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Reconciling results of 2019 and 2020 stellar occultations on Pluto’s atmosphere
New constraints from both the 5 September 2019 event and consistency analysis
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Abstract

A stellar occultation by Pluto on 5 September 2019 yielded positive detections at two separate stations. Using an approach consistent with comparable studies, we derived a surface pressure of 11.478 ± 0.55 µbar for Pluto’s atmosphere from the observations of this event. In addition, to avoid potential method inconsistencies when comparing with historical pressure measurements, we reanalyzed the data for the 15 August 2018 and 17 July 2019 events. All the new measurements provide a bridge between the two different perspectives on the pressure variation since 2015: a rapid pressure drop from previous studies of the 15 August 2018 and 17 July 2019 events and a plateau phase from that of the 6 June 2020 event. The pressure measurement from the 5 September 2019 event aligns with those from 2016, 2018, and 2020, supporting the latter perspective. While the measurements from the 4 June 2011 and 17 July 2019 events suggest probable V-shaped pressure variations that are unaccounted for by the volatile transport model (VTM), the VTM remains applicable on average. Furthermore, the validity of the V-shaped variations is debatable given the stellar faintness of the 4 June 2011 event and the grazing single-chord geometry of the 17 July 2019 event. To reveal and understand all of the significant pressure variations of Pluto’s atmosphere, it is essential to provide constraints on both the short-term and long-term evolution of the interacting atmosphere and surface by continuous pressure monitoring through occultation observations whenever possible, and to complement these with frequent spectroscopy and photometry of the surface.

Key words: Kuiper belt objects: individual: Pluto / planets and satellites: atmospheres / planets and satellites: physical evolution / occultations / techniques: photometric


