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The HIP41378 system



The HIP41378 system
5 transiting planets detected by K2 in 2015

Vanderburg et al. (2016)
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Re-observation by K2
Second transit of planets d and f detected in 2018New Transits of HIP 41378 11

following way. First, we exclude all orbital periods gen-
erated by Eq. 3 that fall below the lower limit derived
by Eq. 2. Then, for each remaining orbital period, we
extract the probability from the interpolated product of
the baseline prior and the PDF of dynamically feasible
periods (this function is plotted as the solid line in Fig.
4) at exactly that orbital period. We repeat this for each
possible period, and then normalize the total probability
for all discrete periods to be equal to one. The resultant
periods and their corresponding normalized probabilities
are presented in Table 2 and Table 3.

4.4. Final period constraints for HIP 41378 e

HIP 41378 e transited once during K2 C5, but did not
transit during C18 (see Fig. 1). As such, we do not have
discrete guesses for its true orbital period; however, we
can exclude any orbital period that would have led to a
transit being observable during C18. To construct an ad-
ditional PDF that represents this scenario, we test each
possible orbital period for HIP 41378 e between 72 days
(the minimum orbital period permitted by Eq. [2]) and
1200 days. Then, we allow te,18 to vary between the times
of the first and last data points of C18. If Eq. 3 is satis-
fied for some integer i for any value of te,18 on this range,
then we consider this particular period “observable” in
C18, and set the probability that it is the true orbital
period of HIP 41378 e to zero. The result of this pruning
(normalized so the maximum probability is equal to the
maximum probability of the PDF constructed from the
results of the baseline PDF and dynamical analysis) is
shown in grey in Figure 5.

The final orbital period for HIP 41378 e cannot be di-
rectly constrained due to the lack of a transit in the C18
data; the best that can be done without follow-up obser-
vations is the probabilistic period estimation presented
in the bottom panel of Figure 5.

5. DISCUSSION

5.1. Strategies for observational follow-up in the

HIP 41378 system

In this work, we have identified a discrete set of pre-
cise possible orbital periods for the long-period transiting
planets HIP 41378 d and HIP 41378 f, and have assessed
the likelihood that each of these possible orbital periods
is indeed the true orbital period. While we have signif-
icantly constrained the possible orbital periods of these
two planets (we have ruled out about 25% of the pos-
sible periods at confidence <1.5% for planet d and 80%
of possible periods for planet f), our analysis is so far
unable to uniquely determine the true orbital periods of
these planets. Additional follow-up observations will be
necessary to ultimately identify the true orbital periods
and enable future studies with facilities like JWST.

To determine the true orbital periods for HIP 41378 d
and f, the strategy is fairly straightforward. The addi-
tional transits during C18 and our identification of pre-
cise possible orbital periods makes it possible to sched-
ule targeted transit follow-up observations at these most
likely periods. The 0.5% transit depth of HIP 41378
f makes it possible to detect the transit with ground-
based telescopes, although the long (19 hour) transit du-
ration will make it impossible to observe the transit from
a single observatory. The multi-site Las Cumbres Obser-
vatory telescopes, which have demonstrated the ability

TABLE 2
Possible orbital periods for

HIP 41378 d

Orbital Period (days) Normalized
Probability

1113.4465 ± 0.0034 < 0.1 %
556.7233 ± 0.0017 < 0.1 %
371.1488 ± 0.0011 0.1 %
278.3616 ± 0.0009 0.5 %
222.6893 ± 0.0007 1.1 %
185.5744 ± 0.0006 2.4 %
159.0638 ± 0.0005 4.1 %
139.1808 ± 0.0004 5.7 %
123.7163 ± 0.0004 6.7 %
111.3447 ± 0.0003 7.1 %
101.2224 ± 0.0003 7.1 %
92.7872 ± 0.0003 7.0 %
85.6497 ± 0.0003 6.9 %
79.5319 ± 0.0002 6.8 %
74.2298 ± 0.0002 6.8 %
69.5904 ± 0.0002 6.3 %
65.4969 ± 0.0002 5.9 %
61.8581 ± 0.0002 5.5 %
58.6024 ± 0.0002 5.1 %
55.6723 ± 0.0002 4.8 %
53.0213 ± 0.0002 4.5 %
50.6112 ± 0.0002 4.2 %
48.4107 ± 0.0001 1.4 %

