Goldreich & Ward 1973), the char-
acterization of circumstellar environments and the search for planetary mass com-
panions is closely related. The study of young stellar systems, therefore, gives us an
understanding of the initial conditions of planet formation.

With a mean distance of ~130pc (de Zeeuw et al. 1999) and an average age
of 14 £3Myr (Pecaut & Mamajek 2016), the Scorpius-Centaurus association (Sco-
Cen, de Zeeuw et al. 1999) is one of the closest sites of recent star formation to the
Sun. Therefore, Sco-Cen is an ideal region when it comes to the search for young,
luminous planets or protoplanetary and early debris disks. Pecaut & Mamajek (2016)
identified and characterized 156 new K-type star members of Sco-Cen. One object in
this sample is the emission-line star Wray 15-788 (2MASS J11175186-6402056, Hen 3-
632), which is located in the Lower Centaurus-Crux (LCC) subgroup of Sco-Cen
(Mamajek et al. 2013a; Pecaut & Mamajek 2016). It was discovered as an Ha emission
object by Wray (1966) and was confirmed within the study of southern emission line
stars by Henize (1976). The star is of spectral type K3IVe, has a mass of 1.2 My
(Pecaut & Mamajek 2016), and a distance of 139.7 = 0.5 pc (Gaia Collaboration et al.
2018). In addition, Pecaut & Mamajek (2016) determined an age of 4 Myr, which is
likely an underestimate. A more accurate age may be obtained by using evolutionary
models that include magnetic fields (Feiden 2016) as presented in Section 3.5.1 of this
work. Table 3.1 summarizes the most important stellar parameters of Wray 15-788.

In Section 3.2 we describe the SPHERE data we obtained on Wray 15-788 and
Section 3.3 explains our applied data reduction techniques. Thereafter, we present
our observational results in Section 3.4 and an analysis of these data is given in
Section 3.5. Furthermore, we show the association of Wray 15-788 as a comoving
companion to the main sequence star HD 98363 and derive new estimates for ages
and masses of both objects. A model of the stellar spectral energy distribution (SED)
is also presented in Section 3.5. Finally, we discuss our results in Section 3.6 and
present the conclusions of the article in Section 3.7.

3.2 Observations

All our observations were performed with SPHERE, which is mounted on the Nay-
smith platform of Unit 3 telescope (UT3) at ESO’s VLT. To obtain diffraction lim-
ited data, SPHERE is assisted by the SAXO extreme adaptive optics system (Fusco
et al. 2006; Petit et al. 2014). In particular, we made use of the infrared dual-band
imager and spectrograph (IRDIS; Dohlen et al. 2008), which was operated in both
dual-polarization imaging (DPI; Langlois et al. 2014) and classical imaging (CI; Vi-
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Table 3.1: Stellar parameters of Wray 15-788 and HD 98363.

Parameter Value Reference(s)
Wray 15-788 HD 98363
Right Ascension (J2000) 11:17:51.87 11:17:58.14 1)
Declination (J2000) -64:02:05.60 -64:02:33.35 1)
Spectral Type K3IVe A2V (2,3)
Mass [Mo] 126709 1.920.98 2,4)
Effective Temperature [K] 4 5493%2 8 8303‘;’; (2,4)
Luminosity [Le] 0.91%007 1496113 24)
Age® [Myr] 11+1e 11+ (2,4)
Parallax [mas] 7.159 + 0.027 7.215 +0.034 1)
Distance [pc] 139.126 + 0.52 138.044 + 0.66 (1,5)
Proper motion (RA) [mas] —28.583 + 0.042 —28.491 £+ 0.053 1)
Proper motion (Dec) [mas] —1.411 +0.040 —0.795 + 0.051 D
V [mag] 11.89 £0.08 7.85+0.01 (2,6,7)
B —V [mag] 1.11 +0.09 0.18 £ 0.01 (2,6,7)
J [mag] 9.39 +£0.02 7.53 +£0.02 2,8
H [mag] 8.59 +0.04 7.48 +0.03 (2,8)
Ks [mag] 8.18+0.03 7.50 £ 0.02 (2,8)
W1 [mag] 7.75 4 0.02 7.36 4 0.03 2,9)
W2 [mag] 7.49 +0.02 7.43 +0.02 2,9
W3 [mag] 6.42 +0.02 6.93 +0.02 2,9
W4 [mag] 3.88 £0.02 4.64 +£0.02 (2,9

Notes. @ The primary, HD 98363, has a most likely age of 11 Myr, but since the error bars
of the primary overlap the main sequence in the Hertzsprung-Russell diagram, the 95% con-
fidence range of 22 Myr to 480 Myr does not contain the mode. Given its membership in
Sco-Cen, this is not a useful age constraint. The secondary, Wray 15-788, is in a stage of evolu-
tion where we can place meaningful limits on the age, so we adopt the system age as that of

the secondary, 11 Myr with 95% CL range of 11f;6 Myr.

References. (1) Gaia Collaboration et al. (2018); (2) Pecaut & Mamajek (2016); (3) Houk &
Cowley (1975); (4) Section 3.5.1 of this work; (5) Bailer-Jones et al. (2018); (6) Henden et al.
(2012); (7) Hog et al. (2000); (8) Cutri et al. (2012a); (9) Cutri et al. (2012b)



3.2. Observations

Table 3.2: Observations of Wray 15-788 carried out with SPHERE/IRDIS.

Observation date Mode” Filter NDIT x DIT? Artt {w)? (X)° (o)
(yyyy-mm-dd) (1xs) () () (ms)
2018-05-14 CI H 4%32 0.86 0.86 1.30 2.55
2018-05-14 CI Ks 4x32 0.87 0.85 1.30 2.15
2018-06-05 DPI H 4x64 - 0.99 1.30 1.48

Notes. @ Observation mode is either classical imaging (CI) or dual-polarization imaging (DPI).
() NDIT describes the number of dithering positions and DIT is the detector integration time
per dithering position. ) A7t describes the amount of field rotation during the observation, if
it is carried out in pupil-stabilized mode (only valid for CI observations). @ (w) denotes the
average seeing conditions during the observation. ) (X) denotes the average airmass during
the observation. ) (1y) denotes the average coherence time during the observation.

gan et al. 2010) modes to obtain high-contrast polarized and total intensity images of
the system. A detailed description of the observations is presented in Table 3.2.

3.2.1 Classical imaging

The CI observations (PI: M. A. Kenworthy) were obtained on May 14, 2018, within
a larger program looking for planetary mass companions around solar-type stars in
Sco-Cen (Bohn et al. in prep). The target was observed in good weather conditions
with two broadband filters in the H and K; band (Filter IDs: BB_H, BB_Ks) for 128 s
each. The central wavelengths of the filters are A’=1625.5nm and A%-2181.3nm
with bandwidths of AA=291.0nm and AAX:=313.5nm, respectively. To reduce the
effect of bad detector pixels, a dither pattern on a 2x2 grid with 1pixel spacing
was applied during the observation. Additionally, an apodized pupil Lyot corona-
graph (Soummer 2005; Carbillet et al. 2011; Guerri et al. 2011) with a diameter of
185 mas (Coronagraph ID: N_ALC_YJH_S) was used to block the central flux of the star.
The observations were carried out in pupil-stabilized mode, but the amount of field
rotation during the observation was less than 1°. To model the thermal sky and
instrument background, an additional exposure with the science setup was taken at
an offset sky position without any source. Center frames were obtained, for which
a sinusoidal pattern was applied to the deformable mirror in order to create four
calibration spots around the target’s position behind the coronagraphic mask. In
addition, we obtained unsaturated, non-coronagraphic flux frames of the star with a
neutral density filter (Filter ID: ND_1.0) in place to avoid saturation of the detector.

3.2.2 Dual-polarization imaging

The DPI observation (PI: M. Benisty) was carried out on the night of June 5, 2018,
under very poor weather conditions. We obtained one polarimetric cycle, which
consists of one image for each of the four half-wave plate positions (0°, 45°, 22.5°,
and 67.5°) with an exposure time of 64s each. Furthermore, we applied the same
coronagraph and broadband filter in H band as was used for the CI observations.
In a similar manner as described before, we also obtained additional center and sky
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frames for the DPI observation. The DPI cycle was conducted in field-stabilized
mode.

3.3 Data reduction

Both CI and DPI data were reduced by a personal processing pipeline based on
the new release of the PynPoint package (Stolker et al. 2019). This included basic
image processing steps such as flat fielding and sky subtraction for both CI and DPI
data. Furthermore, a simple bad pixel correction was applied by a 50 box filtering
algorithm (based on the IDL routine of Varosi & Gezari 1993).

3.3.1 Classical imaging

The dithering offsets of the science images to the center frame were registered and
all frames were aligned accordingly. Afterwards, the aligned science images were
centered with respect to the star’s position behind the coronagraph. This position
was determined as the center of the four calibration spots within the additionally
obtained center frame (see Langlois et al. 2013). Because IRDIS was operated in CI
mode, we obtained two copies of the coronagraphic stellar point spread function
(PSF) simultaneously for each exposure (see Dohlen et al. 2008). To compensate for
bad pixel introduced noise, we averaged the two centered PSFs from both detector
sides for each individual exposure. Finally, we removed the stellar halo and instru-
mental artifacts by an approach based on reference star differential imaging (RDI,
Smith & Terrile 1984; Lafreniere et al. 2007a). Within a larger survey for planets
around solar-type stars (PL: M. A. Kenworthy), in Sco-Cen we observed 26 and 12
stars in H and K; band, respectively. A detailed list of these reference stars and
the observing conditions is presented in Appendix 3.A. The stars are very similar
to Wray 15-788 in terms of spectral type, mass, age, distance, position on sky, and
apparent magnitude. Furthermore, they were observed with exactly the same ob-
servational setup as for Wray 15-788. Therefore, we created a library from these
reference targets, on which we applied principal component analysis (PCA; Amara
& Quanz 2012; Soummer et al. 2012). Thereafter, the PSF of Wray 15-788 in each
science frame was modeled as linear combination of the first m principal compo-
nents (PCs) from the reference library (RDI+PCA; e.g., Choquet et al. 2014). These
PSF-models were subtracted from the science images, the residuals were de-rotated
according to their parallactic angle and median combined. For characterization of
disks at low inclination, this technique has proven superior to algorithms based on
angular differential imaging (Marois et al. 2006a), which leads to undesirable self-
subtraction effects from radial symmetric parts of the disk (Choquet et al. 2014).
An additional constant rotation of 135999 in the counterclockwise direction was ap-
plied to correct for the instrument’s offset angle included to align the pupil with the
Lyot stop!. We used the general astrometric solution for IRDIS with a plate scale
of 12.251 4+ 0.009 mas per pixel and 12.265 4= 0.009 mas per pixel for H and K band,
respectively, as well as a true north correction of —1°75 & 0°08 according to Maire
et al. (2016).

IThis value is obtained from the latest version of the instrument manual: https://www.eso.org/sci/
facilities/paranal/instruments/sphere/doc.html
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Figure 3.1: Reduced SPHERE images of Wray 15-788. All frames show the same region on the
sky with a field of view of approximately 1”739 x 1”739. The star is positioned in the center of each
image. An artificial mask with a diameter of ~196 mas is applied to obscure the coronagraph and
leaking flux close to it. The images are scaled with 2 according to the deprojected separation
of the disk to star in the center of the image. The scaling is corrected for an inclination of 21°
and a position angle of 76°, as derived in Section 3.5.3. In each image north is up and east is
left. An arbitrary linear color scale is applied, which is normalized to the maximum flux in each
frame. Images a and b show the results obtained with SPHERE in Cl mode applying a broad H-
and Ks-band filter, respectively. The stellar point spread function was reconstructed by a fit of 20
principal components obtained from a library of reference stars. In the bottom panel we present
the results obtained from SPHERE DPI data in H band. Images ¢ and d show the Stokes Q and
U parameters for linear polarization, respectively. Both polarimetric results are smoothed with
a Gaussian kernel having a FWHM of ~50mas. This is equivalent to the theoretical SPHERE
FWHM in H band.

3.3.2 Dual-polarization imaging

The reduction of the DPI data was carried out following the description given in
Ginski et al. (2016b).

3.4 Observational results

The results of our data reduction are presented in Figure 3.1. For both CI and DPI,
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an artificial mask with a diameter of ~196 mas is applied to hide the innermost parts
of the images that are obscured by the coronagraphic mask and polluted by leaking
flux around it. Furthermore, each pixel is scaled by the squared, deprojected radial
separation to the image center to account for intensity loss in scattered light and
to highlight features of the disk. For a correct deprojection we use an inclination
of 21° and a position angle of 76° following our disk fitting results presented in
Section 3.5.3.

3.4.1 CI data

In frame a and b of Figure 3.1 we present the SPHERE/CI results in H and K band,
respectively. We modeled the stellar PSFs with 20 PCs? from our reference library
and subtracted these models afterwards. A bright disk that shows several features is
detected in both filters. The most prominent are the following:

(i) Ring A: a bright outer arc at an average projected separation of ~370mas that
is brightest southeast of the star and indistinguishable from background noise
in the northwest;

(ii) Ring B: a tentative circular inner ring at an average projected separation of
~170mas;

(iii) a gap in between the two rings.

An annotated image of the disk, in which the main features are highlighted, is pre-
sented in Figure 3.2. All these detected features of the disk are analyzed in depth in
Section 3.5.3, and discussed in Section 3.6.

3.4.2 DPI data

In frames ¢ and d of Figure 3.1 we present Stokes Q and U parameters of the
SPHERE/DPI data. To increase the signal-to-noise ratio in the poor quality observa-
tions, we smoothed the images with a Gaussian kernel that has a full width at half
maximum (FWHM) of ~50 mas. This corresponds to the diffraction limited size of
the SPHERE PSF in H band. Both polarimetric results reveal a strong butterfly-like
pattern, approximately centered at the star’s position behind the coronagraph. This
agrees with what we expect of azimuthal linear polarization of light scattered by
a circumstellar disk. The positive flux extends down to the artificial mask that we
have applied in the image center. However, this does not necessarily mean that we
receive scattered light flux from all separations down to the mask’s radial separa-
tion of ~98 mas, due to the poor weather conditions and the previously performed
smoothing. Furthermore, an excess of flux in the southeastern part compared to
the northwestern part of the disk is detected in the Q and U images, which agrees
very well with the shape of ring A that we detect in the CI results. Moreover, the
scattered light flux in the DPI result seems to extend farther out compared to the
distinct shape of ring A in the CI results. Whether this extended structure is real or
just caused by the applied smoothing and due to the poor weather conditions during
the observation will be analyzed in Section 3.5.3.

2We optimized the number of fitted principal components in order to achieve the best contrast inside
the possible disk gap at a projected separation of ~220 mas.
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Figure 3.2: Annotated version of Figure 3.1 b. The discussed features of the disk are highlighted.

3.5 Analysis
3.56.1 Association of Wray 15-788 with HD 98363

In our investigation we discovered that Wray 15-788 is part of a multiple system with
the A2V star HD 98363 (HIP 55188). HD 98363 is a main sequence star of spectral
type A2V (Houk & Cowley 1975), and de Zeeuw et al. (1999) had identified it as a
member of LCC based on Hipparcos astrometry. Tetzlaff et al. (2011) estimated an
isochronal age of 13.0 £ 3.7 Myr to HD 98363 and constrained a mass of 2.0 + 0.1 M.
Considering binarity with Wray-15-788, our aim is to derive new estimates for these
parameters. All the important stellar properties are listed in Table 3.1.

Our companionship analysis is based on parallaxes and proper motions from
Gaia DR2 (ICRS, epoch 2015.5, Gaia Collaboration et al. 2018), which are listed in
Table 3.1 as well. The calculated separation of the binary is 49”/64974 4 0.05 mas and
the distances agree within 1.08 £ 0.84 parsec, statistically consistent with these two
stars being co-distant. The differential velocity in the plane of the sky between the
two stars is 0.623 +0.462 mas/year. An estimate of the orbital period of the binary
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Figure 3.3: Hertzsprung-Russell diagram for the binary system of Wray 15-788 and HD 98363.
We plot pre-main sequence tracks and isochrones according to Feiden (2016) to constrain masses
and ages of the companions.

with a separation of 6900 au is around 330 kyr, with a circular orbital velocity of 0.63
km/s, which is 0.001 mas/year. This is marginally consistent with the differential
velocity of the two stars above. So, Wray 15-788 is actually HD 98363 B: a stellar
companion to HD 98363.

Furthermore, Chen et al. (2012) detected a debris disk around HD 98363 based
on 24 pym and 70 pm photometry from Spitzer MIPS (Werner et al. 2004; Rieke et al.
2004). Modr et al. (2017) reported a non-detection of CO with an upper limit of
0.036 Jy km/s on the integrated line flux of '2CO J=2-1. This gas-poor debris disk
around HD 98363 is especially interesting due to our finding of a disk around
Wray 15-788. A discussion of this special binary system with two hosts of circum-
stellar disks is presented in Section 3.6.3.

To derive consistent masses and ages of the binary system we analyzed the two
stars within an Hertzsprung-Russell diagram, as presented in Figure 3.3. We esti-
mated the masses and ages using Feiden/Dartmouth tracks (Feiden 2016). These
models include magnetism below 1.7 M and yield a consistent age for the Upper
Scorpius subgroup of Sco-Cen (Feiden 2016). Therefore, they define a good basis for
an analysis of our two LCC objects. Using a flat age and Maschberger (2013) ini-

tial mass function as priors, we obtain masses of 1.261“8:% Mg and 1.92J_r8:8§ M, for

Wray 15-788 and HD 98363, respectively. Furthermore, we obtain an age of 111“%6 Myr
for the two companions, apparent in Figure 3.3.



3.5. Analysis

1.0

107° 107°

——r
—e
IIIIIII

AF(A) [erg/s/cm?]

Fitted stellar SED
IR excess
Corrected IR excess

IRAS upper limits
Coelho stellar model

r IR excess BB fit

\ 10-11

10—11

T T T T
|< e H O
MR |

-
!

10.0
A [um]

A ol

1.0

Figure 3.4: De-reddened spectral energy distribution of Wray 15-788. The blue curve shows a

Coelho stellar model (Coelho 2014) with T =4250K, log(g) =4.5, [Fe/H] =0, [«/Fe]=0, and
Ay =0.74 that is fitted to the red data points from the APASS, Gaia, 2MASS, and DENIS

photometry. The gray squares denote flux measurements from WISE, IRAS, AKARI/FIS, and
AKARI/IRC, and the brown triangles provide upper limits from IRAS. Three blackbodies with
Tqust1 = 969K, Tyyusto =83 K, and Ty,e3 =25K were simultaneously fitted to the green data
points that denote the object’s far-infrared excess, corrected for stellar contamination. The indi-
vidual blackbody functions are indicated by the dashed gray lines, whereas their sum is presented

by the solid orange curve.

3.5.2 SED modeling
We obtained the available SED of Wray 15-788 presented in Figure 3.4. It is rather
well sampled by photometry from APASS (Henden & Munari 2014), Gaia (Gaia Col-
laboration et al. 2018), 2MASS (Cutri et al. 2012a), and DENIS (Epchtein et al. 1997)
for wavelengths up to approximately 2 um; however, we only have a few data points
from WISE (Cutri et al. 2012b), IRAS (Neugebauer et al. 1984), AKARI/FIS (Murakami
et al. 2007; Kawada et al. 2007), and AKARI/IRC (Murakami et al. 2007; Ishihara et al.
2010), and additional upper limits from IRAS for wavelengths longer than this. In
particular, there is no data available beyond 160 pm.
To evaluate whether the system is a potential gas-rich protoplanetary disk, we
aimed to derive the fractional infrared luminosity
_ Lr (3.1)

f L*I
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where Lig and L. denote the bolometric luminosities of the infrared excess and the
star, respectively. To get accurate estimates of both bolometric luminosities, we fitted
the stellar spectrum and the infrared contribution to the SED due to circumstellar
material individually with a suitable model.

Analyzing the SED with VOSA (Bayo et al. 2008) indicates an infrared excess for
wavelengths longer than W1 (AZ‘” =3.35um). Thus, we only used the data points at
wavelengths shorter than this to fit the spectrum of the star. For this purpose we ap-
plied a Coelho stellar model (Coelho 2014) that depends on effective temperature T,
surface gravity log(g), and the metallicity parameters [Fe/H] and [« /Fe] of the star.
Furthermore, we assumed a total extinction Ay in the range of 0.5mag;j Ay j1.5mag,
in agreement with Ay =0.88 +0.18 mag as determined by Pecaut & Mamajek (2016)
for Wray 15-788. The x? fit yields a template stellar spectrum with T.g=4250K,
log(g)=4.5, [Fe/H]=0, [a/Fe]=0, and Ay =0.74, which is represented by the blue
line in Figure 3.4. These model parameters agree very well with the stellar proper-
ties of Wray 15-788 determined by Pecaut & Mamajek (2016) and within the scope
of this work as presented in Section 3.5.1. The red points in Figure 3.4 show the
fitted photometric data points from APASS, Gaia, 2MASS, and DENIS, for which a
de-reddening according to the best fit stellar model was applied. The gray squares
and brown triangles represent the infrared flux of the system and upper limits to it,
respectively.

To determine Lz we focused on the excess at wavelengths longer than 2 um. First,
we corrected the available data points for the contamination by stellar flux using the
best fit Coelho stellar model that we had found for the star. The corrected data is
presented by the green dots in Figure 3.4. To model the infrared SED of circum-
stellar material around Wray 15-788 we used three individual blackbodies: one to
account for a hot, inner component at wavelengths between 2pm and 10 pm, and
two additional blackbodies to characterize the colder, outer parts of the disk. The
corrected data was fitted by the sum of these blackbody functions using a Leven-
berg-Marquardt non-linear least-squares solver (Levenberg 1944; Marquardt 1963)
and taking the inverse of each data point’s uncertainty as corresponding numerical
weight. This yields a best fit result with effective blackbody temperatures of 969K,
83K, and 25K. The individual blackbodies are indicated by the gray dashed lines in
Figure 3.4 and their sum is represented by the solid orange curve.

Integrating the stellar model and the fit of the infrared excess over the entire spec-
tral range yields a fractional infrared luminosity of f 2 0.27. Due to the incomplete
SED for wavelengths longer than 160 pm this value has to be interpreted as a lower
threshold.

3.5.3 Imaging data

Both classical and dual-polarimetric imaging results confirm a resolved, asymmetri-
cal, disk-like structure around Wray 15-788. Consequently, we tried to quantify the
reliability of the features detected in Figure 3.1.

Ring A

Ring A of the disk is detected with SPHERE/CI in the H and Ks bands, and the
butterfly patterns in Stokes Q and U frames from SPHERE/DPI are a strong con-
firmation of a scattering, disk-like structure around Wray 15-788. Due to the higher
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Table 3.3: Ellipse fit parameters.

Parameter Explanation

(6x,6y) Center offset from the star position
a Semimajor axis

b Semiminor axis

[ Position angle of the semimajor axis

signal-to-noise ratio of the disk detection, we restricted our subsequent analyses to
the the Ks;-band data.

Disk fitting To determine the inclination of the disk, we fitted ring A by an elliptical
aperture. For this purpose, we used the SPHERE/CI K;-band result (see Figure 3.1 b).

We smoothed the images with a Gaussian kernel having a FWHM of 55mas,
which corresponds to the theoretical size of the instrument’s PSF in Ks band. To
focus the fit only on the actual signal of the disk, an inner and outer mask were
placed around ring A. The mask’s inner and outer radii were set to 0”31 and 0”47,
respectively. Afterwards, we split the image in 100 azimuthal slices, centered at the
star’s position. Within each slice, we determined the pixel of maximum flux. In
order to reject background signal we set a lower threshold that corresponds to the
median flux at the pixel’s separation to the star. Finally, an ellipse was fitted to the
remaining pixels of maximum flux by a linear least-squares algorithm according to
the implementation of Fitzgibbon et al. (1999). We used a model of an arbitrary,
two-dimensional ellipse with five free parameters éx, éy, a, b, ¢. The meaning of
these parameters is explained in Table 3.3. The disk inclination i can consequently
be calculated as

. b
i = arccos <a> . (3.2)

To assess an estimate of the uncertainties on our best fit parameters we assumed
that the locations of the initial positions used for the fit are uncertain to the FWHM
that was applied for smoothing. Therefore, we randomly sampled the initial posi-
tions around the previously used values within a box with the size of the FWHM.
We used a flat prior in the x and y directions, and repeated the fitting procedure
10° times. We obtain symmetric posterior distributions of the ellipse parameters and
use the standard deviation as an estimate for the statistical uncertainties of the fit
parameters.

The best fit values and corresponding uncertainties of the ellipse parameters are
presented in Table 3.4. The fitting yields a disk inclination of i=21° £6° and a
position angle of ¢p=76° £16°. These constraints are rather loose due to the low
inclination of the system and because the data points used for the fit sample less than
half of an ellipse. Additional high-quality data is required to confine this parameter
space.

Disk signal-to-noise ratio estimation As presented in Figure 3.1, the azimuthal
brightness profile of ring A varies widely. Starting north of the star, the disk flux
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Figure 3.5: Signal-to-noise ratio measurements of the disk flux of Wray 15-788. Top: Signal-
to-noise ratio measurements in circular apertures around the best fit ellipse (orange line) for the
Ks-band data from Section 3.5.3. The blue apertures contain flux of ring A according to the
applied 50 criterion, whereas the gray apertures reside within the background dominated regime.
Bottom: Signal-to-noise ratio within the circular apertures from the top panel, sorted by position
angle. The gray and blue areas mark the regimes below and above the 50 threshold to distinguish
background and disk apertures, respectively.
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Analysis

Table 3.4: Best fit parameters of the ellipse fitting.

Parameter

Best fit value

ox [pix]*
6y [pix]

a [pix]
b [pix]
pl[°]
i[°]

096 £1.17
1.12£2.01
32.56 £0.81
30.39 £2.12
76 £ 16

21+6

Notes. @ To convert pixels to projected separations in mas the results must be multiplied with
the pixel scale of the detector, which is 12.265 + 0.009 mas per pixel in Ks band.
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Figure 3.6: Polar projection of the disk around Wray 15-788. Left panel: Polar projection of the
SPHERE/CI result in K band. The image is corrected for the offset and the inclination of the
best fit ellipse to ring A. The white dashed lines indicate the range of position angles in which
we detect scattered light flux from ring A with a signal-to-noise ratio higher than 5. Right panel:
Radial brightness profile of the disk and background noise. The blue curve shows the averaged
disk signal for position angles in the range of 60° < ¢ <240° and the gray curve represents
the average noise over all remaining position angles. The envelopes indicate the corresponding

standard deviations.
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increases with increasing position angle ¢. The maximum intensity of this ring is
located southeast of the star. Thereafter, the flux decreases with increasing position
angle until the disk signal cannot be distinguished from the background noise.

We aimed to determine a range of position angles in which we have a significant
detection of scattered light flux from ring A. Therefore, we used the best fit ellipse
that we had derived earlier and distributed evenly spaced circular apertures along it,
as indicated in Figure 3.5. We measured the mean flux and standard deviation inside
each individual circular aperture. The average flux values y; provide an estimate of
the signal at the position angle of the corresponding aperture. To get an estimate
of the background noise, we performed a sigma clipping on the array of aperture
fluxes. For the clipping we ran five iterations with no lower threshold and an upper
threshold of 1o to exclude strong contamination by disk flux. After this selection,
we calculated the average of the remaining standard deviations for estimating the
background noise o},¢. The signal-to noise ratio (5/N) of each individual aperture is
calculated as

(S/N); = U”Tl 3.3)
g

We applied an arbitrary threshold of (S/N); > 5 for the selection of disk apertures
and rejection of background signal. This selection criterion, however, agrees very
well with the range of position angles, where the disk signal can still be distinguished
from background noise by visual inspection (see Figure 3.1 b).

The bottom panel of Figure 3.5 shows the measured S/N inside each aperture and
compares the values to the applied threshold criterion. Data points in the blue regime
of the plot refer to apertures above the threshold, and are therefore considered to
indicate a detection of scattered light flux from ring A. The gray regime, however,
represents apertures that are dominated by background noise. This color scheme
coincides with the colors chosen for the circular apertures in the top panel of the
figure. Considering these blue apertures, we derive a range of 60° < ¢ <240° in
which we are confident at the 50 level to detect scattered light flux of the disk.

Furthermore, we create an inclination-corrected polar projection of the SPHERE
classical imaging results in K; band as presented in the left panel of Figure 3.6. Av-
eraging over the position angles within the derived range of 60° < ¢ <240° (white
dashed lines) yields the radial brightness profile presented by the blue curve in the
right panel of Figure 3.6. The gray curve presents the average over the remaining
range of position angles in which we do not detect significant disk signal. From
these profiles, it becomes clear that we resolve both the gap and ring A. The latter
even shows some hints for substructures as the averaged flux does not decrease as
steeply in the radially outward direction as it does towards the inward gap. Even
beyond deprojected separations of 0”5 the average flux of the disk signal is signifi-
cantly higher than the average background noise. This is a strong confirmation for
scattering material beyond the sharp edge of ring A, which was already implied by
the DPI data presented in Figure 3.1 ¢ and d.