1 Introduction
Pluto’s atmosphere was discovered during the 1985 stellar occultation (Brosch 1995), and since then, stellar occultations have played a crucial role in studying its structure, composition, and evolution over time (Hubbard et al. 1988; Elliot et al. 1989, 2003; Yelle & Elliot 1997; Sicardy et al. 2003, 2011, 2016, 2021; Pasachoff et al. 2005, 2017; Young et al. 2008, 2021; Rannou & Durry 2009; Person et al. 2013, 2021; Olkin et al. 2015; Bosh et al. 2015; Gulbis et al. 2015; Dias-Oliveira et al. 2015; Meza et al. 2019; Arimatsu et al. 2020). A compilation of 12 occultations observed between 1988 and 2016 revealed a three-fold monotonic increase in the atmospheric pressure of Pluto during that period (Meza et al. 2019). This increase can be explained by the volatile transport model (VTM) of the Laboratoire de Météorologie Dynamique (LMD; Bertrand & Forget 2016; Forget et al. 2017; Bertrand et al. 2018, 2019), which was subsequently fine-tuned by Meza et al. (2019). This model provides a framework for simulating the volatile cycles on Pluto over both seasonal and astronomical timescales, allowing us to explore the long-term evolution of Pluto’s atmosphere and its response to seasonal variations over its 248-yr heliocentric orbital period (Meza et al. 2019). According to the LMD VTM in Meza et al. (2019, VTM19 hereafter), Pluto’s atmospheric pressure is expected to have reached its peak around the year 2020. The pressure increase is attributed to the progression of summer over the northern hemisphere of Pluto, exposing Sputnik Planitia (SP)1 to solar radiation. The surface of SP, which is composed of nitrogen (N2), methane (CH4), and carbon monoxide (CO) ices, is believed to sublimate and release volatile gases into the atmosphere during this period, leading to a pressure increase. After reaching its peak, the model predicts a gradual decline in pressure over the next two centuries under the combined effects of Pluto’s recession from the Sun and the prevalence of the winter season over SP.
On one hand, the VTM19 remains consistent with the analysis of Sicardy et al. (2021) of the 6 June 2020 occultation observed at Devasthal, where two colocated telescopes were used. This latter analysis suggests that Pluto’s atmosphere has been in a plateau phase since mid-2015, which aligns with the model predictions that the atmospheric pressure reached its peak around 2020.
On the other hand, the Arimatsu et al. (2020) analysis of the 17 July 2019 occultation observed by a single telescope (TUHO) suggests a rapid pressure decrease between 2016 and 2019. These authors detected a significant pressure drop at the 2.4σ level. However, it is worth noting that the geometry of this occultation is grazing. This may have introduced larger correlations between the pressure and the geocentric closest approach distance to Pluto’s shadow axis, leading to insufficient precision to confidently support the claim of a large pressure decrease followed by a return in 2020 to a pressure level close to that of 2015 (Sicardy et al. 2021).
These contrasting results highlight the need for occultation observations between 2019 and 2020 in order to better understand the behavior and evolution of Pluto’s atmosphere during this time period. Furthermore, while Young et al. (2021) support the presence of a pressure drop based on their analysis of the 15 August 2018 occultation, Sicardy et al. (2021) suggest that careful comparisons between measurements by independent teams should be made before drawing any conclusions on the pressure evolution.
Observations of the 5 September 2019 occultation, which have not been reported by other teams, are presented in Sect. 2, followed by a description of the light-curve fitting methods in Sect. 3. These unique observations allow us to track the changes in Pluto’s atmosphere during the time period between the events studied by Arimatsu et al. (2020) and Sicardy et al. (2021). Results are detailed in Sect. 4, and the pressure evolution is discussed in Sect. 5, including comparisons with the reanalyzed 15 August 2018 and 17 July 2019 events. Conclusions and recommendations are provided in Sect. 6.
2 Occultation observations
Two observation campaigns were organized in China for occultations in 2019 (see Appendix A). One occurred on 17 July 2019, which was studied by Arimatsu et al. (2020), and the other on 5 September 2019, which is reported in the present paper for the first time. Due to bad weather conditions in many areas, no effective light curves were observed by our stations for the first occultation, and only two light curves were obtained for the second.
Table 1 lists the circumstances of the 5 September 2019 event. Figure 1 presents all the observation stations and the reconstructed path of the shadow of Pluto2 during this event. Table A.2 lists the circumstances of stations with positive detections. Their station codes are DWM and HNU.
To ensure accurate and precise timing in stellar occultations, some stations (e.g., DWM as shown in Table A.2) were equipped with QHY174GPS cameras. These cameras, manufactured by QHYCCD3, offer precise recording of observation time and location for each frame using a GPS-based function, and have been used in many stellar occultation studies (e.g., Buie et al. 2020a,b; Morgado et al. 2021, 2022; Pereira et al. 2023). In the light-curve fitting procedures described in Sect. 3.2, the time-recording offsets of the QHY174GPS cameras are fixed to zero, considering their reliability and accuracy as time references.
All observational data were captured in the FITS format. These data were processed using the Tangra occultation photometric tool4 (Pavlov 2020) and our data-reduction code (see Appendix B). It was ensured that the targets and reference stars in all the images we used were not overexposed. The resulting light curves from the observations, after being normalized, are presented in Fig. 2. Each data point on the light curves is represented by fi(t) ± σi(t), where i indicates the quantities associated with a specific station, t represents the recorded timing of each frame, f the normalized total observed flux of the occulted star and the Pluto’s system, and σ the measurement error associated with each data point.
Table 1 
Circumstances and light-curve fitting results of the 5 September 2019 event.

	[image: thumbnail]	Fig. 1 Reconstructed occultation map of the 5 September 2019 event.



3 Light-curve fitting methods
3.1 Light-curve model
In order to simulate observed light curves, we implemented a light-curve model, ϕ(t; A, s, Δt, Aτ, Δρ, p0), which is described in Appendix C and is consistent with DO15 (Dias-Oliveira et al. 2015; Sicardy et al. 2016, 2021; Meza et al. 2019). As a function of model parameters, its time-dependent Jacobian matrix was also implemented to represent the sensitivity of the model to the corresponding parameters to be estimated through fitting procedures.
The light-curve model of a given station can be formally written as
[image: equation](1)
where i indicates the quantities associated with the station; for further details, the reader is referred to Appendix C. Here, the reference ephemerides we use are the NIMAv95 asteroidal ephemeris (Desmars et al. 2015, 2019) for the orbit of the Pluto system barycenter with respect to the Sun, the PLU0586 satellite ephemerides (Brozovic et al. 2015; Jacobson et al. 2019) for the orbit of Pluto with respect to the Pluto system barycenter, and the DE4408 planetary ephemerides (Park et al. 2021) for the orbits of the Earth and the Sun with respect to the Solar System barycenter. The reference star catalog where the data of the occulted star are obtained is Gaia DR3.
3.2 Fitting procedure
The light-curve model was fitted to the normalized observed light curves simultaneously by nonlinear least squares, returning a χ2-type value of goodness-of-fit. The goal is to minimize the objective function given by
[image: equation](2)
where tij represents the mid-exposure time of the jth observation of the station i.
In addition, with the used reference ephemerides and star catalog, some a priori information on Δρ can be obtained:
[image: equation](3)
where the uncertainty σρ is set to 72 km using the positional uncertainties listed in the “orbit quality” table of NIMAv9 and in Gaia DR3. This σρ value corresponds to about 3 mas on the sky at the geocentric distance of Pluto. The a priori information can be treated as independent observational data and used in the model fitting, with the objective function modified as:
[image: equation](4)
The fitting steps are as follows:

