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Pluto	at	best HST	resolution
details	~	500	km	at	best

Earth's	Moon	at	the	same
resolution

http://pluto.jhuapl.edu/Participate/community/What-We-Know.php?link=Making-Maps

Occultations:		highly	efficient	method
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spatial	resolution ~	fraction	of	km
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Pluto	at	best HST	resolution
details	~	500	km	at	best

Earth's	Moon	at	the	same
resolution

http://pluto.jhuapl.edu/Participate/community/What-We-Know.php?link=Making-Maps

Occultations:		highly	efficient	method

spatial	resolution ~	fraction	of	km
sensitivity	to	atmosphere	~	a	few	nanobars



probing the	outer solar system
using stellar occultations:

…	an	active	and	fruitful field
since the	1980’s

…	with large	pro-am collaborations
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…	and	more



LibertéEgalité

Fraternité

Voyager,	July	1989
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typical uncertainty
in	the	1980’s	~	0.5	arcsec
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1980’s:		errors of	~1	arcsec

1990’s:	200	mas

2000’s:	Hipparcosà UCAC4	+		follow up	of
Trans-Neptunian Objectsà ~	30	-40	mas	(2016)

15	September 2016	DR1	+	UCAC4-based	pm
à few	mas

April	2018	Gaia	DR2	:	<	1	mas	à three orders of
magnitude	gained!



E-ELT	angular
resolution at 1	µm
with AO	(~	6	mas)	

a	stamp viewed at	150	km

Pluto

Charon

Eris

Makemake

Titan
quaoar

10-7 radian
~20	mas	à
very small !!
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shadow	center

shadow	
southern	limit

The	July	19,	2016	Pluto	occultation
our	prediction	as	of	early	July

green	dots:	sites	involved	in	the	campaign	(not	all	got	data!)	



The	prediction	using	the	GAIA	“DR0”	catalog (one	star!)	
+	the	New	Horizons-updated	ephemeris

shadow	center

shadow	
southern	limit

shadow	
northern	limit

green	dots:	sites	involved	in	the	campaign	(not	all	got	data!)	



The	July	19,	2016	Pluto	occultation
post-occultation	reconstructed	path	(what		really	happened,	~5	mas	error)

shadow	center

shadow	
southern	limit

shadow	
northern	limit

green	dots:	sites	involved	in	the	campaign	(not	all	got	data!)	
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The	Pluto	July	19,	2016	stellar	occultation	(see	also	talk	by	Wolfgang	Beisker)
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blue=	simultaneous	fit	to	the	data	using	a	Pluton	atmospheric	model

residuals

The	Pluto	July	19,	2016	stellar	occultation	(see	also	talk	by	Wolfgang	Beisker)



www.skyandtelescope.com/astronomy-news/
plutos-atmosphere-confounds-researchers-032520166

Pluto’s	atmosphere	confounds	researchers
Kelly	Beatty,	Sky	&	Telescope	25	March	2016	



summer
hemisphere

winter
hemisphere

~120	mas
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Gaia	allows to	make “meteorology“	of	Pluto’s atmosphere

Spunik planum
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Gladstone	et	al.
Science	2016
New	Horizons	REX	
experiment,	14	July	2015

Dias-Oliveira	et	al.
ApJ 2016
2013	and	2013		ground-based
stellar	occultation
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topographic	features
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the	stellar occultation	of	November 15,	2014
by	the	Plutino object 2003	AZ84

Dias-Oliveira	et	al.	AJ	(2017)
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Yunnan	(China)

Thai National	(Thailand)

the	stellar occultation	of	November 15,	2014
by	the	Plutino object 2003	AZ84

gradual disappearance!

Dias-Oliveira	et	al.	AJ	(2017)



detection of	topographic features
on	2003	AZ84’s		surface

Dias-Oliveira	et	al.	AJ	(2017)



Formation	of	rings	around Saturn’s moon Iapetus
W.-H.	Ip,	Geophys.	Res.		Letters (2006)
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Iapetus equatorial ridge

Cassini image

20	km	~	2	mas	at
Charilklo’s distance
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Iapetus equatorial ridge,	etc
grazing occultations	will be back!

