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Abstract

HIP 41378 d is a long-period planet that has only been observed to transit twice, three years apart, with K2. According to stability considerations and a partial detection of the Rossiter–McLaughlin effect, Pd = 278.36 d has been determined to be the most likely orbital period. We targeted HIP 41378 d with CHEOPS at the predicted transit timing based on Pd = 278.36 d, but the observations show no transit. We find that large (> 22.4 h) transit timing variations (TTVs) could explain this non-detection during the CHEOPS observation window. We also investigated the possibility of an incorrect orbital solution, which would have major implications for our knowledge of this system. If Pd ≠ 278.36 d, the periods that minimize the eccentricity would be 101.22 d and 371.14 d. The shortest orbital period will be tested by TESS, which will observe HIP 41378 in Sector 88 starting in January 2025. Our study shows the importance of a mission like CHEOPS, which today is the only mission able to make long observations (i.e., from space) to track the ephemeris of long-period planets possibly affected by large TTVs.
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⋆ The raw and detrended photometric time-series data are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/686/L18

⋆⋆ The CHEOPS program ID is CH_PR110048.



1. Introduction
The bright F-type star HIP 41378 (mV ≈ 8.9; Teff = 6290 ± 77 K; Lund et al. 2019) is transited by at least five exoplanets (Vanderburg et al. 2016) with very long orbital periods, up to 1.5 yr for planet f (Santerne et al. 2019). With this period, the transit probability is as low as 0.4%. The planetary system transiting HIP 41378 is thus a unique laboratory for studying the compositions and atmospheres of planets that are not extremely irradiated, and which fall in the gap between the cold outer Solar System planets and hot gazeous planets. It is also an interesting system to search for moons and rings, in particular around planet f (see, e.g., Akinsanmi et al. 2020; Saillenfest et al. 2023; Belkovski et al. 2022; Alam et al. 2022; Edwards et al. 2023; Harada et al. 2023).
In this system, planet d has been seen to transit twice, three years apart, in photometric data from the K2 mission, during Campaign 5 (Vanderburg et al. 2016) and Campaign 18 (Berardo et al. 2019; Becker et al. 2019). This resulted in 23 possible period aliases: namely, 3 yr and all the harmonics down to about 50 days, which is the size of the continuous window of observations. Combining the long transit duration (tdur ≈ 12.5 h) and the precise and accurate density of the host star derived thanks to asteroseismology, Lund et al. (2019) estimate that the most likely orbital period for planet d that minimizes the eccentricity in this massive multi-planet system is Pd = 278.36 ± 0.001 d.
The star HIP 41378 was also intensively observed via radial velocity (RV), mainly with the HARPS (Mayor et al. 2003) and HARPS-N (Cosentino et al. 2012) spectrographs. However, no significant RV signal was found at ∼278 d by Santerne et al. (2019); possibly because the signal may have been too faint for the stability of these instruments (small periodicities at ∼350 − 410 days are, however, reported in their RV data analyses). The star was recently photometrically monitored by the TESS space telescope over seven sectors, but no transit of planet d was detected (see Fig. 1) despite an expected S/N above 400. These TESS observations allowed 16 of the 23 orbital period aliases inferred after the K2 campaign for planet d to be discarded (see Grouffal et al. 2022); the value Pd = 278.36 d remained the most plausible.
	[image: thumbnail]	Fig. 1. TESS observations of HIP 41378 (sectors 7, 34, 44, 45, 46, 61, and 72) phase-folded at different orbital periods (see the legend). 3-h-binned data are shown in black. The different series have been shifted in flux for visibility. The transit duration is within the thickness of the vertical line.