Additionally, the polar deprojection allowed us to estimate physical separations
of the disk features that we have detected: Ring A has its peak of scattered light
intensity at ~56au, the scattered light flux is lowest inside the gap at ~35au, and
ring B has a separation of ~28 au.
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Ring B

To quantify the significance of the detected inner substructure from the SPHERE im-
agery, we investigated the polar projection presented in the left panel of Figure 3.6.
Between the two white dashed lines at a deprojected separation of ~02, ring B ap-
pears to be partly parallel to the resolved ring A and even has a similar azimuthal
brightness distribution. Therefore, it is possible that we detect parts of an inner
substructure with similar scattering properties. In the remaining range of position
angles, however, the flux received from ring B is significantly smaller and its de-
projected radial separation varies strongly. This is an indication for a symmetrical,
probably non-astrophysical residual around the coronagraph that gets distorted by
the inclination correction that we perform to create Figure 3.6.

To test this hypothesis, we compared our result to data from our reference library,
obtained with the same observational setup. These data were reduced analogously
to the approach we describe in Section 3.3. For each target we applied RDI in com-
bination with PCA and we fitted 20 components for modeling the stellar PSE. All
residuals were averaged individually for both filters and to enhance the comparabil-
ity to our previous results from Figure 3.1, we applied the same radial scaling and
masking of the innermost region. However, we did not perform any de-rotation of
the images. Because all data was obtained in pupil stabilized mode, this approach
ensures proper alignment of potential instrumental artifacts. These reference images
in H and K; band are presented in Figure 3.7.

We detect some features close to the coronagraph in both reference images. The
H-band data shows a rather unstructured speckle pattern similar to the science result
in that filter (compare to Figure 3.1 a), while the Ks-band reference residuals reveal
a faint inner ring at the same projected radial separation of ~170mas, but ring B
that we detect around Wray 15-788 is significantly brighter in the southeast than the
residuals from the reference library. Northwest of the star, however, the intensity
of ring B is equal for Wray 15-788 and the reference stars. This is consolidating our
claim that we actually detect the scattered light flux of an inner substructure south-
west of the star. To quantify this observation, we performed photometry in circular
apertures distributed alongside ring B as indicated in the top panel of Figure 3.8. We
chose a radial separation of ~170mas to the star and each aperture has a radius of
~25mas, which corresponds to the measured width of ring B. These measurements
were performed for both filter combinations and the corresponding reference results.
We determine the average flux and standard deviation per aperture and plot these
as a function of position angle as presented in the bottom panel of Figure 3.8. In H
band no strong differences between the flux around Wray 15-788 and the reference
image can be detected; instead, we observe a significant peak in K;-band. Within a
range of position angles of 120° < ¢ <240° the flux measured in the apertures on
ring B around Wray 15-788 is greater than the flux from the reference image within
the same range of position angles. The determined angular interval lies within the
interval where we detect ring A with a S/N greater than 5. This strengthens the claim
that we actually detect parts of a inner substructure around Wray 15-788. Because
we do not spatially resolve these structures, we cannot make an accurate estimate of
its inclination.

Even though Figure 3.6 implies the detection of another gap interior to ring B,
we do not trust this feature, because it is placed very close to the inner working
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angle (IWA) of the coronagraph of 100 mas (Wilby et al. in prep.). For this reason we
consider it to be an artifact caused by our post-processing strategy.

Gap

For the CI results we detect a significant decrease in flux interior to ring A. Depend-
ing on the position angle, this radial gradient is steepest at a projected separation
of ~250mas. We do not recover this drop in scattered light surface brightness from
the polarimetric dataset, but there are several factors that can explain this behavior
(e.g., non-optimal weather conditions or smoothing with a Gaussian kernel). Fur-
thermore, we can conclude from the polar deprojection of the disk in Figure 3.6 that
we are able to spatially resolve this radial drop in intensity. Because we detect this
decrease in scattered light flux even in data processed without proper subtraction
of the stellar PSF by RDI+PCA (see Appendix 3.B.1), we conclude that it is a real
phenomenon. Possible explanations for this very certain dip in surface brightness
are either a shadowed region or a physical cavity within the disk.

Detection limits

To derive mass limits of an undetected companion to Wray 15-788, we calculated 50
contrast curves using the standard routine of the PynPoint package (Stolker et al.
2019). Artificial companions were obtained from the non-coronagraphic flux images
that we had taken alongside our science observations. They were scaled to correct
for the difference in exposure times and the attenuation of a neutral density filter.
The injection was performed for six evenly spaced azimuthal directions and radial
separations ranging from 0715 to 1” with a step size of 20 mas. We present the 50
detection limits for both CI filters in Figure 3.9. Close to the star, we applied a
correction to account for small sample statistics according to Mawet et al. (2014). The
conversion from magnitude contrast to a detectable mass threshold was performed
using AMES-Cond? atmospheric models of 11 Myr old substellar objects (Allard et al.
2001; Baraffe et al. 2003). We indicate the position of the two rings and the gap in blue
and gray, respectively. Because the structures are not detected face-on, there are small
spatial overlaps between rings and the gap. At the center of the gap we are sensitive
to companions as massive as 10 My, and 15 My, in H and K, band, respectively. At
separations larger than 1”, we can rule out companions more massive than 4 Myp.
We did not apply any correction for reddening and extinction by interstellar matter
or disk material in our analysis.

3.6 Discussion

3.6.1 SED analysis

Pecaut & Mamajek (2016) classify Wray 15-788 as a potential host of a protoplanetary
disk based on two criteria: (i) the Ha emission as an indicator of accretion from a
gas-rich disk and (ii) the presence of an infrared excess in its SED indicative of dust
grains. The EW(Hua) threshold for accretion from Barrado y Navascués & Martin
(2003) for a K3 star is 4.1 A; the measured EW(Ha) from Pecaut & Mamajek (2016)

3The latest version of these models were obtained from https://www.phoenix.ens-1yon.fr/Grids/
AMES-Cond
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Figure 3.9: Magnitude and mass limits (5¢) up to 1 around Wray 15-788. The positions of the
two rings and the gap are indicated in blue and gray, respectively. The magnitude contrast was
converted to an upper mass limit by AMES-Cond models for 11 Myr old objects. Inside the gap
we are sensitive to companions as massive as 10 M, (H band) and 15 M, (K band).

is 10.3 A. The full width at 10% max of the line is 430 km/s (Pecaut, private com-
munication 2018), which exceeds the empirical criterion for accretion of 270 km/s
(White & Basri 2003), and thus is consistent with ongoing accretion. Furthermore,
Pecaut & Mamajek (2016) derive the extent of the infrared excess by determining
the Ks-W3 and K;—-W4 colors from 2MASS (Henden et al. 2012) and WISE (Cutri
et al. 2012b) magnitudes (see Table 3.1). According to the empirical threshold de-
termined by Luhman & Mamajek (2012), a protoplanetary disk is expected to have
excesses exceeding Ks—W3 ;1.5 and Ks—W4;3.2. With K;-W3=1.76+0.04 and K,—
W4=4.3+0.04, Wray 15-788 clearly meets these criteria.

The conclusion that Wray 15-788 hosts a protoplanetary disk is clearly supported
by the analysis of the object’s SED presented in Section 3.5.2. Comparison of the
derived fractional infrared luminosity f 2 0.27 with empirical thresholds of Dominik
et al. (2003) and Lagrange et al. (2000), strongly imposes that Wray 15-788 harbors
a gas-rich protoplanetary disk rather than a debris disk where most of the gas has
already dissipated. Usual fractional infrared luminosities of the latter category are
in all known cases indeed smaller than 10~2. So, Wray 15-788 exceeds this threshold
by more than one order of magnitude.

Furthermore, the fit of the flux at wavelengths longer than 2um as presented
in Figure 3.4 clearly illustrates that the infrared SED of the system cannot be de-

99



3. DISCOVERY OF A DIRECTLY IMAGED DISK AROUND THE ScO-CEN MEMBER WRAY 15-788

100

scribed by a single belt model alone. The excess at near-infrared wavelengths (2 um <
A < 10 pm) modeled by a blackbody with an effective temperature of 969K strongly
indicates the presence of a hot, inner component of the disk around the star (e.g.,
Tilling et al. 2012). Based on the high effective temperature, this inner component
must be located close to the dust sublimation radius, and therefore definitely interior
to the IWA of the applied coronagraph. Thus, we can rule out with high confidence
that ring B, as potentiality detected in the imaging data, is equivalent to this hot inner
component of the disk. Comparing the SPHERE imagery with the object’s SED sug-
gests that ring A and B are represented by the infrared excess at wavelengths longer
than 10 pm.

Around 10 pm there is an apparent dip in the SED that is followed by a positive
gradient towards longer wavelengths. These characteristics of the SED impose a
physical, dust depleted cavity inside the disk that is enclosed by an extended, colder
component of disk material. For these reasons we conclude that Wray 15-788 hosts a
protoplanetary disk at a transition stage (Strom et al. 1989; Furlan et al. 2009).

3.6.2 Disk morphology

The disk around Wray15-788 appears highly asymmetric with flux only detected on
the southeastern side. Because we can detect this asymmetry in the DPI data as
well, and even in the CI data processed without proper subtraction of the stellar
PSF, we can rule out that this appearance is an artifact of our post-processing. These
alternative reductions are presented in Appendix 3.B. Due to the low inclination of
the disk, our observation probes only a limited range of scattering angles, which
should not be significantly smaller than ~50°. In this range of scattering angles
the scattering phase functions of typical disks are flat (see Hughes et al. 2018, for
an extensive overview). Thus, we should receive scattered light from all azimuthal
positions of the disk. This is indeed true even for slightly more inclined debris and
gas-rich disks, such as HD 181327 (i = 32°; e.g., Soummer et al. 2012), PDS 66 (i ~ 32°;
e.g., Schneider et al. 2014; Wolff et al. 2016), V4046 Sgr (i ~34°; e.g., Rapson et al.
2015), or HD 100453 (i = 38°; e.g., Benisty et al. 2017). For PDS 66, Wolff et al. (2016)
measure contrasts in scattered light brightness of 2.1 and 1.6 for H and K1 band,
respectively, between the near and far sides of the disk. Adopting this contrast ratio
for Wray 15-788 shows that we should detect the far side of the disk (northwestern
part) at a S/N higher than 5, because the near side (southeastern part) is detected at
a S/N of approximately 12. As presented in Figure 3.5, this is obviously not the case.
Although we cannot fully rule out the possibility that the asymmetry is caused by
a larger contrast ratio between the near and far sides of the disk so that the S/N in
the northwest drops below our detection ability, it seems unlikely that the apparent
morphology is caused by scattering phase function effects.

We can thus conclude that the asymmetry is either caused by a strong azimuthal
variation in surface density or scale height of the disk, or that a shadow is cast on ring
A by unresolved disk structures interior to the structures we detect in our SPHERE
observations. Azimuthal variations in surface density are regularly observed at
longer (millimeter) wavelengths with ALMA, for example around HD 142527 (Pérez
et al. 2014) or V1247 Ori (Kraus et al. 2017). These azimuthal asymmetries are hy-
pothesized to originate from pressure bumps in the gas that trap large, millimeter-
sized dust particles in the disk midplane. With SPHERE/IRDIS, however, we trace
small, micron-sized dust particles at the disk surface which are much less affected by
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particle trapping in the disk (see, e.g., Pinilla et al. 2016). It is thus unlikely that we
would observe an extreme asymmetry in scattered light. This effect can indeed be
observed, for example for the HD 142527 transition disk where the strong azimuthal
asymmetry in large dust grains is not visible in scattered light (Avenhaus et al. 2014,
Casassus et al. 2015).

This leaves us with the hypothesis that the northwestern side of the visible disk
structure is possibly shadowed by an unresolved part of the disk at separations not
probed by the SPHERE observations. This can be the case if the inner part of the disk
is misaligned with respect to the visible structures. For example, according to Price
et al. (2018), a (sub)stellar companion may cause this misalignment of an inner disk.
Such a misalignement can produce a variety of features from sharp, dark lanes, as
observed in the disks around HD 142527 (Avenhaus et al. 2014), HD 100453 (Benisty
et al. 2017), or HD 135344B (Stolker et al. 2016), to broader wedges, as reported for
PDS 66 (Wolff et al. 2016) or TW Hya (Debes et al. 2017). Recently, Benisty et al. (2018)
showed scattered light images of the circumstellar disk around HD 143006 in which,
analogously to the current case, approximately half of the outer ring is shadowed
by inner disk structures and is thus not detected in scattered light. As presented in
Section 3.5.2, the analysis of the object’s SED strongly indicates the presence of a hot
inner component of the disk, just as required for the proposed shadowing scenario.
However, the absence of narrow lanes implies that if present, the shadowing must be
due to a very small misalignment. To confirm this hypothesis, however, deeper data
is required (e.g., a time series that could show the rotation of the shadowed regions
around the star).

3.6.3 Comparison with HD 98363

As studied by Chen et al. (2012) and Moor et al. (2017), the primary star HD 98363
hosts a gas-poor debris disk. The detected disk around Wray 15-788, however, rather
seems to be a gas-rich protoplanetary disk.

This brings up interesting questions about the evolution of the systems. Assum-
ing both formed at approximately the same time and with similar initial conditions,
it is peculiar that the disk around HD 98363 is already more evolved compared to the
one around Wray 15-788. As studied by Ribas et al. (2015), there seems to be a trend
of decreasing protoplanetary disk lifetimes with increasing mass of the star. In their
empirical study, however, they only compare the evolutionary stages of disks around
stars above and below 2 M. Because both Wray 15-788 and HD 98363 fall into the
latter category, their conclusions cannot directly be applied to our sample. Another
explanation for the different nature of the disks around the two stars might be the
presence of multiple planetary companions around Wray 15-788. These companions
can act as traps for dust particles leading to a radial segregation of different sized
dust particles as studied by Pinilla et al. (2015). To further explore possible scenarios,
additional data on Wray 15-788 is necessary.

3.7 Conclusions

For the first time, we resolved a transition disk around young K3IV star Wray 15-788
in scattered light with both SPHERE/CI and SPHERE/DPI data. SED analysis sug-
gests that the star hosts a hot inner disk located interior to the IWA of the presented
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imaging data. An excess at wavelengths longer than 10 um indicates additional disk
material at larger separations from the star. In agreement with this far-infrared SED,
we identified an arc at a projected separation of ~370 mas and a potential inner ring
at ~170mas in the SPHERE data. These two features are separated by a resolved
region of significantly reduced flux. From the outer arc, which is detected above 50
within a range of position angles of 60° < ¢ < 240°, we determined a disk inclination
of i=21° +6° and a position angle of ¢ =76° +16°. Correction for this inclination
places the outer ring, the gap, and the inner substructures from the imaging data at
approximate physical separations of 56 au, 35 au, and 28 au, respectively.

Although we detected the disk at low inclination, large parts of the the outer
ring remain hidden below the background noise. This peculiar appearance may be
caused by a shadow that is cast from unresolved inner substructures that are mis-
aligned with respect to the outer material. This scenario is in very good agreement
with the SED of Wray 15-788, which shows clear evidence of an inner disk with an
effective temperature of 969 K. The misalignment of this inner disk may be caused
by an undetected substellar companion. From our 5¢ detection thresholds we de-
rive an upper mass limit of 10 My,, for a companion inside the detected gap. At
projected separations larger than 1” we can rule out companions more massive than
4 Mjyp; however, we cannot rule out the possibility that half of the disk is faint in the
northwest and that our S/N is not high enough to detect it.

Furthermore, we found Wray 15-788 to be companion to the A2V star HD 98363.
Therefore, Wray 15-788 is actually HD 98363 B at a separation of ~50" (~ 6900 au) to
the primary. Even though both objects have the same age of 1136 Myr, the primary
hosts a debris disk where most of the primordial gas has already dissipated, whereas
we are confident to detect a less evolved protoplanetary disk around Wray 15-788.
Possible undetected companions may be responsible for trapping the dust, leading
to the different kind of disks within the binary system of HD 98363 and Wray 15-788.

Further, deeper observations need to be conducted to better understand the disk’s
peculiar morphology and to find possible planetary-mass companions. To confirm
the detection of an inner ring and to constrain the inclination of the disk, a deeper,
polarimetric observation is necessary. Additional constraints to the disk’s composi-
tion, the presence of gas, and the sizes of its dust grains can be set with submillime-
ter observations making use of the Atacama Large Millimeter/submillimeter Array
(ALMA).

3.A Reference star library

To remove both stellar halo and instrumental artifacts in the data on Wray 15-788
obtained with SPHERE in CI mode, we made use of an approach based on RDI in
combination with PCA. The stars used for our reference library are all young, K-type
star members of LCC subgroup of Sco-Cen. We list the names and corresponding
observational parameters in Table 3.5. We observed 26 and 12 reference stars (PI:
M. A. Kenworthy) in H and K band, respectively. The same observational setup as
for the science data on Wray 15-788 was used.



3.A. Reference star library

Table 3.5: Observations of reference stars carried out with SPHERE/IRDIS. All data were obtained
in classical imaging mode.

Target Observation date Filter” NDIT x DIT? (w)© (x)d (10)°
(2MASS ID) (yyyy-mm-dd) (1xs) (@) (ms)
J11272881-3952572 2017-04-18 H 4x32 1.51 1.10 1.40
J11320835-5803199 2017-06-17 H 4x32 0.67 1.47 2.90
J11445217-6438548 2018-05-14 H 4x32 0.73 1.31 2.38
J11445217-6438548 2018-05-14 Ks 4x32 0.78 1.31 2.60
J12065276-5044463 2017-04-02 H 3x32 1.24 1.12 1.50
J12090225-5120410 2018-05-15 H 4x32 0.86 1.12 2.70
J12090225-5120410 2018-05-15 Ks 4x32 0.70 1.12 2.90
J12101065-4855476 2017-04-18 H 4x32 1.71 1.15 1.40
J12123577-5520273 2017-06-17 H 4x32 0.77 241 2.80
J12185802-5737191 2017-06-17 H 2x32 0.72 1.22 2.70
J12220430-4841248 2017-04-18 H 3x32 1.82 1.17 1.40
J12234012-5616325 2017-06-17 H 4x32 0.63 1.73 3.45
J12393796-5731406 2017-06-17 H 4x32 0.64 1.77 3.83
J12404664-5211046 2018-04-30 H 4%32 0.75 1.13 7.05
J12404664-5211046 2018-04-30 Ks 4x32 0.87 1.13 7.10
J12454884-5410583 2018-04-30 H 4x32 0.71 1.15 6.93
J12454884-5410583 2018-04-30 Ks 4%32 0.66 1.15 8.98
J12480778-4439167 2017-06-17 H 4x32 0.90 1.34 2.75
J13055087-5304181 2018-07-04 H 4x32 0.82 1.14 1.95
J13055087-5304181 2018-07-04 Ks 4%32 0.93 1.14 2.03
J13064012-5159386 2018-04-30 H 4x32 0.56 1.13 8.15
J13064012-5159386 2018-04-30 Ks 4x32 0.56 1.13 9.88
J13065439-4541313 2018-04-08 H 4%32 0.46 1.09 5.65
J13065439-4541313 2018-04-08 K 4x32 0.55 1.09 4.68
J13095880-4527388 2018-05-01 H 4x32 1.08 1.07 2.70
J13095880-4527388 2018-05-01 Ks 4%32 1.03 1.07 2.45
J13103245-4817036 2018-05-01 H 4x32 1.03 1.10 3.30
J13103245-4817036 2018-05-01 K 4x32 0.87 1.10 4.40
J13121764-5508258 2018-05-15 H 4%32 0.62 1.16 2.50
J13121764-5508258 2018-05-15 K 4x32 0.62 1.16 3.00
J13174687-4456534 2018-05-28 H 4x32 0.70 1.07 4.33
J13174687-4456534 2018-05-28 Ks 4x32 0.67 1.07 4.15
J13233587-4718467 2017-04-02 H 4x32 1.68 1.21 1.40
J13334410-6359345 2017-07-05 H 4x32 1.06 1.53 3.05
J13354082-4818124 2017-04-02 H 4x32 1.06 1.30 2.08
J13380596-4344564 2017-04-02 H 4x32 1.05 1.33 2.40
J13455599-5222255 2018-04-28 H 4x32 0.64 1.13 6.35
J13455599-5222255 2018-04-28 Ks 4x32 0.65 1.13 6.03

Notes. ) A broadband filter in either H- or Ks-band was applied. *) NDIT describes the
number of dithering positions and DIT is the detector integration time per dithering position.
(© (w) denotes the average seeing conditions during the observation. ) (X) denotes the av-
erage airmass during the observation. ) (15) denotes the average coherence time during the
observation.
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Figure 3.10: Other reductions of SPHERE classical imaging data on Wray 15-788. The images
were normalized to the maximum in each frame and arbitrarily, linearly scaled. No subtraction of
the stellar point-spread function (PSF) was performed. For all images north is up and east is left.
Images a and b show the de-rotated and median combined image stack of science frames in H
and K band, respectively. Frames c and d represent the same image as above, but an additional
unsharp mask (USM) is applied (Gaussian kernel with full width at half maximum equal to PSF
size).

3.B Other reduction strategies

In addition to the results presented in section 3.4, we apply other data reduction
strategies for both SPHERE/CI and SPHERE/DPI data. In this way we can test the
stability of the detected disk’s appearance and morphology.

3.B.1 CI data

Figure 3.10 shows the individual analysis of the dataset on Wray 15-788. We did not
subtract any PSF model, but only de-rotated the images to have north pointing up
and east towards the left. The median combined image of the four exposures is pre-
sented. In frames a and b we show this result for H and K; band, respectively. There
is no obvious detection of the disk in H band; instead, the outer ring and the gap
are marginally visible in the K;-band result. Furthermore, the brightness asymmetry
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Figure 3.11: Other reductions of SPHERE dual-polarimetric imaging data on Wray 15-7838. We
present the azimuthal Stokes parameters Q, and Uy in the left and right panel, respectively. Both
images are scaled with 72 and normalized with respect to the minimum and maximum flux in the
Qg frame. In both frames north is up and east is left.

from northwest towards the southeastern part can be marginally recovered as well.
To obtain the results presented in frames ¢ and d of Figure 3.10, we also applied an
unsharp mask to the results from the top panel of the figure. For unsharp masking,
we used a Gaussian kernel with a FWHM of the instrumental PSF size of 50 mas and
55mas in H band and in K; band, respectively. Due to this high-pass filtering we are
able to detect some structures of the outer ring in both filters. Also, the gap of the
disk is highlighted.

3.B.2 DPI data

In addition to the linear Stokes parameters Q and U, we derived their azimuthal
analogs Qp and Uy according to Schmid et al. (2006) as

Qg = Qcos (2¢) + Usin (2¢), (34)
Uy = Qcos (2¢) — Usin (2¢), (3.5)

where ¢ denotes the position angle as defined before. By construction, Qp > 0
refers to a polarization direction azimuthally oriented around the star. This is what
we expect from stellar flux being recorded on the detector after a single scattering
event at the dust grains of the disk. A negative value of Qy, however, represents
a polarization vector radially aligned to the star. The Uy image can be used as a
measure of an upper limit on the noise inside the Q, frame.

We present the azimuthal Stokes vectors in Figure 3.11. The images are smoothed
with a Gaussian kernel having a FWHM of the PSF size and are scaled with the
squared radial distance to the image center. Both frames are normalized to the min-
imum and maximum value of the Q4 image.

In the Q, image, we detect a clear indication of azimuthally polarized flux south-
east of the star. This agrees very well with our other observations from section 3.4.
However, due to the non-optimal observing conditions the noise level is rather high,
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as seen in the Uy frame. Therefore, the data is not suited to study the morphology of
the disk or to quantitatively compare it to the CI results presented in the top panel
of Figure 3.1.
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CHAPTER 4

Detection of a wide orbit planetary
mass companion to a solar-type
Sco-Cen member

HE Young Suns Exoplanet Survey (YSES) consists of a homogeneous sam-
ple of 70 young, solar-mass stars located in the Lower Centaurus-Crux sub-
group of the Scorpius-Centaurus association with an average age of 15 +
3Myr. We report the detection of a co-moving companion around the K3IV star
YSES 1 (TYC 8998-760-1, 2MASS]13251211-6456207) that is located at a distance
of 94.6 £ 0.3 pc using SPHERE/IRDIS on the VLT. Spectroscopic observations with
VLT/X-SHOOTER constrain the mass of the star to 1.00 £ 0.02 My and an age of
16.7 £ 1.4Myr. The companion YSES 1b (TYC 8998-760-1 b) is detected at a pro-
jected separation of 1.71”, which implies a projected physical separation of 162 au.
Photometric measurements ranging from Y to M band provide a mass estimate of
14 + 3 Mjyp by comparison to BT-Settl and AMES-dusty isochrones, corresponding to
a mass ratio of g = 0.013 & 0.003 with respect to the primary. We rule out additional
companions to YSES 1 that are more massive than 12 Mj,, and farther than 12au
away from the host. Future polarimetric and spectroscopic observations of this sys-
tem with ground and space based observatories will facilitate testing of formation
and evolution scenarios shaping the architecture of the circumstellar environment
around this "young Sun’.

Adapted from

A.J. Bohn, M. A. Kenworthy, C. Ginski, C. F. Manara, M. J. Pecaut, ]. de Boer,
C. U. Keller, E. E. Mamajek, T. Meshkat, M. Reggiani, K. O. Todorov, and F. Snik
Monthly Notices of the Royal Astronomical Society, 492, 431-443 (2020)
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4.1 Introduction

With the advent of extreme adaptive optics (AO) assisted, high-contrast imaging
instruments at the current generation of 8-m class telescopes, the search and charac-
terization of directly imaged extra-solar planets has gained momentum. The large
scale guaranteed time observing campaigns that are currently carried out with these
instruments such as the Gemini Planet Imager Exoplanet Survey (GPIES; Macintosh
et al. 2014) or the SpHere INfrared survey for Exoplanets (SHINE; Chauvin et al.
2017b), can constrain the occurrence rates of gas giant companions in wide orbits
(Nielsen et al. 2019). In addition to these ongoing statistical evaluations, both sur-
veys have already produced many high-impact results by new detections of giant
companions (e.g. Macintosh et al. 2015; Chauvin et al. 2017b; Keppler et al. 2018) as
well as spectral and orbital characterizations of established members among almost
twenty directly imaged extra-solar planets (e.g. Galicher et al. 2014; Wang et al. 2016,
2018; Greenbaum et al. 2018; Samland et al. 2017; Chauvin et al. 2018; Miiller et al.
2018; Cheetham et al. 2019; Lagrange et al. 2019).

Most of these directly imaged companions, however, are detected around stars
that are more massive than the Sun. To obtain a statistically significant estimate on
the occurrence rates of giant sub-stellar companions on wide orbits around solar-
type stars, we started the Young Suns Exoplanet Survey (YSES; Bohn et al. in prep.).
YSES targets a homogeneous sample of 70 young, solar-type stars located in the
Lower-Centaurus Crux subgroup of the Scorpius-Centaurus association (Sco-Cen; de
Zeeuw et al. 1999). Based on common kinematics and activity signatures, all YSES
targets have been confirmed by Pecaut & Mamajek (2016) as members of the LCC;
Gaia DR2 parallaxes and proper motions corroborate this membership status (Gaia
Collaboration et al. 2018). In addition to the small range of stellar masses, the YSES
targets are homogeneous in terms of stellar ages and distances. This enables self-
consistent reference star differential imaging (RDI; Smith & Terrile 1984; Lafreniére
et al. 2007a) to increase the contrast performance at close separations (Bohn et al.
2021) and minimizes uncertainties on the properties of identified companions due to
poorly constrained system ages.

One star within our sample is YSES 1 (TYC 8998-760-1, 2MASS]13251211-6456207)
at a distance of 94.6 & 0.3 pc (Bailer-Jones et al. 2018; Gaia Collaboration et al. 2018).
Based on new observations of the system we revised the main stellar properties
(Section 4.4.1) as summarized in Table 4.1.

In Section 4.2 of this article we describe the observations that we carried out on
YSES 1 and in Section 4.3 we explain our data reduction strategies. In Section 4.4 we
illustrate how we detect a co-moving planetary mass companion around YSES 1 and
in Section 4.5 we discuss the derived properties of this companion. The conclusions
of the article are presented in Section 4.6.

4.2 Observations

Our observations of the system can be classified by two categories: (i) medium-
resolution spectrographic observations of the host with VLT/X-SHOOTER and (ii)
high-contrast imaging data collected with VLT/SPHERE and VLT/NACO. Whereas
the former data aims for a precise characterization of the host star, the latter ob-



4.2. Observations
Table 4.1: Stellar properties of YSES 1.

Parameter Value Reference(s)
Main identifier YSES 1
TYCHO ID TYC 8998-760-1 (1)
2MASS ID J13251211-6456207 (2)
Right Ascension (J2000) 13:25:12.13 3)
Declination (J2000) -64:56:20.69 (3)
Spectral Type K31V (4,5)
Mass [Mo] 1.00 +0.02 (5)
Tege [K] 4573+ 10 (5)
log (L/Le) [dex] —0.339 £0.016 (5)
Age [Myr] 16.7 +1.4 (5)
Parallax [mas] 10.540 4+ 0.031 3)
Distance [pc] 946 +0.3 (6)
Proper motion (RA) [mas / yr] —40.898 4+ 0.045 (3)
Proper motion (Dec) [mas / yr] —17.788 £+ 0.043 (3)
B [mag] 11.94 (7)
V [mag] 11.13 (7)
R [mag] 10.61 (7)
J [mag] 9.07 (2)
H [mag] 8.56 (2)
Ks [mag] 8.39 (2)
W1 [mag] 8.37 (8)
W2 [mag] 8.38 (8)

W3 [mag] 8.32 (8)
W4 [mag] > 8.43 (8)

References. (1) Hog et al. (2000); (2) Cutri et al. (2012a); (3) Gaia Collaboration et al. (2018);
(4) Pecaut & Mamajek (2016); (5) Section 4.4.1 of this work; (6) Bailer-Jones et al. (2018);
(7) Zacharias et al. (2005); (8) Cutri et al. (2012b)
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servations facilitate an accurate astrometric and photometric characterization of the
companion around YSES 1.

