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Two clever techniques to detect Exoplanets

Measure the mass of the planet Measure the radius of the planet



• In the last decade, exoplanet research has shown that planets around 
other stars are incredibly common.  

• Most stars are orbited by at least one planet and the most abundant 
types of planets are sub-Neptunes, super-Earth and rocky planets.

exoplanets.nasa.gov/eyes-on-exoplanets



• In the legacy papers for the NASA Kepler Mission, it was shown that the average 
number of HZ planets per star, with planet radii between and  and 
host star effective temperatures between 4800 and 6300 K, is  .  

• With the Milky Way populated by over 300 billion stars, our galaxy alone thus 
hosts billions of potentially habitable planets.  

• There could be from 6 to 12 terrestrial planets in the HZ around solar-type stars 
within just 10 pc from the Sun (e.g., Bryson et al., AJ 161, 36, 2021).

0.5 R⊕ 1.5 R⊕
η⊕ ≈ 0.4 − 0.9



The search for planets analogous to Earth



Orbital period Transit depth Transit duration

Jupiter 12 years 1% 1 day

Earth 1 year 0.01% 12 hours

Transits

Transit duration = 
R⋆

a

Transit depth = 
R2

p

R2
⋆

Expectations for a Sun-type star



• M dwarfs. The specific interest of 
transit surveys focused on M dwarfs 
is that, because of their small radii, 
signals from a rocky planet should 
be readily distinguishable.  

• Consider the case of a 2 R⊕ radius 
planet orbiting at 1 au from a G2 V 
star, and compare it to that of a 
planet of the same size orbiting an 
M5 V star at the distance such that it 
would receive the same energy per 
unit surface area and unit time. 

Charbonneau et al., Nature 462, 
891, 2009. The sizes of the two 

orbits are drawn to scale.

The small star opportunity



• For a transit hunter, the M5 V planet presents numerous advantages: 

- transits would be more frequent: at only 0.074 au from the M5 V, 
the planet would orbit once every 15 days as opposed to 1 year;  

- transits would be a much larger signal: the small radius of the M5 V 
dwarf means that the planet would present a transit depth of 0.5% 
as opposed to 0.03% for a G2 V primary.



• The topic of HZ Earth-sized planets around nearby red dwarf stars has 
been in the spotlight over the past decade, in spite of the fact that 
detection of transiting planets around M-dwarfs is complicated by 
enhanced stellar activity, and that the habitability of some of these worlds 
could be influenced by stellar flares and high-energy radiation.

K2 light curve of TRAPPIST-1. Epochs where complex flare events 
occurred are marked with shaded areas (Vida et al., ApJ 841, 124, 2017).



The Small Star Opportunity

Consider a super-Earth in the habitable zone:

ü Transits are deeper Sun: 0.03%      M-dwarf: 0.5%

ü Transits are more frequent    Sun: 365 days  M-dwarf: 15 days

ü Greater Doppler Wobble        Sun: 1.3 m/s M-dwarf: 10 m/s



Project EDEN: Search for Nearby Worlds



• MEarth-North s tar ted 
operations in 2008, while 
MEarth-South in 2014. 

• Two stations for a total of 
16 × 0.4m telescopes. 

• 3 detections. 

- GJ1214 b Charbonneau et 
al., Nature 462, 891 (2009) 

- GJ1132 b Berta-Thompson 
et al., Nature 527, 204 
(2015) 

- LHS1140b Dittmann et al., 
Nature 544, 333 (2017)

https://lweb.cfa.harvard.edu/MEarth/



• The APACHE station is
located in Valle d’Aosta.

• 5×40-cm telescopes.

• APACHE worked from
2011 to 2018.

• 0 detections.

http://apacheproject.altervista.org/

• The APACHE station was 
located in at the Observatory 
of Valle d’Aosta (Saint-
Barthélemy). 

• 5 × 0.4m telescopes. 

• APACHE worked from 2011 
to 2018. 

• 0 detections 

- Giacobbe e t a l . 2012 , 
MNRAS, 424, 3101 

- Giacobbe e t a l . 2020 , 
MNRAS, 491, 5216



• TRAPPIST. The Belgian Transiting Planets and Planetesimals Small 
Telescope (TRAPPIST) originally comprised a 0.6-m robotic telescope 
at La Silla, Chile, operational since 2010.  

• It aims to identify transiting exoplanets and comets, as well as 
monitoring WASP systems (Gillon et al., 2012b; Delrez et al., 2014; 
Hellier et al., 2014).  