Note. — Possible orbitals periods
and their relative likelihoods, based
on the dynamical analysis described in
Section4. Values may not add up to
100% due to rounding. Errors on or-
bital periods were computed with � =
(t2c,5+ t2c,18)

1/2/n, when n denotes the
number of full cycles between C5 and
C18, and tc denotes the uncertainty
on center time of transit in each cam-
paign. Errors on the orbital period are
lower when a larger number of periods
have elapse since the C5 observation.

to produce continuous precise light curves across mul-
tiple observing sites around the globe (Boyajian et al.
2018), may be well suited to detect the long duration
transit of HIP 41378 f. The shallower (800 ppm) transits
of HIP 41378 d, however, will likely require space-based
resources such as the Spitzer Space Telescope, or poten-
tially the CHEOPS space telescope once it launches in
2019, for confirmation.

Because of HIP 41378 d’s shorter orbital period, and
the fact that our ground-based data from HAT and
KELT were unable to detect or rule out its shallow tran-
sits, there are a large number of possible orbital periods,
many of which have roughly equal probabilities of being
the true orbital period. Observing transits at all of these
possible transit times would be an expensive observing
program for a precious resource like Spitzer. However, it
should be possible to significantly increase the e�ciency
of Spitzer follow-up observations for these possible or-
bital periods because of how many of these periods are
related to one another by harmonics. For example, a sin-
gle Spitzer non-detection of a transit of HIP 41378 d on
the observation opportunity on 2019 June 16 (371.149
days after the C18 transit) would rule out four possible
orbital periods (371.149, 185.574, 123.716, and 61.858
days). Taking advantage of these harmonic relationships
between the possible orbital periods may significantly de-
crease the amount of observing time needed to identify
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Fig. 5.— The derived probability distributions for the orbital period of HIP 41378 e. The histogram (top panel) denotes the periods
consistent with the measured transit duration. The solid line is the product of the histogram convolved with a Gaussian kernel and the
baseline prior (Eq. [1]), constructed the same way as for HIP 41378 d and f in Figure 4. The grey line describes the relative probability of
each orbital period, given that HIP 41378 e did not transit during C18. This line has been normalized so that the maximum value of the
Baseline + Dynamics PDF matches its maximum value for illustrative purposes. In the bottom panel, we show the normalized product of
the Baseline + Dynamics PDF and the grey curve.

TABLE 3
Possible orbital periods for HIP 41378 f

Orbital Period (days) Normalized Normalized
Probability Probability

(w/o KELT/HAT/WASP) (w/ KELT/HAT/WASP)

1084.15946 ± 0.00086 < 0.1 % < 0.1 %
542.07973 ± 0.00043 2.2 % 3.2 %
361.38649 ± 0.00029 19.9 % 29.7 %
271.03986 ± 0.00022 15.7 % 23.6 %
216.83189 ± 0.00017 15.2 % 22.8 %
180.69324 ± 0.00014 13.4 % 20.1 %
154.87992 ± 0.00012 14.8 % < 0.1 %
135.51993 ± 0.00011 13.4 % < 0.1 %
120.46216 ± 0.00010 5.0 % < 0.1 %
108.41595 ± 0.00009 0.4 % 0.6 %
98.55995 ± 0.00008 < 0.1 % < 0.1 %
90.34662 ± 0.00007 < 0.1 % < 0.1 %
83.39688 ± 0.00007 < 0.1 % < 0.1 %
77.43996 ± 0.00006 < 0.1 % < 0.1 %
72.27730 ± 0.00006 < 0.1 % < 0.1 %
67.75997 ± 0.00005 < 0.1 % < 0.1 %
63.77409 ± 0.00005 < 0.1 % < 0.1 %
60.23108 ± 0.00005 < 0.1 % < 0.1 %
57.06102 ± 0.00005 < 0.1 % < 0.1 %
54.20797 ± 0.00004 < 0.1 % < 0.1 %
51.62664 ± 0.00004 < 0.1 % < 0.1 %
49.27998 ± 0.00004 < 0.1 % < 0.1 %
47.13737 ± 0.00004 < 0.1 % < 0.1 %