4.2.1 X-SHOOTER

We observed YSES 1 with X-SHOOTER (Vernet et al. 2011) on the night of May
23, 2019, in excellent atmospheric conditions with an average seeing of 0754 (PL
A. Bohn; ESO ID: 2103.C-5012(A)). X-SHOOTER was operated in SLT mode provid-
ing medium resolution spectra from 300 — 2500 nm. We chose slit widths of 0’8, 0"/4,
and 0”74 with corresponding exposure times of 210s, 120s, and 3 x 80s for UVB,
VIS, and NIR! subsystems, respectively. Applying two nodding cycles along the slit
for background subtraction at NIR wavelengths, yielded total integration times of
840s, 480s, and 960s for the three subsystems. For flux calibration we took addi-
tional spectra with a wide slit configuration of 5" and exposure times of 15s, 60s
and 4 x 15s for UVB, VIS, and NIR arm, respectively.

4.2.2 SPHERE

The first part of our high-contrast imaging observations were carried out with the
SPHERE instrument (Beuzit et al. 2019), mounted at the Naysmith platform of Unit 3
telescope (UT3) at ESO’s VLT. SPHERE is assisted by the SAXO extreme AO system
(Fusco et al. 2006) to deliver diffraction limited imaging data. We used the infrared
dual-band imager and spectrograph (IRDIS; Dohlen et al. 2008) in classical imaging
(CI) and dual-band imaging (DBI; Vigan et al. 2010) modes. To block the stellar flux
and to enable longer exposure times we used SPHERE’s apodized Lyot coronagraph
(Soummer 2005). We obtained additional center frames by applying a sinusoidal
pattern to the instrument’s deformable mirror to determine the position of the star
behind the coronagraph. This creates four waffle spots around the star that can
be used for precise centering?. For photometric calibration we took additional flux
images by offsetting the stellar point spread function (PSF) from the coronagraphic
mask and used a neutral density filter to avoid saturation of the detector. All obser-
vations were carried out in pupil tracking mode to enable post-processing based on
RDI within the scope of the survey (Bohn et al. in prep.).

We took short first epoch observations (Night: July 5, 2017; PI: M. Kenworthy;
ESO ID: 099.C-0698(A)) applying a broadband filter in | and H band>. For second
epoch observations (Night: March 17, 2019; PI: A. Bohn; ESO ID: 0103.C-0371(A)), we
scheduled a long sequence using the instrument’s integral field spectrograph (IFS;
Claudi et al. 2008) in extended mode in combination with IRDIS/CI in K5 band. The
IFS provides low resolution spectra with a resolving power of R = 30 ranging from
Y to H band for the innermost field of view (1773x1”773) around the star. Due to
degrading weather conditions the observation was terminated after 384s. In this
aborted sequence, however, we detected a co-moving companion that was located
outside the IFS’s field of view. We thus rearranged the observational setup aiming

!The individual integration time for the NIR arm was 80s and each exposure is composed of 3 sub-
integrations (NDIT).

2See description in the latest version of the SPHERE manual: https://www.eso.org/sci/
facilities/paranal/instruments/sphere/doc.html

3All filter profiles can be found at https://www.eso.org/sci/facilities/paranal/instruments/
sphere/inst/filters.html


https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc.html
https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc.html
https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst/filters.html
https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst/filters.html

Observations

4.2.

"UOEAISS]O Y} SULINP W} DU 0D dFesaAe Y} sajoudp (01) (5 "UOHRAIIS]O dY) SuLmp sseuLire
a3e1aAR AU} SAJ0UAP (X) (5 "UOLLAIISCO A} SULIND 3UIeds dFeISAR AU} SAJOUSP (M) (;) UOHBAIISAO Y} SuLmp uorejox dndef[ered jo Junowe ayy
SOJOURP LV () UOHERISIUI-GNS [ENPIAIPUL UR JO dW} UOHeISajul 1030939p oy st L] Pue amsodxa 1od suonerdajur-qns jo aqunu oy st LJAN
‘samsodxe Jo I2qUINU 313 SaqLISIP JXHN (5 TS U3 JO samnsodxe 2ousps 3y 03 Jus[eambs are asay elep ODVN 104 IOIY YoeS 10§ Pajdd[[0d o1k
yey soSewr xny dryderdeuo1od-uou ayj Jo 93LIOAL A} WOIJ SINSEIW 9M Jey} WNWIXeW JTey Je [PIM [[Nf 9y} s9j0udp INHMA (g Alsnosuejmnuirs
SI)[Y pueq SJRIPIULISIUL OM} WIM (Ig() Surdew! pueq-[enp 10 19)[ pueqpeoiq e yim (1) Surdewr [edrssep 1oy st oapowr pardde sy, (,) 's310N

69¢ €€ 8,0  ST0S GF0'0X006XTLL 91el W D OJVN €0-90-610T
€ wl 880  66CC T0%009x0¢ 0'szl /1 D ODVN 81-60-610T
GL8 6l €50 av'e POXEXT  9'€9 / T09 T 19a TIAHIS €2-€0-610T
€801 Pl €70 09°€ POXeEXy  G6b / SLF €CH 19a TITHIS €2-€0-610T
GL01 5! 00 we Poxexy 1%/ 10F ezl 19a TITHS €2-€0-610¢C
06  8€T 1¥0 ¥8'¢ YOXEXT 648/ TLE €th 19a HYHHJS €7-€0-610T
qr'e €1 T 97T TEXTX9 ) D D HIAHS L1-€0-610¢C
06C ST T 050 TEXTXF €S H D TIAHIS G0-£0-L10T
re  ¥Sl 4N It TEXTXY L'9¥ [ D HIFHIS S0-£0-£10¢
(su) () (o) (SXTXT) (sew) (pp-wrw-£AAK)
s(2)  AX) (™) PV LLIAXLIAN X IXEN JNHMd B PPON  JUSWNLSU]  djep UORRAIISQ

T SASA 4O suoieasasqo isesuod-ySiH :g'y dqel

111



4. DETECTION OF A DIRECTLY-IMAGED PLANETARY MASS COMPANION AROUND YSES 1

112

SPHERE/B_H, 2017-07-05 SPHERE/B_Ks, 2019-03-17 NACO/L', 2019-05-18

» bg3 bg3

bg2 e Boi

ADec [arcsec]

(o)

ARA [arcsec]

Figure 4.1: Reduced imaging data on YSES 1. We present four different epochs on the target that
were collected in H, K, L, and M’ band, respectively. For the SPHERE data, an unsharp mask is
applied; the NACO results are reduced with ADI and the main principal component subtracted. All
images are presented with an arbitrary logarithmic color scale to highlight off-axis point sources.
Proper motion analysis proves that all objects north of the star are background (bg) contaminants,
while the object south-west of YSES 1 (highlighted by the white arrow) is co-moving with its host.
This claim is supported by the very red color of this object compared to the other point sources in
the field. In the lower left of the each figure we present the reduced non-coronagraphic flux image
at the same spatial scale and field orientation. For all images north points up and east towards
the left.

for optimal photometric characterization of this companion. These second epoch
observations were obtained on the night of March 23, 2019, integrating for 768 s with
each of the Y23, J23, H23, and K12 DBI filter combinations. A detailed description
of the observations, applied filters, and weather conditions is presented in Table 4.2.

4.2.3 NACO

To constrain the thermal infrared spectral energy distribution (SED) of the compan-
ion, we took additional L’ and M’ band data (PL: A. Bohn; ESO ID: 2103.C-5012(B))
with VLT/NACO (Lenzen et al. 2003; Rousset et al. 2003). A summary of the obser-
vational parameters is presented in Table 4.2. The instrument was operated in pupil-
stabilized imaging mode and the detector readout was performed in cube mode
to store each individual sub-integration. As the star is faint at the observed wave-
lengths, no coronagraph was used. We chose integrations times of 0.2s and 0.045s
for the observations in L’ and M’ band, respectively, resulting in 3600s and 4536
total time on target. In both configurations the science frames are unsaturated and
the individual pixel counts are in the linear regime of the detector, so no additional
flux calibration frames were required.

4.3 Data reduction

4.3.1 X-SHOOTER data

The X-SHOOTER data were reduced using the ESO pipeline (Modigliani et al. 2010)
v3.2.0 run through the Reflex workflow. The pipeline includes bias and flat-field
correction, wavelength calibration, spectrum rectification, flux calibration using a
standard star observed in the same night, and spectrum extraction. As described in
Section 4.2, the target was observed with a set of wide slits of 5”, which have no slit



4.3. Data reduction

losses, and another set of narrower slits providing higher spectral resolution. After
the standard pipeline flux calibration, the data obtained with the wider slits shows
good agreement in the flux between the three arms. The spectra obtained with the
narrower slits show a lower flux than the ones with the wide slits by a factor ~1.7,
2.7, and 2.5 in the three arms, respectively. The narrower slit spectra were adjusted
in flux by this ratio in the UVB and NIR arms, and by a wavelength dependent ratio
in the VIS arm to match the wide slit spectra. This final flux calibrated spectrum is
in good agreement with previous non-simultaneous photometry. The spectra were
corrected for telluric absorption using the MOLECFIT tool (Smette et al. 2015; Kausch
et al. 2015).

4.3.2 SPHERE data

The SPHERE data were reduced with a custom processing pipeline based on the lat-
est version of the PynPoint package (version 0.8.1; Stolker et al. 2019). This includes
flatfielding, sky subtraction, and bad pixel correction by replacing bad pixels with
the average value in a 5x5 pixels sized box around the corresponding location. We
corrected for the instrumental anamorphic distortion in y direction according to the
description in the SPHERE manual. For the data obtained in CI mode, we averaged
both detector PSFs per exposure to minimize the effect of bad pixels. Since the com-
panion is not contaminated by stellar flux, we did not perform any advanced PSF
subtraction. We simply derotated the individual frames according to the parallac-
tic rotation of the field and the static instrumental offset angle of 135°99 required
for correct alignment of pupil and Lyot stop, and we used the standard astrometric
solution for IRDIS (Maire et al. 2016). This provides a general true north correc-
tion of —1°75 4 0°08 and plate scales in the range of 12.283+0.01 mas per pixel and
12.250 & 0.01 mas per pixel depending on the applied filter.

4.3.3 NACO data

For reduction of the NACO data, we used the same framework as applied for
SPHERE including flatfielding, dark subtraction, and bad pixel correction. There
is a high readout noise that decreases exponentially throughout the cube, so we re-
moved the first 5 frames of each cube. The background subtraction was performed
by an approach based on principal component analysis (PCA) as described in Hun-
ziker et al. (2018) making use of the three distinct dither positions on the detector. We
masked a region of 0”55 around the star and fitted 60 principal components to model
sky and instrumental background. After subtraction of this model, we aligned the
stellar PSFs by applying a cross-correlation in the Fourier domain (Guizar-Sicairos
et al. 2008) and centered the aligned images by fitting a two-dimensional Gaussian
function to the average of the stack. Frame selection algorithms then reject all frames
which deviate by more than 2¢ from the median flux within (i) a background annu-
lus with inner and outer radii of 1”6 and 1”79 and (ii) an aperture with the size of
the average PSF FWHM, resulting in 10.45% and 10.05% of our L’ and M’ band data
being removed from the subsequent analysis. All frames were derotated according
to their parallactic angle and median combined. As we have a sufficient amount of
parallactic rotation for both datasets, we tested angular differential imaging (ADI;
Marois et al. 2006a) techniques for further analysis steps as described in the follow-
ing Section. For astrometric calibration of the results we adapted a plate scale of
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27.20 £ 0.06 mas per pixel and a true north correction of 09486 & 0°180 according to
Musso Barcucci et al. (2019) and Launhardt et al. (2020).

4.4 Results and analysis

Our first epoch observation with SPHERE reveals 16 off-axis point sources around
YSES 1 within the IRDIS field of view (1170x12’5). We present the innermost 2"
x2'" for several epochs and wavelengths in Figure 4.1. All point sources in the field
of view are consistent with background sources at 5¢ significance with the exception
of the point source south-west of the star (highlighted by the white arrow) which
has a proper motion consistent with being a co-moving companion (see analysis
in Section 4.4.2). This hypothesis is strongly supported by the very red color of this
object in comparison to the other sources in the field of view in Figure 4.1. In order to
constrain the properties of this companion, the properties of the host star — especially
its age — need to be determined first.

4.4.1 Stellar properties

We used two approaches to determine the stellar properties of the host star. In both
cases we assumed an object distance of 94.6 & 0.3 pc based on the Gaia DR2 paral-
lax (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018). Our first method was
based on the X-SHOOTER spectrum and follows the analysis described in Manara
et al. (2013b). We performed a x? fit of the full spectrum using a library of empir-
ical photospheric templates of pre-main sequence stars presented by Manara et al.
(2013a, 2017). The best fit is obtained using the template of the K4 star RX]1538.6-
3916 with an extinction of Ay = 0.0 mag. This converts to an effective temperature of
4590 £+ 50K and a luminosity of log (L/Ls) = —0.33 £ 0.10 dex. Comparison against
isochronal tracks of Baraffe et al. (2015) — hereafter B15 — provides a stellar mass of
1.01 £ 0.08 M and an age of 15 == 5Myr. We derived an independent age estimate
of the system based on the Lithium-absorption equivalent width of 360 & 20 mA as
measured in the X-SHOOTER spectrum. As presented in panel (a) of Figure 4.2,
this provides an age estimate of 17 &= 1 Myr when compared to the B15 tracks. The
Lithium abundances of the isochrones were converted to Lithium-absorption equiva-
lent widths adopting an initial lithium abundance of 3.28 - 0.05 (Lodders et al. 2009)
and using the tables presented in Soderblom et al. (1993).

An additional check for the stellar properties is by using the photometry. To con-
strain the stellar properties of YSES 1 we used existing photometry measurements
from Tycho-2 (Hog et al. 2000), APASS (Henden & Munari 2014), Gaia (Gaia Collab-
oration et al. 2018), 2MASS (Cutri et al. 2012a), and WISE (Cutri et al. 2012b) cata-
logues. Consistent with our previous results, we assumed a negligible extinction and
fitted a grid of BT-Settl models (Baraffe et al. 2015) with the abundances from Caffau
et al. (2011) to the data. This fit provides an effective temperature of 4573 & 10K and
a luminosity of log (L/Ls) = —0.339 4 0.016 dex. Comparison to the B15 pre-main
sequence isochrones plotted in an Hertzsprung-Russell (HR) diagram as presented
in panel (b) of Figure 4.2, results in a stellar mass of 1.00 £ 0.02 M and a system age
of 16.3 £ 1.9 Myr.

The derived stellar properties for both methods are consistent within their un-
certainties. In Table 4.1 we cite the more precise mass, temperature and luminosity
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Figure 4.2: Stellar properties of YSES 1. Panel (a): Baraffe et al. (2015) isochrones plotted for the
Lithium-absorption equivalent width that we measure in the X-SHOOTER spectrum. Panel (b):
Hertzsprung-Russell diagram using the effective temperature that is constrained by fitting BT-Settl
models to Tycho-2, APASS, Gaia, 2MASS, and WISE photometry. The isochronal tracks from
Baraffe et al. (2015) are used to determine the stellar mass and age.
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estimates for YSES 1. As the determined effective temperature suggests a spectral
type of K3 instead of K4 when comparing it to the scale presented in Pecaut & Ma-
majek (2013), we adopt the former for our final classification. For the age of the
system, we apply the average of 16.7 = 1.4 Myr based on our Lithium-absorption
and HR diagram analysis. This estimate is in good agreement with the average age
of LCC of 15 + 3 Myr as determined by Pecaut & Mamajek (2016).

To accurately characterize the companion around YSES 1, we determined the
magnitudes of the primary in the applied SPHERE and NACO filters. For all wave-
lengths shorter than 2500nm (i.e. all SPHERE filters) we measured these fluxes
directly from our calibrated X-SHOOTER spectrum. To assess the stellar magnitudes
in L’ and M’ bands, we used the BT-Settl model instead that we have previously
fitted to the available photometric data. The results of this analysis are presented in
Table 4.4.

4.4.2 Companion properties

We extracted astrometry and magnitude contrasts of the companion for all epochs us-
ing the SimplexMinimizationModule of PynPoint as described in Stolker et al. (2019).
This injects a negative artificial companion into each individual science frame aiming
to iteratively minimize the curvature in the final image around the position of the
companion using a simplex-based Nelder-Mead algorithm (Nelder & Mead 1965).
For the SPHERE data we obtained this template PSF from the non-coronagraphic
flux images and for the NACO data this negative artificial companion was mod-
eled from the unsaturated stellar PSF of the science data itself. For the latter case
we have an individual template for each science frame that directly accounts for
the different PSF shapes due to wind effects or varying AO performance. As the
parallactic rotation of the SPHERE datasets is not sufficient to perform ADI-based
post-processing strategies, we derotated and median combined the images. For both
NACO datasets, we performed ADI+PCA (Amara & Quanz 2012; Soummer et al.
2012) and subtracted one principal component from the images. We then applied
a Gaussian filter with a kernel size equivalent to the pixel scale to smooth pixel to
pixel variations before evaluating the curvature in the residual image in an aperture
with a radius of one FWHM around the companion.

When studying the residuals after the minimization, it became clear that this
analysis method is non-optimal for determining the companion’s astrometry and
photometry in the SPHERE data. Whereas in the NACO data the residuals around
the companion agree with the average background noise at the same radial sepa-
ration, the minimization does not provide similarly smooth results for the SPHERE
data. We attribute this to the different shapes of flux and companion PSFs collected
under differing atmospheric conditions.

We therefore proceeded with aperture photometry to extract the magnitude con-
trast of the companion in the SPHERE data and the astrometry was calibrated by
a two-dimensional Gaussian fit, instead. We chose circular apertures with a radius
equivalent to the average FWHM measured in the flux images, and used identical
apertures around the position of the companion that was determined by the Gaus-
sian fit. For an accurate estimate of the background noise at this position, we placed
several apertures at the same radial separation from the primary. The average flux
within these background apertures was subtracted from the measured flux of the
companion. As a sanity check, we applied this aperture photometry approach also
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Table 4.3: Astrometry of YSES 1b.

Epoch Filter = Separation PA

(yyyy-mm-dd) (") ©)

2017-07-05 H 1.715 £ 0.004 212.1+0.2
2019-03-17 K 1.706 = 0.008 212.0£0.3
2019-03-23 Y2 1.712 £ 0.003 212.0£0.1
2019-03-23 Y3 1.714 £ 0.003 212.0+0.1
2019-03-23 J2 1.711 £ 0.003 212.0+0.1
2019-03-23 J3 1.711 £ 0.003 212.0£0.1
2019-03-23 H2 1.711 £ 0.003 212.0+0.1
2019-03-23 H3 1.711 £ 0.003 212.0+£0.1
2019-03-23 K1 1.710 £ 0.003 212.0+0.1
2019-03-23 K2 1.709 £ 0.003 212.0+0.1
2019-05-18 L 1.708 + 0.005 212.6 =0.2
2019-06-03 M 1.713 £0.012 212.4+04

to the NACO data. The resulting astrometry and photometry of this analysis is
consistent with the previously derived values within their uncertainties.

Astrometric analysis

The astrometry of the companion for several epochs and filters is presented in Ta-
ble 4.3. As the companion is visible in a single exposure, we extracted its radial
separation and position angle directly in the reduced center frames to achieve high-
est astrometric accuracy. In these frames we can simultaneously fit the position of the
companion and the star behind the coronagraph using the four waffle spots. We thus
do not include the | band measurements in Table 4.3, as these data were collected
without any center frames.

The extracted radial separations and position angles of YSES 1b are mostly consis-
tent within their corresponding uncertainties. Only in the NACO data we measure
a systematically larger position angle compared to the SPHERE astrometry. This
systematic effect has the same magnitude as the applied true north correction of
0°486 &= 0°180 adapted from Musso Barcucci et al. (2019). Due to the very consistent
SPHERE measurements it is thus likely that this correction factor — which Musso
Barcucci et al. (2019) present for reference epochs from 2016 to 2018 — is not valid for
our NACO data collected in 2019. This marginal inconsistency, however, does not
affect the further companionship assessments of the object.

Analysis towards common proper motion shows that YSES 1b is clearly co-moving
with its host. As visualized in Figure 4.3, the relative position of the companion is in-
compatible with a stationary background object at a significance considerably greater
than 50. A similar study was performed for the 15 remaining point sources detected
around YSES 1. As presented in Appendix 4.A their astrometry is highly consistent
with background contaminants, instead.
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Figure 4.3: Proper motion plot of the companion south-west of YSES 1. The coordinates are rela-
tive offsets to the primary and the blue dashed line represents the trajectory of a static background
(bg) object.

Photometric analysis

We present the magnitude contrasts of the companion for all filters in Table 4.4. The
SPHERE broadband photometry is rather inconsistent with the dual band measure-
ments, especially in H and K; band. This is mainly caused by the very variable
observing conditions during these observations. During the SPHERE H band obser-
vations seeing and coherence time between flux and science images degraded from
1”708 to 1”722 and 3.2ms to 2.9 ms, respectively. In K band the conditions were even
worse as the seeing increased from 0774 to 1”711 and the coherence time dropped
from 4.5ms to 3.5ms between flux and science exposures. Due to these very unsta-
ble atmospheric conditions the AO performance was highly variable during these
sequences. Although these fluctuations in flux are included in our statistical uncer-
tainties, the degrading AO performance naturally causes an underestimation of the
companion’s flux in the science images, leading to an overestimation of the derived
magnitude contrast. Without any additional knowledge of the actual AO perfor-
mance, it is however not straightforward to correct for this effect. In our further
analysis we thus focus on the results originating from the SPHERE DBI observations
that were obtained in more stable weather conditions (see Table 4.2). These variable
weather conditions, however, do not affect the astrometric measurements on YSES 1b
that we present in Section 4.4.2. As the companion’s position angle and separation
is directly extracted from the SPHERE center frames, our accuracy is only limited
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Table 4.4: Photometry of YSES 1b and its host.

Filter Magnitude star AMag Flux companion
(mag) (mag) (ergs~lem ™2 pm™1)
Y2 9.47 756 £021  (0.97+0.19) x 10~ 12
Y3 9.36 7314016  (1.13£0.16) x 10712
J2 9.13 7144008  (1.16+0.08) x 10712
J3 8.92 6.81+0.07  (1.37+£0.08) x 10712
H2 8.46 6.65+0.08  (1.04 £0.07) x 10712
H3 8.36 6.42+0.07  (1.1240.07) x 10712
K1 8.31 6.13+0.04  (0.7740.03) x 10712
K2 8.28 5794+0.04  (0.88+0.03) x 10712
] 9.02 6.714+0.38  (1.59 £0.55) x 10712
H 8.44 743+038  (0.48+0.17) x 10712
K 8.29 6414014  (0.5440.07) x 10712
L 8.27 5.03+0.08  (0.26 £0.02) x 10712
M’ 8.36 4724£020  (0.16 +£0.03) x 10~12

by the precision of the Gaussian fits to the waffle spots and the companion’s PSF in
these individual frames.

To model the companion’s SED we converted the apparent magnitudes to phys-
ical fluxes using VOSA (Bayo et al. 2008). These measurements are presented in
Table 4.4 and visualized as red squares in Figure 4.4. To characterise the companion,
we fitted a grid of BT-Settl models (Allard et al. 2012) to the photometric data by a
linear least squares approach. In agreement with our characterization of the primary
we assumed a negligible extinction and focused on solar metallicity models. We
constrained our input parameter space to effective temperatures between 1200 K and
2500K and surface gravities in the range of 3.0 dex to 5.5 dex with step sizes of 100K
and 0.5 dex, respectively. The flux for each model was integrated over the photomet-
ric band passes of the applied filters and we determined the scaling that minimizes
the Euclidean norm of the residual vector. We compared the resulting residuals for
all models from the grid and chose the one that yielded the minimum residual as
the best fit. This is provided by a model with an effective temperature of 1700 K and
a surface gravity of log(g) = 3.5dex as presented by the blue curve in Figure 4.4.

To evaluate the the impact of the photometric uncertainties on the resulting best
fit model, we repeated the fitting procedure 10° times, drawing the fitted fluxes from
a Gaussian distribution centered around the actual data point and using the uncer-
tainty as standard deviation of the sampling. In Figure 4.4, we show 200 randomly
selected best fit models from this Monte Carlo approach as indicated by the grey
curves. The posterior distributions for the best-fit parameters are presented in Fig-

ure 4.5. This procedure provides estimates of To = 17277172K, log (g) = 3.917037,
R = 3.0°03 Rjyp, and log (L/Le) = —3.171)02 dex for the companion’s effective

temperature surface gravity, radius, and luminosity, respectively. The uncertainties
of these values are determined as the 2.5 and 97.5 percentiles of the corresponding
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Figure 4.4: Best-fit result to the spectral energy distribution of YSES 1b. Top panel: The red
squares represent the flux measurements from SPHERE DBI and NACO L’ and M’ imaging. The
blue line represents the best-fit BT-Settl model (Allard et al. 2012) to the data with Ty = 1700 K,
log(g) = 3.50dex, and solar metallicity and the grey curves represent 200 randomly drawn best-fit
models from a Monte Carlo fitting procedure. The flux of the best-fit model, evaluated at the
applied filters, is visualized by the grey squares. The uncertainties in wavelength direction represent
the widths of the corresponding filters. Bottom panel: Residuals of data and best-fit model.
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Figure 4.5: Posterior distributions of best-fit parameters. The fit is repeated 10° times, drawing
each fitted data point from a Gaussian distribution with a standard deviation that is equivalent to
the uncertainty.
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posterior distributions. Both radius and luminosity depend on the distance to the
system, which is constrained by Gaia DR2 astrometry. The radius estimate arises
from the scaling factor that needs to be applied to the model and the luminosity is
obtained by integrating the resulting model over the entire wavelength range. We
note that the predicted radius is larger than the usual value of ~ 1Rj,, that is as-
sociated with gas giant planets and brown dwarfs (e.g., Chabrier et al. 2009). This
unexpected property is discussed in Section 4.5.1.

Companion mass

To convert the derived photometric properties of the companion to a mass, we used
BT-Settl isochrones (Allard et al. 2012) that we evaluated at the derived system age
of 16.7£1.4Myr. As we only fitted photometric data that does not resolve any lines
or molecular features, the object’s surface gravity is not strongly constrained from
our analysis. We base our mass estimate on the better constrained effective temper-
ature and luminosity of the companion instead. Comparing these values to BT-Settl
isochrones yields masses of 12.11“%:2 Mjyp and 15.7:1):2 Mjyp for measured tempera-
ture and luminosity, respectively. We obtained similar mass estimates when using
the AMES-dusty isochrones (Allard et al. 2001; Chabrier et al. 2000) instead of the
the BT-Settl models.

To test these results, we converted the absolute magnitudes of the companion
to mass estimates using the BT-Settl isochones evaluated at the corresponding band
passes*. For the SPHERE data this gives values consistent with our previous mass
estimates in the range of 14 Mj,p to 16 Mjp. In the thermal infrared we obtain masses
of approximately 18 My, and 25 My, for the absolute L' and M’ magnitudes. This
gradient towards longer wavelengths is usual for sub-stellar companions, as these
are often redder than the predictions from the models (Janson et al. 2019).

We additionally determined the spectral type of the companion following the
analysis demonstrated in Janson et al. (2019). This analysis was performed analo-
gously to the SED fit described before; it was however confined to the SPHERE pho-
tometry, because the input models only support this wavelength coverage. Using the
empirical spectra for M-L dwarfs of Luhman et al. (2017) we derive a best-fit spectral
type of LO. This is equivalent to the spectral type derived for HIP 79098 (AB)b (Jan-
son et al. 2019), which is indeed an ideal object for comparison, as it is also located
in Sco-Cen - though in the Upper Scorpius sub-group instead of LCC — with an esti-
mated age of 10 = 3 Myr. The absolute magnitudes for the companion around YSES 1
are approximately 1.5 mag fainter than the values derived for HIP 79098 (AB)b, sup-
porting the theory that YSES 1b is less massive than the object of this comparison,
for which Janson et al. (2019) derive a mass range of 16 — 25 Mjyp.