Cassini image

mobile
stations
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Chariklo example



an		extra-ordinary object:
first	planetary rings	ever observed

outside giant planets

an	artist view…



an		extra-ordinary object:
first	planetary rings	ever observed

outside giant planets



Chariklo’s ephemeris,	pre-GAIA



Chariklo’s ephemeris,	a	bootstrapping	approach	using	GAIA

size	of	Chariklo’s
ring	system
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Gaia	+	p.m.	from UCAC4	+	
Chariklo NIMA11

The	Chariklo occultation
of	April	9,	2017,	Namibia
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Chariklo occultation
Namibia	April	9,		2017
see	talk	by	Mike	Kretlow



ring
ring

Bruno	Sicardy	- exploring	outer	solar	
system	with	stellar	occultation- ESOP	XXXVI	

Freiberg,		16-17	Sept	20017

main	body

The	occultation	by	Chariklo,	Namibia April	9,	2017
(portable	“M2“	50cm	telescope,	Weavers Rock,	Mike	Kretlow)



length >	250	km
~		maximum	possible	à
very close	to	diametric

ring
ring

The	occultation	by	Chariklo,	Namibia April	9,	2017
(portable	“M2“	50cm	telescope,	Weavers Rock,	Mike	Kretlow)
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The	Chariklo occultation
of	June 22,	2017,	Namibia



Outeniqua

Onduruquea

Windhoek
Tivoli

Hakos

The	occultation	by	Chariklo,	Namibia June 22,	2017
high	accuracy fits (~0.5	km	residuals for	ring	and	body	fits)	
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The	Chariklo occultation
of	July	23,	2017,	S.	America



C1RC2R C2RC1R

VLT	Paranal
HAWK-I	Ks band





Stellar occultation	by	Chariklo’s rings
July	23,	2017

Pico	do	Dias	1.6m	telescope (Brazil)
from Felipe	Braga-Ribas et	al.

C2R C2R

C1R C1R



C1R
ingress

C2R
ingress C1R

egress

C2R
egress

diffraction diffraction

Stellar occultation	by	Chariklo’s rings
July	23,	2017

Danish 1.5m	telescope
Lucky	Imager,	red channel,	30	Hz



red channel (~700	to	1000	nm)

visible	channel (~450	to	650	nm)



red channel (~700	to	1000	nm)

visible	channel (~450	to	650	nm)
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~	80	mas

Gaia	accuracy will
allow to	optimize
the	ring	coverage
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~	80	mas

Gaia	accuracy will
allow to	optimize
the	ring	coverage



Conclusions

Since July	2016,	we have	observed 4	occultations	with prediction
accuracies at	a	few	mas	levelà thank you Gaia!

In	the	near future,	we foresee to:

discover new	ring	systems

discover atmospheres around the	biggest TNO’s

study shape and	geology of	those bodies

an	ERC	project:
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The	Triton	occultation	of
October 5.6,	2017
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the	Triton	occultation	of	October 5,	2017	



Triton	Voyager	2
1989

Pluto	New	Horizons
2015

“Twin“	N2 atmospheres
(witha bit	of	CH4)

~12-14	µbar	at	surface
sublimation	of	N2 ice
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N2	 condensation
N2	 sublimation

very	tenuous atmosphere	(few	µbar)	à
in	vapor	pressure	equilibrium	with	surface

New	Horizons/LORRI	14	July	2015



650	years

Triton’s sub-solar latitude:
the	“extreme“	solstice	of	2000



le	solstice	"extrême"	Triton	de	2000
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the	August	21,	2002	Pluto	occultation:
a	reconstruction	of	what happened
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gravity waves!

gravity waves!

the	August	21,	2002	Pluto	occultation:
a	reconstruction	of	what happened
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occulted star + Triton
galaxy

reference star

N

E

1 arcmin

Neptune

Triton occultation - IAS Hakos
May 21, 2008

B. Sicardy, Merlin Raptorphotonics
K.L. Bath QHY6



La	Réunion,	Maïdo
Watec	120N,	T23cm

Namibia,	Hakos/IAS
QHY6,	T50cm

1	mn

Sicardy	et	al.	2008



La	Réunion,	Maïdo

Namibia,	Hakos/IAS

S

Sicardy	et	al.	2008



fig.	1	Hansen	&	Paige,	Icarus	99,	273	(1992)