Note. — Possible orbitals periods and their likelihoods. The second column
comes from only dynamical analysis, and the third column excludes periods that
our analysis of the KELT/HAT/WASP data found to be unlikely. Values may not
add up to 100% due to rounding. Errors on orbital periods were computed with
� = (t2c,5 + t2c,18)

1/2/n, when n denotes the number of full cycles between C5 and
C18, and tc denotes the uncertainty on center time of transit in each campaign.

Becker et al. (2018), Berardo et al. (2018)



Asteroseismology of the host star
High-precision stellar parameters

The K2-93 multi-planet system 5

Table 2. Results from the asteroseismic modeling.

Method Mass Radius log g Age Distance Te↵ [Fe/H]

(M�) (R�) (cgs; dex) (Gyr) (pc) (K) (dex)

BASTA 1.22
+0.03

�0.02
1.300 ± 0.009 4.298 ± 0.004 2.07

+0.36

�0.27
106.8 ± 1.0 6290 ± 77 �0.05 ± 0.10

Vanderburg et al. (2016) 1.15 ± 0.064 1.4 ± 0.19 4.18 ± 0.1 – 116 ± 18 6199 ± 50 �0.11 ± 0.08

“f” both show a single transit in C18, while “e” does not
transit during C18 (Berardo et al. 2018; Becker et al.
2019). Using the asteroseismic stellar parameters de-
rived in this study, we can further improve on the prop-
erties of the planets in the system.

3.4.1. Transit fitting

For fitting the transits we used the Mandel & Agol
(2002) model, calculated using the BATMAN package
(Kreidberg 2015). For the optimization of transit pa-
rameters this was combined with the A�ne Invariant
Markov Chain Monte Carlo sampler EMCEE (Foreman-
Mackey et al. 2013). BATMAN was used adopting a
quadratic limb-darkening law with Gaussian priors for
the limb-darkening coe�cients.
The orbital parameters, i.e., period, semi-major axis

(a), mid-transit time (T0), radius ratio (Rp/R?), and
inclination, were fitted using uninformative flat priors.
The starting point for the adopted 100 walkers were val-
ues close to those found in Vanderburg et al. (2016),
except for the periods of planets “d”, “e”, and “f” as de-
scribed below. To account for the K2 cadence and the
di↵erence in cadence between the data used from the
two campaigns (LC in C5 and SC in C18), the model
light curves were oversampled by factors of 10 (SC) and
300 (LC) and then binned to the cadence of the obser-
vations.
In our fitting we assumed an eccentricity of zero, but

discuss in Section 3.4.3 possible constraints on the ec-
centricity. We adopted a zero eccentricity, because the
asymmetry from an eccentric orbit would be too small
to properly constrain from the K2 photometry, as also
noted in Vanderburg et al. (2016). Following Winn
(2010) the di↵erence in ingress (⌧ing) and egress (⌧egr)
time, causing the transit to appear asymmetric, can to
leading order in R?/a and e be given as

A ⌘ ⌧egr � ⌧ing

⌧egr + ⌧ing

⇠ e cos!
✓
R?

a

◆3
(1 � b

2
)
3/2 . (3.1)

As an example, the innermost planet “b” of the system
with an R?/a ⇡ 0.04 will have A < 1 ⇥ 10

�4
e. For

planet “f”, with R?/a ⇡ 0.0043 (assuming the period
found in Section 3.4.2) the value for the asymmetry will

beA < 8.3⇥10
�8

e. Additionally, from our assessment in
Section 3.4.3 of the constraints that can be put on e from
having the asteroseismic value for the stellar density, we
find that the argument of periastron (!) in the eccentric
cases would be close to ⇠270