To verify the derived properties, we compared the color of YSES 1b to that of
known sub-stellar companions of similar spectral type. Based on the NIRSPEC
Brown Dwarf Spectroscopic Survey (McLean et al. 2003, 2007), the IRTF Spectral
library (Rayner et al. 2009; Cushing et al. 2005), and the L and T dwarf data archive
(Knapp et al. 2004; Golimowski et al. 2004; Chiu et al. 2006), we compiled a sample
of M, L, and T dwarfs. The spectra of these objects were evaluated at the band-
passes of the SPHERE H2 and K1 filters that we chose for the color analysis. To
determine the absolute magnitudes of these field dwarfs we used distance measure-

4The models were downloaded from http://perso.ens-1yon.fr/france.allard/.
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ments provided by Gaia DR2 (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018),
the Brown Dwarf Kinematics Project (Faherty et al. 2009), and the Pan-STARRS]1 37
Survey (Best et al. 2018). Targets without any parallax measurement were discarded
from the sample. In addition to these field objects, we compared the color of YSES 1b
to photometric measurements® of confirmed sub-stellar companions (based on data
from Cheetham et al. 2019; Janson et al. 2019; Lafreniere et al. 2008; Chauvin et al.
2005; Currie et al. 2013; Bonnefoy et al. 2011; Keppler et al. 2018; Miiller et al. 2018;
Chauvin et al. 2017a; Zurlo et al. 2016). The results of this analysis are presented in a
color-magnitude diagram in Figure 4.6. YSES 1b is located at the transition between
late M and early L-type dwarfs, which is in very good agreement with the previously
assigned spectral type of LO. As observed for many other young, directly imaged L-
type companions, YSES 1b is considerably redder than the sequence of evolved field
dwarfs of similar spectral type. This appearance is associated with lower surface
gravities of these young objects in comparison to their field counterparts (e.g., Gizis
et al. 2015; Janson et al. 2019).

All our analyses, therefore, indicate that the detected companion is sub-stellar
in nature. Accounting for the spread among the various methods used to infer the
object’s mass, we adopt a conservative estimate of 14 & 3 Mjy, yielding a mass ratio
of 4 = 0.013 £ 0.003 between primary and companion. We conclude that YSES 1b is
a sub-stellar companion to YSES 1 at the boundary between giant planets and low
mass brown dwarfs. Further studies at higher spectral resolution are required to
confine this parameter space and to test the planetary nature of the object.

4.4.3 Detection limits

To assess our sensitivity to further companions in the system, we determined the
contrast limits for each of the datasets. For the SPHERE data, which do not pro-
vide a large amount of parallactic rotation, we did not perform any PSF subtraction.
Instead we determined the contrast in the derotated and median combined images
by measuring the standard deviation of the residual flux in concentric annuli around
the star. To exclude flux of candidate companions that might distort these noise mea-
surements, we performed a 3¢ clipping of the flux values inside the annuli, before
calculating the standard deviation of the remaining pixels. The annuli have widths of
the FWHM at the corresponding wavelength and we evaluate the statistics at radial
separations between 0”1 and 5”5 with a step size of 50 mas. With these noise terms
and the peak flux of the PSF in the corresponding median flux image, we derived
the 50 contrast curves for the SPHERE data, presented in the top panel of Figure 4.7.
Due to the poor weather conditions and shorter integration times, we neglect the
SPHERE broadband imaging data for this analysis.

The NACO data was analysed with the ContrastCurveModule of PynPoint. For
both L’ and M’ data we injected artificial planets into the data and fitted one principal
component for PSF subtraction before de-rotation. The planets were injected at six
equidistantly distributed angles with radial separations increasing from 0”2 to 270
and a step size of 100 mas. The magnitude of the injected planets was optimized so
that these are detected at 5¢ significance applying an additional correction for small
sample statistics at small angular separations (Mawet et al. 2014). To obtain the final

5For companions that have not been observed with the identical combination of SPHERE H2 and
K1 dual band filters, we based the presented magnitudes and colors on the corresponding broadband
photometry, instead.
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Figure 4.6: Color-magnitude diagram for YSES 1b. The filled circles indicate the color-magnitude
evolution of M, L and T field dwarfs, whereas the white markers indicate companions that were
directly imaged around young stars. YSES 1b — highlighted by the red star — is located at the tran-
sition stage between late M and early L dwarfs and is considerably redder than the corresponding
evolved counterparts of similar spectral type.
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Figure 4.7: Detection limits for SPHERE/DBI and NACO datasets. Upper panel: Magnitude
contrast as a function of angular separation. Lower panel: Mass limits as a function of angular
separation. The magnitude contrast is converted to masses via AMES-dusty (Allard et al. 2001;
Chabrier et al. 2000) models.
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contrast curves as presented in the top panel of Figure 4.7 we averaged the data
along the azimuthal dimension.

To convert the derived magnitude contrasts to detectable planetary masses we
used the AMES-dusty models (Allard et al. 2001; Chabrier et al. 2000) and evaluated
the isochrones at a system age of 16.7 Myr. The SPHERE observations provide the
best performance for small angular separations. The H2 data rules out any addi-
tional companions more massive than 12 Mj;, for separations larger than 120 mas.
This is equivalent to ruling out additional stellar or brown dwarf companions sep-
arated farther than 12au from YSES 1. For angular separations larger than 0”5 up
to approximately 2/, NACO L’ band imaging yields the tightest constraints for ad-
ditional companions in the system. For separations in the range of 1” to 2” we can
rule out additional companions that are more massive than approximately 4 Mjyp.
Farther out, the H2 background limit is approximately 5 Mjyp.

Due to deeper integrations in the SPHERE observations collected on the night of
March 23, 2019, we detect additional point sources to the 16 objects that were found
in the first epoch data from July 5, 2017. The contrasts of these objects are above
the derived detection limits. Statistical evaluation based on the first epochs already
indicates a very high fraction of background contaminants in the IRDIS field of view
around YSES 1; as we do not have additional data to test the proper motion of these
new candidate companions we cannot entirely rule out the possibility that these are
co-moving with YSES 1.

4.5 Discussion

4.5.1 Companion properties

Whilst effective temperature, surface gravity and luminosity of YSES 1b that we have
derived in Section 4.4.2 seem to agree with general properties of similar low-mass
companions (e.g., Bonnefoy et al. 2013; Chauvin et al. 2017a) the radius estimate of
R = 3.0J_r8:§ Rjyp is larger than expected from these analogous systems. Empirical
data suggest an almost constant radius of approximately 1Rj,p for planets in the
range of 1 Mj,p up to stellar masses (e.g., Chabrier et al. 2009) - but these relations
are derived from field populations of sub-stellar objects. Their young, gravitationally
bound counterparts tend to be inflated instead as these are still contracting (Baraffe
et al. 2015). This leads to earlier spectral types, lower surface gravities, and larger
radii of young companions in comparison to field objects of the same mass (Asensio-
Torres et al. 2019). Furthermore, the constraints that are imposed on the radius are
only very weak. The lower bound from the Monte Carlo analysis already implies
that smaller radii are not ruled out by our best-fit models. As the masses that are
derived from effective temperature, luminosity, individual photometry, and spectral
type are all in very good agreement, it is unlikely that the object is not a low-mass
companion to YSES 1.

Another possible explanation for the radius anomaly might be given by the sce-
nario that YSES 1b is an unresolved binary with two components of near equal
brightness. To test this hypothesis, we repeated the SED modeling, allowing for
two objects contributing to the observed photometry. The best-fit result is obtained
by binary components with effective temperatures of 1700 K and 1800K and corre-
sponding radii of 1.6 Rjyp and 2.1 Rjyp. These results are in better agreement with
potential radii of inflated, young sub-stellar objects (Baraffe et al. 2015). As the
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PSF of YSES 1b is azimuthally symmetric, this potential binary pair of nearly equal
brightness would have to be unresolved in our data. Applying the FWHM for our
observations at highest angular resolution in Y2 band (see Table 4.2) implies that a
binary companion must have a angular separation smaller than 37.2mas to be un-
resolved in the data. At the distance of this system this translates to a physical
separation smaller than 3.5 au, which lies well within the Hill sphere of a secondary
with a mass of approximately 14 Mj,p. Although this hypothesis might explain the
large radius that we find for YSES 1b, additional data of the companion is required to
thoroughly test this scenario of binarity. An infra-red medium resolution spectrum
of the companion would thus be very valuable for confirming this hypothesis.

4.5.2 Comparison to other directly imaged sub-stellar companions

Although tens of low-mass, sub-stellar companions have been directly imaged, the
majority of the host stars are either more massive than the Sun (e.g., Lagrange et al.
2010; Marois et al. 2008; Rameau et al. 2013; Chauvin et al. 2017a; Carson et al. 2013;
Janson et al. 2019), are located at the lower end of the stellar mass distribution (e.g.,
Luhman et al. 2005; Delorme et al. 2013; Artigau et al. 2015; Béjar et al. 2008; Luh-
man et al. 2009; Rebolo et al. 1998; Kraus et al. 2014; Bowler et al. 2013; Gauza et al.
2015; Naud et al. 2014; Itoh et al. 2005), or of sub-stellar nature themselves (e.g.,
Todorov et al. 2010; Gelino et al. 2011; Liu et al. 2012). The sample of planetary mass
companions that are unambiguously confirmed around solar-type stars is still small,
containing PDS 70 b and c (Keppler et al. 2018; Haffert et al. 2019), 2M 2236+4751 b
(Bowler et al. 2017), AB Pic b (Chauvin et al. 2005), 1RXS 1609 b (Lafreniere et al.
2008), HN Peg b (Luhman et al. 2007), CT Cha b (Schmidt et al. 2008), HD 203030 b
Metchev & Hillenbrand (2006), and GJ 504 b Kuzuhara et al. (2013). This selec-
tion was compiled® applying conservative mass thresholds in the range of 0.6 M,
to 1.4 My for host stars to be considered solar type. In Figure 4.8, we visualize the
properties of YSES 1b among this sample of directly imaged sub-stellar companions
around solar-mass stars. To estimate the semi-major axis of the object, we use the
projected separation of 162 au that we derived earlier. This value is thus a lower limit
of the actual semi-major axis, as it is the case for many directly imaged companions
on wide orbits.

From Figure 4.8 it is apparent that YSES 1 is among the youngest systems with
a directly imaged sub-stellar companion around a solar-mass host star. Its mass
ratio g is one of the smallest within the sample, only surpassed by HD 203030 b,
GJ 504 b, and both planets around PDS 70. The distance at which it is detected is
interesting as it is well separated from the host. This facilitates long-term monitoring
and spectroscopic characterization of the companion with both ground and space
based missions. Near infrared observations towards the photometric variability of
the object would help to constrain its rotation period and potential cloud coverage
(e.g Yang et al. 2016); additional spectroscopic data will allow to constrain the mass of
YSES 1b and to determine molecular abundances in its atmosphere (e.g., Hoeijmakers
et al. 2018b).

®For this analysis we used the http://exoplanet.eu/ database (Schneider et al. 2011)
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Figure 4.8: Directly imaged sub-stellar companions around solar-mass stars. For the sample
selection we chose host stars with masses in the range of 0.6 M and 1.4 M We present the mass
ratio g between companion and primary as a function of radial separation to the host. The color
indicates the age of the corresponding system.

4.5.3 Formation scenarios

The origin of giant planetary-mass companions at large separations from their host
stars is a highly debated topic. Studies by Kroupa (2001) and Chabrier (2003) argue
that these objects can form in situ and represent the lower mass limit of multiple
star formation via fragmentation processes in the collapsing protostellar cloud. If
the companion has formed via the core accretion channel (Pollack et al. 1996; Alibert
et al. 2005; Dodson-Robinson et al. 2009; Lambrechts & Johansen 2012) or via gravita-
tional instabilities of the protoplanetary disc (Boss 1997; Rafikov 2005; Durisen et al.
2007; Kratter et al. 2010; Boss 2011) this must have happened closer to the star and
after formation, the protoplanet needs to be scattered to the large separation at which
it is observed. For regions with a high number density of stars such as Sco-Cen, also
capture of another low-mass member of the association needs to be considered as a
potential pathway of producing wide orbit companions (e.g., Varvoglis et al. 2012;
Goulinski & Ribak 2018). YSES 1b is an ideal candidate to test potential scenarios
of (i) formation closer to the host and scattering to its current location, (ii) in-situ
formation, and (iii) capture of a low mass Sco-Cen member.

Scenario (i) requires a third component in the system in addition to host star and
companion. This component has to be more massive than the companion to scatter
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the protoplanet off the system to its current location. Even though the detection lim-
its of our high-contrast observations rule out additional companions that are more
massive than 12 Mj,;, for projected separations that are larger than 12au, this does
not rule out a binary companion in a close orbit around YSES 1. To constrain the
parameter space of a close, massive companion in the system, reflex motion measure-
ments of the host star are required. This analysis could be performed by combining
our high-contrast imaging data with additional radial velocity observations of the
system as for instance presented by Boehle et al. (2019). High-precision astrometry
provided by future data releases of the Gaia mission (Gaia Collaboration et al. 2016)
will be valuable to identifying potential close-in binaries.

One way to discriminate between the three potential formation scenarios is pro-
vided by a precise determination of YSES 1b’s orbit. This can be achieved by monitor-
ing of the relative astrometric offset between primary and secondary in combination
with additional radial velocity measurements. The primary’s radial velocity is mea-
sured by Gaia as 12.8 &= 1.4kms~! and for the companion — as it is reasonably far
separated from the host — this will be accessible by medium resolution spectroscopy.
Polarimetric observations of the target and detection of a potential circumstellar or
even circumplanetary disc around either of the components would impose further
constraints on the orbital dynamics of the system.

With the currently available data it is not possible to unambiguously identify the
mechanism that shaped the appearance of the young solar system around YSES 1,
but with future observations as outlined in the previous paragraphs, it should be
possible to discern which is the most likely scenario that shaped the architecture of
this young, solar-like system.

4.6 Conclusion

After the discovery of a shadowed protoplanetary disc at transition stage around
Wray 15-788 (Bohn et al. 2019), we report the detection of a first planetary mass
companion within the scope of YSES. The companion is found around the K3IV
star YSES 1, located in the LCC subgroup of Sco-Cen. Using X-SHOOTER and
archival photometric data, we determine a mass of 1.00 £ 0.02 M, an effective tem-
perature of 4573 + 10K, a luminosity of log (L/Ls) = —0.339 £ 0.016 dex, and an
age of 16.7 = 1.4Myr for the primary. The companion is detected at a projected
separation of approximately 1”7 which translates to a projected physical separation
of 162au at the distance of the system. Fitting the companion’s photometry with
BT-Settl models provides an effective temperature of Tey = 1727f£§ K, a surface
gravity of log(g) = 3.917}7], a radius of R = 3.0707 Rjyp, and a luminosity of
log (L/Le) = —3.17f8:8§ dex. At the age of the system we adopt a mass estimate of
14 + 3 Mjjyp, which is equivalent to a mass ratio of ¢ = 0.013 & 0.03 between primary
and secondary. YSES 1b is among the youngest and least massive companions that
are directly detected around solar-type stars. The large radius we have derived sug-
gests that the companion is either inflated, or is an unresolved binary in a spatially
unresolved orbit with a semi-major axis smaller than 3.5au. From our high-contrast
imaging data we can exclude any additional companions in the system with masses
larger than 12 M, at separations larger than 12au. This discovery opens many
pathways for future ground and space-based characterization of this solar-like envi-
ronment at a very early stage of its evolution.



4.A. Proper motion analysis of other point sources

4.A Proper motion analysis of other point sources

In our first epoch data, we detect 16 point sources around YSES 1. All these candidate
companions are re-detected in our deeper second epoch data from March 23, 2019.
We analyzed the relative motion of all these object towards common proper motion
with the primary. As presented in Figure 4.9 all candidate companions but YSES 1b
have to be considered background contaminants, as their relative positions are not
compatible with a bound companion. In most cases our measurements agree well
with the predicted trajectory of a static background object. Small deviations from
this prediction indicate an intrinsic non-zero proper motion of the object, instead.
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Figure 4.9: Proper motion analysis of other candidate companions
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CHAPTER 5

Two directly imaged, wide-orbit giant
planets around the young, solar analog
YSES 1

VEN though tens of directly imaged companions have been discovered in the
past decades, the number of directly confirmed multiplanet systems is still
small. Dynamical analysis of these systems imposes important constraints

on formation mechanisms of these wide-orbit companions. As part of the Young
Suns Exoplanet Survey (YSES) we report the detection of a second planetary-mass
companion around the 17 Myr-old, solar-type star YSES 1 (TYC 8998-760-1) that is lo-
cated in the Lower Centaurus Crux subgroup of the Scorpius—Centaurus association.
The companion has a projected physical separation of 320 au and several individual
photometric measurements from 1.1 to 3.8 microns constrain a companion mass of
6 + 1 Myyp, which is equivalent to a mass ratio of 4 = 0.57 & 0.10% with respect to
the primary. With the previously detected 14 & 3 Mj,, companion that is orbiting
the primary at 160 au, YSES 1 is the first directly imaged multiplanet system that is
detected around a young, solar analog. We show that circular orbits are stable, but
that mildly eccentric orbits for either/both components (¢ > 0.1) are chaotic on Gyr
timescales, implying in-situ formation or a very specific ejection by an unseen third
companion. Due to the wide separations of the companions YSES 1 is an excellent
system for spectroscopic and photometric follow-up with space-based observatories
such as the James Webb Space Telescope.

Adapted from

Alexander J. Bohn, Matthew A. Kenworthy, Christian Ginski, Steven Rieder,
Eric E. Mamajek, Tiffany Meshkat, Mark ]. Pecaut, Maddalena Reggiani,
Jozua de Boer, Christoph U. Keller, Frans Snik, and John Southworth

The Astrophysical Journal Letters, 898, L16 (2020)
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5.1 Introduction

Driven by the installation of extreme adaptive-optics (AO) assisted imagers such as
the Gemini Planet Imager (GPI; Macintosh et al. 2014) and the Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019) instrument, the num-
ber of directly imaged extrasolar planets has been increasing continuously over the
past years. Even though several substellar companions have been identified and
characterized with these instruments (e.g. Macintosh et al. 2015; Galicher et al. 2014;
Chauvin et al. 2017a; Keppler et al. 2018; Miiller et al. 2018; Janson et al. 2019; Mesa
et al. 2019b), only two systems have been detected so far that show unambiguous
evidence for the presence of more than one directly imaged companion: one of these
multiplanet systems is HR 8799 — an approximately 30 Myr-old star of spectral class
Ab that is harboring four giant planets at orbits with semi-major axes ranging from
15au to 70 au (Marois et al. 2008, 2010; Wang et al. 2018). The other one is PDS 70,
which is a K7-type star at an age of approximately 5.4 Myr that is hosting at least
two accreting protoplanets inside the gap of a transitional disk that is surrounding
this pre-main-sequence star (Keppler et al. 2018; Miiller et al. 2018; Haffert et al.
2019). These multiplanet systems are intriguing laboratories to study dynamical in-
teractions and scattering events between several planetary-mass companions, which
is is crucial for understanding the formation and dynamical evolution of planetary
systems (e.g. Morbidelli 2018).

To obtain a statistically significant census of wide-orbit companions to solar-
type stars we launched the Young Suns Exoplanet Survey (YSES; Bohn et al. 2020a)
targeting a homogeneous sample of 70 solar-mass pre-main-sequence stars in the
Lower Centaurus Crux subgroup of the Scorpius—Centaurus association (Sco—Cen;
de Zeeuw et al. 1999; Pecaut & Mamajek 2016). Within the scope of this survey, we
already detected a self-shadowed transition disk around Wray 15-788 (Bohn et al.
2019) as part of a stellar binary with the debris disk host HD 98363 (Chen et al.
2012; Moor et al. 2017; Hom et al. 2020). Most recent was the announcement of a
14 + 3 Mjyp companion that is orbiting the solar analog YSES 1 (TYC 8998-760-1,
2MASS]13251211-6456207) at a projected separation of 160au (Bohn et al. 2020a).
The primary is a 16.7 & 1.4 Myr-old K3IV star with a mass of 1.00 & 0.02 M, located
at a distance of 94.6 & 0.3 pc (Bailer-Jones et al. 2018; Gaia Collaboration et al. 2018).
We refer to Table 1 of Bohn et al. (2020a) for further information on the host star.

In this article we present new data on this system and report the detection of
a second, farther separated, yet lower-mass companion to this young solar analog.
Section 5.2 outlines the observations that we acquired on YSES 1 and how the data
were reduced. In Section 5.3 we present the results of this analysis and study the
properties of this gas giant companion. Our conclusions and further prospects on
characterization of this intriguing multiplanet system are presented in Section 5.4.

5.2 Observations and data reduction

On the night of 2020 February 16 we acquired data on YSES 1 with SPHERE/IRDIS
(Dohlen et al. 2008) which was operated in dual-polarization imaging mode (DPL de
Boer et al. 2020; van Holstein et al. 2020) with the instrument derotator switched off
(PI: A. Bohn). SPHERE is mounted at the Very Large Telescope (VLT) of the European
Southern Observatory (ESO) and it is supported by the SAXO extreme AO system
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(Fusco et al. 2006) to provide Strehl ratios better than 90 % in H band. Within the
scope of this work we only used the total intensity frames of the DPI dataset that
are created by adding the left and right sides of the IRDIS detector. Furthermore, we
used parts of the observations presented in Bohn et al. (2020a) that were collected
with NACO (Lenzen et al. 2003; Rousset et al. 2003) and SPHERE/IRDIS in classical
and dual-band imaging modes (Vigan et al. 2010). A detailed description of all
observations, applied filters, and weather conditions is presented in Appendix 5.A.
The data reduction was performed as described in Bohn et al. (2020a) using a cus-
tom processing pipeline based on version 0.8.1 of PynPoint (Stolker et al. 2019) that
includes dark and flat calibration, bad pixel cleaning, and subtraction of the sky and
instrument background. A more detailed description is presented in Appendix 5.B.

5.3 Results and analysis

We report the detection of a second, very red companion to YSES 1 which we will
refer to as YSES 1c (TYC 8998-760-1 c) henceforth. A compilation of both confirmed
companions around this young, solar analog in several SPHERE and NACO band-
passes is presented in Figure 5.1. YSES 1c was detected with a signal-to-noise ratio
greater than 5 from Y3 to L’ band and we did not detect any significant flux at
the expected position in the Y2 and M’ filters. A detailed analysis of the detection
significance for the individual bandpasses and nights is presented in Appendix 5.C.

5.3.1 Astrometric analysis

The main confirmation of the companionship was performed by common proper
motion analysis. Because both companions are well separated from the PSF halo of
the primary and no PSF subtraction was performed, we extracted the astrometry in
the final images with a two-dimensional Gaussian fit. In the H band data collected
on the night of 2017 July 5, we detected YSES 1c at a separation of 3'/369 4 0”033
and a position angle of 22191 4 096 with respect to the primary'. From the K1 band
data — which provides the highest signal-to-noise ratio of the companion on the
night of 2019 March 23 — we derived a separation of 3”377 £ 07005 and position
angle of 221°2 £ 0°1 east of north. For the H band data from 2020 February 16,
a separation of 3”380 £ 07006 and a position angle of 22193 4- 0°1 were measured.
These measurements imply a projected physical separation of approximately 320 au
at the distance of the system.

This proper motion analysis is visualized in Figure 5.2. The primary has a par-
allax of 10.54 + 0.03mas and proper motions of y, = —40.90 £ 0.04masyr ! and
s = —17.79 £ 0.04 mas yr’1 based on Gaia DR2 (Gaia Collaboration et al. 2018). In
the top panel we present the additional astrometric measurement of the confirmed
comoving companion YSES 1b which was detected at a separation of 1”708 & 07003
and a position angle of 212°1 & 0°1 on the night of 2020 February 16. The bottom
panel displays the relative astrometric offsets that we measured for background con-
taminants within the SPHERE/IRDIS field of view. Whereas YSES 1b shows no

IThe uncertainties of these measurements are much larger than the usual astrometric precision of
SPHERE. This is attributed to the nonoptimal AO performance caused by poor atmospheric conditions
with an average seeing of 1”22 and a coherence time of 2.9ms, resulting in a smeared PSF and limited
astrometric accuracy (see Appendix 5.C).
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Figure 5.1: Two planetary-mass companions around YSES 1. We present the reduced data for
several SPHERE and NACO filters. The white arrows indicate the positions of the confirmed,
planetary-mass companions YSES 1b and c as labeled in the bottom left panel. All other objects
in the field of view are background contaminants confirmed by proper motion analysis. To highlight
off-axis point sources an unsharp mask is applied to the SPHERE data and we smoothed pixel-
to-pixel variations in the NACO data with a Gaussian kernel. All images are displayed with an
arbitrary logarithmic color scale. The primary is in the upper left of each panel setting the origin of
the coordinate system that represents the differential offsets in R.A. and decl. In the lower left of
each panel, we present the noncoronagraphic flux PSF as a reference for the corresponding filter.
In all frames, north points up and east is to the left.

relative motion with respect to the primary within the measurement uncertainties,
the background data points clearly follow the expected trajectory of a static object at
infinity as indicated by the blue dashed line. Minor deviations from this trajectory
indicate intrinsic nonzero proper motions of these background objects, the measured
motions, however, clearly disfavor any bound orbits for these contaminants. As pre-
sented in the top right of Figure 5.2, the relative proper motion of YSES 1c is highly
inconsistent with the expected movement of a static background object. Analogously
to YSES 1b (top left) its relative motion with respect to the primary is close to zero
within the provided uncertainties and the measurements from 2017 July 5 and 2019
March 23 are significantly distinct from the cloud of background objects for the corre-
sponding reference epochs. This is in good agreement with the infinitesimal amount
of orbital motion expected for an object at a projected physical separation of 320 au.
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Figure 5.2: Multiepoch proper motion assessments of YSES 1b, ¢, and confirmed background
objects. The colored markers represent the extracted relative astrometry of objects in the SPHERE
field of view. The blue, dashed line represents the trajectory of a static background object and the
white circles indicate the expected position of such an object, evaluated at the epochs indicated in
the top and middle panels. Whereas the origin of the coordinate system is located at the position
of the star for the comoving companions (top panels), we present the relative offsets to reference
epoch 2020 February 26 for confirmed background objects (bottom panel). The field of view sizes
of the plots and the relative positions of the background trajectories are identical for all three
panels, so that individual measurements of companions and background objects can be compared
amongst each other.

5.3.2 Photometric analysis

To corroborate the companion status and to further characterize YSES 1c, we ana-
lyzed its spectral energy distribution (SED) that we constructed from the SPHERE
and NACO detections ranging from Y3 to L' band. The Y2 and M’ data imposed ad-
ditional upper limits to the SED. As described in Bohn et al. (2020a) we extracted the
companion flux in the SPHERE filters by aperture photometry, choosing an aperture
size equivalent to the PSF FWHM of the corresponding filter. The magnitude contrast
with respect to the primary is evaluated using the noncoronagraphic flux images that
were acquired alongside the observations. As we performed a PCA-based PSF sub-
traction for the reduction of the NACO L’ data, we extracted the magnitude of the
companion by injection of negative artificial companions that were generated from
the unsaturated stellar PSF in each individual frame. This analysis was performed
with the SimplexMinimizationModule of PynPoint that is iteratively minimizing the
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Table 5.1: Photometry of YSES 1c and Its Host.

Filter =~ Magnitude star AMag Flux companion
(mag) (mag) (erg sTlem™2pm™1)
Y2 9.47 > 13.22 <049 x 10714
Y3 9.36 13.01+£031  (0.5640.16) x 10~
]2 9.13 12684022  (0.69+0.14) x 10714
J3 8.92 1225+0.15  (0.9540.13) x 1014
H2 8.46 11.32+£0.08  (1.5740.11) x 10714
H 8.44 11254023  (1.624+0.34) x 10714
H3 8.36 1096 £0.06  (2.0440.12) x 10~ 14
K1 8.31 10.034+0.04  (2.21+0.09) x 10714
K2 8.28 9.57 4 0.09 (2.67 £0.51) x 1074
L 8.27 8.0240.21 (1.58 +0.30) x 10~ 14
M’ 8.36 > 445 <1583 x 101

Notes. We present 50 upper limits of the companion flux in the Y2 and M’ bands. The
broadband H data is reported for the night of 2020 February 16, which is superior to the data
collected on 2017 July 5 due to the longer integration time and better weather conditions.

absolute value norm within a circular aperture around the estimated position of
the companion (Wertz et al. 2017) using a simplex-based Nelder-Mead optimization
algorithm (Nelder & Mead 1965). The upper limits for Y3 and M’ bands were calcu-
lated as the 50 detection limits at the position of the companion. The extracted flux
values are presented in Table 5.1 and visualized in Figure 5.3.

To assess the planetary parameters of YSES 1c we fitted the photometric data
points with a grid of BT-Settl models (Allard et al. 2012) that we evaluated in the
corresponding bandpasses. We restricted this analysis to models with effective tem-
peratures from 500K to 2000K and surface gravities ranging from 3.5 dex to 5.5 dex
with grid spacings of 100K and 0.5 dex, respectively. In accordance with Sco-Cen
membership, only models with solar metallicity were considered for this analysis.
Furthermore, we assumed a negligible extinction in agreement with SED modeling
of the primary as described in Bohn et al. (2020a). To facilitate model evaluation at
intermediate temperatures and surface gravities we linearly interpolated the original
data grid.

The planetary properties were inferred by a Bayesian parameter study using the
affine-invariant Markov chain Monte Carlo (MCMC) ensemble sampler implemented
in the emcee python module (Foreman-Mackey et al. 2013). The fitted parameters
were the companion’s effective temperature T, surface gravity log (), and radius
R. Due to the negligible uncertainties in system parallax, we set the distance to a
fixed value of 94.6 pc. The planet luminosity for any realization of Teg, log (g), and R
was inferred from the integrated flux of the corresponding BT-Settl model, consider-
ing the previously fixed system distance. Our MCMC implementation used uniform
priors for each of the input parameters, sampling To¢ and log () over the full range
of interpolated BT-Settl models and allowing for planet radii between 0.5 Ry, and
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Figure 5.3: SED of YSES 1. The red squares indicate the photometric measurements we extracted
from SPHERE and NACO data and the brown triangles are 50 upper limits for bandpasses with a
nondetection of the companion. The blue line represents the median of the posterior distributions
from our MCMC fitting routine and the gray squares indicate the evaluation of this model in the
SPHERE and NACO bandpasses. We show 100 randomly drawn models from our MCMC posterior
distribution (gray curves) and in the bottom panel the residuals of the posterior-median model
and the measured photometry are plotted.