• The TRAPPIST UCD (Ultra Cool Dwarf) transit survey has observed 50 
brightest southern UCDs for about 100 hr (Gillon et al. 2011; Jehin et al. 
2011).



• The first and only discovery, TRAPPIST–1 ( ), was 
originally discovered as a 3-planet transiting system around an 
ultracool dwarf at a distance of 12 pc (Gillon et al., 2016), and later 
recognised as a 7-planet transiting system, with the planets all of 
terrestrial mass probably orbiting within their habitable zone (Gillon 
et al., 2017).

V = 18.8 mag









• The TRAPPIST UCD transit survey served as a prototype for a more 
ambitious search for exoplanets around UCDs, i.e. SPECULOOS. 

• SPECULOOS stands for Search for habitable Planets EClipsing ULtra-cOOl 
Stars and it is a ground-based transit survey led by the University of Liège 
(Belgium), which consists of six identical 1-m robotic telescopes. 

• 4 telescopes are located at Paranal, 2 at Teide Observatory, and are optimised 
for detecting Earth-size planets transiting the nearest ultra-cool dwarfs.







Delrez et al., A&A 667, A59 (2022) 



• Most current surveys studying planets around M dwarfs have some level of 
biases. 

- Only ~1% of the 186,000 stars in the Kepler sample are M dwarfs (Berger et 
al. 2020). 

- Only ~17% of the 220,000 stars in the K2 sample are M dwarfs (Hardegree-
Ullman et al. 2020). 

• Only a small set of planets around mid-M dwarfs was detected from Kepler data. 

• Stars with masses between 0.1 and 0.5 , the M dwarfs, are not as 
thoroughly explored, especially near the low end of the mass range. The 
occurrence rate planets around M dwarfs is poorly understood.  

• The occurrence rate of short-period (0.5–10 days) small planets ( ) is 
higher for mid-M dwarfs than for early-M dwarfs (Hardegree-Ullman et al. 2019) 

- mid-M dwarfs:   ~1.19 planets per star 

- early-M dwarfs: ~0.63 planets per star 

• This trend continues to the lowest-mass stars, consistent with the lower limit on 
planet occurrence around late-M dwarfs implied by the detection of TRAPPIST-1 
(Lienhard et al. 2020). 

0.5 M⊙

0.5 − 2.5 R⊕



• RV surveys like CARMENES and HADES (Sabotta et al. 2021; Pinamonti et al. 
2022; I. Ribas et al. 2023) are not sensitive to later M dwarfs with current 
technological limits. 

• Also TESS is not sensitive to later M. 

• Targeted surveys to detect exoplanets around mid- to late-M dwarfs are necessary 
to understand planet occurrence near the substellar boundary better. 



• The EDEN team searched for habitable worlds within 50 ly from the 
northern hemisphere. 

• The survey was focussed on mid- to late-M type stars for habitable-zone 
Earth-sized planets.  

• A network of seven professional medium-sized (1m-class) telescopes was 
used to perform the deepest photometric monitoring campaign of 22 
nearby late-M dwarf stars, using data from over 500 nights collected 
between 2018 and 2023 (5 yr). 

- Gibbs et al. 2020, AJ 159, 169;  

- Dietrich et al. 2023, AJ 165, 149.





• We observed with seven telescopes across the Northern Hemisphere: four 
located in Arizona, two in Europe, and one in Taiwan.  

• Under ideal scheduling and weather conditions, this longitudinal coverage 
allows for continuous observations of target stars visible from all sites.  

• The telescope apertures range in size from 0.8 to 2.3 m.



Schulman  
0.8 m

Lulin  
1.0 m

Calar Alto  
1.23 m

Cassini  
1.52 m

Kuiper 
1.55 m

VATT  
1.8 m

Bok  
2.3 m



• The Schulman 0.8 m telescope is robotically operated, while the CAHA 1.2 m 
is remotely operated.  

• The rest require an on-site operator/observer each night.

CA 1.23 m Cassini 1.52 m



WTS-2b (V=15.9 mag)



WTS-2b (V=15.9 mag)



• The Project EDEN target list is comprised of all known single non variable 
stars of spectral type M7–L0 within 15 pc and with declinations .> − 20∘



• Data reduction was performed with a custom Python-based automatic 
pipeline. 

• To search for transits in our light curves, we utilized the package Transit 
Least Squares (TLS; Hippke & Heller 2019). 

• We optimized the TLS algorithm for our search by setting upper and lower 
limits on the stellar radius and mass to those for M dwarfs ( , 

) and the maximum period to correspond to the approximate 
outer edge of the habitable zone (~10 days). 