�. In this case cos! would
tend to zero, further decreasing the asymmetry of the
transit.
Initially, each planet was fitted independently. For

each iteration of the fitting we added a step to elimi-
nate possible residual systematics from the light curve
detrending, by fitting a linear slope in addition to the
model light curve. For the initial fits we ran the sampler
for 10000 steps with a burn-in of 5000 steps.
For planets “d” and “f” there are several allowed peri-

ods (see Equation 3.3). We fitted the transits assuming
each of these allowed periods to test the impact on other
transit parameters. To prevent a walker from jumping
to an allowed period other than the one being tested,
we constrained the period to a small interval around the
tested value. We further adopted a parallel tempering
approach in the MCMC, with 10 di↵erent temperatures
for each of the walkers.
A final joint fit including all planets was run after hav-

ing constrained the starting values from the individual
fits. Final planetary parameters are given in Table 3.
Figure 4 shows a phase plot for the planets together
with the fitted transit light curve. In each panel the
signal from the other planets have been removed.
A study by Grunblatt et al. (2016) showed that planet

parameters modeled from K2 light curves can widely
vary depending on the pipeline used to reduce the data.
Therefore, we fit for planet properties using K2SFF

(Vanderburg & Johnson 2014b) extracted light curves
with an independent analysis in order to check the con-
sistency of the derived parameters. The K2SFF short-
cadence light curve is shown in Figure 4 in green, with
a slight o↵set from the K2P

2 light curves for a direct,
visual comparison.
First described by Chontos et al. (2019), this inde-

pendent analysis fitted for the following parameters: or-
bital period (P), time of mid-transit (T0), linear (u1) and
quadratic (u2) limb-darkening coe�cients, mean stellar
density assuming a circular orbit (⇢?,circ), impact pa-
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1.6% 0.6%Relative precision 15%



Intensive radial velocity campaign
4 EPRV spectrographs over 4 years
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HARPS HARPS-N HIRES PFS

a

b

c d e

f g h

Instrument Telescope time

HARPS (ESO-3.6m) 100+ hours

HARPS-N (TNG) ~ 40 hours

HIRES (Keck) 18 hours

FPS (Magellan) 5 hours

Santerne et al. (submitted)

Planet Period Period RV amplitude*

b 15 d 0.5 month 1.6 m/s

c 31d 1 month 1.0 m/s

d 278 d 9 months < 1 m/s

e ~370 d 12 months ~1.1 m/s

f 542 d 18 months 1.5 m/s
* Revised values with improved data reduction



HIP41478
a foretaste of PLATO

Bright (V=8.9) and relatively quiet star

Multiplanetary system of low-mass exoplanets (sub-Neptune)

Long orbital period planets (up to 1.5 years)

Asteroseismology of the host star



TESS observations of HIP41378
At the overlap between two K2 fields, TESS North and TESS Ecliptic

TESS 
sectors

Transits observed
b c d e f

#7 ✓ ✓ ✗ ✗ ✗

#34 ✓ ✗ ✗ ✗ ✗

#44 ✓ ✓ ✗ ✗ ✗

#45 ✓ ✓ ✗ ✗ ✗

#46 ✗ ✓ ✗ ✗ ✗

#63 ✓ ✓ ✗ !! ✗ ✗ (Expected)



ESPRESSO monitoring
Low-amplitude stellar activity, extra Keplerian signals, etc…

Model Drift ESPR19(DRS-2.2.8-HR11)
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Radial velocity signals of long-period planets
Commensurability = waving signal

Model Drift ESPRESSO HARPS-N HARPS

-15

-10

-5

0

5

10

7500 8000 8500 9000 9500

ΔR
V 

[m
/s

]

Date (BJD - 2,450,000.0) [d]

RV model of planets e and f

Commensurability with the Earth’s orbit = poor phase coverage



Transit follow-up
over 2 decades !



Transit follow-up
over 2 decades !



The 2019 campaign on HIP41378 f
Transit duration = 19 hours !

