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ABSTRACT

The Hi-5 instrument, a proposed high-contrast L’ band (3.5-4.0 µm) nulling interferometer for the visitor focus
of the Very Large Telescope Interferometer (VLTI), will characterize young extra-solar planetary systems and
exozodiacal dust around nearby main-sequence stars. Thanks to VLTI’s angular resolution (λ/B = 5 mas for the
longest UT baseline), it will fill the gap between young giant exoplanets discovered by ongoing single-aperture
direct imaging surveys and exoplanet populations discovered by radial velocity surveys.

In this paper, we investigate the exoplanet detection yield of Hi-5. First, we present the latest catalog of stars
identified as members of young stellar associations within 150 pc of the Sun thanks to the BANYAN algorithm
and other searches for young moving group members. Realistic exoplanet populations are then generated around
these stars and processed with the SCIFYsim tool, the end-to-end simulator for the Hi-5 instrument. Then, two
formation models are used to estimate the giant planet’s luminosity. The first is the New Generation Planetary
Population Synthesis (NGPPS), also known as the Bern model, and the second is a statistical model based on
gravitational instability (hot-start model - AMES-Dusty model).

We show that Hi-5 is insensitive to cold-start planets but can detect giant hot-start planets. With ATs, more
than 40 planets could be detected assuming 20 nights of observations. With its unique capabilities, Hi-5 is also
able to constrain in mass the observed systems. Hi-5 is sensitive to planets with a mass > 2 Mjup around the
snow line.

Keywords: interferometry, exoplanets, astronomy, nulling, astronomy

1. INTRODUCTION

The first exoplanet around a Solar-like star was discovered 26 years ago1 and since then more than 5000 exoplanets
have been detected from the ground or space, but only a few directly.∗ Thanks to METIS/ELT2 and new
instruments for current facilities (GRAVITY+ and the ASGARD suite for the VLTI), high contrast imaging will
be able to characterize a growing number of exoplanets and ultimately, with space-based projects like LIFE,3

will spectrally characterize rocky planets.

We present here Hi-5, a high-contrast L’-band (3.5-4.0 µm) nulling interferometric instrument. The gain in
contrast (10−5) and spatial resolution will allow to directly detect giant exoplanets.4 It will better constrain the
evolutionary model of these exoplanets (cold or hot-start) and their distribution.

Further author information: Colin Dandumont, colin.dandumont@uliege.be
∗As of July 13, 2022: https://exoplanets.nasa.gov/
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Past imaging surveys were only sensitive to giant planets typically beyond 10 AU, in wide orbits.5–7 Thanks
to the VLTI infrastructure and the ongoing Gravity+ facility upgrade, Hi-5 will be well suited to push this semi-
major upper limit to the snowline/iceline (around 2.7 AU for a solar-like star8). Radial velocity measurements
have now established that there is a break in the giant planet occurrence rate in this region.9,10 An overlapping
between current radial velocity measurements and the Hi-5 measurements can lead to multiple detections and
potential follow-up observations. In 2020, GRAVITY had already paved the way with the direct measurement
of β Pictoris c, a radial velocity discovered planet orbiting at a distance of 2.7 AU from its star.11 A sky survey,
with a focus on the snowline region, is therefore proposed for the Hi-5 instrument.

Since planets in formation radiate more energy,12 direct imaging surveys are keen to look at nearby young
stellar systems (< 250 Myr in age). Currently, two formation mechanisms are proposed to explain the formation of
giant planets, cold-start (core accretion or “bottom-up”) and hot-star (disk instability or “top-down”). The core
accretion tends to be the most common formation mechanism for planetary-mass gas giants while larger objects,
such as massive Jupiter-like planets and brown dwarfs, tend to form via gravitational instability in protoplanetary
disks.7,13–15 By measuring the luminosity of young planets, the formation model can be constrained. The rate of
cooling depends on its initial conditions. Below 30 Myr, depending on the planet mass, the magnitude difference
in the L’ band is distinguishable and can lead to the distinction of the formation process.12,16