	In order to find all local minima at which a nonlinear least-squares fitting could potentially get stuck, we explored the two-parameter space (Δρ, p0) by generating the variation of χ2 as a function of them. Figure 3 presents such two χ2 maps, labeled (a) and (b), which are analyzed in Sect. 4. The maps are generated by minimizing [image: equation] or [image: equation] at each fixed (Δρ, p0) point on a regularly spaced grid. The Levenberg-Marquardt (LM) method, which is implemented in the LMFIT package8, was used in each fitting procedure. The free parameters to be adjusted are Δτ9, Δti of any station with no reliable time reference system like QHY1 4GPS, and si and Ai of each station.


	For a more accurate best-fitting solution for (Δρ, p0), the LM method is used again, with Δρ and p0 adjusted with initial guesses located at all known local minima of each χ2 map.


	Each χ2 map, which provides information about the quality of the fit, is used to define confidence limits based on constant χ2 boundaries (Press et al. 2007).



4 Results
Figure 3a shows the [image: equation] map for the 5 September 2019 occultation. Two local minima are observed. However, considering the significant χ2 difference of 9 between the two local minima, the global minimum is more likely to be the correct solution. In addition, the Δρ value at the global minimum is more consistent with the NIMAv9 solution, Δρ = 0 km, at the 0.16 σρ level, compared with the other local one at the 2.44 σρ level.
In an effort to mitigate or at least further weaken the presence of multiple local minima, we calculated the [image: equation] map by adding the χ2-type value of the a priori information, (Δρ/σρ)2, into the [image: equation] map. Figure 3b presents the results, which show that two local minima are still present, but with a χ2 difference of about 14.5, which is larger than that of the [image: equation] map. Therefore, the global minimum is confidently accepted as the solution for (ρcag, psurf), as provided in Table 1.
Moreover, Fig. 3 presents the consistency of our derived psurf across the two different local minima. Our findings demonstrate that the specific choice of local minima does not significantly affect the value of psurf, further supporting the reliability of our solution for psurf.
	[image: thumbnail]	Fig. 2 Occultation observations and the best-fitting light-curve model of the 5 September 2019 event. Panel a: observed and simultaneously fitted light curves. Panels b and c: reconstructed stellar paths seen by DWM and HNU, respectively.



