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DESIGNING A DIRECT IMAGING PROGRAM

DILEMMA#1: the luminosity-mass-age degeneracy

Models from Burrow+1997
Credit: M. Cushing



DESIGNING A DIRECT IMAGING PROGRAM

DILEMMA#2: the choice of stellar association

access to lower masses
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DESIGNING A DIRECT IMAGING PROGRAM

DILEMMA#3: the choice of wavelength
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AZOO OF YOUNG
SUPER-JUPITERS
& BROWN DWARFS

+ mostly blind surveys

+ ages <100 Myr

+ masses >3 M,

+ temperatures > 800 K
+ orbits ~10-100s au

Credit: B. Bowler
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1. DECADES OF DEMOGRAPHIC IMAGING PROGRAMS

What is your primary goal?

A
OCCURRENCES ‘V ‘_j MORE DETECTIONS

! !

BLIND SURVEY ( INFORMED SEARCH J




OCCURRENCE RATES FROM BLIND SURVEYS
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OCCURRENCE RATES FROM BLIND SURVEYS

7

(0]
—
©
o
o
(&)
o
(O]
| .
} -
-
O
O
O
—
o
-
o
o

20-100 AU

[~ >2 M
L. 50-295 AU

>7M
25-100 AU

>4 M, I >4 M

20-500 AU

3-14 M, >10 M,

5-320 AU

>4 M

59-460 AU

3-14 M
5-320 AU

6-12 M,

50-1000 AU

!

1-20 M,

!

10-150 AU

I 10-100 AU

5-70 M,

¢

>5M

100-500 AU

!

5-13 M
10-100 AU
0.5-14 M,

20-300 AU
. 5-13M,

= 30-300 AU

. A )

2-14 M
8-400 AU

68% C| =
95% CI
Upper Limit §

Updated from ]

Bowler & Nielsen 2018

8-14 M,
5-50 AU

!

1-75M; 9
5-300 AU J

10-1000 AU 5-13 M
10-100 AU

5-14 M
5-500 AU

O O
¢ &
S

S O O 0\0\ D
R

Q
Q/
W

> > >

B O

O
> 9
e

¢ & &

\‘b\

A\
N4

&

QIE)
R

W

N
N2\

QIO
Q,Q\Q,Q\ Q
\

,&.

XN

>

>

\<0\ ,\(0\ \(0\ Q’\(b\ Q’<\\ ’<\\ Q’\cb\ ’\%\
& &
4 N

)
S S &
> >

no coronagraph

Credit: B. Bowler

NOTE#1:
different mass and
separation ranges

NOTE#2:
number of planet/star
vsS. number of
planetary system/star

NOTE#3:
as many ways to do
statistics as there
are surveys




OCCURRENCE RATES FROM BLIND SURVEYS
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OCCURRENCE RATES FROM BLIND SURVEYS
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OCCURRENCE RATES FROM BLIND SURVEYS
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OCCURRENCE RATES FROM BLIND SURVEYS
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OCCURRENCE RATES FROM BLIND SURVEYS
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SURVEY SENSITIVITIES
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FORMATION MECHANISMS

Brown dwarfs Stars

Direct collapse

Gravitational instability in disk

Core accretion —
accumulation of planetesimals Basu 2012




FORMATION MECHANISMS

Planets

Binary
channel

Disk-based



FORMATION MECHANISMS

Planets




EGI (Forgan et al. 2015)

Bl cA (1da et al. 2013)

Semi-major axis [AU]

VLT/NACO Large Program
Vigan et al. 2017




CORE ACCRETION VS GRAVITATIONAL INSTABILITY?
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CORE ACCRETION VS GRAVITATIONAL INSTABILITY?
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DEPENDENCE ON STELLAR MASS?

Name Pri. Mass Mass Sep.
(M) (Myyp) (au)

S1 Enb 1.75 2 +1 13
HD 95086 b 1.6 S+ 2 56

HR 8799 b 1.5 541 68
HR 8799 ¢ 1.5 7+ 2 38
HR 8799 d 1.5 7+ 2 24
HR 8799 e 1.5 742 14
3 Pic b 1.6 12.7 + 0.3 9




DEPENDENCE ON STELLAR MASS?

more wide-orbit giant exoplanets around massive stars
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DEPENDENCE ON STELLAR MASS?
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DEPENDENCE ON STELLAR MASS?

S i 15t & 7t stars
- d

observed

. Squiccﬁiarini etal. 2022



DEPENDENCE ON STELLAR MASS?

Delorme et al.

BEAST (VLI/SPHERE): B-star Exoplanet Abundance Study submitted
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INFLUENCE OF STELLAR MULTIPLICITY?