ESPRESSO (Paranal)

SOPHIE (OHP)

PARAS (Mt Abu)

EXPRES (DCT)

CARMENES (Calar Alto)

NGTS (Paranal)

LCO (CTIO)

LCO 
(Haleakala)

LCO (Tenerife)

LCO (Sutherland)

LCO (McDonald)

ingress egress full transitfull transit

C2PU (Calern)

Minerva-S (Mt. Kent)

Nickel Telescope 
(Lick)

MUSCAT-2 
(Tenerife)

+ lot of citizen facilites across the world



The 2019 campaign on HIP41378 f
(almost) a fiasco

NGTS (Paranal)

ingress egress full transitfull transit



Photometric follow-up of HIP41378 f
From the ground and from space

Bryant et al. (2021)

Because the particle size is much larger than the relevant
wavelength, we first assume a gray ring opacity. The gray ring
model grid comprises 80 models assuming a solar-composition
atmosphere and an opaque ring with a morphology consistent
with Akinsanmi et al. (2020). We varied the ring inclination
between 21° and 28° from the sky plane (in increments of 1°)
and varied the inner ring radius between 1.02 and 1.11 R0 (the
ring-free transit radius of 0.35RJ from the clear 1× solar model,
derived based on the measured mass from Santerne et al. 2019
and the inferred bulk density estimate from Akinsanmi et al.
2020) in steps of 0.01. The outer ring radius was fixed to
2.55R0, the Roche radius beyond which ring particles would
coagulate into a satellite.

We also tested model grids for ring opacities computed using
Mie theory and assuming a power-law size distribution for ring
particles. The refractive indices are taken for astronomical
silicates (Draine 2003). We assumed a ring mass surface
density of 100 g cm−2 with the largest particle size of 10 m,
similar to Saturnian rings. Because tiny particles might survive
in optically thick rings (Schlichting & Chang 2011), we set the
smallest particle size to be 0.1 μm. We also tested the smallest

sizes of 0.01 and 1 μm, but the results were almost unchanged.
For all of the ringed models, the intrinsic atmospheric features
are much smaller than those in the ring-free scenario because
the surface gravity is about six times higher than the ring-free
scenario, significantly reducing the true atmospheric scale
height and thus the spectral features.
We fit all of the models described above to the observed

WFC3 transmission spectrum (excluding the K2 point) by
computing the mean model prediction of each spectroscopic
channel and performing a least-squares fit of the band-averaged
model to the spectrum. In our fits, we preserved the shape of
the model by allowing the vertical offset in Rp/Rå between the
spectrum and model to vary while holding all other parameters
fixed. The number of degrees of freedom for each model is n −
m, where n is the number of data points and m is the number of
fitted parameters. Because n= 30 for the HST spectrum and
m= 1, the number of degrees of freedom is the same for each
model.
From the fits, we quantified our model selection by

computing the cr
2 statistic. Figure 2 shows the clear atmosphere

models, the best-fitting hazy and ringed models, and a flat

Figure 1. Top: example HIP 41378 f stellar spectrum for the HST/WFC3 G141 grism. The vertical bands denote the 0.018 μm wavelength channels adopted for the
spectroscopic light curves. Middle: raw (top) and detrended (bottom) white light curve, excluding the first orbit and the first exposure of each subsequent orbit (points).
The raw light curve has been shifted vertically by an arbitrary constant for clarity. Overplotted is the best-fitting analytic light-curve model (line). Epochs most affected
by South Atlantic Anomaly passages are denoted by the gray shading. Bottom: rms residuals of the transit fit in ppm (left; points) and 1σ range of the residuals (dotted
lines), as well as the distribution of residuals (right).
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Santerne et al. (2019). We predict that the next transits of
HIP 41378 f should occur on TC=BJD 2459897.046± 0.008
(midtransit on 2022 November 13 at 13:06:28.30 UT) and
TC= BJD 2460438.95± 0.02 (midtransit on 2024 May 8 at
10:47:02.33 UT).