To assess a potential target list for the proposed survey, a list of 4002 stars, members of nearby (< 150 pc)
young stellar associations, is selected. This list was determined thanks to the BANYAN algorithm and other
searches for young moving group members.17 Around each of these stars, giant synthetic planets are generated
and their magnitude is derived from the two formation models. The cold-start model used is the New Generation
Planetary Population Synthesis (NGPPS), also known as the Bern model.18 For the hot-start model, precom-
puted grids of model atmosphere, more precisely the AMES-Dusty model, are used. For this model, planets are
generated according to the broken law derived by Fernandes et al. (2019) from past radial velocity surveys.9

The detection yield, based on the L-band planet’s magnitude and position, is derived thanks to the SCIFYsim
tools, an end-to-end simulator for the Hi-5 instrument (see Laugier et al. in this conference and in prep.). Multiple
VLTI configurations and sub-selection on the catalog (star magnitude limit) are analyzed. Based on the results,
an ordering of the stars is then performed.

The paper is organized as follows. Section 2 describes the stellar catalog. Section 3 is dedicated to the cold-
start (Sec. 3.1) and hot-start (Sec. 3.2) formation model. In section 4, we present our end-to-end performance
simulator tool, SCIFYsim, and how it is used to assessed the detectability of an exoplanet. Section 5 presents
the results and the detection yield for both formation model. Our conclusions are presented in Section 6.

2. STELLAR CATALOGUE

Since the luminosity of giant exoplanets is age-dependent, young stellar systems are targeted for direct imaging.
The formation model can be discriminated based on the received flux (magnitude).12 Our stellar sample is
therefore focused on nearby young (age < 275 Myr and distance < 150 pc) moving groups.

To determine the membership and create the stellar catalog, the Gaia’s second data release (DR2) was
used, coupled with the BANYAN algorithm and other searches for young moving groups.17 The probability of
membership is based on the stellar coordinates, the distance (parallax measurement), and proper motion.

The exoplanet occurrence is directly related to the stellar mass,10,19 which is taken into account in the
modeling of the Bern model.18,20 Protoplanetary disk mass increases with the stellar mass and so giant planets
are more likely to form. There is a positive correlation between giant planet occurrence and stellar mass.19 For
the AMES-Dusty model (hot-start model), this phenomenon is implemented in the planets generator via a linear
scaling following the stellar mass as done by Wallace et al. (2021).12

Mass estimates are based on spectral type–mass relations21†, slightly modified in the case of pre-main-sequence
stars, which tend to have a slightly larger mass for a fixed spectral type. In the substellar regime, sequences
were extrapolated onto evolutionary sequences,22 using spectral type–effective temperature sequences.21,23 Their
young sequences were used for ages below 200 Myr, and field sequences were used above this age. The spectral

†Available at https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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type-mass sequences at young ages deviate slightly in the G0–M5 range, where young stars are 15–25% more
massive for a fixed spectral type; we adopted a log-linear deviation from the Pecault (2013) sequence anchored on
the dynamical mass measurements of young stars in the literature,21 which we updated using recent Gaia EDR3
parallax measurements when available.20,24–31 The standard deviations of dynamical mass measurements around
the Pecault (2013)21 relations in log space were about 10% for both young and main-sequence stars, and we have
adopted these for our mass estimation uncertainties in the relevant range of spectral types (M5 and earlier).
In the case of later spectral types, our pre-main-sequence relation was extrapolated onto the ≤ 200 Myr Bur-
rows (1993) models for which we adopted conservative 20% measurement errors to account for any possible
model systematics.22 Our main-sequence relation was similarly extrapolated onto the separate > 200 Myr Bur-
rows (1993) sequences also with 20% measurement errors. These mass estimates will be presented along with a
database of young associations (Gagn et al., in prep.).

