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Stellar Occultations 

•  Excellent technique for studying TNOs 
•  Accurate TNO position relative to the star 
•  Radius and/or apparent elliptical figure 
•  Atmospheres (T, P, composition) 
•  Albedos using the optical constraint. 

•  Difficult to predict (small angular diameters, uncertainties in 
TNO orbits, less uncertainties in stellar position after GAIA) 

•  Event lasting few second, fast CCD cameras needed   
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Stellar Occultations 
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Successful occultation by TNOs  

TNO  Date Location 
2002TX300  9 Oct, 2009 Hawaii, multi 
Varuna 19 Feb, 2010 Brazil, single 
Eris 6 Nov, 2010 Chile, multi 
2003AZ84 8 Jan, 2011 Chile, single 
Quaoar 11 Feb, 2011 USA, single 
Makemake 23 Apr, 2011 Chile, Brazil 
Quaoar 4 May, 2011 Chile, Brazil 
2003AZ84 3 Feb, 2012 Israel, India 
Quaoar 17 Feb, 2012 France, Switzerland 
2002KX14 26 Apr, 2012 Spain, single 
Quaoar 15 Oct, 2012 Chile, single 
Varuna 8 Jan, 2013 Japan, multi 
Sedna 13 Jan, 2013 Australia, single 
Quaoar 8 Jul, 2013 Venezuela,single 
2003VS2 12 Dec, 2013   Reunion Island, single 
Varuna 11 Feb, 2014 Chile, multi 
2003VS2 4 Mar, 2014 Israel, single 
Orcus’ satellite  1 Mar, 2014 Japan, single 
Ixion 24 Jun, 2014 Australia, single 
2003VS2 7 Nov, 2014   Argentina, Uruguay 
2007UK126 15 Nov, 2014 USA, multi 
2003AZ84 15 Nov, 2014 Japan,China,Thailand 



Some examples 

•  Eris 
•  Makemake 
•  Quaoar 
•  Haumea 
•  Chariklo 



The three teams (Granada, Paris, Rio) arranged observations with 
many different telescopes around the globe 

            26 telescopes were involved !!! 
  Only 3 were successful, relatively faint star: 17.2 mag in V 



“Our own” 
telescope in 

Chile 

Sicardy, Ortiz et al. (2011). 
Nature 478, 493 

The star was relatively 
faint: 17.2 mag in V band 



Occultation by Makemake: Observing sites 
 



Occultation by Makemake: Data 
 

Ortiz, Sicardy, Braga-Ribas, 
Duffard, Santos-Sanz, et al. 
(2012) 
Nature, 491,566   

16 telescopes involved, 7 
were successful from 5 
sites 



Thanks	for	your	a.en0on	

	
	

Occultation by Quaoar May 4th, 2011: 
 

Braga-Ribas, Sicardy, Ortiz, Sicady et al. (2013). 
Astrophysical Journal   



Thanks	for	your	a.en0on	

	
	

Occultation by Quaoar May 4th, 2011 
 

Braga-Ribas, Sicardy, Ortiz, Duffard, Santos-Sanz,  et al. (2013). Astrophysical 
Journal 773, 26   



HAUMEA AND RINGS 
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this resonance, and if the latter, for what  reason. However, answering 
these questions remains out of reach of the present work.

Another important property of Haumea is its geometric albedo (pV), 
which can be determined using its projected area, as derived from the 
occultation, and its absolute magnitude15. We find a geometric albedo 
pV =  0.51 ±  0.02, which is considerably smaller than the values of  
0.7–0.75 and . − .

+ .0 804 0 095
0 062 derived from the latest combination of Herschel 

and Spitzer thermal measurements8,16. The geometric albedo should be 
even smaller if the contributions of the satellites and the ring to the 
absolute magnitude are larger than the 13.5% used here (see Methods).

Because Haumea is thought to have a triaxial ellipsoid shape1,17,18 
with semi-axes a >  b >  c, the occultation alone cannot provide its 
three-dimensional shape unless we use additional information from 
the rotational light curve. From measurements performed in the days 
before and after the occultation, and given that we know Haumea’s 
 rotation period with high precision16, we determined the rotational 
phase at the occultation time. It turns out that Haumea was at its abso-
lute brightness minimum, which means that the projected area of the 
body was at its minimum during the occultation.