As displayed in Figure 4, the measured transit time is 21
minutes later than the value predicted by Bryant et al. (2021)
but is fully compatible with that prediction within 68.3%. We
did not detect a transit of HIP 41378 e in our HST data, which
is unsurprising given the short duration of our observations
compared to the length of the transit window for the planet.
Given the long period of HIP 41378 f, there are only a few
opportunities to observe its transit during JWST’s lifetime. No
JWST observations are currently planned for future transits of
this target, although these rare events present a unique
opportunity to characterize the atmospheric properties of a
cool, low-mass giant planet.

6. Conclusions

Using HST/WFC3, we observed a transit of the low-mass,
long-period temperate giant planet HIP 41378 f to measure its
near-infrared transmission spectrum. Based on these measure-
ments, our key results on the atmospheric properties of this
planet and opportunities for future observations can be
summarized as follows:

1. The transmission spectrum is featureless between 1.1 and
1.7 μm, with no evidence for gaseous molecular features.
Based on comparisons to 1D radiative-convective
forward models, we rule out clear low-metallicity atmo-
spheres, but cannot distinguish between high metalli-
cities, high-altitude hazes, and circumplanetary rings with
the current observations.

2. In the context of other cooler, low-density exoplanets,
HIP 41378 f’s featureless spectrum suggests that flat

spectra are possibly a population property of ultra-low-
density planets. This planet also complicates the picture
of cloudiness versus temperature.

3. Future JWST observations (e.g., MIRI, NIRSpec, NIR-
ISS, NIRCam) can distinguish at >1σ confidence
between the super-puff scenario in which HIP 41378 f
is a low-density planet shrouded in a high-altitude aerosol
layer, the ringed scenario in which the planet itself is
much smaller than expected from the observed optical
and near-infrared transit depths, and a clear high mean
molecular weight atmosphere scenario.

4. We predict the next transits of HIP 41378 f to occur at
BJD= 2459897.046± 0.008 and
BJD= 2460438.95± 0.02. These upcoming transits pro-
vide a rare opportunity to observe the atmospheric
properties of a low-mass, temperate gas-giant planet with
JWST, thereby expanding our efforts for comparative
exoplanetology.

With the current HST observations, it is also possible to
place constraints on the potential presence of exomoons. A
1.5 R⊕ moon would produce a 115 ppm transit (comparable to
the precision we achieve in each spectrophotometric channel).
Although a lunar transit would cause a noticeable deviation in
the light curve, the moon would have to be precisely aligned
and at a favorable orbital phase. A moon detection is therefore
unlikely, but we will discuss the limits from this serendipitous
search in a follow-up paper.
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makes use of observations from the NASA/ESA Hubble Space
Telescope, obtained at the Space Telescope Science Institute,
which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS
5–26555. These observations are associated with HST-GO
program 16267 (PI: Dressing), and the analysis was supported
by grant HST-GO-16267. M.K.A. is grateful to Johanna Teske
and Anjali Piette for useful discussions. C.D.D. gratefully
acknowledges additional support from the David & Lucile
Packard Foundation (grant No. 2019–69648) and helpful
conversations with Christina Hedges. K.O. was supported by
JSPS Overseas Research Fellowship. N.S., S.B., and B.A.
acknowledge the support by FCT (Fundaçao para a Ciência e a
Tecnologia) through national funds and by FEDER through
COMPETE2020—Programa Operacional Competitividade e
Internacionalização by these grants: UID/FIS/04434/2019;
UIDB/04434/2020; UIDP/04434/2020; PTDC/FISAST/
32113/2017 & POCI-01-0145-FEDER-032113; PTDC/
FISAST/28953/2017 & POCI-01-0145-FEDER-028953. V.
A. acknowledges the support from FCT through Investigador
contract nr. IF/00650/2015/CP1273/CT0001. J.L.-B.
acknowledges financial support received from “la Caixa”
Foundation (ID 100010434) and from the European Unions
Horizon 2020 research and innovation program under the
Marie Slodowska-Curie grant agreement No. 847648, with
fellowship code LCF/BQ/PI20/11760023. This research has
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Figure 4. Transit times vs. transit epoch for HIP 41378 f for observed transits
from previous K2 and NGTS analyses (Vanderburg et al. 2016; Becker
et al. 2019; Bryant et al. 2021) compared to the current HST analysis (open
black circles). We compare the transit times predicted by Bryant et al. (2021)
(green circles) with our new transit predictions based on the HST transit
midpoint (open blue circles). The dashed black line marks the linear ephemeris
calculated using the period and transit midpoint from Santerne et al. (2019),
along with the median TTV signal (orange line) and 1σ uncertainty (shaded
region).
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Transit follow-up
over 2 decades !