To estimate the mass of each individual star, we use a Monte Carlo simulation where we generate 104 synthetic
spectral types in a Gaussian distribution centered on the available measurement and which standard deviation
corresponds to the measurement error (usually 0.5 subtypes). Similarly, 104 synthetic ages are drawn following
the age estimate of a star and its measurement error. Each synthetic spectral type and age data point is then
transformed to an individual mass estimate using our empirical sequences; and the resulting median value of all
synthetic masses in log space is taken as the best estimate, and the median absolute deviation in log space is taken
as the contribution to our measurement error arising from the propagated spectral type and age measurement
errors. We chose the median absolute deviation because it is more robust against outliers, or non-Gaussian
distributions with long tails. We have added the errors associated with our sequences (10–20% depending on the
spectral type) in quadrature to obtain our final mass estimate error. Our resulting mass uncertainties are larger
than what can be done with individual M dwarfs by comparing their absolute K-band magnitude with empirical
relations (e.g., see 32), however, doing so with a large catalog of young stars would be prone to systematic biases
caused the age-dependent absolute K-band magnitude to mass and by unresolved binary stars. We, therefore,
chose to use more conservative and less precise mass estimations that will be subject to fewer biases, until an
analysis similar to Mann et al. (2019) is available for stars younger than ≈ 200 Myr and until we have a sample
in which unresolved binaries are clearly identified.

2.1 Catalogue presentation

The full stellar catalog is composed of 5139 stars but is restricted to stars that are observable with the Auxiliary
Telescopes (AT) from VLTI (−80◦ < δ < 16◦ in the most favorable case) and of spectral type ’M’, ’G’, ’K’, ’F’
or ’A’. With these constraints, the catalog is reduced to 4002 stars.

Figure 1 provides five histograms of target parameters. Cumulated and normalized distribution are available
in Figure 9 in Appendix A. Approximately 65% of these stars have an age below 30 Myr. This value, represented
with the green line, corresponds in the ’tuning fork’ diagram in Wallace et al. (2021) to the age when the cooling
of the planet prevents distinguishing cold from hot-start formation model.

Magnitudes in L’ band (3.8 µm) are not directly available in the stellar catalog. It is computed thanks to the
AllWISE catalog.34 The catalog provides magnitude in four spectral channels, but only the two firsts, at 3.4 µm
and 4.6 µm, are used. The magnitude at 3.8 µm is then linearly interpolated between these two values for each
star. Measurements capabilities are mainly limited by the performance of NAOMI, the adaptive optics system
of the ATs of the VLTI.33 With this adaptive system, the limiting magnitude is K = 9 mag for GRAVITY and
the performance should be similar in the L’ band. This threshold (high Strehl regime requirement) is represented
in Fig. 1 with a vertical red line. Around 40% of our stellar catalog has a lower magnitude. ASGARD should
improve this threshold up to K = 11.5 (see Martinod et al in this conference).

All stars are situated in a range of 150 pc around the Earth, which allows the VLTI to have sufficient angular
resolution to resolve the snowline (blue zone in Fig. 1). Two regimes are presented, one around 50 pc and the
second one, with 2.5 more stars around 130 pc.
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Figure 1: Age, L’-band magnitude, mass, distance, spectral-type, and snowline position distribution for our
stellar catalog. The catalog is composed of 4002 stars. All of these stars are thought to be in young moving
groups. The green vertical line in the age histogram corresponds to the planet/stellar age when the cooling of the
planet prevents to distinguished cold from hot-start formation model.12 The red vertical line in the magnitude
histogram corresponds to the performance of NAOMI.33 The blue zone in the snowline distribution represents
the FoV of the ATs (IWA-OWA).

3. GIANT PLANETS FORMATION MODELS

3.1 Cold start model

3.1.1 Model presentation

The Generation III Bern model is a global model for planetary system formation. With the increase of known
exoplanets, a model explaining how planets form and evolve is necessary. This model was developed a few years
ago35 and improved to now be able to follow the long-term evolution of multi-planetary systems, on gigayear
timescales after formation.18 For this survey, the focus is on young exoplanets but some stars have an age above
20 Myr (formation time) and this evolution modeling is important.

The Bern model starts with a small number of embryos (50) in the planetesimal disc. Then, embryos accrete
solids and gas to form protoplanets until the rate becomes greater than what the disc can provide.18 Migration of
planets is considered, as well as interactions or collisions between protoplanets. After 20 Myr, the main formation
phase is over and an evolutionary phase, until 10 Gyr, begins.18 Being a core-accretion model (a.k.a. cold-start
model), giant planets are cooler (less bright) than hot-start model at formation.18