Circumbinary (P-type) Circumstellar (S-type)

e.g., ROXs42B b; bCen ABb e.g., 51 Erib + GJ3305 AB

Disk fragmentation
triggered by outer

stellar companions
& Cadman, Hall, Fontanive
. etal. 2021




INFLUENCE OF STELLAR MULTIPLICITY?

Circumbinary (P-type)

e.g., ROXs42B b; bCen ABb

SPOTS: Search for Planets Orbiting
Two Stars (VLT/NaCo+SPHERE)

f=1.9% (<10.5 %) Asensio-Torres
[2-15 M,,,,; 1-300 au] etal. 2018

Circumstellar (S-type)
e.g., 51 Eri b + GJ3305 AB

VIBES: Visual Binary Exoplanet
survey with SPHERE

f<9% Hagelberg
[10-75 M,,,; 10-200 au] et al. 2020




OCCURRENCE RATES ARE LOW - NOW WHAT?

DEMOGRAPHICS PEOPLE
WAITING FOR MORE PLANETS
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2. INCREASING SAMPLE SIZES WITH TARGETED SEARCHES

What is your primary goal?

A
OCCURRENCES ‘V ‘_j MORE DETECTIONS

[ BLIND SURVEY J ( INFORMED SEARCH J




Speed (m/s)

INFORMED TARGET SELECTIONS

New search strategies through signatures of hidden companions

e.g., wobbles from RV trends & astrometric accelerations

-10

in the line of the sight

in the plane of the sky

Credit: A. Obertas



INFORMED TARGET SELECTIONS

Radial Velocity (m/s)

The TRENDS survey

p=37.9+0.8 years

m sini =55.3 £1.9 Mj”p
e=0.740 £0.002

Crepp et al. 2016
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INFORMED TARGET SELECTIONS

Angular Separation (arcsec) HD 42581 Separation (AU)
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A STRONG BOOST IN DISCOVERY RATES!

HIP21152 a_'; COPAINS Survey: 4 new brown dwarfs / 25 stars
woanmisio il Bonavita, Fontanive et al. 2022
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A STRONG BOOST IN DISCOVERY RATES!
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COPAINS Survey: 4 new brown dwarfs / 25 stars
Bonavita, Fontanive et al. 2022

1 arcsec

SCEXAO/CHARIS 29 July 2020

HIP 99770

o
] *
0.5"” I
20.4 au |

-~ Franson etal. 2022
Dynamical Beacons Program
Franson et al. 2023

\_,

Kuzuhara et al. 2022
Subaru SCExXAO Campaign
Currie et al. 2023

i

more to come with the

next Gaia Data Releases

Mesa et al. 2023

De Rosa et al. 2023



A STRONG BOOST IN DISCOVERY RATES!

2.75" = 10.0au
- 2" =7.28au

MRS Bt el 202 JWST detection of Eps Ind Ab (275K !!!)



ORBITS AND DYNAMICAL MASSES

25-year baseline with Hipparcos—Gaia data + decades of RVs

HD 33632 Ab Calissendorff & Janson 2018
Dupuy et al. 2019
Grandjean et al. 2019
Brandt et al. 2020, 2021
Currie et al. 2020

Nielsen et al. 2020
Franson et al. 2022, 2023
Rickman et al. 2024
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ORBITS AND DYNAMICAL MASSES

Directly-imaged companions with dynamical masses

HD 984 B
®

crucial to refine
© e evolutionary models
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Eccentricity

Eccentricity

TWO DISTINCT SUBSTELLAR POPULATIONS?

Probability

Brown
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Giant

Planets ]

10
Companion Mass (M,,,)

Probability

2

High
Mass
Ratio

0.010
Mass Ratio (M,/M,)

Bowler et al. 2020

Cumulative Distribution Function

Thermal

Flat

Warm Jupiters
Full Sample =

Low Mass Ratios =
High Mass Ratios =

0.2 0.4 0.6 0.8

Eccentricity

1.0




EFFECTS OF INITIAL ENTROPY?

PZTel B ’ 0 0 v Evolution of Effective Temperature
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EFFECTS OF INITIAL ENTROPY?

ion of Effective Temperature
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EXPLORING NEW REGIONS OF THE PARAMETER SPACE
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Uncharted Worlds: Towards a Legacy of
4050 Direct Imaging of Sub-Jupiter Mass Pl: Aarynn Carter
Exoplanets
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distinct eccentricity brown dwarfs from disk
distributions instability but inefficient

giant planets from
core accretion

long-period giant
planets & brown effects from stellar

dwarfs are rare multiplicity? (TBC)

higher occurrence rates

, ; ; stellar environment,
at smaller separations pre erence for meallicig, Sl
high-mass stars dynamical evolution,

initial entropies?

Clémence Fontanive — Université de Montréal clemence.fontanive@umontreal.ca