The 2022 campaign on HIP41378 f
International collaboration is the key !
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Transit follow-up of HIP41378 d
Challenging Rossiter-McLaughlin of a misaligned system ?

S. Grou↵al et al.: Rossiter-McLaughlin detection of the 9-month period transiting exoplanet HIP41378 d

Fig. A.1. Left panel: HARPS-N 2019 data (blue dots) with the best-fit RM model as a red line. Right panel: In and out-of-transit data from
ESPRESSO (orange) and in-transit data from HARPS-N (green) for the run of 2022. The red shaded area is the combined best fit of the RM e↵ect
and a GP for the out-of-transit data from ESPRESSO. The Keplerian orbit of planet b is represented as a dashed grey line.

Fig. A.2. Left panel: Result of the GP fit (red line) to the out-of-transit ESPRESSO data (orange points). The in-transit data in blue are not taken
into account for the Gaussian Process fit. Right panel: Zoom on the residuals between the in-transit data from ESPRESSO and the GP fit to the
out-of-transit data. The in-transit data show a median radial velocity anomaly by �1.18± 0.17 m s�1 that is interpreted as the signature of the RM
e↵ect.
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Transit duration = 12.5 hours - depth = 600ppm

S. Grou↵al et al.: Rossiter-McLaughlin detection of the 9-month period transiting exoplanet HIP41378 d

used ESPRESSO data collected as part of the monitoring pro-
gram 5105.C-0596 within 10 days centered on the transit epoch.
Those monitoring data were obtained and reduced with the same
method as the transit data. They are also reported in the Online
Table A.5.

3. Analysis

3.1. Classical Rossiter-McLaughlin

Fig. 1. RM e↵ect for HIP41378 d. For HARPS-N 2019 (blue) and
HARPS-N 2022 (green), the empty circles are the data used for the
analysis and the filled circle the binned data. The red line is the best fit
from the combined RM e↵ect and a GP which has a projected obliquity
of � = 46�. The dashed black line is the same model with a projected
obliquity of � = 0�

We analysed the in-transit HARPS-N and ESPRESSO radial
velocities using the ARoME code based on the analytical model
developed by Boué et al. (2013). This code models the classi-
cal Rossiter-McLaughlin e↵ect assuming the radial velocities are
derived by fitting a Gaussian model to the cross-correlation func-
tions (CCF; Baranne et al. 1996; Pepe et al. 2002) as it is the case
for HARPS-N and ESPRESSO. The posterior probability was
sampled using a Markov Chain Monte Carlo (MCMC) method
as implemented into the emcee package (Foreman-Mackey et al.
2013).

We first analysed the 2019 event alone. According to the
most likely orbital period (Lund et al. 2019), we expect to
have observed the transit egress. The HARPS-N data reveal a
jump of radial velocity within the night at the expected time
of the transit egress with a di↵erence of 3.4 ± 1.1 m s�1. We
interpret this significant radial velocity change as the egress
of planet d, since no other transiting planets are expected at
that time. The out-of-transit data secured 3 nights after the tran-
sit exhibit an o↵set at the level of 0.08 ± 0.7 m s�1 relative to
the out-of-transit data taken during the transit night. This o↵set
is negligible.