To increase the statistical confidence in the model, it is run 1000 times, providing up to 1000 potential
planetary systems. At each time step, information about the planets can be recovered (mass, radius, orbital
position) and these planets can be injected in SCIFYsim sensitivity map. The apparent magnitudes in L’-band
have been computed thanks to a black-body assumption at the planet temperature. This temperature is derived
from the planet’s bolometric luminosity and radius provided by the model.
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Figure 2: LEFT: Kernel-density estimate of planetary mass distribution (30 Myr) for cold-start planets. Based
on Figure 10 from Burn et al. (2021).20 CENTER: Kernel-density at the peak (red dot) in the 102 M⊕−104 M⊕
range. The blue line is a linear interpolation between these dots. Green dot is an estimate of the peak density
for a 2.0 M� star. RIGHT: Kernel-density estimate of planetary period distribution for different stellar masses
(30 Myr) for cold-start planets.

3.1.2 Stellar mass influence

First focused on solar-type stars and how planetary populations evolve in comparison to our solar system, this
model is also extended to low-mass stars.20,36 Due to the complexity and computation time needed, results were
tabulated for specific stellar masses (0.1 M�, 0.3 M�, 0.5 M�, 0.7 M� and 1.0 M�).20 Unpublished table, for
1.5 M�, is used in this paper to increase the range of stellar masses. Margins are considered, and for instance,
each star with a 0.2 M�−0.4 M� mass uses the precomputed results for 0.3 M�, and so on. Our analysis around
these stars is therefore limited to a maximal stellar mass of 1.75 M�.

In Burn et al (2021), the Fig. 10 shows that the density of giant planets (above 102 M⊕) is null for low-mass
stars and increases for larger stellar mass.20 This figure is reproduced (Fig. 2) and enhanced with the new set of
data (1.5 M�). The peak value, in the 102 M⊕−104 M⊕ region, increases linearly. The density for higher stellar
mass could be linearly interpolated up to 2 M� (green dot). Above this value, RV surveys tend to indicate that
the density of giant planets decreases.37 Moreover, disk morphology and disk photo-evaporation could have an
impact and are not included in the model. In Fig. 1, the second peak in the stellar mass histogram is below
2 M� and 90% of stars have a mass below this value. Interpolation was therefore not performed since most of
the stellar mass is already captured by the available stellar masses.

3.2 Hot start model

3.2.1 Planets generation

Contrary to the Bern model, hot-star model does not provide a full catalog of planets. It only provides precom-
puted grids of model atmosphere. The planets’ parameters (mass, period) should be generated with an external
model. Planets are therefore generated from statistics with an empirical law. We used the well-known Fernandes
power-law distribution.9 This fitting law shows that there is a turnover in the radial-velocity curve at an orbital
period, which can be related to a specific angular separation or semi-major axis if a circular orbit is assumed.
Depending on the fitting parameter, the turnover changes slightly but it is located near the snowline region. The
Fulton power-law distribution law10 or synthetic populations (Forgan et al. 2018) could be used in the future.38

We generated planets with a mass between 30 to 6000 M⊕ (0.01 to 19 Mjup) and a period between 10 to
10000 days. The number of planets around a specific star follows a Poisson law. A linear scaling factor was
added to take into account the stellar mass influence (C = M∗/M�), increasing the number of planets for larger
stars. The stellar age is not a parameter for the planet generation, contrary to the Bern model. The inclination
is randomized per planetary system, i.e. each planet has the same inclination for a specific star. As for the cold
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Figure 3: LEFT: Kernel-density estimate of planetary mass distribution for different stellar masses (hot-star
planets). RIGHT: Kernel-density estimate of planetary period distribution for different stellar masses. The
Fernandes power-law distribution is used.9 The turnover is clearly visible.

start model, to increase the statistical confidence, the planet generation is run 1000 times, providing up to 1000
potential planetary systems.

Figure 3 shows the Kernel-density estimate for the model (mass and period). The turnover is clearly visible.
Contrary to the Bern model, the scaling with the stellar mass is less present. The overall density of giant planets
is higher, with nearly a factor of ten between both models.

3.2.2 Magnitude computation

Hot-start model is based on the disk instability (or “top-down”) approach. For the planet magnitude, needed
for the detection test, we used the AMES-Dusty model.39,40 These are pre-computed grids of model atmosphere
and isochrones for low-mass stars and brown dwarfs‡. AMES refers to the water vapor line and Dusty means
that the dust content is maximum (dust is formed in equilibrium with the gas phase).