5 Pressure evolution
5.1 Comparisons and necessary reanalyses of historical events
In Fig. 4, the red plot represents our psurf measurement from the 5 September 2019 occultation. We also include other published measurements (Hinson et al. 2017; Meza et al. 2019; Arimatsu et al. 2020; Young et al. 2021; Sicardy et al. 2021) and the pressure evolution predicted by the VTM19 in order to provide a comprehensive view of the pressure variations on Pluto.
To avoid potential inconsistencies arising from different analysis methods, as discussed by Sicardy et al. (2021), we reanalyzed the 15 August 2018 event studied by Young et al. (2021) using the IXON observational data of Silva-Cabrera et al. (2022). The derived pressure measurement presented in Appendix D.1 is [image: equation] µbar. In addition, we also reanalyze the 17 July 2019 event in Appendix D.2, deriving a pressure of [image: equation] µbar, which is similar to that of Arimatsu et al. (2020), of [image: equation] µbar. This similarity is expected because the same DO15 method is used. As this same method is used by Meza et al. (2019) and Sicardy et al. (2021), their pressure measurements, along with that of Arimatsu et al. (2020), can be fully compared with our new ones. Both the remeasurements are plotted in black in Fig. 4.
The pressure measurement from the 5 September 2019 event shows alignments with those from the 19 July 2016, 15 August 2018, and 6 June 2020 events within their combined 1σ levels. Our new measurement from the 15 August 2018 event does not show the significant pressure drop previously reported by Young et al. (2021). The previously reported pressure drop between the 19 July 2016 and 17 July 2019 events is still detected at the same level as in Arimatsu et al. (2020).
5.2 Discussion on pressure variations
While the VTM19 remains, on average, applicable and capable of predicting the main atmospheric behavior during the observed years, there are also two probable V-shaped pressure variations observed from 2010 to 2015 and from 2015 to 2020, especially when considering the measurements from the 4 June 2011 and 17 July 2019 events. These V-shaped variations suggest the presence of additional factors that have not been accounted for. Specifically, short-term changes in Pluto’s surface ices and their interaction with the atmosphere are likely contributing to the variation. Moreover, spectral monitoring of the surface composition has revealed some short-term changes in the ices over several Earth years (e.g., Grundy et al. 2014; Lellouch et al. 2022; Holler et al. 2022).
However, the validity of the V-shaped variations is debatable given the stellar faintness of the 4 June 2011 event and the grazing single-chord geometry of the 17 July 2019 event. If the debatable measurement from the 17 July 2019 event were discarded, no significant changes would be observed between 2016 and 2020. This more likely supports the plateau phase since 2015 predicted by the VTM19. In order to better understand the relationship between these factors, further observations using multiple observational techniques (occultation, spectroscopy, and photometry) are required, as well as simulations with a refined VTM.
	[image: thumbnail]	Fig. 3 The χ2 maps of the 5 September 2019 event. Panels a and b: The [image: equation] and [image: equation] maps, respectively. The [image: equation] denotes the goodness-of-fit only using observational data, while [image: equation] denotes the goodness-of-flt with the additional a priori information represented as the χ2 type value, (Δρ/σρ)2. These maps are used to derive the best-fitting atmospheric pressure p0 at the reference radius r0 of 1215 km and the cross-track correction Δρ to the ephemerides, of which the a priori uncertainty σρ is 72 km. The surface pressure psurf and the geocentric closest approach distance ρcag to the shadow center are obtained by linear transformations of Δρ and p0, respectively. The best-fitting [image: equation] and [image: equation] values per degree of freedom are 1.160 and 1.155, respectively.



	[image: thumbnail]	Fig. 4 Pressure evolution of Pluto over a 248-yr heliocentric orbital period predicted by the VTM19, along with the measured pressures with 1σ error bars. The 3σ error bars of our new measurements and of the previous measurements of the 19 July 2016, 17 July 2019, and 6 June 2020 events are also presented using the published χ2 maps. [image: equation] denotes the albedo of nitrogen ice.



6 Conclusions
The unique observations of the 5 September 2019 occultation provide a surface pressure of psurf = 11.478 ± 0.55 µbar. In order to avoid potential method inconsistencies in comparing with historical pressure measurements (Sicardy et al. 2021), we also reanalyzed the 15 August 2018 and 17 July 2019 events based on publicly available data (Silva-Cabrera et al. 2022; Arimatsu et al. 2020). All measurements are presented in Fig. 4.
The VTM 19 remains applicable on average. In addition, we also observed unaccounted-for V-shaped pressure variations with the previously reported pressure drop being a part of these variations; however, these variations are debatable. To better understand all significant pressure variations of Pluto, continuous pressure monitoring through occultation observations is essential where possible. Also, simultaneous and frequent spectroscopic and photometric monitoring of changes to its surface ice are important, as such comprehensive monitoring will provide more short-term and long-term evolution constraints of Pluto’s interacting atmosphere and surface.
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Appendix A  Two occultation campaigns in 2019
Table A.1 
Stations that encountered weather problems on 17 July 2019