Given its long duration and shallow depth (650 ppm), the transit is challenging to detect using ground-based facilities. Instead, Grouffal et al. (2022) used high-resolution spectroscopy and detected a signal compatible with an egress of the Rossiter–McLaughlin (RM) effect (Holt 1893; Rossiter 1924; McLaughlin 1924) at the expected transit time and with an amplitude compatible with the ∼278 d period, providing evidence in support of this orbital solution.
Assuming the orbital period of ∼278 d is accurate, we observed HIP 41378 with CHEOPS (Benz et al. 2021) at the expected transit timing of planet d (T0, d = 2459949.8787 ± 0.008; Grouffal et al. 2022), which represented the only transit event visible in both the nominal and first extended CHEOPS mission. With this, we aimed to confirm the planet’s orbital period and to constrain possible transit-timing variations (TTVs) of HIP 41378 d, as observed for planet f (Bryant et al. 2021). These objectives are in line with results from other CHEOPS programs that have confirmed moderately long-period planets, for example TOI-2076c (Osborn et al. 2022), HIP 9618c (Osborn et al. 2023), TOI-5678b (Ulmer-Moll et al. 2023), HD22946d (Garai et al. 2023), HD15906b and c (Tuson et al. 2023), and TOI-815c (Psaridi et al. 2024). This Letter reports on the CHEOPS observations of HIP 41378 and discusses their implications for the system characterization.
2. CHEOPS observations and analysis
The CHEOPS visit of HIP 41378 was scheduled as part of the guaranteed time observing program. HIP 41378 was observed for TWIN = 32.3 h from January 4, 2023, at T16:14:16 to January 6, 2023, at T00:32:21 UTC. The integration time of each measuring point was ∼38 s. During these observations, the duty cycle was close to 61%. The origin of the data gaps lies in the low-Earth orbit of CHEOPS: when the satellite crosses the South Atlantic Anomaly, when the Earth occults the target, or when stray light contamination is too high, data are not downloaded (Benz et al. 2021). A summary of CHEOPS HIP 41378 observations is presented in Table 1. Observations were processed with the automatic CHEOPS Data Reduction Pipeline (DRP; v14.1.2), described in Hoyer et al. (2020). We adopted the target flux obtained with the default radius aperture, which is r = 25 pixels. Two main contaminants are present in this photometric aperture, but they are faint (G-mag = 14 and 18.2) compared to the target (G-mag = 8.81). The “raw” light curve, obtained by removing outliers exceeding 5σ (11 data points), is presented in the top panel of Fig. 2.
	[image: thumbnail]	Fig. 2. CHEOPS observations of HIP 41378 at the predicted time of planet d’s transit. Top: Raw light curve. Bottom: Detrended (gray) and 2-h-binned light curves (black). The transit model is in red. The dotted vertical line indicates the predicted time of mid-transit T0, d, assuming an orbital period of Pd = 278.36 d. The shaded blue region represents the uncertainties on T0, d.



Table 1. 
Log file of CHEOPS observations: file keys referring to the files name in the CHEOPS database, starting date (BJD), total observation duration, number of data points before and after detrending, number of CHEOPS orbits, duty cycle (DC), and exposure time.

We detrended the light curve from instrumental and environmental noise using the python package pycheops1 (Maxted et al. 2022). To de-correlate the light curve from CHEOPS systematics, we first identified the relevant parameters using the should_I_decorr() function of pycheops. This function fits various combinations of trends between flux, time, roll angle (Φ), and the different variables provided by DRP (e.g., target centroid positions, background, contamination flux, and smear contamination). For each combination, it calculates the Bayesian information criterion (BIC) and determines the combination that yields the lowest BIC value (see Sect. 2 of Maxted et al. 2022 for details). We find that the best-fitting combination of detrending parameters involves the first- and second-order derivative in time (dfdt and d2fdt2), the first- and second-order derivative of the offset in the x and y centroid positions (dfdx, d2fdx2, dfdy, and d2fdy2), the first three harmonics of the roll angle (in cosΦ and sinΦ), and linear trends with the sky background (dfdbg), contamination (dfdcontam), and smearing systematics (dfdsmear). The root mean square of the light curve before and after this de-correlation step is 523 and 271 ppm, respectively. The final light curve is shown in Fig. 2. No transit is detected at the predicted ephemeris T0, d calculated by Grouffal et al. (2022) assuming an orbital period of Pd = 278.36 d and a transit depth of 650 ppm (Vanderburg et al. 2016).
3. Discussion: Where is planet d?
We devised two main hypotheses to explain the non-detection of the transit of HIP 41378 d in the CHEOPS light curve. They are as follows.
3.1. Possible large TTV signal
Assuming the alias at Pd ∼ 278 d and the Santerne et al. (2019) solution are correct, we dynamically integrated the whole system with TRADES2 (Borsato et al. 2014, 2019, 2021). The solution in Santerne et al. (2019) was the result of the sum of noninteractive Keplerian orbits, so it provides a mean orbital configuration without knowledge of the exact position of all the planets at some reference time.
Under these conditions, we had to take the values of the initial parameters based on the Santerne et al. (2019) solution. We calculated [image: equation] where tref is the transit time of planet d in Campaign 18 of K2 and τ is the time of passage at pericenter. For planet d we assumed ℳd(tref) = 0°, and for the other five planets we assigned random values between 0° and 360°. We assumed the argument of the pericenters (ω) to be 90° for all the planets. We integrated the orbits of the six planets for 200 yr and extracted the synthetic transit times (T0, s) from the simulation. We exploited the possible TTV signal by constructing an observed minus calculated (O − C) diagram: the O is the synthetic T0, s (the initial reference time is the median T0 and the period is the median of the difference of successive T0, s), and the C is a linear ephemeris computed on the synthetic T0, s. The amplitude of the synthetic TTV, ATTV, computed as the semi-amplitude of the O − C, is approximately 23.55 days over a temporal baseline of 200 yr (see Fig. 3). However, our observational baseline covers only 7.8 yr (from K2 to CHEOPS). Therefore, we started with a temporal window spanning 7.8 yr and shifted it by one transit at a time; by selecting the T0, s that fall in that time range, we recomputed the O − C after refitting the linear ephemeris. The ATTV was derived for each moving window, revealing that the potential TTV signal in the observation windows of the Santerne et al. (2019) orbital configuration can vary from a minimum of ATTV, min ∼ 2 h to a maximum of ATTV, max ∼ 1 day (see an example in Fig. 3).
	[image: thumbnail]	Fig. 3. O − C diagram of synthetic transit times (T0, s) of 100 yr (black circles) of dynamical simulations with TRADES computed using the Santerne et al. (2019) solution and including all planets. Highlighted are the two observing windows of ∼7.8 yr whose re-computed O − C (as described in Sect. 3.1) show the minimum (orange) TTV amplitude (ATTV, min = 1.57 h) and the maximum (blue) TTV amplitude (ATTV, max = 1.02 days).