• To estimate our sensitivity for transit signals, we employed injection-and- 
retrieval simulations.  

• Our approach was to inject planet signatures on a grid of orbital period 
versus planet radius and recover them. 

0.1 − 0.6 R⊙
0.08 − 0.5 M⊙



• Data were taken with the Cassini telescope on 2018 December 11. The red line at the bottom 
shows the injected transit signal (depth ~1%, TRAPPIST-1b orbit) compared to the light 
curve after median detrending has been applied (Gibbs et al. 2020, AJ 159, 169).



• We use transit injection-and-recovery tests to quantify the completeness of our survey,  

- successfully identify most ( ) transiting short-period (  days) super-
Earths ( ),  

- and being sensitive (~50%) to transiting short-period Earth-sized planets 
( ). 

> 80 % 0.5 − 1
Rp > 1.9 R⊕

Rp = 1.0 − 1.2 R⊕



• Our average sensitivity to Neptune-sized planets ( ) on very 
short ( ) orbits for most of our target stars is . 

• This can be extended as a conservative estimate to larger planets as well.  

• Our average sensitivity to  TRAPPIST-1b-like planets is ~30%.

R ∼ 3.5 R⊕
P ∼ 0.5 days ∼ 85% − 90 %



• Our survey does not yield a transiting planet detection.



• Following the approach by Seager et al. (2020), we set the probability of seeing 
zero planets around 22 ultra-cool dwarfs to less than 5%, and we calculated the 
upper limit of true planet occurrence η for several binned planet type. 

• In bins where our survey has low efficiency, we have no information on the 
true occurrence rate, so the upper limit on η is 1.0.



• We also simulated observations of synthetic planets in the measured EDEN 
light curves, with the planet parameters drawn from model distributions 
corresponding to the specific hypothesis tested. 

- For example, a TRAPPIST-1b-like planet would be a planet 
orbiting at  with a random orbital inclination.  

• We then determined in what fraction of the simulated surveys the number 
of detections would be consistent (at 2σ) with the outcome of the EDEN 
survey. 

- For example, if our survey resulted in zero planet detections, but our 
hypothesis would lead to planet detections in 95% of the simulated 
surveys, we would be able to exclude that hypothesis at the 95% 
confidence level. 

1.1 R⊕
P = 1.5 days



• We tested the hypothesis that “TRAPPIST-1 b analogs orbit every late-M 
dwarf star”. 

• We simulated our EDEN transit survey 10,000 times to determine in what 
fraction of these surveys would the predicted results be consistent with our 
actual survey.  

• Assuming isotropic orbit orientations, we injected a planet with probability 
, which approximates the geometric transit probability 

for a planet with radius  in a circular orbit with semi-major axis a around 

a star with radius .  

• In the case of a transit occurring, we injected the photometric signature of a 
planet with a random orbital phase and TRAPPIST-1b’s orbital period and 
planet radius ( , , respectively) and tested its 
detection by our pipeline.  

• In 15% of our simulated surveys, we would have seen at least one planet 
out of our sample of 22 stars.

Pgeom = (R⋆ + Rp)/a
Rp

R⋆

P = 1.511 days Rp = 1.16 R⊕



• Finally we tested the fraction of late-M dwarfs hosting a giant planet at a 
short orbital period P = 1.05 days.  

• For a host-star radius representative of an M8V dwarf ( ) the 
geometric transit probability P ≈ 11% for a planet in a 1.05 day orbit.  

• Even assuming such close orbits, 98% of our mock surveys yield zero 
detections if giant planets occur around 2% of late- M dwarfs (Ghezzi et al. 
2018). 

• If instead every such star hosts a giant planet, we would expect to detect at 
least one giant planet in our survey in 73% of the cases.  

• If we decrease the orbital period down to 0.5 day orbital periods, the 
average sensitivity to a transiting planet increases by a factor of ~1.6, and 
we can constrain the giant planet occurrence rate down to 75% with 95% 
confidence.

R⋆ = 0.114 R⊙



• The current detection numbers of small planets orbiting M stars is low (<10). 

• Improved occurrence rate estimates are an important feedback for planet 
formation theories, which can be constrained by comparing synthesized 
planet populations to observed samples. 

• The EDEN survey yielded a rich data set of detrended light curves with 
 scatter for 22 target stars ranging in spectral types from 

M7V to L0, and in distance from 5.7 to 14.8 pc.  