Table A.2 
Stations with positive detections on 5 September 2019

Table A.3 
Stations that encountered weather problems on 5 September 2019

The 17 July 201910 and the 5 September 201911 stellar occultations by Pluto were originally predicted by the ERC Lucky Star project12.
A.1 The 17 July 2019 occultation campaign
Figure A.1a presents the reconstructed path of the shadow of Pluto13 during the 17 July 2019 event, which was studied by Arimatsu et al. (2020). We also organized an observation campaign involving stations detailed in Table A.1. All the above-mentioned stations are also presented in Figure A.1a. Unfortunately, all our stations encountered weather problems.
A.2 The 5 September 2019 occultation campaign
The occultation map of the 5 September 2019 event is given by Figure 1. Table A.2 lists the circumstances of stations with positive detections. Table A.3 lists the circumstances of stations that encountered weather problems.
	[image: thumbnail]	Fig. A.1 Reanalysis of the 17 July 2019 event based on the TUHO observational data from Figure 1 of Arimatsu et al. (2020) (credit: Arimatsu et al, A&A, 638, L5, 2020, reproduced with permission © ESO). Panel (a): Reconstructed occultation map. Panel (b): Observed and simultaneously fitted light curves. Panel (c): Reconstructed stellar paths seen by TUHO. Panel (d): The χ2 map, where χ2 denotes the goodness-of-fit value using these data. The best-fitting χ2 value per degree of freedom is 0.860.




Appendix B  Data processing
The observational data were initially obtained in the FITS format, a commonly used format for astronomical data. To process and analyze these data, we used the Tangra occultation photometric tool developed by Pavlov (2020). This tool offers various functionalities and algorithms specifically designed for analyzing occultation events. When calibration images including bias, dark, and flat-field frames are available, they are used for image correction. The default measurement type and tracking method provided by Tangra were applied. The reduction method was aperture photometry with median background subtraction. The combined image of the occulted star and Pluto’s system is circled as the target.
For each station, a selection of suitable guiding and nearby reference stars (typically three) was made. All images of target and reference stars are confirmed as unaffected by overexposure. The signal flux counts, denoted as Isignal, and the background flux counts, denoted as Ibkg, were measured for the target and each reference star in all FITS files. The timing information and measurement results were exported to a CSV file specific to each station, from which the observed light curves would be generated.
Further data processing and analysis were performed using our data reduction code implemented in Python. Each flux measurement for the target or a reference star was calculated as I = Isignal − Ibkg. The measurement error, σI, was modeled using the classical form given by:
[image: equation](B.1)
where σbkg is the standard deviation of the background (Ibkg) and geff is the effective gain that represents the number of electrons per flux count.
The relative photometric result of the target is defined as
[image: equation](B.2)
where IT is the I of target and IRS the sum of those of all reference stars. This step helps eliminate low-frequency variations caused by atmospheric and instrumental effects. The corresponding measurement error, σF, was derived using the usual formula for propagation of errors (Press et al. 2007).
If the effective gain geff was not precisely known, [image: equation] was adjusted with the non-negative constraint to fit the derived σF model ([image: equation] where [image: equation]) to the standard deviation of F outside the occultation part.
Finally, the normalized total observed flux, denoted as f, and its error, σ, were derived by dividing F and σF, respectively, by the median of F outside the occultation part. As a result, f outside the occultation part approximates unity.

Appendix C  Synthetic light curve model for a stellar occultation by Pluto
For a given station, the light-curve model is represented as:
[image: equation](C.1)
where t is the recorded timing of the observation and ϕ is the received flux, as a function of t; A is the total flux of the star and Pluto’s system when the star is not occulted; s is the flux ratio of the occulted star to A; and ψ is the normalized (between zero and unity) flux of the occulted star, which represents the total flux of the primary (sometimes called the near-limb) and secondary (or far-limb, when available) images produced by Pluto’s spherical planetary atmosphere (Sicardy 2023) as shown in Figure 2.
To calculate ψ, the following equation is used:
[image: equation](C.2)
where z is the distance of the station to the shadow axis, that is, the line passing through the center of Pluto and parallel to the light ray from the star; r+ and r− represent the closest approach distances of the primary and secondary images to the shadow axis, respectively; and Rp is the radius of Pluto’s body. The dividers, |r±/z|, and derivatives, |dr±/dz|, account for the compression and stretching effects produced by the spherical planetary atmosphere, respectively, caused by limb curvature and differential refraction.
Given reference ephemerides and a star catalog, the distance z is modeled in the International Celestial Reference Frame (ICRF) using the following equation:
[image: equation](C.3)
where t + Δti represents the real observation epoch corrected for the camera time recording offset Δti; [image: equation] is the unit vector in the direction of the geocentric astrometric position of the occulted star; ρi is the geocentric geometric position of i; ρp is the geocentric astrometric position of Pluto obtained at t + Δti + Δτ, with Δτ accounting for the ephemeris offset along the geocentric motion of Pluto; [image: equation] is the unit vector in the northern direction along the predicted geocentric closest approach to the shadow axis, multiplied by Δρ to account for the ephemeris offset across the geocentric motion of Pluto. The two ephemeris offset parameters, Δτ and Δρ, represent the corrections to the epoch tcag and distance ρcag of the geoncetric closest approach predicted with the given reference ephemerides and star catalog (see Section 3.1).
Then, the values of r± can be numerically solved using the relationship between z and r±:
[image: equation](C.4)
where D represents the light travel distance, which can be approximated by the geocentric distance of Pluto, and ω(r) is the total deviation angle at r.
As detailed in Dias-Oliveira et al. (2015) and Sicardy (2023), ω(r) can be obtained by a ray-tracing code that follows these steps:

	set the temperature profile T(r) of Pluto using Equation (4) from Dias-Oliveira et al. (2015), with parameters obtained from Sicardy et al. (2016);


	set the gas molecular refractivity K corresponding to a stellar wavelength of λµm;


	set the atmospheric pressure p0 at the reference radius r0 of 1215 km either directly, or determined from a surface pressure psurf (at Rp = 1187 km) with the ratio psurf/p0 = 1.837 used by previous studies (Meza et al. 2019; Sicardy et al. 2021);


	set the needed boundary condition for the gas molecular density, n0 = p0/(kB · T(r0)), where kB is Boltzmann’s constant;


	integrate the first-order differential equation (Equations (5) and (6) of Dias-Oliveira et al. (2015)) to obtain the gas molecular density profile n(r);


	transform n(r) to the gas refractivity v(r) using v(r) = K · n(r) (Equation (7) from Dias-Oliveira et al. (2015));


	calculate the total deviation based on the straight line approximation (Equation (16) of Sicardy (2023), with the upper limit of r set as 2600 km).




Finally, an interpolator of ω(r) for specific p0 and K values is built in advance. This allows efficient computation of ω(r) during the analysis of the occultation observations.

Appendix D  Results of the reanalyzed events necessary for comparisons
D.1 The 15 August 2018 event
Based on the IXON observational data from the online supplemental data file14 of Silva-Cabrera et al. (2022), we reanalyzed the 15 August 2018 event15 using our fitting procedure. As the raw data were normalized, with the flux contribution of the Pluto system carefully removed by Silva-Cabrera et al. (2022), all Ai and si were fixed as unity in our fitting procedure. Moreover, as the uncertainties used for weighting are not given, we used the standard deviation of the data outside the occultation part for each station. Results are presented in Figure D.1. Our surface pressure remeasurement is [image: equation] µbar.
D.2 The 17 July 2019 event
Based on the TUHO observational data and uncertainties from Figure 1 of Arimatsu et al. (2020) (credit: Arimatsu et al, A&A, 638, L5, 2020, reproduced with permission © ESO), we reanalyzed the 17 July 2019 event using our fitting procedure. Results are presented in Figure A.1. Our surface pressure remeasurement is [image: equation] µbar, similar to the result obtained by Arimatsu et al. (2020), [image: equation] µbar.
	[image: thumbnail]	Fig. D.1 Reanalysis of the 15 August 2018 event based on the IXON observational data from the online supplemental data file of Silva-Cabrera et al. (2022). The raw data were normalized, with the flux contribution of the Pluto system carefully removed by Silva-Cabrera et al. (2022). The uncertainties used for weighting are the standard deviation of the data outside the occultation part for each station. Panel (a): Reconstructed occultation map. Panel (b): Observed and simultaneously fitted light curves. Panel (c): Reconstructed stellar paths seen by IXON. Panel (d): The χ2 map, where χ2 denotes the goodness-of-fit value using these data. The best-fitting χ2 value per degree of freedom is 1.046.
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1 Sputnik Planitia is a large plain or basin on Pluto discovered by the New Horizons spacecraft (Stern et al. 2015).


2 The occulted star is Gaia DR3 6771712487062767488, of which the astrometric and photometric parameters are obtained from VizieR (Gaia Collaboration 2022).