To reduce computational time, we decided to simulate only the three outer planets (d, e, and f), repeating the orbital integration and sliding TTV. This approach yielded comparable results. So we assumed that the effect of the three inner planets is negligible for the purpose of our sliding TTV analysis. We ran 10 000 simulations with TRADES, varying the parameters based on the uncertainty and upper bounds3 proposed by Santerne et al. (2019). We set the lower limit of masses to 0.1 M⊕ and forced only positive eccentricities. The argument of pericenters (ω) of all planets and the mean anomaly (ℳ) of planets e and f were assigned random values between 0° and 360°, the ℳd was fixed to 0°, and the longitude of the ascending node (Ω) was set to 180° for all planets. For each simulation, we integrated for 200 yr and computed the sliding TTV. Out of 10 000 simulations, 7 921 (79.21%) were stable over 200 yr. Of these, 3438 (43.40% of stable simulations and 34.38% of all the simulations) had at least one TTV window above the required threshold of (TWIN + tdur)/2 = 22.4 h.
This shows that Pd = 278.36 d could be the true orbital period of planet d, despite the lack of a transit in the CHEOPS light curve. This is compatible with the RM detection reported in Grouffal et al. (2022). However, it would imply that our CHEOPS observations were carried out during a particular configuration of the system with an ATTV > 22.4 h.
3.2. A different period for planet d
The second scenario is an incorrect orbital period solution for HIP 41378 d. Combining the results of the seven TESS sectors and the new result obtained by CHEOPS, three solutions are possible for the planetary orbital period, as presented in Table 2: 101.22 d, 371.15 d, and 1113.44 d. None of these three solutions are compatible with the RM detection reported in Grouffal et al. (2022). Many sources of error might have led to a false detection of the RM effect (e.g., instrumental systematics, stellar variability, and distortion of the RV after the detrending of the data). If the orbital period of 278.36 d turns out to be wrong, it would be interesting to understand the origin of the RM-like signal observed by Grouffal et al. (2022) for future RM analyses of this iconic system.
Table 2. 
Summary of the remaining orbital periods for HIP 41378 d (assuming no TTV).

For each of these periods, we estimated the minimal eccentricity required to observe a transit duration of tdur ≈ 12.5 h using Eqs. (7) and (14) from Winn (2010). We used the values from Santerne et al. (2019) for the radius and inclination. We used both the formula for the transit duration from Winn (2010) and that from Kipping (2010), and we obtained similar results. The expected transit duration for the four possible orbital periods as a function of the eccentricities and for ω ranging from periastron to apastron is represented in Fig. 4. The period that minimizes the eccentricity is Pd = 278.36 d, which was one of the reasons this orbital period was considered the most plausible. This period is compatible with Lund et al. (2019)’s analysis. An orbital period of 101.22 d with the planet seen at apastron also gives a low eccentricity similar to the one for Pd = 278.36 d. Period Pd = 371.15 d is also compatible with a reasonable minimal eccentricity of ∼0.21. Only period 1113.44 d seems excluded as a high eccentricity is necessary (∼0.52). We note the different behavior of the transit duration for Pd = 1113.44 d in Fig. 4, which is explained by impact parameters becoming close to or larger than 1 for some eccentricity values in Eq. (7) of Winn (2010).
	[image: thumbnail]	Fig. 4. Transit duration for eccentricities from 0 to 0.8 for HIP 41378 d for four orbital periods (see the legend). The dotted vertical lines represent the minimal eccentricity for each orbital period to obtain the observed transit duration of 12.5 h (thick black horizontal line).



