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Introduction

The discovery of a large population of close-
in low-mass planets in many exoplanetary sys-
tems, totally different from the Solar Sys-
tem, revolutionized theories of planet for-
mation. The fundamental question is
whether these low-mass planets could
have formed in-situ at typically less than
1 au, or whether they formed further out
in the planet-forming disk and migrated
inwards. Exploring the occurrence and the
properties of giant planets at wide orbits in
systems hosting low-mass planets should en-
able us to address their origin. To do so, we
carried out a direct imaging survey with
VLT/SPHERE of 27 stars hosting low-
mass planets ( 95 M�) discovered by ra-
dial velocity campaigns (HARPS), com-
pleted by astrometry (Gaia and Hipparcos).

Sample

Our sample was carefully selected considering
stars very close to the Earth (within 20 pc)
to explore the closest possible orbits in direct
imaging (1–100 au). These stars are relatively
old (100 Myr–10 Gyr, limitation from radial
velocities), and have G, K, or M spectral type.

Observations & data processing

The 27 systems were observed first in the H23 dual-band imaging mode (1.59 and 1.67 µm) with
SPHERE-IRDIS (field of view of 11”⇥11”) and in low-resolution integral field spectroscopy in
YJ bands (0.96–1.34 µm) with SPHERE-IFS (1.7”⇥1.7”), simultaneously. In case of detection,
additional epochs were obtained, either in the same bands or in K12 (2.10 and 2.26 µm) and YJH

(0.97–1.66 µm). We acquired 47 observations
between 2017 and 2022 from ESO pro-
grammes P99, P102, P103, P109. We per-
formed the data processing with the SPHERE
Data Center (Delorme+2017) and using the
SpeCal (Galicher+2018) and ANDROMEDA
(Cantalloube+2015) pipelines.

Expérience de recherche: Projet Super-Terres

Observation SPHERE-IRDIS et SPHERE-IFS

Exemple avec le système GJ 674
(1 parmi les 44 observations du sondage Super-Terres)

H2 = 1.59 µm YJ = 0.96–1.34 µm
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Detections were discriminated as companions or background stars based on two distinct methods:
their absolute magnitude and color plotted on the Color Magnitude Diagram (left) and their
proper motion if detected ar several epochs (right). Of our 337 candidates, the only 100% reliable
bound companion corresponds to the already known GJ 229 B brown dwarf (bottom).

Exploration & sensitivities

We derived probability of detections for each
system by using the MESS3 tool (Lannier+2017,
Kiefer+in prep). Contrast detection limits were
converted to masses by using the COND evolu-
tionary models (Baraffe+2003) and the stellar
parameters (age, distance and magnitude). Be-
low, left, we compare our direct imaging sensi-
tivity with theoretical predictions of compan-
ion existence for a thousand planetary systems
from Bern core accretion population models.
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On the right, we compare the detection probability maps for direct imaging (DI), radial velocity (RV) and proper motion anomaly and astrometric
excess noise (PMa+AEN) obtained with the GaiaPMEX tool (Kiefer+in prep.). Our direct imaging campaign enables us to look for substellar
companions (3–30 MJup) in the outer regions (between 1 and 40 au typically) around mature GKM stars. However, recent Bern population
models (Emsenhuber+2021a, Burn+2021) indicate that the overall probability to detect at least one planet in our survey considering
individually each system (our detection limits for the system, its age and the mass of its star) is about 4%, in other words, unlikely. This is
consistent with the absence of discovery of a new massive companion in our pilot survey.
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Two possibilities:  
Could close-in low-mass planets have formed in-situ at typically less than 1 au?  
or Did they form further out in the planet-forming disk and migrated inwards? 

Context and motivation of the survey
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Could there be a correlation between the presence of 
close-in low-mass planets and outer giant planets?

Close-in, low-mass exoplanets:  
extremely abundant type of exoplanets (~50 % single G stars may host one, Mayor et al. 2011),  
but how they form remains an open question. 
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Sample = 27 systems 

• hosting suggested close-in (≲ 1 au) low-
mass (≲ 95 M⊕) planets already detected 
by radial velocities 

• within 20 pc of about 500 Myr – 10 Gyr and 
around G, K, M stars

We look for giant planets located at a 
few au from their host star. 