Isochrones provide the planet magnitude for a specific age and mass ratio (planet mass/stellar mass). The
WISE filters, so the same as for the stellar magnitudes (see Sec. 2), are available. As previously, W1 and W2

filters (3.4 µm and 4.6 µm) are used and the magnitude at 3.8 µm is linearly interpolated. Since isochrones are
tabulated values, an interpolation (linear) is necessary to get the magnitude values at the right planet mass and
age. Planets are considered as old as their parent star.

4. END-TO-END PERFORMANCE SIMULATOR TOOL

SCIFYsim is an end-to-end simulator for single-mode filtered interferometers, with an emphasis on nulling beam-
combiners. The main focus is the Hi-5 instrument. It provides sensitivity maps in the field of view based on
advanced hypothesis testing techniques. A full description of the tool is presented at this conference (Laugier et
al. + submitted).

The tool is used as follows. Sensitivity maps (Fig. 4) are precomputed for both UTs and ATs with a fixed
integration time. The goal is to do a survey of stars (follow-up of stars with a Gaia acceleration). ATs are selected,
as well as the lowest resolution mode (R = 20) of the instrument (see Dandumont et al. at this conference + in
prep.). These maps provide information on the planet’s magnitude sensitivity depending on the star magnitude,
the star declination, the planet’s relative position, and the configuration of the four telescopes. Several AT
configurations (“small”, “medium”, “large” and “astrometric”) are available and the order of recombination
between the four telescopes can also vary (e.g. large [0 1 2 3] vs. large [0 3 1 2]).§ All of these parameters have
of course a direct impact on the transmission map and so on the presented sensitivity maps.

‡Available at https://phoenix.ens-lyon.fr/Grids/README
§http://www.eso.org/sci/facilities/paranal/telescopes/vlti/configuration/P110.html
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Figure 4: Sensitivity map computed by SCIFYsim for a 4.9-mag stars with the AT (R = 20) and the “large”
configuration ([0 3 1 2]). Both red dots correspond to randomized planets. LEFT: full field of view. RIGHT:
zoom and more detailed sensitivity map.

For illustration, Fig. 4 represents the sensitivity map for a 4.9-mag star with a declination of −23.3 deg. The
ATs are used with the large configuration (order of telescope recombination: [0 3 1 2]) and a spectral resolution
R = 20. Two planets are randomly positioned, one near the center (inner planet) and one far away from the
star. If the planet’s magnitude is below this sensitivity, it is considered as detected. In this case, it corresponds
to a contrast of around 10−4 (see Laugier et al.).

The configuration will mainly affect the zone near the star (influence of the transmission map and the spatial
resolution). The small configuration provides, obviously, a degraded angular resolution.

5. RESULTS

5.1 Cold start model

As explained in Sect. 3.1.2, the occurrence of sub-giant and giant planets is low and depends on the stellar mass.
Figure 2 shows that the density for low-mass stars in the cold-start case is closed to 0 and is 0.02 for a 1.5 M�
star. Burn et al (2021) gives the fraction of systems with specific planetary types for the different stellar mass
populations (Tab. 3).20 It shows that the fraction of sub-giants and giants increases with the stellar mass and
is resp. 0.05 and 0.19 for a 1.0 M� star.

Unfortunately, only massive planets tend to have a magnitude low enough to be detected by Hi-5. Figure 5a
presents a histogram of the L’ band magnitude of planets for a specific star (M = 1.3 M� star). Only planets
with a mass of at least 0.75 Mjup are shown for computational efficiency. As illustrated with the sensitivity map
(Fig. 4), Hi-5 is sensitive to planets with a magnitude below 12-13. Our simulations show that no planet, with
the cold-start model, can be detected. In fact, cold-star planets are indeed too cold and massive planets are too
scarce.

5.2 Hot start model

For the hot start model, the occurrence of giant planets is higher. Moreover, due to the formation process, hot
star planets are brighter at young ages than cold start planets. Figure 5b presents an histogram of the planet
magnitudes. The same star as for the Bern-model (Fig. 5a) is used. Magnitudes are clearly lower, which means
that planets are brighter. It leads to numerous detections.