5 Ryup- We used a Gaussian likelihood function for the measured photometry of the
companion and additionally required that the likelihood decreases to zero in case
the flux in Y or M’ bands exceeds the corresponding 5 ¢ limits. We set up an MCMC
sampler with 100 walkers and 10,000 steps each for the SED fit of the companion.
Based on the derived autocorrelation times of approximately 100 iterations, we dis-
carded the first 500 steps of the chains as burn-in phase and continued using only
every twentieth step of the remaining data, which resulted in 47,500 individual pos-
terior samples.

The SED of YSES 1c and resulting models from our MCMC fitting procedure
are presented in Figure 53.  From this analysis we derived estimates of T =

12407 199K, log (g) = 3.5110 07 dex, Rp = 1.170% Ryyp, and log (L/Le) = —4.65700
as the 95% confidence intervals around the median of the posterior distributions?.
The uncertainties derived for the surface gravity appear underestimated, as pho-
tometric measurements alone cannot precisely constrain this parameter. We thus

adopted the spacing of the original model grid of 0.5 dex as the reported uncertainty

2The full posterior distributions of this analysis and the correlations between the fitted parameters are
presented in Appendix 5.D.

137



5. TwO DIRECTLY IMAGED PLANETS AROUND THE YOUNG, SOLAR ANALOG YSES 1

138

in the planet’s surface gravity henceforth. Future measurements at higher spectral
resolution are required though to place tighter constraints to this parameter.

To convert the derived properties to a planetary mass, we evaluated effective tem-
perature and luminosity individually with BT-Settl isochrones at the system age of
16.7 & 1.4 Myr. This yielded masses of 7.0:%; Myyp and 5.5f8:f73 Myyp for both param-
eters, respectively.  The planet luminosity is usually less model dependent than
the derived effective temperature (e.g., Bonnefoy et al. 2016), which is apparent in
the uncertainties of both mass estimates. We thus adopted a final mass estimate
of 6 £1 My, for YSES 1c as the weighted average of both measurements. This is
equivalent to a mass ratio of g = 0.57 £ 0.10 % with respect to the primary. Fitting
the Y to K band data with several empirical spectra of substellar objects from Chiu
et al. (2006) showed best compatibility with a spectral type of L7.5.

We further evaluated the colors of both companions with respect to field brown
dwarfs and known directly imaged companions. This analysis is presented within
the color-magnitude diagram in Figure 5.4. To compile the sample of field M, L, and
T dwarfs we used data provided by the NIRSPEC Brown Dwarf Spectroscopic Survey
(McLean et al. 2003, 2007), the IRTF Spectral library (Rayner et al. 2009; Cushing et al.
2005), the L and T dwarf data archive Knapp et al. (2004); Golimowski et al. (2004);
Chiu et al. (2006), and the SpeX Prism Libraries (Burgasser et al. 2010; Gelino & Bur-
gasser 2010; Burgasser 2007; Siegler et al. 2007; Reid et al. 2006; Kirkpatrick et al. 2006;
Cruz et al. 2004; Burgasser & McElwain 2006; McElwain & Burgasser 2006; Sheppard
& Cushing 2009; Looper et al. 2007; Burgasser et al. 2008; Looper et al. 2010; Muench
et al. 2007; Dhital et al. 2011; Kirkpatrick et al. 2010; Burgasser et al. 2004), using
distances from Gaia DR2 (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018),
the Brown Dwarf Kinematics Project (Faherty et al. 2009), and the Pan-STARRS1 37
Survey (Best et al. 2018). The photometry of the directly imaged companions were
adopted from Chauvin et al. (2005); Lafreniere et al. (2008); Bonnefoy et al. (2011);
Currie et al. (2013); Zurlo et al. (2016); Samland et al. (2017); Chauvin et al. (2017b);
Keppler et al. (2018); Miiller et al. (2018); Cheetham et al. (2019); Janson et al. (2019).
YSES 1b and c are both considerably redder than the evolutionary sequence of field
brown dwarfs, which is another strong indicator of their youth and low surface grav-
ity. YSES 1c is located close to the L/T transition but substantially redder than field
dwarf equivalents of similar spectral type. Indeed, it is the reddest object among the
directly imaged, substellar companions that are presented in Figure 5.4.

5.3.3 Dynamical stability

We model the system using Rebound and the WHFast integrator (Rein & Liu 2012;
Rein & Tamayo 2015). We assume semi-major axes of planets b and c¢ to be 160
and 320 au respectively, and we place both planets at apastron. For various values
of the eccentricity of the planets we then calculate the chaos indicator as the mean
exponential growth factor of nearby orbits (MEGNOQO; Cincotta et al. 2003; Rein &
Tamayo 2016) for the system, integrating it for its current lifetime and up to 1 Gyr to
check its long-term stability. We find that for orbits with low eccentricity (e < 0.1) for
both planets, the system is stable on gigayear timescales. For larger eccentricities, the
system is chaotic and likely to experience dynamical interaction between the planets,
implying that either the planets formed in-situ or that they were ejected from the
system by an unseen third companion.
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Figure 5.4: Color-magnitude diagram for YSES 1b and c. The two objects of interest are
highlighted by the red stars. The colored, filled circles indicate the evolutionary sequence of
field dwarfs of spectral class M to T and the white circles represent confirmed directly imaged
companions.
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5.4 Conclusions

We report the detection of YSES 1c: a second, planetary-mass companion to the
solar-type Sco-Cen member YSES 1, making this the first directly imaged system
around a star of approximately 1 M. From the astrometry of the object, we derived a
projected physical separation of 320 au. SED analysis of broadband photometric data

sampled from Y to L’ band constrains an effective temperature of T = 1240238 K,

a surface gravity log(g) = 3.5+ 0.5dex, a planet radius of Ry, = 1.1f8:g Rpup, a

luminosity of log (L/Ls) = —4.657)0:, and a spectral type of L7.5. Evaluation of
BT-Settl isochrones at the system age of 16.7 &= 1.4 Myr yielded a planet mass of
6 + 1 Myyp, which is consistent with a mass ratio of g = 0.57 & 0.10 % with regard
to the primary. This is in very good agreement with the color-magnitude analysis
of the system that ranks YSES 1c as an object that is close to the L/T transition, yet
much redder than field objects of the same spectral type. = Comparison to other
well-characterized, substellar companions shows that YSES 1c is indeed the reddest
among these objects. Using dynamical modeling of the system, we find that the
system is stable on gigayear timescales only for near-circular orbits, with eccentric
orbits becoming chaotic on timescales comparable to the system’s lifetime.

YSES 1 is a prime system to further study the dynamical and chemical proper-
ties of two coeval, gravitationally bound, gas giant planets. Continuous astrometric
monitoring will constrain the orbital solutions for both companions and thus en-
able testing of potential formation scenarios. Due to the wide separations of both
companions, contaminating flux from the primary is negligible, so spectral charac-
terization at high resolution is easily accessible to determine rotational periods and
molecular abundances in the planetary atmospheres (e.g. Snellen et al. 2014). Multi-
wavelength photometric variability monitoring with space-based observatories such
as the Hubble space telescope (e.g. Zhou et al. 2016; Biller et al. 2018) and the James
Webb Space Telescope (JWST) will facilitate studies of the vertical cloud structures in
these Jovian companions. Even mid-infrared spectroscopy with JWST/MIRI will be
feasible to provide benchmark spectra for theoretical atmosphere models of young,
substellar companions at wavelengths longer than 5 microns.

5.A Observational setup and conditions

The setup that was used for each observation and the weather conditions during
data collection are presented in Table 5.2.

5.B Data reduction

5.B.1 SPHERE data

As both companions are located outside the stellar PSF halo, we did not perform
any advanced post-processing for the SPHERE data: all frames were centered and
derotated accounting for the parallactic rotation of the field. We used the standard
astrometric calibration for SPHERE/IRDIS with a true north offset of —1°75 4 0°08
and plate scales varying from 12.250 + 0.010 mas per pixel to 12.283 £ 0.010 mas per
pixel for the applied filters as described in Maire et al. (2016).
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5.B.2 NACO data

As the NACO observations were optimized for the characterization of YSES 1b, we
had to reject large fractions of the original datasets as described in Table 5.2, because
YSES 1c was located outside the detector window for these frames. After additional
frame selection to reject frames with bad AO correction, approximately 30 % and
15% of the full data was remaining for L’ and M’ data, respectively. As the amount
of parallactic rotation in the data was sufficient, we performed a PSF subtraction
based on principal component analysis (PCA; Amara & Quanz 2012; Soummer et al.
2012). For both L' and M’ data, we fitted and subtracted one principal component
from the images. This was optimizing the signal-to-noise ratio of YSES 1c for the
L’ data and it provided the best upper limit for the M’ data at the position of the
companion.

5.C Signal-to-noise assessment

To assess the significance of the detection of YSES 1c for each individual epoch and
filter, we measured the signal-to-noise ratio of the companion in the processed im-
ages. We evaluated the signal flux in a circular aperture placed at the previously
determined position of the companion for the corresponding filter (see Section 5.3.1).
For bandpasses in which the companion is not detected (i.e. Y2 band on the night
of 2019 March 23 and M’ band on the night of 2019 June 3), we used the astrometric
position of the K1 data from 2019 March 23 instead. The aperture radius was chosen
as the FWHM of the unsaturated flux PSF of the corresponding filter as reported in
Table 5.2. To measure the noise, we distributed circular apertures of the same size
radially around the star at the same radial separation as the companion. We calcu-
lated the integrated flux within each of the background apertures and subtracted the
average of these measurements from the integrated signal flux in the science aper-
ture. The noise was computed as the standard deviation of the integrated fluxes
from the background apertures, following the description of Mawet et al. (2014). The
resulting signal-to-noise ratios are presented in Figure 5.5. Besides nondetections in
the Y2 and the M’ data, we measure the flux of YSES 1c with a signal-to-noise ratio
greater than 5.

5.D Posterior distributions of SED fit

We present the full parameter space of posterior samples from our SED fit of YSES 1c
in Figure 5.6. Due to the linear interpolation of the model grid prior to the MCMC
fitting routine, each parameter is sampled continuously within the predefined inter-
vals. The upper three panels of the corner plot show the correlations between the
three input parameters T, log (¢), and R. Furthermore, we present the correspond-
ing planet luminosities that are derived from these input parameters and the system
distance in the bottom panel of the figure. The posterior distributions show two fam-
ilies of solutions with effective temperatures of approximately 1225K and 1375 K and
associated planet radii of 1.2 Ry, and 0.8 Ryyp, respectively. Even though the latter
family of solutions is slightly disfavored due to the corresponding planet radius of
0.8 Ryyp — which is smaller than theoretical predictions and empirical constraints for
an object of this age and mass (e.g., Chabrier et al. 2009; Mordasini et al. 2012) —
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Figure 5.5: Signal-to-noise ratio assessment of YSES 1lc. We show a cutout of the final images
for all filters and epochs. The signal-to-noise ratios of the companion were measured with aperture
photometry and the resulting values are presented in the lower left of each panel. Each image is
presented on an individual linear color scale that is normalized with respect to the maximum and
minimum flux value within the image cutout.

we report the 95 % confidence intervals around the medians of the distributions as
a conservative estimate of the planetary properties. This estimate can certainly be
refined by future studies at higher spectral resolution.

5.E Dynamical modeling

In Figures 5.7 and 5.8, we show the MEGNO values for systems after simulating
them for 17 Myr and 1 Gyr, respectively (see subsection 5.3.3). A MEGNO value > 2
indicates a chaotic system, for which we cannot accurately predict the orbits on these
timescales.
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Figure 5.6: Posterior distributions of the MCMC fitting procedure to the photometric SED of
YSES 1c. The input parameters of the fit were effective temperature Ty, surface gravity log (g),
and object radius R. We further show the resulting planet luminosities that can be derived from
the three input parameters and the system distance. The dashed blue lines in the marginalized
distributions present the 2.5 %, 50%, and 97.5% quantiles and the title of the corresponding
diagram indicates the 95 % confidence interval around the median, derived from these quantities.
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CHAPTER 6

Discovery of a directly imaged planet
to the young solar analog YSES 2

o understand the origin and formation pathway of wide-orbit gas giant plan-
ets, it is necessary to expand the limited sample of these objects. The mass
of exoplanets derived with spectrophotometry, however, varies strongly as

a function of the age of the system and the mass of the primary star. By selecting
stars with similar ages and masses, the Young Suns Exoplanet Survey (YSES) aims
to detect and characterize planetary-mass companions to solar-type host stars in the
Scorpius-Centaurus association. Our survey is carried out with VLT/SPHERE with
short exposure sequences on the order of 5min per star per filter. The subtraction
of the stellar point spread function (PSF) is based on reference star differential imag-
ing (RDI) using the other targets (with similar colors and magnitudes) in the survey
in combination with principal component analysis. Two astrometric epochs that
are separated by more than one year are used to confirm co-moving companions by
proper motion analysis. We report the discovery of YSES 2b, a co-moving, planetary-
mass companion to the K1 star YSES 2 (TYC 8984-2245-1, 2MASS ]J11275535-6626046).
The primary has a Gaia EDR3 distance of 110 pc, and we derive a revised mass of
1.1 M and an age of approximately 14 Myr. We detect the companion in two observ-
ing epochs southwest of the star at a position angle of 205° and with a separation of
~ 1’05, which translates to a minimum physical separation of 115 au at the distance
of the system. Photometric measurements in the H and K; bands are indicative of a
late L spectral type, similar to the innermost planets around HR 8799. We derive a
photometric planet mass of 6.3:1):8 Myyp using AMES-COND and AMES-dusty evo-
lutionary models; this mass corresponds to a mass ratio of 4 = (0.5 £ 0.1) % with the
primary. This is the lowest mass ratio of a direct imaging planet around a solar-type
star to date. We discuss potential formation mechanisms and find that the current
position of the planet is compatible with formation by disk gravitational instability,
but its mass is lower than expected from numerical simulations. Formation via core
accretion must have occurred closer to the star, yet we do not find evidence that sup-
ports the required outward migration, such as via scattering off another undiscov-
ered companion in the system. We can exclude additional companions with masses
greater than 13 My, in the full field of view of the detector (0”15 < p < 5”50), at
0”5 we can rule out further objects that are more massive than 6 My, and for pro-
jected separations p > 2" we are sensitive to planets with masses as low as 2 Myp.
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YSES 2b is an ideal target for follow-up observations to further the understanding of
the physical and chemical formation mechanisms of wide-orbit Jovian planets. The
YSES strategy of short snapshot observations (< 5min) and PSF subtraction based
on a large reference library proves to be extremely efficient and should be considered
for future direct imaging surveys.

Adapted from

Alexander J. Bohn, Christian Ginski, Matthew A. Kenworthy, Eric E. Mamajek,
Mark J. Pecaut, Markus Mugrauer, Nikolaus Vogt, Christian Adam,
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6.1. Introduction

6.1 Introduction

Despite several remarkable exoplanet and brown dwarf discoveries by high-contrast
imaging at high angular resolution in the past few years (e.g., Marois et al. 2008;
Schmidt et al. 2008; Marois et al. 2010; Lagrange et al. 2010; Rameau et al. 2013; Bai-
ley et al. 2014; Macintosh et al. 2015; Chauvin et al. 2017a; Keppler et al. 2018; Haffert
et al. 2019; Janson et al. 2019; Bohn et al. 2020a,b), there is an ongoing debate regard-
ing the formation mechanisms that create these super-Jovian gas giants with semi-
major axes greater than 10 au. It is unclear whether these companions have a star-like
origin from a collapsing molecular cloud that is broken up into fragments, creating
planetary-mass objects similar to a stellar binary (Kroupa 2001; Chabrier 2003), or
through formation in a circumstellar disk instead. The classical bottom-up frame-
work postulates formation via core accretion by coagulation of small dust grains
into planetary embryos (Pollack et al. 1996; Alibert et al. 2005; Dodson-Robinson
et al. 2009; Lambrechts & Johansen 2012). These evolve either via collisions or pebble
accretion (Johansen & Lacerda 2010; Ormel & Klahr 2010) into planetary cores that
are massive enough to accrete a gaseous envelope and to open a gap in the disk
(Paardekooper & Mellema 2004). In the corresponding top-down scenario, planetary
cores can be created by gravitational instabilities leading to the collapse of dense re-
gions in the protoplanetary disk (Boss 1997; Rafikov 2005; Durisen et al. 2007; Kratter
et al. 2010; Boss 2011; Kratter & Lodato 2016).

To study this question for the underlying planet formation mechanisms from a
statistical point of view, several direct imaging surveys have been conducted (e.g., Vi-
gan et al. 2012; Galicher et al. 2016; Bowler 2016; Vigan et al. 2017). Synthetic planet
populations that represent each of the potential formation channels can be compared
to the observational results from surveys and place constraints on the efficiency of
the corresponding formation pathway (e.g., Mordasini et al. 2009a,b; Forgan & Rice
2013; Forgan et al. 2018). The two largest surveys were carried out with two of the
most advanced adaptive-optics assisted, high-contrast imagers available: the Spectro-
Polarimetric High- contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019) instru-
ment at the 8.2m ESO/VLT and the Gemini Planet Imager (GPL; Macintosh et al.
2014) at the 8.1m Gemini South telescope. The preliminary statistical analysis of
the first 300 stars from the Gemini PLanet Imager Exoplanet Survey (GPIES; Nielsen
et al. 2019) concludes that giant planets between 10 au and 100 au that have masses
smaller than 13 M]up favorably form via core accretion mechanisms, whereas brown
dwarf companions in the same separation range but with masses from 13 My, to
80 Mjyp seem to be predominantly created by disk instabilities. This finding is sup-
ported by the analysis of the first 150 stars observed within the scope of the SpHere
INfrared survey for Exoplanets (SHINE; Vigan et al. 2020), which additionally hy-
pothesizes that companions with masses between 1 My, and 75 My, are likely to
originate from bottom-up formation scenarios around B and A type stars, whilst
objects of the same mass around M-type stars are consistent with simulated popula-
tions from top-down mechanisms. For the intermediate masses of F-, G-, and K-type
stars, the observed detections can be explained by a combination of both formalisms.
A statistical meta-analysis on the distribution of wide-orbit companion eccentricities
carried out by Bowler et al. (2020) provides supporting evidence for two distinct for-
mation channels shaping the populations of giant planets (2 Mj,p < M < 15 Myyp)
and brown dwarfs (15 My, < M < 75 Myyp).
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Most of these statistical evaluations are affected by the small number of actual
substellar companions that were detected in the preceding imaging surveys. To ex-
pand the sample size for solar-mass host stars, we started the Young Suns Exoplanet
Survey (YSES; Bohn et al. 2020a, Bohn et al. in prep.) that is observing a homoge-
neous sample of 70 ~15Myr-old, K-type stars in the Lower Centaurus Crux (LCC)
subgroup of the Scorpius-Centaurus association (Sco-Cen; de Zeeuw et al. 1999).
All stars have masses close to 1 M and the proximity (average parallactic distance
(D) = 114 + 17; Gaia Collaboration et al. 2021) and youth of the LCC facilitate the
direct imaging search of giant, self-luminous substellar companions around these

stars.

In this article we report the detection of a new exoplanet that was discovered
within the scope of our survey. As this is already the second planetary system dis-
covered by YSES, we introduce a new stellar identifier that is based on our survey

acronym. The details of this new designation are described in Section 6.2.

tion 6.3 we describe our observations and data reduction methods. We discuss pre-
vious observations on the host star and reassess its main parameters in Section 6.4.
The results of our high-contrast imaging observations are presented and analyzed
in Section 6.5. We discuss potential formation mechanisms of this newly detected

exoplanet in Section 6.6 and we present our conclusions in Section 6.7.

6.2 Nomenclature of YSES planets

Owing to the recent success of YSES, we decided to introduce a dedicated catalog
that will be used for star-planet systems discovered within the scope of our survey.
The YSES acronym has been verified by the IAU Commission B2 Working Group
on Designations and was added to the Simbad database (Wenger et al. 2000).! The
nomenclature of planet hosts from our survey is YSES NNN and planets that are
associated with these stars will be named YSES NNNa, accordingly. Following these
guidelines, we assigned the host star of the intriguing multi-planet system that was
discovered around TYC 8998-760-1 the new primary identifier YSES 1 (Bohn et al.
2020a,b). The planets formerly known as TYC 8998-760-1 b and TYC 8998-760-1 c,
will be named YSES 1b and YSES 1c, henceforth. Further planetary systems discov-
ered by our survey will receive designated YSES identifiers followed by ascending
integer identifications (IDs). Hence, the new companion discovered within the scope

of this paper will be referred to as YSES 2b, orbiting its Sun-like host YSES 2.

6.3 Observations and data reduction

We observed YSES 2 (TYC 8984-2245-1, 2MASS J11275535-6626046) as part of YSES
on the nights of 2018 April 30 (PI: Kenworthy) and 2020 December 8 (PI: Vogt) with
SPHERE (mounted at the Nasmyth platform of Unit Telescope 3 of the ESO Very
Large Telescope). We used the IRDIS camera (Dohlen et al. 2008) in classical imaging
mode, applying a broadband filter in the H and K; bands during the first and second
nights, respectively. The observations were carried out in pupil stabilized imaging
mode and an apodized Lyot coronagraph was used to block the flux of the primary
star (Soummer 2005; Martinez et al. 2009; Carbillet et al. 2011). In addition to the

!Database entry available at: http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?/18721212

150


http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?/18721212

6.4. Stellar properties

science frames, we obtained center frames, with a sinusoidal pattern applied to the
deformable mirror that creates a walffle pattern to locate the position of the star
behind the coronagraphic mask; sky frames of an offset position with no adaptive
optics (AO) correction and without any source in the field of view, to subtract the
instrument and thermal background; and non-coronagraphic images of the star that
are used for photometric reference of point sources detected in the science images.
This last category of non-coronagraphic flux images was obtained with an additional
neutral density filter in the optical path to record an unsaturated stellar point spread
function (PSF) in the linear readout regime of the detector. This neutral density
filter (filter ID: ND_1.0) provided an attenuation of 7.9 and 6.9 across the H and K;
bandpasses, respectively. A detailed description of the observing setup and the
weather conditions can be found in Appendix 6.A.

The data reduction was performed with PynPoint (version 0.8.1; Stolker et al.
2019) and included basic processing steps such as dark and flat calibration, bad
pixel cleaning, sky subtraction, and correction for the instrumental distortion along
the vertical axis of the detector. To remove the stellar halo that is affecting approxi-
mately the innermost 1”2 around the coronagraph, we utilized an approach based on
reference star differential imaging (RDI; Smith & Terrile 1984) in combination with
principal component analysis (PCA; Amara & Quanz 2012; Soummer et al. 2012). As
the parallactic rotation of our YSES observations is usually less than a few degrees,
classical PSF subtraction schemes, such as angular differential imaging (ADI; Marois
et al. 2006a), perform much worse compared to this reference library approach. This
method of combined RDI plus PCA was already successfully employed to recover
circumstellar disks in archival HST data (e.g., Choquet et al. 2014) and within the
scope of our survey for the discovery of a transition disk around the YSES target
Wray 15-788 (Bohn et al. 2019).

Owing to the same location on sky, similar distances, and spectral types, all YSES
targets exhibit very similar magnitudes in the red part of the optical spectrum (where
the wavefront sensor of SPHERE is operating) and at the near-infrared wavelengths
of our scientific observations. This facilitates comparable AO corrections amongst
all our YSES observations, and the resulting images compose an excellent reference
library to perform RDI. The reference targets that were used for our library PSF sub-
traction are listed in Appendix 6.B. We modeled the stellar PSF with 50 principal
components that were obtained from our full reference library. After the PSF sub-
traction, the frames were de-rotated according to their parallactic angles and median
combined.

For the astrometric calibration we used the standard instrumental solution as
presented by Maire et al. (2016) with a wavelength independent true north off-
set of —1975 4 0208 and plate scales of (12.251 4 0.010) maspx~! and (12.265 +
0.010) mas px~! in the H and K, band, respectively.

6.4 Stellar properties

We briefly summarize previous literature characterizing YSES 2 in Section 6.4.1 and
compile the stellar properties of YSES 2 in Table 6.1. In Section 6.4.2 and Section 6.4.3,
we derive updated stellar parameters for YSES 2, more importantly, including stellar
mass and age.
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6.4.1 Previous studies

YSES 2 was first identified as a young star in the Search for Associations Containing
Young stars (SACY) survey (Torres et al. 2006) of optical counterparts to the ROSAT
All-Sky Survey (RASS) X-ray sources (Voges et al. 1999). Torres et al. (2006) reported
the star to be a Li-rich (EW[LiI A6707] = 367 mA) K1V (e) star with filled-in Ha, show-
ing fast rotation (vsini = 19.3 kms~!) and radial velocity 15.84 1.0 kms~!. Based
on its position, proper motion, and youth indicators, Preibisch & Mamajek (2008)
included the star in a list of new members of the LCC subgroup of the Sco-Cen OB
association (their Table 4), and provided initial estimates of isochronal age (16 Myr),
mass (1.1 M), and fractional X-ray luminosity (log(Lx/Lp,) = -3.2). Preibisch &
Mamajek (2008) also predicted a kinematic distance of 109 pc (based on the proper
motion and space velocity of LCC), which compares remarkably well to the Gaia
EDRS3 parallactic distance (@ = 9.1537 +0.0118 mas, D = 109.25 £ 0.14 pc; Gaia Col-
laboration et al. 2021). Kiraga (2012) reported the star to be a variable in the All
Sky Automatic Survey (ASAS; IDed as ASAS J112755-6625.9) showing high ampli-
tude (0.093 mag in V) and rapid rotation (Prot = 2.7325d), which is consistent with
the observed saturated X-ray emission (and right near the median rotation period
for Sco-Cen pre-main-sequence stars of (Prot) ~ 2.4d; Mellon et al. 2017). Pecaut &
Mamajek (2016) include the star in their age analysis of pre-main-sequence K stars
across Sco-Cen, estimating an age of 23 Myr and a mass of 1.0 M. The star has sub-
sequently appeared in multiple LCC membership lists (Gagné et al. 2018; Goldman
et al. 2018; Damiani et al. 2019). The status of this star as a pre-main-sequence mem-
ber of LCC is strongly corroborated by a 99.9 % membership probability from the
BANYAN X algorithm (Gagné et al. 2018) applied to the available Gaia astrometry
and radial velocities (Gaia Collaboration et al. 2018, 2021).

6.4.2 Spectral analysis of YSES 2

To check the previously published spectral properties of YSES 2, we examined two
archival UVES spectra from the ESO archive taken on UT 2007 May 2 (Program
079.C-0556(A); PI Torres). The UVES spectra at resolution R = 40,000 were convolved
to lower resolution R = 3,000 and compared to the grid of MK spectral standards
from Pecaut & Mamaijek (2016). The blue spectrum, 3280 A— 4560 A, is consistent with
KOV, but the red spectrum, 4730 A- 6840 A, appears to be K2V. The Ha line exhibits
marginal emission, similar to the filled-in emission reported by Torres et al. (2006).
Hence, we infer a temperature type of K141 and confirm the type K1V(e) published
by Torres et al. (2006). From the original spectra, we independently measure the
equivalent width of the Lil A6707 feature to be 364 =5 mA, by simultaneously fitting
Voigt profiles to the Lil feature and Fel blend nearby (see, e.g., Soderblom et al.
1993). This is in good agreement with the 367 mA reported by Torres et al. (2006).
The assigned luminosity class that we adapted from Torres et al. (2006) does not
necessarily imply that YSES 2 is on the main sequence rather than being a pre-main-
sequence star. Even though the luminosity and gravity indicators used by Torres et al.
(2006) were more in line with main-sequence dwarfs than subgiant or giant standard
stars, more persuasive indicators such as the HRD position, Li absorption, X-ray
emission, and the confirmed LCC membership clearly favor the pre-main-sequence
evolutionary stage.



6.4. Stellar properties

Table 6.1: Stellar properties of YSES 2.