Sample
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Note: The sample was designed in 2016, first 
observation in 2017, last observation in July 2022.
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Legend: orange = confirmed planets, blue = transiting planets

Architecture of the studied systems
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Legend: orange = confirmed planets, blue = transiting planets (HD 136352).
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Legend: orange = confirmed planets, blue = transiting planets, grey = unconfirmed planets
Desgrange et al. 2023



Legend: orange = confirmed planets, blue = transiting planets

Architecture of the studied systems
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Legend: orange = confirmed planets, blue = transiting planets, grey = unconfirmed planets



Observations and detections

SPHERE-IRDIS and SPHERE-IFS observations

Example with GJ 674 system
1 observation among the 47 observations of our survey

(image post-processing with ANDROMEDA, Cantalloube+2015)

Expérience de recherche: Projet Super-Terres

Observation SPHERE-IRDIS et SPHERE-IFS

Exemple avec le système GJ 674
(1 parmi les 44 observations du sondage Super-Terres)
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H2 = 1.59 µm YJ = 0.96–1.34 µm
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H2 = 1.59 µm YJ = 0.96–1.34 µm
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Observations and point-source detections
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47 SPHERE observations  
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H2 = 1.59 µm YJ = 0.96–1.34 µm
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337 companion candidates 

Status of the companion candidates: 
Confirmed bound companions? 

Or background stars, or instrumental artifacts?

Observations and point-source detections
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47 SPHERE observations  
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Observations and point-source detections

9
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337 companion candidates 

Status of the companion candidates: 
Confirmed bound companions? 

Or background stars, or instrumental artifacts?

47 SPHERE observations  

Observations and detections

Observations and point-source detections
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Color Magnitude Diagram Common Proper Motion

two criteria
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SPHERE-IRDIS and SPHERE-IFS observations

Observations and detections
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Example: 1 observation among 47 observations
Pre-processing: High Contrast Data Center (Delorme+2017a); Post-processing: ANDROMEDA (Cantalloube+2015)  

H2 = 1.59 µm YJ = 0.96-1.34 µm

S/
N
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2022-07-29

Interesting detection in GJ 832
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Appendix

Direct imaging of the planet GJ 832 b?

The coolest Jupiter-like planet orbiting a nearby M-dwarf ?
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Planet GJ 832 b:
a ⇠ 2.5 au, P ⇠ 10 yr

M = 1–15 MJup

Teff = 400–500 K, Y-spectral type

Could coincide with detection both in RV and astrometry (Gaia/Hipp). Rare!
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2022-07-29

Direct imaging of the exoplanet GJ 832 b?
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Planet GJ 832 b: 
a ~ 2.5 au, P ~ 10 yr, M sin i = 0.74 MJup  

(Bailey et al. 2009, Gorrini et al. 2022)


The DI candidate might coincide with the RV GJ 832 b  
(depending on its inclination and stellar age). Rare!
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Observations and detections

Observations and point-source detections

47 Observations

Expérience de recherche: Projet Super-Terres

Observation SPHERE-IRDIS et SPHERE-IFS

Exemple avec le système GJ 674
(1 parmi les 44 observations du sondage Super-Terres)

H2 = 1.59 µm YJ = 0.96–1.34 µm
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Color Magnitude Diagram Common Proper Motion
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Classification of the companion candidates



Observations and detections

Status from Color Magnitude Diagram + Proper Motion
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Observations and detections

Status from Color Magnitude Diagram + Proper Motion
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Observations and detections
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12 GK stars Detection limits:  contrast ➞ mass, using evolutionary 

models COND (Baraffe et al. 2003) 

- Very nearby systems (< 20 pc): sensitive from ~ 1 au. 
- But for old stars (1 Gyr – 10 Gyr): sensitive mainly to 

brown dwarfs ≳ 30 MJup.
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Population models:   
Predicted planets for 1000 simulated systems at 5 Gyr, for 
the core-accretion Bern planetesimal models (Emsenhuber et 
al. 2021a, Burn et al. 2021).
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Survey sensitivity vs theoretical predictions
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Detection limits

Survey sensitivity versus theoretical predictions

! in any case, no detections 6= outer giant planets exist... survey sensitivity!
M stars
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Direct imaging:
Very nearby systems (< 20 pc): sensitivity from ⇠ 1 au.

