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Abstract

The present paper (which is based on Sicardy et al. (2021)) discusses investigation of solar
system bodies made possible by the simple yet powerful technique of stellar occultation. We
focus on the stellar occultation by Pluto on 2020, June 6. The event was observed at Devasthal,
Nainital, India in the I and H bands with the 1.3-m and 3.6-m telescopes, respectively. From
the observed light curve, the surface pressure of Pluto’s atmosphere was constrained to pgyf =
12.23f8:§§ ubar. This indicates a continuing plateau phase since mid-2015 which is in excellent
agreement with the prediction of Pluto volatile transport model of Meza et al. (2019). This
result stresses the importance of coordinated stellar occultation observations with facilities like
Devasthal Optical Telescope (DOT) and Himalayan Chandra Telescope (HCT) where a few
minutes of observing time lead to high-impact science.

1. Introduction

Stellar occultations have proven to be a very powerful technique to study solar system
objects with very high science to observing time ratio. A plethora of discoveries like detecting
tenuous atmospheres and ring systems are well documented in literature. During these events,
where a solar system body passes in front of a star, we essentially scan the body. Here, the
spatial resolution is defined by the time resolution and depends on the relative speed of the
body with respect to the star in the plane of the sky. This results in very high spatial resolutions
(of the order of fraction of km) far exceeding the limits from classical imaging, thus allowing for
precise estimation of sizes and shapes of solar system bodies. Further, Earth-based occultations
are now established as a highly efficient method to probe atmospheres in the solar system.

Stellar flux variation when occulted by an object with an atmosphere is gradual due to
differential refraction of the incoming stellar rays by the refractivity gradient of the atmosphere.
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This bending of starlight has resemblance with gravitational lensing where the atmosphere here
acts as a lens. Spherical atmospheres produce two stellar images at any moment, a primary
image (or near-limb image) and a secondary (or far-limb) image. Multiple images are produced
by non-spherical atmospheres. Differential refraction compresses the images perpendicular to
the limb, while they are stretched parallel to the limb because of focusing caused by the limb
curvature. The stretching increases as the chords approach the planet centre resulting in the
central flash (the two images merge into one and form the gravitational lens equivalent of a
luminous ‘Einstein—Chwolson ring” around the body) when the stellar limb intersects the planet
center. The observed light curves enable us to probe the atmosphere. An elaborate discussion
on the principles and equations that govern stellar ray propagation in planetary atmospheres can
be found in Sicardy (2023).

To complete the discussion on stellar occultations, if the Moon occults a distant star, the
Fresnel diffraction pattern observed enables estimation of stellar sizes, detection of circum-
stellar envelopes, discovery of binary systems, etc., at very high resolutions of 1-2 milliarcsec
much beyond the theoretical diffraction limit of telescopes. In this paper, we focus on stellar
occultation by Pluto.

1.1. Pluto’s atmosphere

The discovery of CHy4 frost on the surface of Pluto (Cruikshank et al., 1976) was a break-
through observation that strongly suggested the presence of an atmosphere. The existence of
a tenuous atmosphere was eventually established a decade later during stellar occultations ob-
served in 1985 and 1988 (Brosch, 1995; Hubbard et al., 1988; Elliot et al., 1989). A major
in-road in probing Pluto’s atmosphere was achieved with a series of occultation observations be-
tween 1988 and 2003 which unraveled a striking twofold expansion (Elliot et al., 2003; Sicardy
et al., 2003). Subsequent to this, as Pluto moved in front of the Galactic centre, a cluster of
occultation events occurred during 2002 and 2016, which greatly enhanced our knowledge re-
garding the structure, dynamics, and evolution of the atmosphere of Pluto.