Parameter Value Ref.
Main identifier YSES 2 (@8]
TYCHO ID TYC 8984-2245-1 )
2MASS ID J11275535-6626046 3)
GAIA EDR3 ID 5236792880333011968 (4)
a (J2000) [hh mm ss.sss] 11 27 55.355 (4)
6 (J2000) [dd mm ss.ss] -66 26 04.50 (4)
Spectral Type K1V(e) 5)
@ [mas] 9.1537 4 0.0118 (4)
D [pc] 109.25+0.14 %)
Hax [masyr—!] -34.02540.013 4)
s [masyr—'] 2.31940.011 (4)
Uraq [kms™1] 13.41+0.17 (5)
B [mag] 11.819 £0.010 8)
V [mag] 10.860 = 0.017 8)
G [mag] 10.525 + 0.003 (4)
I [mag] 9.773 £ 0.044 )
J [mag] 9.006 = 0.026 (3)
H [mag] 8.484 4 0.029 (3)
Ks [mag] 8.358 £ 0.029 (3)
W1 [mag] 8.323 £0.014 (10)
W2 [mag] 8.351 4 0.008 (10)
W3 [mag] 8.258 £ 0.019 (11)
W4 [mag] 7.929 £0.118 (11)
Prot [day] 2.7325 )
vsini [kms™!] 19.3£0.5 (5)
log(Lx /Lyor) [dex] -3.07+0.23 )
EW(LiIA6707) [mA] 364 +0.05 (6)
EW(Ha) [mA] 0.0 (5)
U [kms™1] -10.10 £ 0.08 7)
V [kms™1] -18.93 +0.12 )
W [kms™1] -5.60 & 0.09 )
Ay [mag] 0.061993 ®)
T [K] 4749 + 40 (6)
Mo [mag] 10.396 + 0.015 (6)
My [mag] 5.204 £0.016 (6)
log (L/Le) [dex] -0.1854 +0.0063 (6)
R[Ro] 1.193 £ 0.022 6)
Mass [Mo] 1.1040.03 (6)
Age [Myr] 139423 6)

References. (1) This paper, see Section 6.2; (2) Hog et al. (2000); (3) Cutri et al. (2003); (4) Gaia
Collaboration et al. (2021), and Gaia EDR3 and DR2 ID #s are the same; (5) Torres et al.
(2006); (6) this paper, see Section 6.4.3; (7) distance and heliocentric Galactic Cartesian velocity
calculated using Gaia EDR3 values (D = 1/w); (8) Henden et al. (2016); (9) Kiraga (2012);
(10) Eisenhardt et al. (2020); (11) Cutri & et al. (2014).
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Figure 6.1: Spectral energy distribution of YSES 2. The colored markers indicate the archival
photometric measurements of the star and the blue curve presents our best-fit BT-Settl-CIFIST
model to the data. The uncertainties of the photometric measurements are too small to be
visualized in the figure.

6.4.3 Updated stellar parameters

Using the VOSA spectral energy distribution (SED) analyzer (Bayo et al. 2008),> we fit
synthetic stellar spectra to the observed visible and infrared photometry for YSES 2.
For priors, we constrained the reddening to be E(B — V) = 0.016 & 0.017 mag based
on the STILISM 3D reddening maps (Lallement et al. 2019) and searched for best-fit
synthetic spectra in the range 3000K < T < 6000K, 3.5dex < logg < 4.5dex, and
metallicities -0.5 < [Fe/H] < 0.5 and [a/Fe] = 0.0. A Bayesian fit using the BT-Settl-
CIFIST models using 22 photometric points yielded the following parameters: Ay =
0.06 (0.02-0.09; 68%CL; 0.00-0.11; 95%CL), Tfr = 4749K (4709-4789 K; 68%CL; 4700-
4900K; 95%CL), log g = 3.9 dex (3.5-4.5dex), [Fe/H] = 0.0. We present the results of
this SED fit in Figure 6.1.

The best-fit bolometric flux is fu = (1.7490 4 0.0248) x10~Y ergs~! cm~2, which
on the IAU 2015 scale of apparent bolometric magnitudes translates to my, =
10.396 £ 0.015mag. Adopting the Gaia EDR3 parallax, this translates to an ab-
solute bolometric magnitude Mp, = 5.204 £0.016 mag and a bolometric luminos-
ity log(L/Le) = -0.1854£0.0063. This is considerably more accurate than previ-
ous estimates of log(L/Ls) = -0.06 (Preibisch & Mamajek 2008) and log(L/Lg) =
-0.265 £0.075 (Pecaut & Mamajek 2016)), and benefits from a very precise distance,

20nline available at: http://svo2.cab.inta-csic.es/theory/vosa/index.php
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well-constrained extinction from 3D reddening maps, and integrating synthetic SEDs
using 22 photometric data points. Combining this improved luminosity estimate
with the improved T, from the SED fitting (T = 4749 £40K) yields a good es-
timate of the radius of the star (1.193 &+ 0.022R;). A comparison against evolu-
tionary tracks from Baraffe et al. (2015) provided an updated stellar mass of (1.10
0.03) M and an age of (13.9 £ 2.3) Myr. Furthermore we note that the SED of the
star showed no signs of infrared excess through to the WISE-4 band (22 pm). The
2MASS-WISE colors (Ks-W1 = -0.035 £ 0.032 mag, Ks-W2 = -0.007 £ 0.030 mag, Ks-
W3 = 0.100 £+ 0.035 mag, Ks-W4 = 0.429 +0.122 mag) can be compared to the mean
for K1 pre-main-sequence stars from Pecaut & Mamajek (2013) (Ks;-W1 = 0.09 mag,
Ks-W2 = 0.06 mag, Ks-W3 = 0.10 mag, Ks-W4 = 0.18 mag), and show a significant hint
of IR excess. The K;-W4 color is marginally red (20 excess), perhaps hinting at a
debris disk (common among non-accreting pre-main-sequence Sco-Cen stars), but
there is no corroborating evidence to further support this.

We searched for common proper motion stellar or substellar companions for
YSES 2. Assuming a mass of 1.0 M, the tidal radius of YSES 2 is ~1.35pc (pro-
jected radius ~0°.71 or ~2560”; Mamajek et al. 2013b), that is, bound companions
would be expected to lie projected within this radius. Surveying the lists of Sco-Cen
candidates and pre-main-sequence stars from the Gaia DR2 catalogs of Goldman
et al. (2018), Zari et al. (2018), and Damiani et al. (2019) with parallactic distances of
<140 pc shows only a couple of likely LCC siblings within 1° of YSES 2: the poorly
studied classical T Tauri star Wray 15-813 at 2845” (D = 101 pc) (Pereira et al. 2003)
and uncharacterized candidate pre-main-sequence object 2MASS J11375287-6631197
(D =104 pc). A query of the recently released Gaia EDR3 catalog searching for co-
moving, co-distant objects (with generous selection range of proper motions in «
and & within +5 masyr~!, and parallax 4-2 mas of YSES 2) yields zero candidate
companions within 1°. Thus far, YSES 2 appears to be a stellar singleton.

6.5 Observational results and analysis

In Section 6.5.1 we show that our observations reveal a co-moving companion to
YSES 2. The reduced images for both epochs are presented in Figure 6.2. Our
photometric analysis in Section 6.5.2 indicates that this companion has a mass that
is significantly lower than the deuterium burning limit of ~ 13 My,,. We refer to
this newly identified planet as YSES 2b henceforth. In Section 6.5.3 we present the
detection and mass limits of our acquired data.

6.5.1 Companion astrometry

We extracted the companion astrometry and photometry by the injection of negative
artificial companions (e.g., Lagrange et al. 2010; Bonnefoy et al. 2011). A detailed
description of our method is presented in Appendix 6.C. The extracted astrome-
try is listed in Table 6.2. As visualized in the proper motion plot in Figure 6.3 the
companion is clearly incompatible with the calculated trajectory of a static back-
ground object at 140 significance. The relative astrometric motion with respect to
the primary is consistent with a comoving companion. This conclusion is further
confirmed by a similar analysis of other point sources within the detector field of
view. As presented in Appendix 6.D, all additional off-axis point sources are con-
sistent with being non-moving background contaminants. We thus conclude that
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Figure 6.2: Multi-epoch observations of YSES 2 and its planetary-mass companion. Final data
products of the SPHERE observations collected in the H band (left panel) and K band (right
panel) are presented. For both filters, the stellar PSF is modeled by 50 principal components that
were derived from a reference library of YSES targets. These PSF models were subtracted and
the residuals rotated such that north points up and east toward the left. In the presented images
the median of these de-rotated residuals is shown. For the Ky band data, uncorrected residuals
of a wind-driven halo are detected that extend from the northeast to southwest. The planet
YSES 2b is highlighted by white arrows. The primary is located at the origin of the coordinate
system and we artificially masked the inner region up to the radial extent of the coronagraphic
mask of 100 mas. To assess the spatial extent of the instrumental PSF, the median combination
of the non-coronagraphic flux images of the primary star are shown in the lower left of each panel.
The intensity of each flux image is rescaled to match the maximum and minimum counts in the
corresponding residual science image, and we display both images with the same spatial and color
scales.

YSES 2b is a gravitationally bound companion to its solar-mass host star. From our
astrometric measurements we derived a projected physical separation of approxi-
mately 115au. Future astrometric measurements are required to derive meaningful
constraints to the orbital parameters of this wide-orbit planet.

6.5.2 Companion photometry

We present the photometry of the companion in Figure 6.4 in a color-magnitude di-
agram. The corresponding numerical values are reported in Table 6.2. YSES 2b is
consistent with a late L to early T spectral type when comparing it to colors of field
brown dwarfs from the NIRSPEC Brown Dwarf Spectroscopic Survey (McLean et al.
2003, 2007), the IRTF spectral library (Rayner et al. 2009; Cushing et al. 2005), the L
and T dwarf data archive Knapp et al. (2004); Golimowski et al. (2004); Chiu et al.
(2006), and the SpeX Prism Libraries (Burgasser et al. 2010; Gelino & Burgasser 2010;
Burgasser 2007; Siegler et al. 2007; Reid et al. 2006; Kirkpatrick et al. 2006; Cruz et al.
2004; Burgasser & McElwain 2006; McElwain & Burgasser 2006; Sheppard & Cushing
2009; Looper et al. 2007; Burgasser et al. 2008; Looper et al. 2010; Muench et al. 2007;
Dhital et al. 2011; Kirkpatrick et al. 2010; Burgasser et al. 2004). Object distances were
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Figure 6.3: Proper motion plot for YSES 2b. The colored markers represent the relative astrometry
with respect to the primary star measured for our two observational epochs. The blue trajectory

indicates the simulated motion of a static background object at infinity and the white marker is
the theoretical position of such an object at our second observational epoch.

derived from Gaia EDR3 (Gaia Collaboration et al. 2021), the Brown Dwarf Kinemat-
ics Project (Faherty et al. 2009), and the Pan-STARRS1 37t Survey (Best et al. 2018).
In color-magnitude space, YSES 2b is very close to the innermost three planets of the
HR 8799 multi-planetary system (Marois et al. 2008, 2010). These three planets are
classified as mid to late L type dwarfs (e.g., Greenbaum et al. 2018), which agrees
well with the sequence evolution of the adjacent field brown dwarfs from L to T
spectral types.> A similar spectral type in this domain, therefore, seems very likely
for YSES 2b, requiring confirmation by measurements at higher spectral resolution.
Whereas the masses of the spectrally similar trio of HR 8799 ¢, d, and e are in the
range 7-12 My, (Wang et al. 2018; Marois et al. 2008, 2010), it is likely that YSES 2b
has an even lower mass as the system age of (13.9 & 2.3) Myr is significantly younger
than the age of HR 8799, which is claimed to be member of the Columba association
with an age of 30-50 Myr (Zuckerman et al. 2011; Bell et al. 2015). This is supported
by the AMES-COND and AMES-dusty models (Allard et al. 2001; Chabrier et al.
2000) that we present in Figure 6.4 for a system age of 13.9 Myr. An individual eval-
uation of these isochrones yielded masses from 5.3 My, to 8.0 My, as presented in

3We would like to note that the planets around HR 8799, although closely located to the sequence
of field brown dwarfs in the selected SPHERE filters as presented in the color-magnitude diagram in
Figure 6.4, can have near-infrared colors in different passbands that are significantly distinct from those
of their field dwarf analogs (e.g., Currie et al. 2011).
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Figure 6.4: Color-magnitude diagram for YSES 2b. The colored markers show the sequence of
field brown dwarfs with various spectral types from M to late T. The white markers represent known
directly imaged companions that are usually younger than the presented field objects. YSES 2b is
highlighted by the red star. We further show AMES-COND and AMES-dusty evolutionary models
that were evaluated at a system age of 13.9 Myr (solid lines). The markers along the line indicate
the equivalent object masses in Mjyp.
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Table 6.2. The uncertainties originate from the errors in the system age and planet
magnitude that were propagated by a bootstrapping approach with 1,000 randomly
drawn samples from Gaussian distributions around both parameters. When com-
bining the posterior distributions for the different models and filters we derived a
final mass estimate of 6.3:1):8 Mjyp as the 68% confidence interval around the me-
dian of the sample. This estimate is based on broadband photometric measurements
alone; further spectral coverage of the planetary SED will be important to constrain
its effective temperature, luminosity, surface gravity, and mass.

6.5.3 Detection limits

To derive upper mass limits for additional companions in the system, we calculated
the detection limits of our datasets. As a baseline, we evaluated the contrast in the
image that was obtained by de-rotating and median combining the individual ex-
posures without any PSF subtraction. This image covers the full field of view of
the SPHERE/IRDIS detector up to an angular separation of 5”5. We evaluated the
contrast directly in the final image using aperture photometry. The chosen aper-
ture size was one full width at half maximum (FWHM) of the unsaturated stellar
PSF as measured in the flux images (see Table 6.3 in Appendix 6.A). The signal flux
was measured as the sum over the full circular aperture within the mean combined
flux image and scaled for the flux difference with the science frames owing to the
shorter exposure times and the applied neutral density filters. For several radial
positions that were equidistantly sampled from 0”15 to 5”50 in steps of 0705, we
measured the noise as the standard deviation of the integrated flux within apertures
that were distributed around the star at the same radial separation (excluding the
signal aperture itself). We applied a sigma clipping with an upper bound of 3¢ to
the integrated fluxes of the noise apertures before calculating the standard deviation
to discard apertures that were polluted by flux of off-axis point sources (see the full
frame image in Figure 6.6 in Appendix 6.D). A correction for small sample statis-
tics as described in Mawet et al. (2014) was considered in these noise calculations.
We reiterated this analysis for six uniformly spaced position angles and present the
azimuthally averaged results as two-dimensional contrast curves in Figure 6.5. The
solid yellow lines represent the 5¢ raw contrast in the H and K bands that was
obtained without any PSF subtraction.

For the innermost region around the star (< 172), the sensitivity was addi-
tionally assessed considering our PSF subtraction by RDI plus PCA. We used the
ContrastCurveModule from PynPoint version 0.6.0% that utilizes the same aperture
photometry framework and metric to evaluate the contrast for several positions that
were distributed around the star in the residual images. For each position, the mod-
ule injects an artificial companion, whose detection significance is evaluated after the
PSF subtraction with RDI combind with PCA. In this framework, the signal aperture
is directly placed on top of the position at which the artificial companion has been
injected, and the noise apertures are azimuthally distributed around the primary star

4As mentioned before, version 0.8.1 of PynPoint was used for all remaining analysis steps. The
modules of both versions are compatible; only the implementation of some algorithms changed through-
out the development process. This affects the ContrastCurveModule, which follows the iterative process
described in this paragraph for release version 0.6.0. We prefer this implementation over the solution
presented in PynPoint version 0.8.1, which calculates one attenuation factor per position that is based on
the single injection of an artificial companion with a user-defined signal-to-noise ratio.
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Figure 6.5: 50 detection limits of our SPHERE/IRDIS observations in the H (upper panel) and
K bands (lower panel). On the left axis the magnitude contrast with respect to the primary star
is reported, and the absolute magnitudes are converted to detectable planet masses with AMES-
COND models as indicated on the right axis; this scale varies between the H and K; bands. The
solid yellow lines represent the limits when no PSF subtraction is performed. The dashed lines
indicate the sensitivity, when a PSF subtraction with RDI plus PCA is performed. The red star
highlights the contrast of YSES 2b that we detect at ~ 5¢ significance in both filters after PSF
subtraction with more than 50 principal components.
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as described before, yet excluding the signal aperture itself. The companion template
was obtained as the median combination of the non-coronagraphic flux images that
was scaled for the difference in exposure time and the attenuation due to the applied
neutral density filter. From an initial magnitude contrast of 8 mag, the flux of the
injected companion was adjusted and the post-processing was performed iteratively
until the artificial companion was retrieved at 5¢ detection significance in the final
image product. These limiting magnitude contrasts were stored for each of the injec-
tion positions. For the calculation of the final contrast curves with RDI plus PCA,
we used a radial sampling in the range 0715-1”20 with a spatial resolution of 0”05,
and six position angles that were equidistantly sampled in polar space. Again, the
contrast as a function of radial separation was obtained by azimuthal averaging of
the various position angles. We considered several numbers of principal compo-
nents to model the stellar PSF as indicated by the sequentially colored, dashed lines
in Figure 6.5. The detectable planet masses that correspond to the calculated mag-
nitude contrasts were derived by evaluation of AMES-COND models at the system
age of 13.9 Myr (see right axes of Figure 6.5).

The contrast performance close the star improves for an increasing number of
principal components. This differential gain in contrast ceases for ~50 subtracted
components and the contrast for 100 principal components does not change signifi-
cantly compared to the curve generated for half as many components. This justifies
our previously selected value of 50 principal components that were used for our PSF
subtraction with RDI plus PCA. This amount of components is equivalent to 19 %
and 30 % of the reference libraries in the H and Ks bands, which are composed of
269 and 164 individual frames, respectively. In the H band we observe a contrast
improvement of more than two magnitudes at an angular separation of 072. This
corresponds to an increase in planet detection sensitivity by more than 45 My, at
this close separation. The contrast improvement in the H band is maximized at an
angular separation of ~0'3, where RDI plus PCA provides detection limits that are
approximately three magnitudes deeper than our raw data. At angular separations
larger than 1” the contrast improvement decreases as the flux contribution of the
stellar PSF becomes negligible. At separations > 2" we reach a fundamental noise
floor that is mainly composed of residual sky background and detector read out
noise. The Ks band contrast behaves very similar to the detection limits in the H
band and the RDI plus PCA reduction scheme can provide a maximum gain of up to
2.5mag at an angular separation of ~0”4. The overall improvement for separations
< 1” is marginally worse compared to the H band data and the contribution of the
asymmetric wind-driven halo is clearly visible for separations in the range 0”/5-12.
Combining the data from the H and K; bands allows us to exclude stellar and brown
dwarf companions around YSES 2 with masses > 13 My, for angular separations
that are larger than 0”15. At 0”5 we are sensitive to objects that are more massive
than 6 My, and for angular separations that are larger than 2’ we can even rule out
planets with masses as low as 2 Mjyp.

This demonstrates, impressively, how a large reference library can help to signif-
icantly improve the contrast performance at small angular separations < 1/2. Espe-
cially for datasets with little parallactic rotation, RDI plus PCA should be considered
as a default PSF subtraction strategy. This conclusion is also supported by first re-
sults from the star-hopping mode that was recently implemented at VLT/SPHERE
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(Wahhaj et al. 2021). As visualized by the red stars in Figure 6.5, RDI plus PCA is
required to detect YSES 2b at 50 significance in both the H and Ks band data.

6.6 Discussion

The newly discovered planetary companion to YSES 2 is among the lowest mass
direct imaging companions known to date. The only objects of similar low mass are
51 Erib (Macintosh et al. 2015), HD 95086 b (Rameau et al. 2013), HR8799b (Marois
et al. 2008), PDS 70b and ¢, (Keppler et al. 2018; Haffert et al. 2019; Wang et al. 2020;
Stolker et al. 2020b), and YSES 1c (Bohn et al. 2020b). Of these, only YSES 1c is located
around a solar-mass star. Within the uncertainties, the mass of YSES 2b is the same
as YSES 1c, which we previously discovered in our survey. Given our mass estimate
for the planet, the mass ratio of YSES 2b to its host star is g = 0. 54+O 13 g %o. This value
is comparable, but slightly lower than the 4 = 0.57 = 0.10 % derived for YSES 1c. The
mass ratio is the lowest among direct imaging companions to solar-type stars. 5

The in situ formation of super-Jovian planets at tens or hundreds of Astronomi-
cal Units is challenging. We recently discussed possible formation scenarios for such
objects in the context of the YSES 1 system in Bohn et al. (2020a). In our previous
study we considered scattering or planet capturing events to explain the current large
separation of YSES 1b. However, dynamic scattering by a third body in the system
is expected to produce high eccentricities, inconsistent with orbital stability of both
planetary components in the YSES 1 system (Bohn et al. 2020b).® The new detection
of YSES 2b in our small survey sample of 70 solar-type systems in Sco-Cen makes
the hypothesis that we see captured free-floating planets unlikely. Goulinski & Ribak
(2018) find with numerical simulations that only ~0.1% of solar-type stars in the
Galactic thin disk should capture a free-floating planet in their lifetime. YSES 2b in
principle might have formed in situ via disk gravitational instability. Boss (2011) find
that they can produce 1-5 Mjyp, planets between 30 au and 70 au with eccentricities as
high as 0.35. If YSES 2b is on an eccentric orbit it may explain its current projected
separation of 110au. Kratter et al. (2010) conversely find with their hydrodynamic
simulations that planets formed via disk instability need to be at large separations
outside of the 40au to 70au range to not accumulate too much mass and remain
in the planetary regime. This hypothesis that gravitationally instabilities predomi-
nantly create brown dwarf and stellar companions is supported by other theoretical
studies (e.g., Zhu et al. 2012; Forgan & Rice 2013). Spatially resolved observations of
gas-rich planet forming disks in the last few years have shown that radial substruc-
tures, which are thought to be caused by perturbing planets, are nearly ubiquitous
(see, e.g., Garufi et al. 2018 for an overview, observed in scattered light). These
structures can, in a growing number of cases, be traced out to tens or hundreds of
Astronomical Units (e.g., ALMA Partnership et al. 2015; Ginski et al. 2016a; de Boer
et al. 2016; van Terwisga et al. 2018). Recently it was found that these substructures
are already present in proto-stellar disks as young as ~0.1 Myr (Sheehan et al. 2020;
Sheehan 2020), suggesting that planet formation sets in early and operates on short

5See Bohn et al. (2020a) for an overview of mass ratios of direct imaging companions to solar-type
stars.

6We, however, note that in some cases high eccentricities are inferred for substellar companions, for
example, the brown dwarf companion to the young solar analog PZ Tel (Mugrauer et al. 2012; Ginski et al.
2014).
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timescales. Despite this abundance of substructures observed in young, circumstel-
lar environments, it is unlikely that all these protoplanetary disks are gravitationally
unstable and support planet formation via this channel (e.g., Kratter & Lodato 2016).
Conversely, we expect that the timescale to form a planet via core accretion at the
current location of YSES 2b would be too long, given the system age and that the
gas-rich disk in the system has already dissipated (e.g., Haisch et al. 2001).

Even though capturing scenarios are considered unlikely for YSES 2b, we can-
not confidently conclude whether its formation via either top-down or bottom-up
scenarios is more likely: whereas a mass of 6.3 My, is rather low for an object to
originate from gravitational disk instabilities, core accretion would favor a formation
at closer separations to the star. More data are thus required to explore the ori-
gin of this wide-orbit Jovian giant. Promising methods to evaluate the likelihood of
either formation scenario are by characterization measurements of the planetary at-
mosphere, continuous orbital monitoring to constrain especially its eccentricity, and
deeper searches for additional companions in the system.

To identify the formation channel of YSES 2b via atmospheric characterization,
we can utilize the framework postulated by Oberg et al. (2011), who argued that
elemental abundances in the planetary atmosphere (and especially the C/O ratio)
are directly linked to its natal environment in the planet-forming disk. Different ice
lines in the protoplanetary disk and the associated freeze out of the corresponding
molecular species alter molecular abundance ratios as a function of radial separation
from the host star, making this atmospheric quantity a promising indicator of the
natal environment and formation channel of a planet. The chemical and dynamical
evolution of the disk can alter these initial abundances and should be considered
in the analysis (e.g., Ali-Dib et al. 2014; Mordasini et al. 2016; Eistrup et al. 2016,
2018). Gravity Collaboration et al. (2020) utilized this framework to study g Pic b and
proposed its formation through core accretion, with strong planetesimal enrichment
based on its subsolar C/O abundance ratio. If YSES 2b formed via disk gravitational
instability, then we expect this object to have similar elemental abundances as the
primary star in the system, while formation by core accretion should lead to an over-
abundance of heavy elements due to pebble accretion. YSES 2b, along with other
planet mass objects detected by direct imaging, provides an ideal test case for future
detailed atmospheric characterization.

We can further continue to monitor the separation and position angle of YSES 2b
with respect to the primary star to derive orbital solutions for the planet (e.g., Wang
et al. 2018). In particular, the VLTI/GRAVITY instrument (Gravity Collaboration
et al. 2017) will be extremely useful for this purpose, as it facilitates an unprece-
dented astrometric precision down to sub-milliarcsecond scales (e.g., Gravity Col-
laboration et al. 2019; Wang et al. 2021). These astrometry measurements could be
complemented by VLT/CRIRES™ data to constrain the radial velocity of the planet
and to obtain three-dimensional information about its orbital motion (e.g., Schwarz
et al. 2016). The eccentricity of the planet might provide hints regarding the like-
lihood of a potential migration of the companion, which would be an indicator of
formation via core accretion at closer separation to the star. If this migration was
caused by scattering off another, so far undetected companion to the primary star,
a deep imaging campaign is required to search for evidence of such an additional
component to the planetary system. At the moment, we cannot provide conclusive
evidence for the most likely formation scenario of YSES 2b based on the available



6.7. Conclusions

data; but future observations might be able to shed light on the origin of this Jovian
gas giant.

Even though the second epoch observations of YSES are not concluded yet and
candidate companions to ~45 stars of our sample need to be confirmed or rejected,
our survey has already discovered three planetary-mass companions amongst 70
young, Sun-like stars. This high planet-detection rate is in stark contrast to previous
surveys that were targeting Sun-like stars at closer distances than the LCC (e.g.,
Kasper et al. 2007; Biller et al. 2013; Galicher et al. 2016), which discovered mostly
stellar and brown dwarf companions. These preliminary statistical results from YSES
tentatively indicate that despite the farther distance, Sco-Cen and especially LCC are
more favorable than moving groups in the immediate solar neighborhood for the
detection of young planets briefly after their formation. Many of the moving groups
that were targeted in these aforementioned surveys are significantly older than LCC
(15 £ 3Myr), such as the Tucana-Horologium moving group (45 4 Myr Bell et al.
2015), the AB Dor moving group (1491?; Myr; Bell et al. 2015), or the Hercules-Lyra
association (257 & 46 Myr; Eisenbeiss et al. 2013). As a consequence of the decreasing
luminosity of objects below the deuterium burning limit with increasing age (e.g.,
Burrows et al. 1997), it is natural that the sensitivity to Jovian planets is worse around
members of these associations compared to significantly younger host stars. Yet
some of these closer moving groups have ages comparable to that of LCC — such as
the TW Hya association (10 & 3Myr) or the 8 Pic moving group (24 4= 3 Myr; Bell
et al. 2015) — and should provide even better planet-detection sensitivities owing to
their much closer distances. However, before speculating about potential reasons for
this tentative overabundance of planetary-mass companions to our YSES targets, it is
necessary to finish the second epoch observations of the survey and to derive reliable
occurrence rates of planetary-mass companions to Sun-like stars in Sco-Cen.

6.7 Conclusions

We report the detection of a new directly imaged planet to the solar-mass primary
YSES 2 that was discovered within the scope of YSES. Reassessment of the stellar
parameters provided an effective temperature of Toi = (4749 + 40) K, a luminosity
of log (L/Ls) = —0.1854 + 0.0063, a mass of (1.10 £ 0.03) M, and a system age of
(13.9 £ 2.3) Myr.

We detect YSES 2b in two consecutive epochs collected on 2018 April 30 and
2020 December 18 with VLT/SPHERE. The companion has a projected separation
of approximately 1”705, which translates to a physical minimum distance of ~115au
with respect to the primary star. Photometric measurements in the H and Ks bands
constrain a planet mass of 6.31“(1):8 Mjyp according to AMES-COND and AMES-dusty
evolutionary models. This mass estimate is supported by the position of the object
in color-magnitude space, where it is located amongst the mid to late L type field
brown dwarfs and close to HR 8799 ¢, d, and e. The slightly higher mass estimates
of these exoplanets on the order of 7-12 My, are consistent with the older system
age of HR 8799 of 30-50 Myr.

The mass and separation of YSES 2b are inconsistent with planet populations
for most in situ formation scenarios: whereas disk instabilities predominantly cre-
ate companions above the deuterium burning limit at a separation of 110au, core-
accretion mechanisms are not efficient enough to form a planet of 6.3 My, this
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widely separated from the primary star. So, the new companion might be either
at the low-mass end of potential in situ formation outcomes from top-down scenar-
ios, or it formed via core accretion at closer separation to the star and migrated to
its current location. Atmospheric characterization measurements of molecular abun-
dance ratios, orbital monitoring, and evaluation of the eccentricity of the planet, or a
deep search for additional companions in the system, might help to evaluate the like-
lihood of these potential formation pathways. While we cannot rule out scattering
or capture scenarios, we point out that the former require an (as of yet) third unde-
tected body in the system, while the latter are unlikely given numerical simulations.
YSES 2b is an important addition to the sparsely populated group of wide-orbit gas
giant companions. Owing to the moderate separation with respect to the primary
star, spectroscopic observations with JWST, VLT/ERIS, or VLTI/GRAVITY will be
easily available. These data will be important to further constrain the properties of
this Jovian companion. Measurements of molecular abundance ratios such as C/O
or its orbital eccentricity might even facilitate hypotheses regarding the most likely
formation mechanism for this wide-orbit gas giant planet.