For the MCMC analysis, we set as free parameters the mid-
transit epoch T0,19, the spin-orbit angle �, the sky-projected
equatorial stellar spin velocity � sin i? , an instrumental o↵set
and jitter term. The period, semi-major axis, and planet-to-star
radius ratio of the planet were fixed to the median values re-
ported by Santerne et al. (2019), and assumed the 278-d solution

for the orbital period. Since we only observed a partial transit,
we fixed the orbital inclination to the median value constrained
by the K2 photometry. We assumed the HARPS-N bandpass is
similar to the Kepler one and we fixed the limb darkening val-
ues to the median ones in Santerne et al. (2019). Finally three
extra parameters are needed to model the Rossiter-McLaughlin
e↵ect in ARoME: the apparent width of the CCF �0 that we fixed
to 4.6 km s�1, the width of the nonrotating star line profile that
we set to �0 = 3.2 km s�1 following the approach described in
Santos et al. (2002), and the macroturbulence that we assume to
be zero. All these values and priors are listed in Table A.1.

We ran emcee with 45 walkers of 105 iterations after a burn-
in of 5 · 104 iterations. Following the recommendation of the
emcee documentation (Foreman-Mackey et al. 2013), we tested
the convergence of the MCMC using the integrated autocorre-
lation time that quantifies the Monte Carlo error and the e�-
ciency of the MCMC. We then derived the median and 68.3%
credible intervals of the parameters that we reported on Table
A.1. Based on the 2019 event only, we find that � = 40+45

�44
�,

which excludes a retrograde orbit. For the transit epoch, we find
that T0,19 = 2458836.42 ± 0.03, which is fully compatible with
the predicted transit epoch of 2458836.43. This leads to a non-
significant transit timing variation of 5 ± 34 minutes.

We then considered the 2022 data. Since we observed the
partial transit and no ingress and egress have been detected
in the data (as expected by the ephemeris), it is di�cult to
confirm the detection of the RM e↵ect. However, we detected
a significant slope with a 99.73 % credible interval of [-9.9 ; -
0.41] m s�1 d�1 on the ESPRESSO data. This slope is beyond
the instrumental stability of ESPRESSO and is interpreted
as the signature of the RM e↵ect. Such a slope is not present
in the out-of-transit data.

We then analysed both the 2019 and 2022 events. We anal-
ysed the Rossiter-McLaughlin e↵ect in the same way as previ-
ously, except that we set a dedicated transit epoch for the 2022
event (T0,22). Since no significant TTVs were detected on the
2019 event, we used as prior for the 2022 event a gaussian
prior centered on the expected transit epoch from Santerne et
al. (2019) and a conservative width of 1 hour. We also used a
dedicated instrumental o↵set and jitter term for the HARPS-N
data for both events. We set an instrumental o↵set and jitter term
for ESPRESSO as well.

To take into account the stellar variability (with a period of ⇠
8.2 days ; Santerne et al. 2019) and Keplerian orbits, dominated
by the orbit of HIP41378 b (K = 1.6 m s�1 ; Santerne et al.
2019), that a↵ect the out-of-transit ESPRESSO data, we used
a Gaussian process (GP) with a squared exponential kernel as
follows:

k(�t) = A exp
2
666664�

1
2

 
�t
l

!23777775 , (1)

with �t, the time di↵erence between data, A the amplitude of the
kernel and l the characteristic time scale. The GP was applied
to ESPRESSO and HARPS-N data. The prior distribution for
the new parameters and GP hyperparameters are listed in Table
A.1.

We ran emcee again with 45 walkers of 105 iterations af-
ter a burnin of 5 · 104 iterations. Convergence was also checked
as previously. The derived values from the posterior distribution
functions (PDFs) are reported in Table A.1. Using both events,
we find that � = 46+28

�37
� and T0,22 = 2459671.53 ± 0.06 which

leads to a non-significant TTVs of 42 ± 101 minutes compared
to the linear ephemeris.
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Lessons learned for the FUp of PLATO
HIP41378 as a foretaste of PLATO

• Long-period transiting planets are challenging to follow, especially in multiple 
systems:


• rare transits (don’t miss the deadline !)

• long duration (> night duration)

• commensurability with the Earth orbit

• low visibility from the ground and from space, etc…


• Need dense RV sampling to monitor stellar activity (with GPs),  
especially if Porb >> Prot.


• Need worldwide collaboration for long-period transit follow-up.

• RV detection of ~1yr planet is challenging, unless close to MMR with another planet