Based on two occultations observed in July 2012 and May 2013, Dias-Oliveira et al. (2015)
have conducted detailed modeling in the framework of a pure and clear (haze-free) N, atmo-
sphere. The two high-SNR light curves analyzed in this paper, covering well-sampled occulting
chords, constrained the density, temperature, and thermal gradient profiles between radii of
~ 1190-1450km, corresponding to pressures between ~ 11-0.1 ubar, respectively. Using a
unique template thermal model, an increase of 6% in the pressure (significant at the 60 level)
was detected over the period of ~ 9.5 months separating the two occultations. This showed that
Pluto’s atmosphere was still expanding, consistent with the analysis of Olkin et al. (2015). In a
more recent paper, Meza et al. (2019) have consistently modeled eleven occultation light curves
spanning almost three decades between 1988 and 2016. The data show a three-fold monotonic
increase of Pluto’s atmospheric pressure over that period.

Pluto’s orbit has high eccentricity (e = 0.26) and obliquity (102°-126°). As a consequence,
Pluto receives significantly less (~ three times) sunlight at aphelion as compared to perihelion,
resulting in complex changes to its surface insolation and temperature. This severely affects
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Table 1: Observation log.

3.6-m (DOT) 1.3-m (DFOT)
Telescope Coordinates 79°41'3.6"E 79°41'6.1"E
(topocentric)  29°21'39.4"N 29°21'41.5" N
Altitude 2450 m 2450 m
Detector TIRCAM?2 Raytheon InSb array ANDOR DZ436 camera
Filter (A/AA, pm) H (1.60/0.30) 1(0.85/0.15)
Exposure time/Cycle time (s) 5/5.336 1.7/2.507

the N, atmosphere, which is in vapor-pressure equilibrium with the surface Nj ice. Sputnik
Planitia, a large depression filled with N; ice, was discovered by the NASA New Horizons
flyby in 2015. The sublimation of N, ice in the Sputnik Planitia is the main engine that con-
trols the large annual pressure variation of Pluto’s atmosphere as it orbits around the Sun. The
observed increase of Pluto’s atmospheric pressure can be explained by its recession from peri-
helion (reached in September 1989), while summer progressed over the Northern Hemisphere,
exposing Sputnik Planitia to the solar radiation.

In this paper, we present the results derived from the occultation that occurred on 6 June
2020. This is a timely observation, as Meza et al. (2019) predict that the pressure should peak
around that epoch, starting a decline that should last for two centuries under the combined
effects of Pluto’s recession from the Sun and the prevalence of the winter season over Sputnik
Planitia. This is also an important benchmark as Pluto is moving away from the Galactic plane,
making stellar occultations increasingly rare, and thus making this measurement decisive.

2. Observations and Data Analysis
2.1. Occultation observation

The campaign to observe the 6 June 2020 occultation event was organized under the frame-
work of the Lucky Star project (https://lesia.obspm.fr/lucky-star) Details of the event is available
in a dedicated Lucky Star project page (https://lesia.obspm.fr/lucky-star/occ.php?p=31928).
The magnitudes of the occulted star (GAIA 6864932072159710592) in the I and H bands are
~ 12.3 and ~ 11.6, respectively, while that of Pluto during the event were ~ 13.8 and ~ 13.3,
respectively. This makes the occulted star 1.5 mag brighter than the combined Pluto + Charon
system, ensuring a significant drop of the total flux of star + Pluto + Charon.