Our data rule out brown dwarf and stellar companions with M > 13 My, in
the SPHERE/IRDIS field of view for angular separations > 0715 and at 0”5 we can
exclude objects that are more massive than 6 My,,. At separations that are larger
than 2 we are even sensitive to planets with masses as low as 2 My,p. In general,
the applied PSF subtraction scheme based on RDI plus PCA is extremely successful
and provides substantial contrast improvements (> 1mag) for separations that are
smaller than 1”. In the H band, the PSF subtraction enhances our sensitivity by more
than 45 M, at 072, and the greatest contrast improvement of ~3 mag is achieved at
an angular separation of 0”3. Our YSES strategy with short snapshot observations
of < 5min combined with a large reference library for PSF subtraction is certainly a
promising approach to image planetary-mass companions to young, Sun-like stars in
Sco-Cen. With three newly discovered planetary-mass companions in less than 40 h
of allocated telescope time the survey efficiency is unprecedented and the mission
concept can certainly be applied to future high-contrast imaging studies targeting
different samples of pre-main-sequence stars.

6.A Observational conditions and setup

We present the observational setup and the weather conditions for our SPHERE
observations in Table 6.3.

6.B Reference library

The reference libraries were compiled from the full amount of YSES data that were
collected under ESO IDs 099.C-0698(A) (PI: Kenworthy), 0101.C-0153(A) (PI: Ken-
worthy), 0101.C-0341(A) (PI: Bohn), and 106.20X2.001 (PI: Vogt). We used RDI in
the innermost region of the images < 172, where the stellar halo was dominating
the received flux. We deselected all targets with obvious point sources or extended
structures in this region because these signals are not part of the stellar PSF and
would therefore deteriorate the quality of our model created by PCA. The remaining
targets, their observation epochs, and observing conditions that were used as a refer-
ence library for the H and K; band data are listed in Tables 6.4 and 6.5, respectively.
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In the H band we have 269 individual reference frames and in the K band we have
164.

6.C Extraction of companion astrometry and photometry

We extracted the astrometry and photometry of the companion with PynPoint’s
SimplexMinimizationModule. This injects an artificial planet into the data prior to
the stellar PSF subtraction with RDI plus PCA. The planet template PSF is obtained
from the unsaturated, non-coronagraphic flux images that were taken alongside the
observations. The methods injects the artificial planet into the data at the approx-
imate position and magnitude of the real point source, considering the parallactic
rotation during the observing sequence. The PSF subtraction is performed using the
same library as before (see Appendix 6.B), we smooth the image with a Gaussian
kernel with a FWHM of 12 mas (which corresponds to the size of a detector pixel) to
reduce pixel-to-pixel variations, and we evaluate the residuals in an aperture with a
diameter of ~ 0725 around the injection position. We choose the image curvature,
which is represented by the determinant of the Hessian matrix as function of merit,
which we aim to minimize by varying the input separation, position angle, and mag-
nitude contrast of our artificial companion. We do not use the absolute value norm
as presented by Wertz et al. (2017) as an objective to the minimization because this
would not consider large-scale features in the residual image that are not correctly
modeled by our PSF subtraction approach. Such a feature is for instance the asym-
metric wind driven halo (Cantalloube et al. 2018) that is apparent in the K; band
data in the northeastern to southwestern direction (see right panel of Figure 6.2).
This uncorrected stellar flux contributes to the planet signal and minimization of
the absolute value norm around the planet position would certainly overestimate its
flux and perhaps even compromise its astrometry. Planet separation, position angle,
and magnitude contrast are optimized simultaneously by a Nelder-Mead simplex
minimization algorithm (Nelder & Mead 1965).

Owing to the optimization process our final values for the planetary astrometry
and photometry do not exhibit any intrinsic uncertainties. To derive the system-
atic uncertainties of our injection and minimization approach, we follow the analysis
described by Stolker et al. (2020a), using the cube in which the optimized negative
planet is injected such that no companion signal remains in the data. For 24 position
angles that are equidistantly distributed in polar space we inject positive artificial
companions into the data using the same magnitude contrast and the same radial
separation as previously determined for our companion. We extract the astrometry
and photometry of these artificial companions with the same method as described
before and we evaluate the deviations from the injection position and flux. The
standard deviation along the 24 distinct positions is utilized as uncertainty of our
extraction method. These are combined with additional astrometric uncertainties
originating from the detector plate scale, the true north offset, and the centering ac-
curacy of 2.5 mas (see SPHERE manual) to derive the final value of planet separation
and position angle as presented in Table 6.2. For the companion photometry, we
add uncertainties due to the variation of the unsaturated stellar PSF throughout the
sequence of flux measurements and we account for transmissivity variations of the
neutral density filter across the broadband filter that was used for our observations
(either the H or K; band).
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Table 6.4: Reference library for the data reduction in H band.

Target Observation date NEXP x NDIT x DIT? (w)? (X)© (t0)?
(2MASS ID) (yyyy-mm-dd) (Ix1xs) (@) (ms)
J11272881-3952572 2017-04-18 4x1x32 1.51 1.10 1.40
J11320835-5803199 2017-06-17 4x1x32 0.67 1.47 2.90
J11445217-6438548 2018-05-14 4x1x32 0.72 1.31 2.38
J11454278-5739285 2018-06-04 4x1x32 0.70 1.19 2.80
J11454278-5739285 2019-01-13 4x1x32 1.14 1.62 3.83
J12065276-5044463 2017-04-02 3x1x32 1.24 1.11 1.50
J12090225-5120410 2018-05-15 4x1x32 0.86 1.12 2.70
J12090225-5120410 2019-12-14 12x2x32 0.63 1.51 7.75
J12101065-4855476 2017-04-18 4x1x32 1.71 1.15 1.40
J12113142-5816533 2018-12-22 3x2x32 1.46 1.47 2.13
J12113142-5816533 2019-02-18 4x2x32 0.45 1.23 14.30
J12160114-5614068 2018-12-27 4x2x32 0.41 1.45 11.88
J12164023-7007361 2018-12-23 3x1x32 0.98 1.59 2.93
J12164023-7007361 2019-02-15 4x1x32 0.54 1.63 11.20
J12185802-5737191 2017-06-17 2x1x32 0.72 1.22 2.70
J12195938-5018404 2018-12-30 4x1x32 0.53 1.62 8.00
J12210499-7116493 2019-01-12 4x2x32 0.80 1.53 4.25
J12220430-4841248 2017-04-18 3x1x32 1.82 1.17 1.40
J12234012-5616325 2017-06-17 4x1x32 0.62 1.72 3.45
J12264842-5215070 2018-12-30 4x1x32 0.40 1.38 8.20
J12302957-5222269 2018-12-30 4x1x32 0.38 1.33 9.85
J12333381-5714066 2019-01-01 4x1x32 0.76 1.37 7.03
J12333381-5714066 2019-01-14 4x1x32 1.26 1.21 2.45
J12361767-5042421 2018-12-30 4x1x32 0.51 1.59 4.68
J12361767-5042421 2019-12-18 16x2x32 1.14 1.57 3.07
J12374883-5209463 2018-12-30 4x1x32 0.41 1.50 7.30
J12383556-5916438 2019-01-03 4x1x32 0.52 1.59 13.90
J12383556-5916438 2019-01-12 4x1x32 0.79 1.26 4.25
J12393796-5731406 2017-06-17 4x1x32 0.64 1.77 3.83
J12404664-5211046 2018-04-30 4x1x32 0.74 1.13 7.05
J12442412-5855216 2017-06-17 4x3x32 0.71 1.37 2.67
J12454884-5410583 2018-04-30 4x1x32 0.71 1.15 6.92
J12480778-4439167 2017-06-17 4x2x32 0.90 1.34 2.75
J12505143-5156353 2019-01-12 4x1x32 1.14 1.32 3.75
J12510556-5253121 2019-01-08 4x1x32 0.58 1.68 3.90
J13015069-5304581 2019-01-08 4x1x32 0.55 1.60 3.95
J13055087-5304181 2018-06-11 4x1x32 0.82 1.14 1.95
J13055087-5304181 2018-07-04 4x1x32 1.73 1.14 1.70
J13064012-5159386 2018-04-30 4x1x32 0.56 1.13 8.15
J13065439-4541313 2018-04-08 4x1x32 0.46 1.09 5.65
J13095880-4527388 2018-05-01 4x1x32 1.08 1.07 2.70
J13103245-4817036 2018-05-01 4x1x32 1.03 1.09 3.30
J13121764-5508258 2017-08-31 4x1x32 0.68 222 4.42
J13121764-5508258 2018-05-15 4x1x32 0.62 1.16 2.50
J13174687-4456534 2018-05-28 4x1x32 0.70 1.07 4.33
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Table 6.4 (continued).

Target Observation date NEXP xNDIT x DIT? (w)? (X)© (1o)?
(2MASS ID) (yyyy-mm-dd) (1x1xs) ") (ms)
J13334410-6359345 2017-07-05 4x1x32 1.06 1.53 3.05
J13343188-4209305 2017-04-02 4x1x32 1.14 1.21 1.70
J13354082-4818124 2017-04-02 4x1x32 1.06 1.30 2.08
J13380596-4344564 2017-04-02 4x1x32 1.05 1.32 2.40
J13455599-5222255 2018-04-28 4x1x32 0.64 1.13 6.35

Notes. () NEXP describes the number of exposures, NDIT is the number of subintegrations per
exposure, and DIT is the detector integration time of an individual subintegration. ®) (X) de-
notes the average airmass during the observation. ) (w) denotes the average seeing conditions
during the observation. ) (13) denotes the average coherence time during the observation.

6.D Astrometric analysis of background objects

In addition to YSES 2b, there are four candidate companions (CCs) in the SPHERE
field of view that we could identify in both observational epochs. These CCs are
presented in Figure 6.6, in which we show the de-rotated data from the night of 2020
December 12. No PSF subtraction with RDI is performed, instead we just applied
an unsharp mask with a Gaussian kernel size of 5 pixels. YSES 2b can easily be
identified in this image product as well. For the remaining CCs, we present the
relative astrometric offsets between both observational epochs in the proper motion
diagram in Figure 6.7. The relative motions of CCs 2-5 are clearly compatible with
stationary background objects, and co-movement can be ruled out for all of them.
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Table 6.5: Reference library for the data reduction in Ks band.

Target Observation date NEXP xNDIT x DIT? (w)b (X)© (10)¢
(2MASS ID) (yyyy-mm-dd) (Ix1xs) @) (ms)
J11445217-6438548 2018-05-14 4x1x32 0.77 1.31 2.60
J11454278-5739285 2019-01-13 4x1x32 1.18 1.59 3.58
J12090225-5120410 2018-05-15 4x1x32 0.70 1.12 2.90
J12113142-5816533 2018-12-22 4x2x32 1.38 1.44 2.05
J12113142-5816533 2019-02-18 4x2x32 0.45 1.22 15.00
J12160114-5614068 2018-12-27 4x2x32 0.47 1.42 10.27
J12164023-7007361 2018-12-23 4x1x32 1.06 1.58 343
J12164023-7007361 2019-02-15 4x1x32 0.57 1.61 10.75
J12195938-5018404 2018-12-30 4x1x32 0.55 1.59 9.00
J12210499-7116493 2019-01-12 4x2x32 0.82 1.52 4.40
J12264842-5215070 2018-12-30 4x1x32 0.41 1.36 9.20
J12302957-5222269 2018-12-30 4x1x32 0.45 1.32 7.48
J12333381-5714066 2019-01-01 4x1x32 0.80 1.36 6.25
J12333381-5714066 2019-01-14 4x1x32 1.24 1.21 2.30
J12333381-5714066 2020-12-10 1x20x16 0.58 1.76 5.50
J12361767-5042421 2018-12-30 4x1x32 0.47 1.56 6.22
J12374883-5209463 2018-12-30 4x1x32 0.46 1.48 6.95
J12383556-5916438 2019-01-03 4x1x32 0.46 1.56 12.47
J12383556-5916438 2019-01-12 4x1x32 0.94 1.26 3.45
J12404664-5211046 2018-04-30 4x1x32 0.87 1.13 7.10
J12454884-5410583 2018-04-30 4x1x32 0.66 1.15 8.97
J12505143-5156353 2019-01-12 4x1x32 1.03 1.31 4.10
J12510556-5253121 2019-01-08 4x1x32 0.52 1.65 3.98
J13015069-5304581 2019-01-08 4x1x32 0.49 1.58 4.80
J13055087-5304181 2018-06-11 4x1x32 0.93 1.14 2.02
J13055087-5304181 2018-07-04 4x1x32 1.73 1.14 1.70
J13064012-5159386 2018-04-30 4x1x32 0.56 1.13 9.88
J13065439-4541313 2018-04-08 4x1x32 0.55 1.09 4.68
J13095880-4527388 2018-05-01 4x1x32 1.03 1.07 2.45
J13103245-4817036 2018-05-01 4x1x32 0.87 1.10 4.40
J13121764-5508258 2018-05-15 4x1x32 0.62 1.16 3.00
J13174687-4456534 2018-05-28 4x1x32 0.67 1.07 4.15
J13455599-5222255 2018-04-28 4x1x%x32 0.65 1.13 6.03

Notes. ) NEXP describes the number of exposures, NDIT is the number of subintegrations per
exposure, and DIT is the detector integration time of an individual subintegration. ®) (X) de-
notes the average airmass during the observation. ©) (w) denotes the average seeing conditions
during the observation. @ (13) denotes the average coherence time during the observation.
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Figure 6.6: Reduced SPHERE data for the full IRDIS field of view. The images are de-rotated
and median combined; an unsharp mask is applied to remove the stellar halo. Four additional
companion candidates to YSES 2b are identified in the field of view. The image is presented at
an arbitrary logarithmic color scale to highlight the off-axis point sources.
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Figure 6.7: Proper motion plot for background objects in the SPHERE/IRDIS field of view.
The pink markers indicate the relative astrometric offsets to the first observational epoch that is
plotted at the origin of the coordinate system (orange marker). The blue trajectory represents the
simulated motion of a static background object at infinity and the white marker shows the relative
positional offset of such an object at the time of our second observation.
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CHAPTER 7

Outlook

HE main objective of my future work will certainly be the conclusion of YSES.
First and foremost, this means collecting all remaining second epoch ob-
servations for 44 stars from our sample that host unconfirmed candidate
companions. As soon as these data have been collected, we can derive a meaning-
ful occurrence rate of extra-solar giant planets to young, Sun-like stars. The new
planet detections from YSES and our sensitivity limits will then be combined in a
final statistical survey paper. Comparison to model predictions based on the vari-
ous formation mechanisms will enable us to probe the formation pathways of giant
Jovian companion to Sun-like stars, similar to Nielsen et al. (2019) and Vigan et al.
(2020). Never has this problem be approached on a sample that was as homoge-
neous and that contained as many stars of 1 M. Therefore, our results will have
vital implications for gas giant formation in solar-like environments.

Besides, each detected planetary-mass companion will foster an abundance of
follow-up characterization measurements. This will allow to test the framework pro-
posed by Oberg et al. (2011) on a large and statistical significant sample of giant
companions for the first time. We will begin to systematically probe molecular abun-
dance ratios in exoplanet atmospheres, enabling analyses as to whether this quantity
is indeed a reliable tracer of planetary birthplaces. Additional isotopologue mea-
surements might be helpful to support hypotheses based on molecular abundance
ratios alone. Especially VLT/ CRIRES™, VLT/ERIS, VLTI/GRAVITY, and JWST will
play crucial roles in obtaining these measurements.

Future direct imaging surveys (perhaps inspired by the YSES approach and strat-
egy) will certainly continue to expand the sample of gas giant wide-orbit planets. A
potential successor program of YSES could be designed as described in the following
section.

7.1 LEGACYS: The Large Extrasolar Giant planet Abundance Cen-
sus around Young Suns

By construction, the YSES sample is representing only a short time frame of the pre-
main-sequence evolution of planetary systems. To test several formation scenarios of
early, solar-like environments, the logical next step is to extend the sample towards
the temporal dimension without altering the previously fixed constraint on the host
star masses. Planet occurrence rates and semi-major axis evolution as a function of
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stellar age are great tracers of different formation scenarios: scenario (B) -— in which
the planets form close to the host star and migrate outwards driven by scattering
processes — imposes a positive correlation of planet separations and increasing sys-
tem ages, whereas a flat distribution of semi-major axes versus time is expected for
the in-situ formation mechanisms (A,C).

LEGACYS aims to shed light on the enigmatic origins of wide-orbit gas-giant
planets in young solar systems by observing a homogeneous sample of 305 solar-
mass pre-main sequence stars to detect and characterize wide-orbit companions to
these young, solar analogs (see Figure 7.1). This survey will

(i) more than triple the small sample size of directly imaged gas-giant planets to
Sun-like hosts to

(ii) facilitate statistical analyses regarding the occurrence rates of these objects as a
function of time without diluting effects due to varying host star masses (see
Chapter 1.3.1) and to

(iii) enable atmospheric characterization of a significant sample of wide-orbit Jovian
companions (see Chapter 1.3.2),

(iv) and thus, foster accurate testing of different formation scenarios by exploring
the full spatial, temporal, and chemical parameter space of our sample for the
first time (right panel of Figure 7.1).

The survey strategy is summarized in the carton presented in Figure 7.1. It relies
on an unbiased sample of young, solar-type stars with various ages, compiled from
the pre-main sequence star catalog compiled by Zari et al. (2018). These targets
are members of various young associations representing different ages of early pre-
main sequence evolution: Scorpius-Centaurus — with its sub-groups Upper Scorpius
(10 = 3Myr), Upper Centaurus Lupus (16 == 2Myr), and LCC (15 & 3Myr) — Lupus
(1 —3Myr), Taurus (~ 1Myr), and Corona Australis (1 — 3 Myr). As presented in Fig-
ure 7.2, the LEGACYS sample comprises the closest and largest selection of young,
solar-mass stars to our Sun, complementary to the parameter space probed by other
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Figure 7.2: Comparison of the LEGACYS sample to previous direct imaging surveys. LEGACYS is
expanding the YSES sample towards the temporal dimension and targeting the largest selection of
young, Sun-like stars amongst all surveys. For each survey, the different shades of color represent
the number densities of target stars in this mass-age diagram.

direct imaging campaigns. These targets can be observed in a similar snapshot ap-
proach as applied for YSES; data reduction would be performed by RDI with an even
larger reference library of similar targets. With an abundance of new detections of
wide-orbit, planetary-mass companions, this new survey will have an unparalleled
legacy value and will provide a temporally-resolved insight into the initial stages
of planetary systems for the first time. Studying the entire pre-main-sequence evo-
lution of solar-like environments and comparing the observed occurrence rates to
simulated planet populations will provide vital implications for the efficiency of the
underlying planet formation mechanisms. YSES and perhaps LEGACYS will be cru-
cial to constrain the underlying formation pathways of wide-orbit Jovian gas giants
to solar-type host stars, and these surveys will perfectly complement the results of
other large programs such as SHINE, GPIES, and BEAST.

7.2  Our place in the Universe

The observations of the past years have shown that planetary systems are ubiquitous
with various architectures either similar or vastly different from our Solar System.
Based on this plethora of exoplanets, it is likely that one of these worlds will ex-
hibit favorable conditions to develop something that can be considered as life. As
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humanity has learned to accept their own mediocrity throughout the past centuries,
it would not be surprising if we learned one day that there is life outside of Earth.
Recent estimates of 74 — defined as the occurrence rate of Earth-sized rocky planets
that reside in the habitable zones of their host star — can be quite inconsistent and
vary from 5q = 0.064 (Silburt et al. 2015) to g = 0.35 (Barbato et al. 2018). Yet
they are usually significantly larger than zero. Even if the probability that an indi-
vidual terrestrial planet in the habitable zone facilitates favorable conditions for life
to emerge is tiny, this small likelihood should be compensated by the huge number
of stars in the Universe.

Of course, this does not necessarily mean that this extraterrestrial life will actually
be located in our Galactic neighborhood; and even if it is, it is still unclear if we will
be able to actually detect it. However, the recent progress in exoplanetary sciences
provided promising results, and especially future observatories such as the ELTs,
LUVOIR, HabEx, and LIFE will play a crucial part in finding an answer to this most
ancient question of humankind.
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Summary

ow do planetary systems form and evolve? Is our Solar System unique or just one of

many others that might even harbor Earth-like planets? And could such Earth-twins

perhaps host some forms of life? Questions like these have fascinated humankind for
thousands of years, yet we do not have conclusive answers for all of them.

The past 30 years have revolutionized our understanding of planetary systems in our
Galaxy. In 1992 the first planet outside our Solar System was discovered: this extra-solar planet
(or exoplanet) was a strange world, vastly different from the eight planets that humanity had
known before. The star that this planet was found to orbit was markedly different from our
Sun. PSR B1257+12, which is the name of this planet hosting star, is a so-called pulsar: a fast-
spinning object that marks the endpoint of the evolution of many stars that are more massive
than the Sun. But even the first planet that was discovered around a Sun-like star in 1995 is a
hostile environment; in fact, it had nothing in common at all with objects that we knew from
our Solar System. This exoplanet with the name 51 Peg b is a gas giant like Jupiter, yet located
at a much closer separation to its star. With an orbital semi-major axis of merely 5% of the
Earth-Sun distance this planet is even closer to its host star than Mercury is to our Sun. Due
to its enormous size and very close orbit, 51 Peg b was the first example of a new class of
planetary objects: the so-called hot Jupiters.

From these initial discoveries, an exoplanet revolution emerged in the past decades. To-
day, we know about 4’500 planets outside our Solar System, and several thousands of new
discoveries are predicted for the next few years. Despite this abundance of detected planetary
systems, only a small fraction of these planets (about 1 %) could be captured in an image. This
small number is due to the major challenges that have to be overcome in order to take such
an image. First and foremost, the star is many times brighter than the planet that we want
to observe. Second, the separation between both objects as seen on the sky is tiny. An often
used analogy is that of a firefly (our model planet) that one wants to image directly next to
a giant lighthouse (our star). Naturally, the intensity of the lighthouse outshines the small
firefly by several orders of magnitude. Even when just standing a few meters apart, it seems
impossible to spot the small firefly with one’s bare eyes right next to this massive source of
light. But extra-solar planetary systems are usually at much larger distances of several dozens
of light years.! For our firefly-lighthouse analogy this corresponds to a separation of more
than 500 km from which one wants to distinguish both individual components.

Less than two decades ago, the first image of such a planetary-mass object was collected
with the Very Large Telescope (VLT) of the European Southern Observatory (ESO). Major
advances in optical instrumentation, observing strategies, and data-processing algorithms fa-
cilitated the imaging of giant extra-solar planets that are usually widely separated from their

10ne light year is approximately 9.4 x 10'2 km, which is equivalent to 9.4 trillion kilometers.
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Figure 1: Potential formation mechanisms of wide-orbit gas giant planets.

parent stars. Today, about fifty of these Jovian gas giant planets could be imaged. Most of these
have orbital separations that are significantly larger than ten Earth-Sun distances and some are
even farther separated from their parent stars than all known bodies in our own Solar System
are away from the Sun. The formation mechanisms of these wide orbit super-Jupiters are not
understood particularly well. As visualized in Figure 1 there exist three competing theories
that might explain this phenomenon.

(A) The cloud fragmentation paradigm postulates the formation of planetary mass objects as
a byproduct of stellar formation. A collapsing molecular cloud is split up into fragments
and some of these fragments might exhibit masses that are too low to fuse Hydrogen or
Deuterium.? If these these fragments have masses that are smaller than 13 times the mass
of Jupiter, these objects have planetary appearances and properties.

(B) The core-accretion mechanism is thought to be responsible for the formation of all Solar
System planets. Young stars are usually surrounded by a massive disk that consists of gas
and solids that originate from the initially collapsing molecular cloud. In this framework,
small dust grains in this disk can coagulate. Via collision processes these grains can grow
to kilometer-sized planetesimals. If these protoplanetary objects grow beyond a critical
mass, they start accreting a gaseous envelope as we can see it for Jupiter in our Solar
System.

(C) The disk instability scenario predicts that dense regions in a circumstellar stellar disk can
collapse under their own gravity. This process can directly from gas giant planets that
can accrete additional material from the surrounding disk.

All these potential formation mechanisms have characteristic time scales, planet separations,
and companion frequencies. To understand the dominant formation pathway of wide-orbit
gas giant planets, it is thus common practice to compare simulated planet populations for each
of the scenarios to observational results. However, such an analysis has not been conducted
for a large and homogeneous sample of young, Sun-like stars. As this category of stellar
hosts might resemble the initial conditions that our early Solar System exhibited, a dedicated
study of such a sample is quite intriguing and might even reveal insights into the history and
evolution of our own planetary system. For this reason, we initiated the Young Suns Exoplanet
Survey (YSES), whose preliminary results are reported in this thesis.

The Young Suns Exoplanet Survey

YSES is observing a unique sample of 70 solar analogs that are located in the Scorpius-
Centaurus association. This group of stars is approximately 400 lightyears away from Earth

2Planets are objects that cannot produce energy by nuclear fusion in their cores, since their mass is
too low to generate the temperatures that are required to ignite this process. Objects that are heavier
than approximately 13 times the mass of Jupiter can fuse Deuterium to Helium and are therefore not
considered to be planets. Such objects are called brown dwarfs. If the mass of an objects exceeds about 80
times the mass of Jupiter, the internal temperatures get high enough to fuse Hydrogen to Helium, which
is the requirement for an objects to be considered a star.



The Young Suns Exoplanet Survey

and therefore located in our Galactic neighborhood. All YSES targets are exceptionally young
compared to our 4.6-billion-year-old Sun. With an average age of 15 Million years among our
sample, we observe these systems just after the phase of planet formation, which is thought
to occur within the first few million years of the lifetime of planetary systems. Because
planets cool down after their formation, young environments like these are especially well
suited to directly detect gas giant companions. We observed all the stars with the Spectro-
Polarimetric High-contrast Exoplanet REsearch (SPHERE) instrument that is mounted at Unit

Telescope 3 of ESO’s VLT. This instrument is
one of the most advanced devices to obtain
images of extrasolar planets. An extreme
adaptive optics system corrects for the blur-
ring effect that is caused by the atmosphere
of our own Earth. Such a system is required
to obtain sharp images from a telescope with
a mirror diameter of 8.2m. Another device
that is used by this instrument is a so-called
coronagraph. This opaque mask blocks most
of the light from the central star and re-
veals faint planets that were hidden in the
much brighter halo around the star (see for
instance Figure 3).

Even though YSES was designed to im-
age new planets, the first result that origi-
nated from our survey was the discovery of a
circumstellar disk around Wray 15-788. The
extent of this disk is huge: the bright outer
ring that can be seen in Figure 2 is more than
50 Earth-Sun distances away from its parent
star. Moreover, the appearance of the disk is
quite peculiar. It looks like the upper right is
hidden in darkness. As this effect cannot be
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Figure 2: A circumstellar disk around Wray 15-
788. Only half of the disk is visible. An addi-
tional inner disk might cast a shadow onto the
upper right parts of the outer ring. The stellar
intensity in the image center is attenuated by a
coronagraph.

explained by the system geometry that we

see in the image, we hypothesized that there

is an inner disk that is too small to be resolved in our image. This inner disk is misaligned
with respect to the structure that we can see, and therefore it is casting a shadow on some
parts of the outer disk. In addition, this misalignment might be caused by a planet that is
orbiting the star; yet this hypothesized companion has not been detected so far.

The first planetary system that we discovered as part of our survey received the name
YSES 1 (see left panel of Figure 3). This star hosts two gas giant planets at very wide orbits,
and it was therefore considered to be the first multi-planet system that was imaged around a
Sun-like star. The closer planet YSES 1b has a semi-major axis of at least 160 times the Earth-
Sun distance and the outer planet YSES 1c is even 320 times farther away from its host star than
the Earth is from the Sun. Also in term of mass both planets surpass Solar System standards.
Whereas YSES 1c has a mass of six times the mass of Jupiter, YSES 1b is even fourteen times as
heavy as this most massive planet in our Solar System. For that reason it is not entirely clear
yet, if YSES 1b is actually a planet or rather a brown dwarf companion. Future observations
of this intriguing environment should shed light on this open question. Especially, a thorough
characterization of both planetary atmospheres might help to distinguish between the most
likely formation scenarios for the planets.

The latest discovery from our survey is YSES 2b, a giant planet that is six times as heavy
as Jupiter (see right panel of Figure 3). Again, this planet is detected quite far away from
its parent star at a separation of more than 110 times the Earth-Sun distance. It is unclear
how YSES 2b has formed, as its mass is lower than usually expected from fragmentation
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Figure 3: The planetary systems around YSES 1 and YSES 2. Left panel: The multi-planet
system around YSES 1. The star is located in the upper left of the image and obscured by a
coronagraphic mask. Two wide-orbit gas giant planets are detected around this solar analog. The
inner and outer planet have a weight of six and fourteen times the mass of Jupiter, respectively.
Image credit: ESO/Bohn et al. Right panel: The gas giant planet YSES 2b. The star is located
at the image center and attenuated by a coronagraph.

processes (A) or gravitational instability mechanisms (C). Besides, it cannot have formed via
core accretion (B) at such a large distance from the star. A possible explanation might be
another as of yet undiscovered planet around YSES 2. This planet could be located closer to
the star. Via gravitational interaction it scattered YSES 2b to its current position. Follow-up
observations of this system will help to shed light on this potential scenario.

Future prospects

As some of our YSES observations still need to be carried out, the final statistical analysis
of the survey is pending. The occurrence rates of gas giant planets around our target stars
will help to constrain the dominant planet formation mechanisms in Sun-like environments.
Further atmospheric characterization measurements will provide additional clues regarding
the evolutionary history of these solar-like systems. Future observatories such as the James
Webb Space Telescope will provide unprecedented insights into the chemical properties of
these exoplanet atmospheres, which might be linked to the formation channels of the planets.
Especially the new class of giant ground-based observatories such as the Extremely Large
Telescope, the Thirty Meter Telescope, and the Giant Magellan Telescope will help to search
for additional planets that are located closer to YSES 1, YSES 2, and other stars from our survey
sample. These close-in planets are currently out of reach for the present generation of optical
telescopes. Driven by the pacey progress in the field of exoplanetary research throughout the
last decades that seems to continue for the years to come, we might have a chance to find
some answers to the introductory questions — including the detection of life outside our Solar
System — perhaps even before the end of this century.