HIP 41378 is planned to be observed again by TESS during Sector 88 (from January 14 to February 11, 2025), for which a transit of planet d might be detected only if Pd = 101.22 d. If Pd = 278.36, the next opportunity to detect a transit with CHEOPS will be in January 2026. If Pd = 371.14 d or 1113.44 d, there is no opportunity to observe any transit in the next 15 yr with HST, TESS, CHEOPS, or ARIEL.
These new possible period estimates change our view of the HIP 41378 planetary system. Planet e was observed only once in transit during K2’s C5 campaign, with a transit duration of ∼13 h. Using a global analysis of K2 transits with RV data, Santerne et al. (2019) found an orbital period of Pe = 369 ± 10 d. Using HIP 41378 d’s new orbital period constraints, the period of planet e may be different (especially if Pd = 371.14 d or 1113.44 d). Detecting additional transits of planets e and d is necessary to understand these long-period planets.
4. Conclusions
We observed HIP 41378 with CHEOPS for 32.3 h to refine the ephemeris of planet d and constrain the TTVs in order to dynamically analyze the whole system (Santerne et al. 2019). Planet d was first seen to transit twice with K2 (Vanderburg et al. 2016; Berardo et al. 2019; Becker et al. 2019). TESS observations enable one to rule out several period aliases computed after the K2 campaign and are compatible with four period aliases, namely Pd ∼ 101,  278,  371, and 1113 d. Of these values, Pd ∼ 278 d was believed to be the most likely period when taking the RM observations by Grouffal et al. (2022) into account.
CHEOPS observations, planned at Pd ∼ 278 d, showed no transit. The expected S/N of this event rules out a missed planet detection with CHEOPS due to instrumental systematics. Two possible scenarios are discussed in this Letter.
The first scenario assumes that the planet orbital period of Pd ∼ 278 d is correct but that the transit was not seen due to a large TTV (> 22.4 h). With our simulations, we indeed find configurations where ATTV > 22.4 h. Detecting the planet from ground-based observations (with windows of < 10 h) would therefore be challenging. We note that the current TTV analysis could benefit from significant refinement from an updated orbital solution of this multi-planet system. We also emphasize the importance of considering dynamical constraints in future RV analyses of this system, which are needed to assign a robust probability to the TTV scenario.
The second scenario assumes that the period solution of ∼278 d is incorrect. This would not be consistent with the results of Grouffal et al. (2022) and would mean that Grouffal et al. (2022) misinterpreted the RM-like signal. If we consider a different period for planet d, this would change the derived period of the mono-transit of planet e. A complete reanalysis of the RV data is needed, but this goes beyond the scope of this Letter.
In conclusion, CHEOPS observations do not allow us to conclude which of the four possible orbital periods for planet d is correct. However, two periods (namely Pd ∼ 101 d and 371 d) seem to be possible alternatives as they minimize the planet’s eccentricity and would imply that the CHEOPS observations were made in the ATTV < 22.4 h configuration. Future observations by TESS (Sector 88) will enable us to draw conclusions about the Pd ∼ 101 d period.
We note that other factors could explain this non-detection, such as the variation in the inclination, which could make the transit event disappear on a short timescale (e.g., from Saillenfest et al. 2023, the precession period would be ∼1000 − 2500 yr). Such a scenario would be interesting to investigate when a more reliable orbital solution for the system becomes available.
This study shows the importance of monitoring long-period planets to keep track of and refine their ephemerides, which may be affected by large TTVs. It may then be necessary to carry out long-duration observations (i.e., from space) around the predicted planet ephemeris to secure the transit detection. The CHEOPS mission, designed to characterize known exoplanets, is particularly well suited to this task. With the future PLATO space mission (scheduled for 2026; Rauer et al. 2014), the discovery of long-period planets should intensify. Consequently, extending the CHEOPS mission post-PLATO launch and/or considering the development of additional CHEOPS-like missions, potentially stationed at L2 (to reduce pointing constraints and time gaps), would be fully justified.


1 https://github.com/pmaxted/pycheops (version 1.1.7).