3 https://www.qhyccd.com


4 http://www.hristopavlov.net/Tangra3/


5 https://lesia.obspm.fr/lucky-star/obj.php?p=818


6 https://ssd.jpl.nasa.gov/ftp/eph/satellites/bsp/plu058.bsp


7 https://ssd.jpl.nasa.gov/ftp/eph/planets/bsp/de440.bsp


8 https://lmfit.github.io/lmfit-py/


9 As a technical note, if no equipment for reliable time references is used, Δτ should be fixed as zero, avoiding fitting problems caused by its linear relationship with ti.


10 https://lesia.obspm.fr/lucky-star/occ.php?p=13163


11 https://lesia.obspm.fr/lucky-star/occ.php?p=13166


12 https://lesia.obspm.fr/lucky-star


13 The occulted star is Gaia DR3 6772059623498733952, of which the astrometric and photometric parameters are obtained from VizieR.


14 “stac401_Supplement_File - zip file”, via the paper link https://doi.org/10.1093/mnras/stac401.


15 The occulted star is Gaia DR3 6772629170525258240, of which the astrometric and photometric parameters are obtained from VizieR.
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      Table 1 

      Circumstances and light-curve fitting results of the 5 September 2019 event.

      
        


	Occulted star



	




	Identification (Gaia DR3(a))
	6771712487062767488



	Geocentric astrometric position
	αs = 19h29m11s.1996



	at observational epoch (ICRF(b))
	δs = −22°21′39″.880



	




	Pluto’s body



	




	Mass(c), GMp (km3 s−2)
	869.6



	Radius(c), Rp (km)
	1187



	




	Pluto’s atmosphere



	




	N2 molecular mass(d), µ (kg)
	4.652 × 10−26



	N2 molecular
	1.091 × 10−23



	 refractivity(e), K (cm3)
	[image: equation]



	Boltzmann constant(f) kB (J K−1)
	1.380649 × 10−23



	Given reference radius(g) r0 (km)
	1215



	




	Results of atmospheric fit (with 1σ error bars)



	




	Pressure at r0, p0 (µbar)
	6.248 ± 0.30



	Surface pressure(g) at Rp, psurf (µbar)
	11.478 ± 0.55



	Geocentric closest approach distance to shadow center(h) ρcag (km)
	+3644 ± 25



	Geocentric closest approach time to shadow center(i), tcag (UTC(j))
	15:01:19.1 ± 0.38 s





      

      
Notes. (a) Gaia Collaboration (2023), used to derive (αs, δs). (b) International Celestial Reference Frame. (c) Stern et al. (2015), where G is the gravitational constant. (d) Assumed to be the only constituent in the light-curve model, following, e.g., Sicardy et al. (2021). (e) Washburn et al. (1930), where λµm is the wavelength expressed in microns. For stations use no filters (clear), a nominal central wavelength (λµm = 0.55) was used. (f) Newell & Tiesinga (2019). (g)Using a ratio psurf/p0 = 1.837 given by the template model (Meza et al. 2019; Sicardy et al. 2021). (h) Positive (resp. negative) values mean that the shadow center passes north (resp. south) of the geocenter. (i) Timings by QHY174GPS camera are used as time references, considering their reliability and accuracy. (j) Coordinated Universal Time.




    

  
    
      Fig. 1 
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        Reconstructed occultation map of the 5 September 2019 event.

      

    

  
    
      Fig. 2 
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        Occultation observations and the best-fitting light-curve model of the 5 September 2019 event. Panel a: observed and simultaneously fitted light curves. Panels b and c: reconstructed stellar paths seen by DWM and HNU, respectively.

      

    

  
    
      Fig. 3 
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        The χ2 maps of the 5 September 2019 event. Panels a and b: The [image: equation] and [image: equation] maps, respectively. The [image: equation] denotes the goodness-of-fit only using observational data, while [image: equation] denotes the goodness-of-flt with the additional a priori information represented as the χ2 type value, (Δρ/σρ)2. These maps are used to derive the best-fitting atmospheric pressure p0 at the reference radius r0 of 1215 km and the cross-track correction Δρ to the ephemerides, of which the a priori uncertainty σρ is 72 km. The surface pressure psurf and the geocentric closest approach distance ρcag to the shadow center are obtained by linear transformations of Δρ and p0, respectively. The best-fitting [image: equation] and [image: equation] values per degree of freedom are 1.160 and 1.155, respectively.