But for old stars (500 Myr – 10 Gyr): sensitive mainly to brown dwarfs & 20 MJup.

Population model: Bern+Heidelberg models (core-accretion), version NGPPS
(Emsenhuber et al. 2021a), grids from Burn et al. 2021 for stars of 0.5, 0.7, 1.0 M�.

Célia DESGRANGE Architecture of planetary systems OPAGA conference – December, 4th 2023 13 / 21

Detection limits:  contrast ➞ mass, using evolutionary 

models COND (Baraffe et al. 2003) 

- Very nearby systems (< 20 pc): sensitive from ~ 0.4 au. 
- But for old stars (500 Myr – 10 Gyr): sensitive mainly to 

companions ≳ 8 MJup. 

Population models:   
Predicted planets for 1000 simulated systems at 5 Gyr, for 
the core-accretion Bern planetesimal models (Emsenhuber et 
al. 2021a, Burn et al. 2021).

15 M stars



Survey sensitivity in terms of effective temperature
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Using Gaia+Hipparcos information

Based on Proper Motion anomaly and Gaia excess noise 

Tool: GaiaPMEX (Kiefer et al. 2025)

Appendix

Presence of companion constrained by Gaia and Hipparcos
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Constraints estimation from the tool GaiaPMEX (Kiefer et al. subm.) based on the proper
motion anomaly (following Kervella+2019,2022) and Gaia excess noise (Kiefer et al. subm.)
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Survey sensitivity with respect to the detection method 

Detection limits:  
contrast -> mass evolutionary models COND (Baraffe et al. 2003) 

detection probability derived with MESS3 (Lannier et al. 2017, Kiefer et al. 2025)

Detection limits

Coupling detection methods around mature stars

Radial velocity (“RV”; HARPS)

Proper Motion anomaly + Gaia excess noise (“PMa+Ex”; Hipparcos and Gaia )

Direct imaging (“DI”; SPHERE)

10�2 10�1 100 101 102

Semi-major axis (au)

10�2

10�1

100

101

102
M

as
s

(M
Ju

p
)

RV

PM
a+

A
EN

DI

90%

90%
90%

50%

50% 50%

10%

10%
10%

M stars

10�2 10�1 100 101 102

Semi-major axis (au)

10�2

10�1

100

101

102

M
as

s
(M

Ju
p
)

RV

PM
a+

A
EN

DI

90%

90% 90%

50%

50% 50%

10%

10% 10%

GK stars

Derivation of the probability maps with the tool MESS3 (Kiefer et al. to be subm.)
Detection probabilities at 10%, 50%, and 90% are shown.
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Summary and perspectives
Our pilot DI SPHERE survey demonstrates synergies with RV+Gaia/Hipparcos to offer a 
global view of planetary systems.


Results: 

Célia Desgrange, celia.desgrange@eso.org
 On the shoulders of giants, Torino, 26/03/2026

Limitations:

Sensitive to 3-30 MJup companions beyond ≳ 0.4 au 
(even Y-spectral type!) 
337 candidates identified, mostly background. Not 
surprising concerning theoretical predictions from 
planetesimal models.  
Survey completeness derived.

Age of the systems (old = 500 Myr — 10 Gyr)  
Sample size and bias

What’s next?

Detection limits

Coupling detection methods around mature stars

Radial velocity (“RV”; HARPS)

Proper Motion anomaly + Gaia excess noise (“PMa+Ex”; Hipparcos and Gaia )

Direct imaging (“DI”; SPHERE)
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Derivation of the probability maps with the tool MESS3 (Kiefer et al. to be subm.)
Detection probabilities at 10%, 50%, and 90% are shown.
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using JWST or 
targeting younger 

systems
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Backup slides
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Close-in, low-mass planets already known
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Distribution of the stellar metallicity for our sample
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Distribution of the stellar ages from our sample
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Distribution of the eccentricity of the already 
known close-in, low-mas planets 



Detection limits in terms of contrast (IRDIS)
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Detection limits in terms of contrast (IFS)
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