2 https://github.com/lucaborsato/trades


3 We could not sample from the posterior (which would have allowed us to conserve the covariance between parameters) because it was no longer available. We had to rely on the marginalized parameter values and uncertainties reported in Santerne et al. (2019).
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	[image: thumbnail]	Fig. 1. TESS observations of HIP 41378 (sectors 7, 34, 44, 45, 46, 61, and 72) phase-folded at different orbital periods (see the legend). 3-h-binned data are shown in black. The different series have been shifted in flux for visibility. The transit duration is within the thickness of the vertical line.
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	[image: thumbnail]	Fig. 2. CHEOPS observations of HIP 41378 at the predicted time of planet d’s transit. Top: Raw light curve. Bottom: Detrended (gray) and 2-h-binned light curves (black). The transit model is in red. The dotted vertical line indicates the predicted time of mid-transit T0, d, assuming an orbital period of Pd = 278.36 d. The shaded blue region represents the uncertainties on T0, d.
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	[image: thumbnail]	Fig. 3. O − C diagram of synthetic transit times (T0, s) of 100 yr (black circles) of dynamical simulations with TRADES computed using the Santerne et al. (2019) solution and including all planets. Highlighted are the two observing windows of ∼7.8 yr whose re-computed O − C (as described in Sect. 3.1) show the minimum (orange) TTV amplitude (ATTV, min = 1.57 h) and the maximum (blue) TTV amplitude (ATTV, max = 1.02 days).
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	[image: thumbnail]	Fig. 4. Transit duration for eccentricities from 0 to 0.8 for HIP 41378 d for four orbital periods (see the legend). The dotted vertical lines represent the minimal eccentricity for each orbital period to obtain the observed transit duration of 12.5 h (thick black horizontal line).
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        TESS observations of HIP 41378 (sectors 7, 34, 44, 45, 46, 61, and 72) phase-folded at different orbital periods (see the legend). 3-h-binned data are shown in black. The different series have been shifted in flux for visibility. The transit duration is within the thickness of the vertical line.
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        CHEOPS observations of HIP 41378 at the predicted time of planet d’s transit. Top: Raw light curve. Bottom: Detrended (gray) and 2-h-binned light curves (black). The transit model is in red. The dotted vertical line indicates the predicted time of mid-transit T0, d, assuming an orbital period of Pd = 278.36 d. The shaded blue region represents the uncertainties on T0, d.
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      Log file of CHEOPS observations: file keys referring to the files name in the CHEOPS database, starting date (BJD), total observation duration, number of data points before and after detrending, number of CHEOPS orbits, duty cycle (DC), and exposure time.

      
        


	File key
	Starting date
	Duration
	Data points
	# orbits
	DC
	Exposure time



	in the CHEOPS database
	(BJD)
	(h)
	(raw/detrended)
	
	(%)
	(s)





	CH_PR110048_TG032601_V0300
	2459949.183
	32.3
	1838 / 1827
	20
	61
	38
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        O − C diagram of synthetic transit times (T0, s) of 100 yr (black circles) of dynamical simulations with TRADES computed using the Santerne et al. (2019) solution and including all planets. Highlighted are the two observing windows of ∼7.8 yr whose re-computed O − C (as described in Sect. 3.1) show the minimum (orange) TTV amplitude (ATTV, min = 1.57 h) and the maximum (blue) TTV amplitude (ATTV, max = 1.02 days).

      

    

  
    
      Table 2. 

      Summary of the remaining orbital periods for HIP 41378 d (assuming no TTV).

      
        


	Orbital period [d]
	TESS
	CHEOPS
	RM
	emin





	1113.4465 ± 0.0034
	✓
	✓
	✗
	∼0.52



	371.1488 ± 0.0011
	✓
	✓
	✗
	∼0.21



	278.3616 ± 0.0009
	✓
	✗
	✓
	∼0.14



	101.2224 ± 0.0003
	✓
	✓
	✗
	∼0.15





      

      
Notes. Orbital solutions compatible with no transit in TESS and CHEOPS observations are shown with a check mark (✓), while those incompatible are shown with an ✗. Orbital period values are taken from Becker et al. (2019). The RM column corresponds to the results in Grouffal et al. (2022) for the RM detection of the transit. The last column displays the minimal eccentricity that corresponds to tdur ≈ 12.5 h.
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        Transit duration for eccentricities from 0 to 0.8 for HIP 41378 d for four orbital periods (see the legend). The dotted vertical lines represent the minimal eccentricity for each orbital period to obtain the observed transit duration of 12.5 h (thick black horizontal line).
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