      

    

  
    
      Fig. 4 
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        Pressure evolution of Pluto over a 248-yr heliocentric orbital period predicted by the VTM19, along with the measured pressures with 1σ error bars. The 3σ error bars of our new measurements and of the previous measurements of the 19 July 2016, 17 July 2019, and 6 June 2020 events are also presented using the published χ2 maps. [image: equation] denotes the albedo of nitrogen ice.

      

    

  
    
      Table A.1 

      Stations that encountered weather problems on 17 July 2019

      
        


	Station
	Longitude (E)
	Latitude (N)
	Altitude (m)
	Observers





	PMOXL
	118°57′30″.0
	32°07′33″.0
	74
	Jian Chen, Ansheng Zhu, Yue Chen



	XYOS
	118°27′50″.0
	32°44′03″.7
	227
	Wei Zhang



	YAOS
	101°10′52″.0
	25°31′43″.0
	1943
	Ye Yuan, Fan Li



	GMG
	100°01′51″.6
	26°42′33″.1
	3185
	Xiaoli Wang, Jianguo Wang



	SZAO
	114°33′21″.0
	22°28′56″.0
	220
	Jiahui Ye, Yijing Zhu, Delai Li, Lin Mei





      

    

  
    
      Table A.2 

      Stations with positive detections on 5 September 2019

      
        


	Station
	Longitude (E)
	Telescope
	Exposure (s)
	Observers



	
	Latitude (N)
	Camera
	Circle (s)
	



	
	Altitude (m)
	Filter
	
	



	




	DWM
	114°06′44″.5
	DOB 0.4 m
	0.2
	Ye Yuan, Jian Chen,



	
	28°25′28″.0
	QHY174GPS
	0.2
	Wei Tan, Ying Wang,



	
	1388
	clear
	
	Hui Zhang, Shun Yao



	




	HNU
	114°30′58″.0
	RC 0.5 m
	9
	Qiang Zhang,



	
	37°59′55″.0
	CCD
	14
	Fan Li,



	
	69
	clear
	
	Zhensen Fu





      

    

  
    
      Table A.3 

      Stations that encountered weather problems on 5 September 2019

      
        


	Station
	Longitude (E)
	Latitude (N)
	Altitude (m)
	Observers





	PMOXL
	118°57′3″.0
	32°07′33″.0
	74
	Jian Chen, Ansheng Zhu, Yue Chen



	NJXD
	118°25′17″.5
	32°04′40″.8
	74
	Jun Xu



	XYOS
	118°27′50″.0
	32°44′03″.7
	227
	Wei Zhang



	YAOS
	101°10′52″.0
	25°31′43″.0
	1943
	Chen Zhang, Fan Li, Ye Yuan



	GMG
	100°01′51″.6
	26°42′33″.1
	3185
	Xiliang Zhang, Xiaoli Wang, Jianguo Wang



	SZAO
	114°33′21″.0
	22°28′56″.0
	220
	Jiahui Ye, Delai Li, Lin Mei



	QHOS
	97°33′36″.0
	37°22′24″.0
	3200
	Wei Zhang



	QDAS
	119°56′38″.0
	36°07′20″.0
	107
	Kun Zhou





      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Reanalysis of the 17 July 2019 event based on the TUHO observational data from Figure 1 of Arimatsu et al. (2020) (credit: Arimatsu et al, A&A, 638, L5, 2020, reproduced with permission © ESO). Panel (a): Reconstructed occultation map. Panel (b): Observed and simultaneously fitted light curves. Panel (c): Reconstructed stellar paths seen by TUHO. Panel (d): The χ2 map, where χ2 denotes the goodness-of-fit value using these data. The best-fitting χ2 value per degree of freedom is 0.860.

      

    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Reanalysis of the 15 August 2018 event based on the IXON observational data from the online supplemental data file of Silva-Cabrera et al. (2022). The raw data were normalized, with the flux contribution of the Pluto system carefully removed by Silva-Cabrera et al. (2022). The uncertainties used for weighting are the standard deviation of the data outside the occultation part for each station. Panel (a): Reconstructed occultation map. Panel (b): Observed and simultaneously fitted light curves. Panel (c): Reconstructed stellar paths seen by IXON. Panel (d): The χ2 map, where χ2 denotes the goodness-of-fit value using these data. The best-fitting χ2 value per degree of freedom is 1.046.
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