• For most target stars, our data set provides the highest- quality photometric 
monitoring to date, often with a unique combination of relatively high 
cadence (~60 s), sensitivity, and monitoring baseline.  

• The light curves were used in this study to search for transiting exoplanets 
and place upper limits on their occurrence rates, but they can also be 
exploited for studies of stellar activity and stellar rotation, among other uses. 

• Our survey did not yield any transiting-planet detections, however, blind, 
volume-limited surveys still provide the least biased studies of mid- to late-
M dwarfs. 

∼ 1 − 10 mmag

Conclusions



• We tested the fraction  of late-M dwarfs hosting a TRAPPIST-1 b 
analog planet and  of a TRAPPIST-1 analog system.  

• Given no detections in our survey, and the well-characterized sensitivity, 
we cannot exclude (15% of surveys would detect a planet) 
nor an  (21% of surveys would detect a planet).  

• Additionally, we tested the fraction   of late-M dwarfs hosting a giant 
planet at a short orbital period P = 1.05 days. We found that we cannot 
exclude with 73% of the simulated surveys detecting a 
planet.  

• However, at 0.5 day orbital periods, we can constrain at a 
95% confidence level. 

fTr,b
fTr

fTr,b < 100 %
fTr < 100 %

flarge

flarge < 100 %

flarge < 75 %

Conclusions



THANK YOU



• Data reduction was performed with a custom Python-based automatic 
pipeline.  

• The first step was to calibrate the raw science frames using the standard 
calibration frames (bias, flat).  

• Astrometric solution was derived for every science frame.  

• After the calibration, aperture photometry was performed.  

• For every star in the field of view, we measured the intensity in apertures 
ranging from 5 to 50 pixels in steps of 1 pixel.  

• The aperture size that minimized the rms scatter of the target-star light 
curve was selected as the best aperture for all sources.  

• Sky background was calculated as the median of a 60×60 pixel sub-image 
around the star with other sources clipped.  

• Photometry was saved into a file with other important information for each 
star, such as centroid positions, stellar magnitudes, background, FWHM, 
airmass, etc., useful for detrending steps and vetting transit-like signals. 



• The next step was to detrend the target light curve on the basis of 
comparison star light curves.  

• Trends are long- or short-term photometric variations in the light curve that 
decrease transit detection sensitivity, and can arise from instrumental, 
atmospheric, and stellar variability.  

• We selected the best comparison stars by first filtering out stars that are 
saturated, are too faint (several magnitudes dimmer than the target), or 
have too many failed photometric measurements.  

• Next, we divided the flux-normalized target light curve by the normalized 
light curves of every comparison star, and rank them based on the average 
standard deviation in windows of 20 data points.  

• The six with the lowest average deviation (i.e., those with the most similar 
data trends) are median-combined into a “super comparison” light curve, 
which the target light curve is then divided by. 



• To final step was to search for transits in our detrended light curves.  

• For this purpose, we utilized the package Transit Least Squares (TLS; Hippke 
& Heller 2019).  

• We optimized the TLS algorithm for our search by setting upper and lower 
limits on the stellar radius and mass to those for M dwarfs ( , 

) and the maximum period to correspond to the approximate 
outer edge of the habitable zone (~10 days). 

• Besides the geometric probability of a planet to transit given our line of sight 
to its host star, the completeness of our survey is limited by our ability to 
detect transit signatures.  

• Our sensitivity is mostly limited by the photometric precision of our light 
curves and by the performance of our detection pipeline.  

• To estimate our sensitivity for transit signals, we employed injection-and- 
retrieval simulations.  

• Our approach was to inject planet signatures on a grid of orbital period versus 
planet radius and recover them. 

0.1 − 0.6 R⊙
0.08 − 0.5 M⊙



• SPECULOOS-North is the Northern counterpart of SPECULOOS-
South. It is located at Teide Observatory in the island of Tenerife 
(Canaries).

Transits



• Additionally, their habitable zone lies much closer to the host star, 
thus improving their geometric transit probability: for an M5V star, a 
planet receiving the same stellar flux as the Earth would lie only 
0.074 au from the star, presenting a 1.6% geometric transit 
probability, 3.2× greater than the value for the G2V planet.  

• Such planets may spend billions of years in the habitable zone.



• Short-period rocky planet occurrence rates were found to be about 
3.5 greater around M-dwarfs than around sun-like stars (Dressing & 
Charbonneau 2015, ApJ 807, 45, 2015; Mulders et al., ApJ 798, 112, 
2015).

Pascucci et al., ApJ 856, 28 (2018)