Samenvatting

OE ontstaan planetenstelsels en hoe veranderen ze in de tijd? Is ons zonnestelsel uniek
of is het een van vele die wellicht aardachtige planeten bevat? En zouden deze aard-
achtige planeten eventueel leven kunnen herbergen? Dit soort vragen hebben de

mensheid al duizenden jaren gefascineerd en toch hebben we geen sluitend antwoord voor
een van hen.

De afgelopen 30 jaar heeft een revolutie teweeggebracht in de kennis van planetenstelsels
in ons Melkwegstelsel. In 1992 werd de eerste planeet buiten ons zonnestelsel (ook wel exopla-
neet) ontdekt: deze exoplaneet is een merkwaardige wereld, met grote verschillen vergeleken
met de acht planeten die de mensheid tot dan toe kende. De ster, PSR B1257+12, waar deze
planeet omheen draait is aanzienlijk anders dan onze zon. PSR B1257+12 is namelijk een pul-
sar, een snel-draaiend object dat een overblijfsel is van sterren die veel zwaarder zijn dan de
zon. Ook de eerste planeet die draait om een zonachtige ster, ontdekt in 1995, lijkt helemaal
niet op een planeet uit ons zonnestelsel. Deze planeet genaamd 51 Pegasi b (afgekort 51 Peg b)
is een gasreus net als Jupiter, maar staat veel dichter bij zijn ster. De afstand van de ster tot de
planeet is kleiner dan de afstand van Mercurius tot de Zon, slechts 5% van de afstand van de
Zon tot de Aarde. Omdat 51 Peg b zo groot is en zo dichtbij staat, vangt hij veel licht op van
de ster. Daardoor is hij erg heet, meer dan 1200 graden Kelvin, en is hij het eerste voorbeeld
van een nieuwe klasse van planeten genaamd Hete Jupiters.

Door deze eerste ontdekkingen is in de laatste decennia een exoplaneet revolutie ontstaan.
Vandaag de dag zijn er 4500 exoplaneten ontdekt en is er voorspeld dat er in de komende
jaren nog duizenden nieuwe planeten gevonden zullen worden. Ondanks de overvloed van
gedetecteerde planetenstelsels, is maar een klein aandeel (rond de 1%) vastgelegd in een
afbeelding. Dat dit aandeel zo klein is, komt door de enorme uitdagingen die overwonnen
moeten worden om daadwerkelijk zo'n afbeelding te maken. De eerste uitdaging is dat de
ster ontzettend veel helderder is dan de planeet die we willen afbeelden. Ten tweede staat de
planeet relatief extreem dichtbij de ster. Een veelgebruikte analogie is die van een vuurvlieg
(de planeet) die wordt afgebeeld naast een enorme vuurtoren (de ster). De vuurtoren is ordes
van grootte helderder dan de vuurvlieg. Zelfs als men meters is verwijderd van de vuurtoren
lijkt het onmogelijk om de vuurvlieg met blote ogen te onderscheiden van te onderscheiden
van de enorme lichtbron. Exoplaneten staan uiteraard op veel grotere afstanden, meestal op
tientallen lichtjaren van de zon.> Voor de vuurtoren zou dit betekenen dat we op meer dan
500 km staan en dan proberen de vuurvlieg vast te leggen.

Minder dan twintig jaar geleden is de eerste afbeelding van een exoplaneet gemaakt met de
Very Large Telescope (VLT) van de European Southern Observatory (ESO). Grote vooruitgang
in optische instrumentatie, waarneemtechnieken, en algoritmen voor dataverwerking maken

3Een lichtjaar is ongeveer 9.4 x 10'2 km, wat gelijk is aan 9.4 biljoen kilometer.
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Figuur 4: Mogelijke ontstaansmechanismes van gasreuzen op wijde banen.

het mogelijk om gasreuzen op wijdere banen rond hun ster af te beelden. Tot nu toe zijn er
zo'n 50 van deze Joviaanse planeten direct waargenomen. De banen zijn vaak veel groter dan
tien keer de afstand van de Aarde tot de Zon, en sommigen staan verder van hun ster dan
alle bekende objecten in ons zonnestelsel. Hoe deze grote planeten hebben kunnen vormen
zo ver van de ster is nog onzeker. Er zijn momenteel drie verschillende theorieén hierover, die
worden uitgelegd in Figuur 4.

(A) Het wolkfragmentatie paradigma stelt dat objecten met een massa van een planeet ont-
staan als een bijproduct van stervorming. Een moleculaire wolk die in door de zwaar-
tekracht ineenstort kan in meerdere fragmenten uit elkaar vallen. Sommige van deze
fragmenten zullen niet zwaar genoeg zijn voor het fuseren van waterstof of deuterium.*
Als deze fragmenten minder zwaar zijn dan 13 keer de massa van Jupiter wordt het een
planeet.

(B) Het kernaccretie mechanisme wordt beschouwd als het ontstaansmechanisme voor alle
planeten in ons zonnestelsel. Jonge sterren worden gewoonlijk omringd door een grote
schijf die bestaat uit gas en stof dat is overgebleven uit de ineengestorte moleculaire wolk.
In deze schijven klonteren kleine stofdeeltjes samen zodat ze in de loop van de tijd kunnen
uitgroeien tot planetesimalen tot wel een kilometer in doorsnee. Als deze planetesimalen
groot genoeg zijn zullen ze gas gaan aantrekken en doorgroeien totdat ze een gasreus
worden.

(C) Het schijfinstabiliteit scenario voorspelt dat dichte gebieden in de stofschijf zelf ook kun-
nen instortend door hun eigen zwaartekracht. Dit proces kan in een keer en gasreus
vormen die weer materiaal uit de stofschijf aantrekt.

Deze drie potentiele ontstaansmechanismes hebben hun eigen karakteristieke tijdschalen en
een verdeling van massa van planeten en planeetbanen. Om te begrijpen welk van deze drie
mechanismes het meest gebruikelijke is voor het ontstaan van gasreuzen op grotere afstanden
van hun ster, wordt meestal een gesimuleerde planeetpopulatie vergeleken met de waargeno-
men planeetpopulatie. Tot nu toe is er niet zo'n analyse gedaan voor een groot en homogene
selectie van zon-achtige sterren, terwijl deze categorie van sterren juist lijkt op de vroegere
condities van ons eigen zonnestelsel. Een toegewijde studie van deze sterren zou daarom
inzicht kunnen geven in de geschiedenis en de evolutie van ons eigen zonnestels. Daarom
hebben wij de Young Suns Exoplanet Survey (YSES) studie opgezet, waarvan de eerste resul-
taten worden gepresenteerd in dit proefschrift.

4Planeten zijn objecten die geen energie produceren met kernfusie in hun kern omdat hun massa te
laag is om de temperatuur te genereren die nodig is voor dit proces. Objecten die zwaarder zijn dan
13 keer de massa van Jupiter kunnen deuterium in helium fuseren en worden daarom niet als planeet
beschouwd. Deze objecten heten bruine dwergen. Als een object ongeveer 80 keer zo zwaar is als Jupiter,
wordt de interne temperatuur wel hoog genoeg voor kernfusie van waterstof naar helium, waardoor ze
kunnen worden beschouwd als ster.
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De Young Suns Exoplanet Survey

In de YSES-studie observeren we een unieke groep van 70 zonachtige sterren die horen bij
de Scorpius—Centaurus sterassociatie. Deze groep van sterren staat ongeveer 400 lichtjaar
van de Aarde en is buitengewoon jong vergeleken met onze 4.6 miljard jaar oude zon. Met
een gemiddelde leeftijd van 15 miljoen jaar observeren we de 70 sterren kort na de fase van
planeetvorming, waarvan verwacht wordt dat dit in de eerste paar miljoen jaar gebeurt. Kort
na de formatie zijn planeten nog heet en dus helder, waardoor ze makkelijker te detecteren
zijn. Daarom is deze selectie van sterren ideaal voor het direct waarnemen van gasreuzen.
We hebben deze selectie van sterren geob-
serveerd met het Spectro-Polarimetric High- 1.0 0.0 1.0
contrast Exoplanet Research (SPHERE) in- 1.0 BRI EE RS | )
strument dat is geinstalleerd bij de Unit Te-
lescope 3 van ESO’s VLT. SPHERE is een van
de meest geavanceerde instrumenten om ex-
oplaneten direct af te beelden. Een extreem
adaptief optica systeem corrigeert het ver-
smerende effect van de atmosfeer van de
Aarde. Zonder dit systeem lukt het niet om
een scherpe afbeelding te maken met een
telescoop met een diameter van 8.2 meter.
Een ander onderdeel van SPHERE is de zo-
geheten ‘coronagraaf’. Dit is een ondoor-
zichtig masker dat het meeste sterlicht tegen
houdt zodat een veel lichtzwakkere planeet, -1.0 o e e R AR e -1.0
die eerst verstopt zat in de halo van de veel Lo ARA [0 a?c sec] 10
heldere ster, zichtbaar wordt (zie Figuur 6).

Hoewel het doel van de YSES-studie het
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o

Figuur 5: Een circumstellaire schijf rond de ster

vinden van nieuwe planeten is, was het eer-
ste resultaat de ontdekking van een circum-
stellaire schijf rond de ster Wray 15-788.
Deze schijf is enorm: de heldere buitenste
ring in Figuur 5 staat op meer dan 50 keer

Wray 15-788. De helft van deze schijf is maar
zichtbaar. Dit zou kunnen komen door een ex-
tra schijf die dichterbij staat die het sterlicht
blokkeert en een schaduw maakt op de zichtbare
schijf. Het sterlicht in het midden van de schijf

de afstand van de Aarde naar de zon van s enorm verzwakt door een coronagraaf.

zijn ster. Bovendien ziet de schijf er eigen-

aardig uit: het lijkt erop alsof een deel van

de schijf is gehuld in duisternis. Dit kan niet worden verklaard door de structuur van de schijf
zoals te zien in de afbeelding. Daarom stellen wij dat er een extra schijf is die te klein is om te
zien, en die scheef staat ten opzichte van de buitenste schijf. Zo'n schijf kan een schaduw wer-
pen op sommige delen van de buitenste schijf, waardoor deze minder of niet meer zichtbaar
is. Een binnenste schijf kan scheef gaan staan door de aanwezigheid van een planeet. Deze
planeet is echter tot nu toe nog niet gevonden.

Het eerste planetenstelsel dat wij hebben ontdekt met de YSES-studie heeft de naam
YSES 1 gekregen (zie het linker paneel van Figuur 6). Om deze ster draaien twee gasreu-
zen op grote afstand, en dit planetenstelsel is de eerste met meerdere planeten dat direct is
waargenomen. De binnenste planeet YSES 1b staat op 160 keer de afstand van de zon tot de
aarde, en de buitenste planeet YSES 1c staat zelfs twee keer zo ver weg. Ook in hun massa
overtreffen ze de planeten van het zonnestelsel. YSES 1c is ongeveer zes keer zo zwaar als
Jupiter, de zwaarste planeet in ons zonnestelsel. YSES 1b is zelfs veertien keer zo zwaar als
Jupiter, en daarom is het nog niet zeker of het een bruine dwerg is of een planeet. Verdere
waarnemingen van dit stelsel zullen deze vraag kunnen beantwoorden. Bovendien, is het ui-
terst interessant om de atmosferen van deze planeten te karakteriseren, zodat we wellicht hun
ontstaansmechanisme kunnen achterhalen.
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Figuur 6: De planetenstelsels YSES 1 en YSES 2. Links: Het planetenstelsel YSES 1 met twee
planeten. De ster staat linksboven in de afbeelding en is verduisterd door een coronagraaf. Twee
gasreuzen draaien op grote afstand rond deze zon-achtige ster. De binnenste en buitenste planeet
hebben een gewicht van respectievelijk zes en veertien keer de massa van Jupiter. Image credit:
ESO/Bohn et al. Rechts: De gasreus YSES 2b. De ster staat nu in het midden van de afbeelding
en is ook verduisterd door een coronagraaf.

De nieuwste ontdekking is YSES 2b, ook een gasreus die op 110 keer de afstand van de
zon tot de aarde staat en zes keer zo zwaar is als Jupiter (zie het rechter paneel van Figuur 6).
Hoe YSES 2b is ontstaan is nog niet duidelijk omdat de massa beduidend lager is dan je zou
verwachten voor het fragmenteren van een gaswolk (A), of voor het schijfinstabiliteit scenario
(C). Ook kan het op deze grote afstand niet zijn ontstaan door kernaccretie (B). Het is wel
mogelijk dat de planeet dichterbij is ontstaan en door interactie met een andere planeet naar
zijn huidige plek is geslingerd. Met eventuele vervolg waarnemingen zou dit scenario beter
kunnen worden onderzocht.

Toekomstperspectief

De waarnemingen van de YSES-studie zijn nog niet afgerond, en de uiteindelijke statistische
analyse is dus nog niet mogelijk. Het antwoord op de vraag hoe vaak gasreuzen voorkomen
rond de sterren die zijn geincludeerd zal helpen met het bepalen welk ontstaansmechanisme
dominant is voor zonachtige sterren. Nieuwe metingen van de atmosfeer van de gevonden
planeten zal extra informatie geven over de evolutionaire geschiedenis van deze sterren. Hier-
bij zullen de toekomstige telescopen, zoals de James Webb Space Telescope, cruciaal zijn. Zij
zullen inzicht geven in de chemische eigenschappen van de atmosferen van gasreuzen, wat
weer gekoppeld kan worden aan de ontstaansmechanismes van deze planeten. Ook de nieuwe
generatie van telescopen op aarde, zoals de Extremely Large Telescope, de Thirty meter te-
lescope, en de Giant Magellan Telescope zullen gebruikt worden om planeten te vinden die
dichterbij staan dan de planeten van YSES 1 en YSES 2. Nu zijn deze planeten nog niet de-
tecteerbaar met de huidige generatie van telescopen. Maar als de snelheid van de huidige
progressie in het vakgebied van exoplaneten zich doorzet in de komende jaren, hebben we
een kans om sommige van de vragen aan het begin van deze samenvatting, inclusief de vraag
over het detecteren van leven buiten ons zonnestelsel, te beantwoorden voor het eind van deze
eeuw.



Zusammenfassung

IE entstehen Planetensysteme? Ist unser Sonnensystem einzigartig oder gibt es viele
andere solcher Systeme im Universum, die eventuell sogar erddhnliche Planeten be-
herbergen? Und koénnte es auf solchen Erdzwillinge eventuell Leben geben? Seit tau-

senden von Jahren faszinieren solche Fragen die Menschheit — Fragen, auf welche es bislang
meistens jedoch keine endgiiltige Antwort gibt.

Die letzten 30 Jahre haben unser Verstandnis von Planetensystemen grundlegend verdndert.

Im Jahre 1992 wurde der erste Planet aufierhalb unseres Sonnensystems entdeckt. Dieser erste
extrasolare Planet (oder auch Exoplanet) ist géanzlich anders als die acht Planeten, welche die
Menschheit zuvor gekannt hatte. Auch der Stern, den dieser Planet umkreist, hat nicht viel
mit unsere Sonne gemein. PSR B1257+12, der Name dieses Sterns, ist ein sogenannter Pulsar:
Ein schnell rotierendes Objekt, welches das Endstadium vieler Sterne darstellt, die schwerer
als die Sonne sind. Aber auch der erste Planet, der 1995 um einen sonnendhnlichen Stern
herum entdeckt wurde, ist nicht besonders lebensfreundlich. In der Tat unterscheidet sich die-
ser Planet eklatant von den acht Planeten, die bis anhin aus unserem Sonnensystem bekannt
gewesen sind.

Zwar ist dieser Planet mit dem Namen 51 Peg b ein Gasriese wie Jupiter. Allerdings liegt
seine Umlaufbahn viel ndher um seinen Mutterstern herum. Mit einer grofien Halbachse von
gerade einmal 5% der Erde-Sonne-Entfernung ist dieser Exoplanet sogar ndher an seinem
Mutterstern als Merkur an der Sonne. Aufgrund seiner Grofse und der kurzen Umlaufdauer
von wenigen Tagen wurde 51 Peg b zum ersten Exemplar einer neuen Gattung von Planeten
— die sogenannten heifien Jupiter.

Basierend auf diesen ersten Entdeckungen begann eine Revolution der Exoplanetenfor-
schung. Heutzutage kennen wir ungefahr 4’500 Planeten auflerhalb unseres Sonnensystems
und viele tausend neue Entdeckungen sind fiir die ndchsten Jahre prognostiziert. Allerdings
konnte bislang nur eine kleine Anzahl dieser Planeten direkt abgebildet werden (etwa 1 %).
Dies beruht hauptsédchlich auf dem groflen Kontrast zwischen Stern und Planet. Der Stern ist
millionenfach heller als der Planet, der abgelichtet werden soll. Auflerdem ist der Abstand
zwischen Stern und Exoplanet in der Regel sehr gering. Ein haufig bemiihter Vergleich ist der
eines kleinen Glithwiirmchens, das direkt neben einem hellen Leuchtturm abgebildet werden
soll. Selbstverstiandlich ist Letzterer, welcher den Stern représentiert, um ein vielfaches heller
als das kleine Glithwiirmchen, welches den Planeten darstellt. Selbst in einem Abstand von
wenigen Metern scheint es unmoglich, das Glithwiirmchen direkt neben dieser gigantischen
Lichtquelle mit bloflen Augen zu erkennen. Allerdings sind extrasolare Planetensysteme um
ein Vielfaches weiter entfernt.® Fiir den Leuchtturm-Glithwiirmchen-Vergleich entspricht dies

5Ubliche Distanzen sind in der Regel mehrere (hundert) Lichtjahre. Ein Lichtjahr ist eine Strecke von
circa 9.4 x 10'? km, was ungefahr 9.4 Billionen Kilometern entspricht.
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Abbildung 7: Mégliche Szenarien fiir die Entstehung weiter Gasriesen.

einer Strecke von mehr als 500 km, tiber die man beide Objekte unterscheiden und abbilden
will.

Vor weniger als zwei Jahrzehnten gelang das erste Bild eines solchen planetendhnlichen
Objekts mithilfe des Very Large Telescopes (VLT) der Européischen Stidsternwarte (ESO). Ge-
waltige Fortschritte in Instrumentation, Observationsstrategien und Datenverarbeitungsalgo-
rithmen ermoglichten, dass man grofse Exoplaneten, die weit von ihren Muttersternen entfernt
sind, wirklich abbilden kann. Bis heute gelang dies fiir etwa 50 jupiterdhnliche Gasriesen. Die
meisten dieser direkt abgebildeten Exoplaneten sind deutlich weiter von ihrem Mutterstern
entfernt als die Erde von der Sonne. Fiir viele sind diese Abstiande sogar noch deutlich grofser
als fiir alle bekannten Objekte in unserem Sonnensystem. Insbesondere die Entstehung solcher
weiten Gasriesen ist weiterhin unklar. Wie in Abbildung 7 skizziert, gibt es drei konkurrieren-
de Theorien, die diesen Prozess beschreiben konnen.

(A) Objekte mit Planetenmassen konnten ein Nebenprodukt der Entstehung von Sternen sein.
Eine in sich kollabierende molekulare Wolke kann in verschiedene Teile gerissen werden.
Manche dieser Fragmente kénnten dann Massen aufweisen, die zu gering sind, um Was-
serstoff oder Deuterium zu Helium zu fusionieren.® Falls diese Fragmente weniger als 13
Jupitermassen wiegen, haben diese Objekte planetare Eigenschaften.

(B) Das Kernwachstumsszenario ist die wahrscheinlichste Erklarung fiir die Entstehung der
Planeten in unserem Sonnensystem. Junge Sterne sind tiblicherweise von einer Schei-
be aus Gas und Staub umgeben. Durch Kollisionen kleiner Partikel in dieser Scheibe
konnen grofiere Klumpen entstehen, die zu kilometergroflen Planetesimalen heranwach-
sen konnen. Falls solch ein Protoplanet eine kritische Masse tiberschreitet, kann eine Gas-
reiche Atmosphére akkretiert werden, dhnlich der von Jupiter in unserem Sonnensystem.

(C) Die gravitative Scheibeninstabilitdt postuliert, dass Regionen in circumstellaren Scheiben
unter dem Einfluss ihrer Selbstgravitation in sich zusammenfallen kénnen. Dieser Prozess
formt grof3e Planeten, die weiteres Material akkretieren kénnen.

All diese moglichen Entstehungsprozesse haben charakteristische Zeitskalen, Planetenumlauf-
bahnen und -hdufigkeiten. Um den wichtigsten Mechanismus fiir die Entstehung weiter Gas-
riesen ausmachen zu konnen, ist es deshalb tiblich, simulierte Planetenpopulationen mit Be-
obachtungsresultaten zu vergleichen. Allerdings wurde eine solche Studie noch nie mit einer
grofien und homogenen Menge junger, sonnendhnlicher Sterne durchgefiihrt. Da diese Ka-
tegorie von Sternen die Anfangsbedingungen unseres eigenen Sonnensystems widerspiegelt,
ist eine solche Studie von grolem Interesse. Deshalb starteten wir die Young Suns Exoplanet
Survey (YSES), deren vorldufige Ergebnisse in dieser Arbeit prasentiert werden.

SPlaneten sind Objekte, die nicht in der Lage sind, selbststandig Energie durch nukleare Fusion zu
erzeugen. Grund hierfiir ist, dass die Masse von Planeten zu gering ist, um im Kern Temperaturen zu
erzeugen, die hoch genug sind, um die Fusion in Gang zu setzen. Objekte, die mehr als 13 Mal so schwer
sind wie Jupiter, kénnen Deuterium zu Helium fusionieren und sind deswegen keine Planeten mehr.
Diese Objekte nennt man Braune Zwerge. Falls ein Objekt eine Masse von 80 Jupitermassen tiberschreitet,
ist die Kerntemperatur hoch genug, um Wasserstoff zu Helium zu fusionieren. Dies ist die notwendige
Bedingung, um ein Objekt als Stern bezeichnen zu kénnen.
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Die Young Suns Exoplanet Survey

Im Rahmen von YSES beobachteten wir ein einmaliges Sample von 70 sonnendhnlichen Ster-
nen, die sich in der Scorpius-Centaurus Assoziation befinden. Diese Gruppe ist etwa 400
Lichtjahre von der Erde entfernt — ein Katzensprung in astronomischen Distanzen. Alle Sterne
von YSES sind sehr jung im Vergleich zu unsere Sonne mit einem Alter von 4,6 Milliarden
Jahren. Da die YSES-Sterne lediglich 15 Millionen Jahre alt sind, beobachten wir diese Syste-
me nur kurze Zeit nach ihrer Entstehung. Auch die Entstehung von Planeten sollte zu diesem
Zeitpunkt bereits abgeschlossen sein. Da Planeten nach ihrer Entstehung abkiihlen, sind sol-
che jungen Systeme besonders gut geeignet, um nach weiten Gasriesen zu suchen. Wir haben
alle Sterne mit dem SPHERE-Instrument be-

obachtet, welches am Unit Telescope 3 von 1.0 0.0 10
ESOs VLT angebracht ist. Dieses Instrument 101 "0
ist eines der fortschrittlichsten Gerdte zum
Abbilden extrasolarer Planeten. Eine inter-
ne adaptive Optik korrigiert das Verschwim-
men des Sterns, welches durch unsere eige-

ne Atmosphire verursacht wird. Ein solches §
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anderes technisches Hilfsmittel ist ein soge-
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sichtbar werden (siehe Abbildung 9). -1.0
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direkte Detektion von Planeten waren, so
war das erste Resultat von unserer Studie
die Entdeckung einer circumstellaren Schei-
be um Wray 15-788 herum. Diese Scheibe ist
riesig. Der helle duflere Ring, der in Abbil-
dung 8 zu sehen ist, ist mehr als 50 Mal
weiter von seinem Mutterstern entfernt als

ARA [arcsec]

Abbildung 8: Eine circumstellare Scheibe um
Wray 15-788 herum. Nur eine Seite der Schei-
be ist sichtbar. Eine zusatzliche innere Scheibe
kénnte einen Schatten auf den duBeren, verborge-
nen Teil im oberen rechten Bildrand werfen. Die
Intensitat des Sterns ist mit einem Koronografen

die Erde von der Sonne. AufSerdem sieht die abgeschwicht.

Scheibe sonderbar aus, als wire die obere

rechte Halfte verborgen. Dies kann nicht mit

der Geometrie erkldrt werden, die wir in der Abbildung sehen. Deshalb stellten wir die Ver-
mutung auf, dass es eine weitere Scheibe um den Stern herum gibt, die jedoch zu nahe an
diesem ist, um sie mit SPHERE auflosen zu kénnen. Falls diese innere Scheibe anders aus-
gerichtet wire als die duflere, so konnte dies zu einem Schattenwurf und der beobachteten
Verdunklung fiihren. Diese abweichende Ausrichtung kénnte von einem Planeten verursacht
werden, der um den Stern kreist. Dieser Planet konnte bislang aber noch nicht gefunden wer-
den.

Das erste Planetensystem, das wir im Rahmen unser Studie entdeckten, erhielt den Namen
YSES 1 (siehe linke Seite von Abbildung 9). Diesen Stern umkreisen zwei Gasriesen auf sehr
weit entfernten Bahnen. Es war das erste Mehrplanetensystem, das um einen sonnendhnlichen
Stern herum abgebildet werden konnte. Der nidhere Planet YSES 1b hat eine grofie Halbachse
von mindestens 160 Mal der Erde-Sonne-Entfernung und der dufSere Planet YSES 1c ist sogar
320 Mal weiter von seinem Mutterstern entfernt als die Erde von der Sonne. Auch die Mas-
se beider Planeten ist deutlich grofler als bei bekannten Objekten in unserem Sonnensystem.
YSES 1c ist sechsmal so schwer wie Jupiter, der schwerste Planet in unserem Sonnensystem,
und YSES 1b ist sogar 14 Mal so schwer. Daher ist noch ungewiss, ob YSES 1b ein Planet
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SPHERE/VLT

0.75 arcsec

Abbildung 9: Die Planetensysteme YSES 1 und YSES 2. Linke Seite: Das Mehrplanetensystem um
YSES 1 herum. Der Stern befindet sich oben links und ist hinter einem Koronografen verborgen.
Zwei weite Gasriesen kreisen um diesen sonnen3hnlichen Stern. Der innere und duBere Planet haben
ein Gewicht von 6, beziehungsweise 14 Jupitermassen. Quelle: ESO/Bohn et al. Rechte Seite: Der
Gasriese YSES 2b. Der Stern ist in der Bildmitte und hinter einem Koronografen verborgen.

oder eher ein Brauner Zwerg ist. Weitere Beobachtungen dieses spannenden Systems sollten
dazu beitragen, diese offene Frage zu beantworten. Insbesondere eine detaillierte Charakteri-
sierung der Planetenatmosphéren konnte helfen, den wahrscheinlichsten Entstehungsprozess
herauszufinden.

Die neueste Entdeckung unsere Studie ist YSES 2b — ein Gasriese, der sechsmal so schwer
wie Jupiter ist (siehe rechte Seite von Abbildung 9). Auch dieser Planet ist mit 110 Erde-
Sonne-Entfernungen recht weit von seinem Mutterstern entfernt. Es ist unklar, wie YSES 2b
entstanden ist. Seine Masse ist niedriger als fiir Szenarien (A) und (C) postuliert und auflerdem
kann er nicht durch das Kernwachstumsszenario (B) so weit entfernt vom Stern entstanden
sein. Eine mogliche Erklarung kénnte ein noch unentdeckter Planet sein. Dieser zusitzliche
Planet kénnte ndher um den Stern kreisen und durch Gravitationswechselwirkungen YSES 2b
zu seiner jetzigen Position beférdert haben. Weitere Beobachtungen von diesem System sollten
helfen, dieses potentielle Szenario zu tiberpriifen.

Ausblick

Da einige Beobachtungen von YSES immer noch ausgefiihrt werden miissen, steht die finale
statistische Analyse der Studie noch aus. Dadurch sollte sich der wichtigste Entstehungspro-
zess von weiten Gasriesen um sonnendhnlichen Sterne herum ermitteln lassen. Zukiinftige
Teleskope so wie das James Webb Space Telescope werden komplett neue Einblicke in die che-
mischen Eigenschaften dieser Planetenatmosphéren generieren. Auch diese kénnten Hinweise
auf die zugrundeliegenden Entstehungsprozesse liefern. Insbesondere die néchste Generation
riesiger, terrestrischer Observatorien, wie zum Beispiel das Extremely Large Telescope, das
Thirty Meter Telescope oder das Giant Magellan Telescope, wird einen wichtigen Beitrag zur
Suche weiterer Planeten zu den Sternen aus unserer Studie leisten. Aufgrund des raschen
Fortschritts bei der Erforschung von Exoplaneten ist es nicht unwahrscheinlich, dass einige
Antworten auf die anfanglichen Fragen — inklusive der Entdeckung von Leben aufierhalb un-
seres Sonnensystems — bis zum Ende des 21. Jahrhunderts gefunden werden kénnen.
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