100	µbar

10	µbar

1	µbar

fig.	3	Hansen	&	Paige
Icarus	99,	273	(1992)

50° N

50° S

0° N



highest	rays	(1%	drop)

deepest	rays	(Maïdo)reference	radius

14	µbar

N2 atmosphere	

Sicardy	et	al.	2008



pressure	correction

Sicardy	et	al.	2008



Sicardy	et	al.	2008



Sicardy	et	al.	2008



1-s

Gurola,	1995

Olkin	et	al.,	1997

Sicardy	et	al.,	1998

Elliot	et	al.,	2000

Sicardy	et	al.	2008



3-s !

Gurola,	1995

Olkin	et	al.,	1997

Sicardy	et	al.,	1998

Elliot	et	al.,	1998

Sicardy	et	al.	2008



back	to	Pluto…



~	doubling of	pressure
~	10%	decrease of	insolation
in	14	years

Yelle &	Elliot
1997

Elliot	 et	al.	2003
Sicardy	 et	al.	2003
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NH	epoch
(mid-2015)

~	factor	2.8 increase of	pressure
~	24%	decrease of	insolation
in	22	years

cf.	Meza	 et	al.
poster	224.02

Pr
es
su
re
	a
t	1

21
5	
km

	(µ
ba

r)

Year



July	19,	2016
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Bertrand	&	Forget	Nature 2016
see	also	Bertrand	&	Forget	213.07

lower	thermal
inertia	(500	SI)

higher	thermal
inertia	(1500	SI)
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NH	
2015

July	2016:	the	turning	point	
after decades	of	increase?

2007



central	flashes
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primary		image
greatly	enhanced

secondary	image Pluton



Bootes-3	(T60cm)
NZ	professional

Dunedin-3	(T35cm)
NZ	amateur

Pluto	29	June	2015	stellar	occultation
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central	flash	from
a	spherical and
transparent	
atmosphere!

Pluto	29	June	2015	stellar	occultation
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Bootes-3	(T60cm)
NZ	professional

Dunedin-3	(T35cm)
NZ	amateur

Sicardy	et	al.	ApJ Lett.	2016



the	Titan	central	flash	of	July	3,	1989

a	tribute	to	H.-J.	Bode
the	start of	a	long	collabotation



Sandfontein,	M10,	RG715

Gifberg,	C14,	RG715

Cederberg,	M12,	RG715

SAAO,	1-m,	I

UT	Time	(sec)

the	Titan	central	flash	of	
November 14,	2003

Sicardy	et	al.	JGR	2006





Sandfontein

Maïdo

Gifberg

Cederberg

SAAO

Nuwerus

Springbok





1989	occultation

2003	occultation 2002	occultation

2005	Cassini



2.2	µm

0.89	µm

same place,	strong chromatic effect!

Titan	stellar occultation	of	14	Nov.	2003
South	Africa Astron.	Observatory
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Titan	central	flash
Pic	du	Midi
July	3,	1989

Sicardy	et	al.
Nature 343,	350	(1990)

0.89	µm

0.75	µm

0.65	µm

0.45	µm



(JGR 2006)
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Take away list
• rare	event
• latest one	in	2008,	last	really useful 1997
• evolution of	pressure	?
• shape of	the	atmosphere/winds?
• properties of	aerosols,	if	any?
• similarities/differences Pluto?



50°

40°

30°

20°
10°

60°

elevation above
horizon

Caveats
• Low elevation
• Bright	Neptune	at	11	arcsec (I-band	may be better,	SNR	permitting)
• Full	Moon	at	33	deg.
• Accurate absolute timing	sometime difficult (~	0.1	sec	or	better)
• Weather may be unfavorable,	backup	plans	should be considered

updates	made	in	the	next
few	days,	stay tuned!

contacts:	bruno.sicardy@obspm.fr
http://lesia.obspm.fr/lucky-star/
(Josselin	Desmars post-doc)
Jose-Luis	Ortiz:	ortiz@iaa.es

Wolfgang	Beisker wbeisker@iota-es.de
http://www.iota-es.de/

Mike	Kretlow mike@kretlow.de
http://astro.kretlow.de/