Simultaneous observations were carried out using two telescopes of the Aryabhatta Re-
search Institute of Observational Sciences (ARIES) located at Devasthal. One telescope was
the 1.3-m Devasthal Fast Optical Telescope (DFOT) operating in I band, and the other one was
the 3.6-m ARIES Devasthal Optical Telescope (DOT) operating in H band. Several test runs
were carried out on days prior to the event to measure the sampling time and minimize errors.
The observation details are listed in Table 1. Observations were also planned with the 2-m Hi-
malayan Chandra Telescope (HCT), Hanle, operated by the Indian Institute of Astrophysics,
Bangalore, India. However, the event was clouded out at that site.
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Figure 1: (left) The reconstructed, post-occultation path of Pluto’s
shadow on 6 June 2020. The green dot is the location of Devasthal.
The bullets on the shadow central line are plotted every minute, where
the large one is for the geocentric closest approach time. The arrow
indicates the direction of motion. The dark and light blue thinner lines
are the shadow limits corresponding to the stellar half-light level and
1% stellar drop level (the practical detection limit), respectively. Dark
gray regions of Earth are for astronomical night (Sun more than 18 deg
below the horizon), while light gray regions are for astronomical twi-
light (Sun between 0 and 18 deg below the horizon). (right) Occultation
geometry for the event, with the axes f and g being the offsets of the
stellar images with respect to Pluto’s centre. The thick black lines are
the equator and the prime (Charon-facing) meridian. The celestial north
(N), celestial east (E) and Pluto’s North Pole are marked. Motion of the
primary (red line) and secondary (blue line) stellar images relative to
Pluto are shown. This figure is taken from Sicardy et al. (2021).

Figure 1 illustrates the derived reconstructed shadow path on Earth (left) and the corre-
sponding geometry (right) of the occultation as seen from Devasthal. As discussed in Dias-
Oliveira et al. (2015), the flux from two stellar images are actually recorded during the occul-
tation. The flux from the primary stellar image dominates here, and it essentially scanned the
northern, summer hemisphere of Pluto as seen from Devasthal. The observed light curves in the
H and I bands observed with the 3.6-m and 1.3-m telescopes, respectively, are shown in Fig. 2.

3. Result and Discussion
3.1. Modelling Pluto’s atmosphere

To model Pluto’s atmosphere, we make the following assumptions:(i) it is spherically sym-
metric, (i) is transparent (no haze), (iii) is an ideal gas in hydrostatic equilibrium, (iv) is com-
posed of pure molecular nitrogen, Ny, and (v) the temperature profile, T'(r), r being the distance

from Pluto’s centre, is time-independent. The various parameters used in our fitting procedure
are listed in Table 2. Considering the above assumptions, the observed light curves were fitted
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Figure 2: (left) The 6 June 2020 occultation light curve (black squares)
and the best fit (blue curve) are shown for the Devasthal telescopes. The
residuals (observation-minus-model) are plotted in green below each
light curve. The lower and upper horizontal lines are the normalized to-
tal flux (star+Pluto+Charon) and the zero flux levels, respectively. The
3.6-m light curve has been shifted vertically by +1.2 for better view-
ing. (right) Evolution of Pluto’s atmospheric pressure between 1988
and 2020. Error bars are displayed at 1o level. The black squares are
the values published by Meza et al. (2019) (M19) and the red square
is the result of the present work. The gray points in chronological or-
der are: (1) H17, the New Horizons value from the radio science data
occultation (ingress point, 14 July 2015, Hinson et al. (2017)) and co-
incides with the 29 June 2015 point from Meza et al. (2019); (2) Y21,
the value derived by Young et al. (2021) from the ground-based, multi-
chord 15 August 2018 occultation; and (3) A20, the result of Arimatsu
et al. (2020) obtained from a grazing, single-chord occultation observed
on 17 July 2019. The colored lines are the modeled annual evolution of
the surface pressure obtained with the Pluto volatile transport model
described in Meza et al. (2019). The blue, green and red curves cor-
respond to N, ice albedos of 0.73, 0.725 and 0.72, respectively. The
figure shown in both the left and right panels are taken from Sicardy
et al. (2021).
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Table 2: Adopted parameters for Pluto and its atmosphere.

Pluto’s body
GMass! GMp = 8.696 x 10! m3 sec—2
Radius! Rp = 1187 km
Geocentric distance 4.97407 x 10° km

Pluto’s atmosphere
N, molecular mass U =4.652x10"2kg
N, molecular refractivity> K = (1.091 x 1023
+6.282 x 10_26/lﬁm) cm? molecule !
! The values for GMass and Radius are taken from Stern et al. (2015), where G is
the constant of gravitation.