Figure 6 shows the cumulative detection yield for the numerous baseline configurations as a function of the
number of stars in the survey. The stars are ordered from the highest detections to the lowest. As expected,
some stars (distant, old, and low-mass stars) are less favorable to having detectable planets. Our survey will of
course be limited to a few dozens of stars and not the full catalog. This figure is therefore important and shows
nearly a linear trend at the beginning (the figure is in log-scale). This linear trend tends to demonstrate that
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(a) Bern-model. Mpl > 0.75 Mjup (b) Hot start model.

Figure 5: Histogram of the L’ band magnitude of planets generated (1000 simulations with 50 embryos) around
a 1.3 M� star.

(a) Full stellar catalog. (b) Truncated at the 100 first stars.

Figure 6: Cumulative number of detections for different VLTI configurations (ATs). Stars are ordered by the
number of detections. Hot-star model (AMES-Dusty model) with the Fernandes law (planet generation) is used.
SCIFYsim is used to asses the detectability.

the survey is not yet optimized. The integration time could be a degree of freedom. The baseline configurations
have a very low effect on these stars but large configurations should nevertheless be used to maximize the chance
of detection.

One important aspect is to know exactly what type of planets are detected. Figure 7 shows the distribution
and occurrence of detected exoplanets (whole catalog) for one baseline configuration (“large” [0 3 1 2]). Hi-5
detects mainly giant planets (> 2 Mjup) located around the snow line, which is consistent with the Fernandes
law.

It is also interesting to constrain in mass the systems that Hi-5 is observing. Figure 8 provides the percentage
of detections as a function of the mass and the stellar insolation. It proves that our instrument is able to detect
more than 80% of planets with a mass above 10 Mjup and 50% of planets with M > 4 Mjup. As expected,
1.5 Mjup is a limit of detections for the instrument. This figure also means that Hi-5 will be able to discriminate
the formation model since cold-start model tends to not form very massive planets.
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Figure 7: Number of exoplanets detected around the full catalog (4002 stars) with the Hi-5 instrument and the
associated occurrences. Hot-stat model (AMES-Dusty model + Fernandes law) with the large configuration of
the ATs (R = 20). The red dotted line represents the snow line position.

Figure 8: Percentage of detections around the full catalog (4002 stars) as a function of the mass and the stellar
insolation. Hot-stat model (AMES-Dusty model + Fernandes law) with the large configuration of the ATs
(R = 20). The red dotted line represents the snow line position.
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6. CONCLUSION

We investigated the detection yield of the ASGARD/Hi-5 instrument. It is a proposed high-contrast nulling
interferometer for the Very Large Telescope (VLTI) and it operates in L’-band. Its scientific focus is on giant
exoplanets characterization and formation, protoplanetary disks around young stars, and the prevalence and
nature of exozodiacal dust.

A survey of nearby young stars is planned with the ATs (R = 20). A catalog of 4002 stars is used to derive
the target list. The stars are identified as members of young stellar associations (65% have an age < 30 Myr).
Around each of these stars, synthetic exoplanet systems are generated. Two formation modes are used, a cold-
start one (Bern-model) and a hot-start one (AMES-Dusty). Thanks to SCIFYsim, our an end-to-end simulator
of the Hi-5 instrument, we are able to compute the detection yield.

The instrument is insensitive to cold-start planets, these planets being too small and not bright enough. On
the contrary, our yield computation shows that Hi-5 is able to detect more than 50% of the hot-start planets
with a mass larger than M > 4 Mjup. With the large AT configuration, more than 40 planets could be detected
assuming 20 nights of observations and two stars per night.

Further work will include optimization of the observation strategy (integration time per target, Zenith dis-
tance) and a target list. Another model for hot-start planets (Forgan) will also be investigated.

Proc. of SPIE Vol. 12183  1218327-10
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 28 Aug 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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Figure 9: Age, L’-band magnitude, mass, distance, and spectral-type cumulated (and normalized) distribution
for our stellar catalog. The catalog is composed of 4002 stars. All of these stars are thought to be in young
moving groups. The green vertical line in the age histogram corresponds to the planet/stellar age when the
cooling of the planet prevents to distinguished cold from hot-start formation model.12 The red vertical line in
the magnitude histogram corresponds to the performance of NAOMI.33
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