2 The value for refractivity is taken from Washburn (1930), where Ay, is the wave-
length expressed in microns.

following the method described in Dias-Oliveira et al. (2015). This is an iterative process that
combines both direct ray-tracing and Abel inversion. The inversion algorithm is first imple-
mented to retrieve the atmospheric density, pressure, and temperature profiles of Pluto. Using
these as input, synthetic light curves are generated through direct ray-tracing which are simul-
taneously fitted to the observed light curves. Subsequently, the inversion of the best fit light
curve is done, and the iterative process continues which finally gives the density, pressure, and
temperature profiles.

There are four adjusted parameters (M) in our model. These are pq,f, the pressure at Pluto’s
surface and Ap, the ephemeris offset perpendicular to Pluto’s apparent motion projected in the
sky. The other two parameters (¢ys) are the Pluto+Charon contribution to the two individual
light curves. Since no calibration data was possible due to less than optimal sky conditions
prevailing, these last two parameters are not known. Another parameter, the time shift Az, that
needs to be applied to Pluto’s ephemeris for the best fit. A# accounts for the ephemeris offset as
well as the errors in the occulted star position and finally yields the time #c/5 g Which gives the
closest approach of Pluto to the star in the sky plane, as seen from the geocenter.

The best fit to the data are shown in Fig. 2 and the best fit parameters are listed in Table 3.
The fitting was carried out simultaneously to the light curves obtained at the 3.6-m and 1.3-
m telescopes over a 320-s interval covering the event. For a quantitative assessment of the
quality of the fit, we use the function, 3% = ¥ ((9i,0bs — Pisyn)/ 6,-)2. Here, o; is the noise
level (measured by the standard deviation of the signal) of each of the N data points. @; obs and
@i syn are the observed and synthetic fluxes at the i th data point, respectively. Satisfactory fits
are obtained for a ¥ value per degree of freedom x3 = x2. /(N —M) ~ 1, where 2. is the
minimum value of %2 obtained in the fitting procedure. The model is sensitive to regions above
30 km altitude, so the retrieved pressure is for the radius 1215km, pr;5 = 6.665f8:§? ubar. A
factor of 1.837 is then applied to convert this into pg,f (Meza et al., 2019).
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Table 3: Best fit parameters. The quoted error bars are at the 10 level.

Fit results

Surface pressure Psurf = 12.23‘:8:2% ubar
Geocentric closest approach distance to shadow center! pc /AG = —|—6044f%5 km
Geocentric closest approach time to shadow center? Ic/ac = 19:01:02.40+0.14s UT

I A positive value means that the shadow center went north of the Geocenter.
2 Although the quoted error bar is small, a systematic error of the order of 1s may be present in

Ic/aG (see text).

4. Pressure Evolution in Pluto’s atmosphere

The right panel of Fig. 2 illustrates the pressure evolution between 1988 and 2020. Increase
in pressure is seen between 1988 and 2013, and it has reached a plateau regime since 2015. The
6 June 2020 occultation (red square) shows the prevailing stationary phase, which is in excellent
agreement with the Pluto volatile transport model described in Meza et al. (2019) and does not
reconcile with the sudden decrease in pressure reported by Young et al. (2021) and Arimatsu
et al. (2020). A careful comparison of the methodology used by these authors need to be carried
out to resolve the observed inconsistency.

5. Concluding Remarks

The results on Pluto’s atmosphere presented in this paper clearly shows the potential of the
technique of stellar occultation in probing atmospheres of minor bodies of the solar system with
high spatial resolution and pt-bar level pressure sensitivity, which is not possible from classical
imaging observations. The team has observed one such occultation event of Triton, the largest
of Neptune’s satellites, on 6 October 2022. The results based on this (Sicardy et al. in prep)
will enable us to better understand the seasonal evolution of Triton’s atmosphere. In particular,
this study will confirm or discard the predcition by Bertrand et al. (2022) that Triton’s surface
pressure should slowly decrease in the forthcoming years.
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