The magnitude change from minimum to maximum absolute bright-
ness determined from the Hubble Space Telescope is 0.32 mag (using 
images that separated Haumea and Hi’iaka7). Using equation (5) in 
ref. 19 together with the aspect angle in 2009 (when the observations 
were taken7) and the occultation ellipse parameters, we derive the 
following values for the semi-axes of the ellipsoid: a =  1,161 ±  30 km, 
b =  852 ±  4 km and c =  513 ±  16 km (see Methods). The resulting 
 density of Haumea, using its known mass20, is 1,885 ±  80 kg m−3, and 
its volume-equivalent diameter is 1,595 ±  11 km. This diameter is deter-
mined under the assumption that the ring does not contribute to the 
total brightness. For an upper limit of 5% contribution (see Methods), 
the real amplitude of the rotational light curve increases, and hence 
the a semi-axis increases too. The volume-equivalent diameter in this 
case is 1,632 km and the density is 1,757 kg m−3. These two densities 
are considerably smaller than the lower limit of 2,600 kg m−3 based on 

the figures of hydrostatic equilibrium, or on mass and previous volume 
determinations1. A value in the range 1,885–1,757 kg m−3 is far more 
in line with the density of other large TNOs and in agreement with the 
trend of increasing density versus size (see, for example, supplementary  
information in ref. 5, and refs 21 and 22). We also note that the axial 
ratios derived from the occultation are not consistent with those 
expected from the hydrostatic equilibrium figures of a  homogeneous 
body23 for the known rotation rate and the derived density. It has 
 previously been hypothesized24 that the density of Haumea could 
be much smaller than the minimum value of 2,600 kg m−3 reported 
 previously, if granular physics is used to model the shape of the body 
instead of the simplifying assumption of fluid behaviour. From figure 
4 of ref. 25, we determine an approximate angle of friction of between 
10° and 15° for Haumea given the c/a ratio of about 0.4 that we deter-
mined here. For reference, the maximum angle of friction of solid rocks 
on Earth is 45° and that of a fluid is 0°. Also, differentiation and other 
effects may have an important role in determining the final shape26.

Chariklo, a body of around 250 km in diameter with a Centaur orbit 
(between the orbits of Jupiter and Neptune), was the first Solar System 
object other than the giant planets found to have a ring system7. Shortly 
after that discovery, similar occultation features that resembled those 
from Chariklo’s rings were found on Chiron8,9, another Centaur. These 
discoveries directed our attention to Centaurs and phenomenology 
related to them to explain our unexpected findings. The discovery of 
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Figure 1 | Light curves of the occultation. Light curves in the form of 
normalized flux versus time (at mid-exposure) were obtained from the 
different observatories that recorded the occultation (Table 1). The black 
points and lines represent the light curves extracted from the observations. 
The blue lines show the best square-well-model fits to the main body and 
the ring at Konkoly, with square-well models derived from the assumed ring 
width and opacity (W =  70 km and p′  =  0.5) at other sites. The red points and 
lines correspond to the optimal synthetic profile deduced from the square-
well model fitted at each data point (see Methods). The rectangular profile in 
green corresponds to the ring egress event at Skalnate Pleso, which fell in a 
readout time of the camera (see Fig. 3). The light curves have been shifted in 
steps of 1 vertically for better viewing. ‘Munich’ corresponds to the Bavarian 
Public Observatory. Error bars are 1σ.
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Figure 2 | Haumea’s projected shape. The blue lines are the occultation 
chords of the main body projected onto the sky plane, as seen from nine 
observing sites (Table 1). The red segments are the uncertainties (1σ level) 
on the extremites of each chord, as derived from the timing uncertainties 
in Table 1. We show the chord from Crni Vrh in dashed line because it is 
considerably uncertain. For the observatories for which two telescopes 
were used we show only the best chord. Celestial north (‘N’) and east (‘E’) 
are indicated in the upper right corner, together with the scale. The blue 
arrow shows the motion of the star relative to the body. Haumea’s limb 
(assumed to be elliptical) has been fitted to the chords, accounting for the 
uncertainties on the extremity of each chord (red segments). The limb has 
semi-major axis a′  =  852 ±  2 km and semi-minor axis b′  =  569 ±  13 km,  
the latter having a position angle Plimb =  − 76.3° ±  1.2° counted positively 
from the celestial north to the celestial east. Haumea’s equator has been 
drawn assuming that it is coplanar with the ring, with planetocentric 
elevation Bring =  13.7° ±  0.5°; see Fig. 3. The pink ellipse indicates the  
1σ-level uncertainty domain for the ring centre, and the blue ellipse inside 
it is the corresponding domain for Haumea’s centre. To within error bars, 
the ring and Haumea’s centres (separated by 33 km in the sky plane) cannot 
be distinguished, indicating that our data are consistent with a circular 
ring concentric with the dwarf planet. The points labelled ‘a’, ‘b’ and ‘c’ 
indicate the intersections of the a, b and c semi-axes of the modelled 
ellipsoid with Haumea’s surface.
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a ring around Haumea—a much more distant body, in a completely 
different dynamical class, much larger than Chariklo and Chiron, 
with satellites and with a very elongated triaxial shape—has numerous 
implications, such as rings being possibly common also in the trans- 
Neptunian region from which Centaurs are delivered, and opens the 
door to new avenues of research.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Haumea’s ring geometry. The figure shows a fit to the ring 
events (red segments), with the other features the same as in Fig. 2. Those 
segments show the 1σ uncertainty intervals for the midtimes of the 
secondary events at Mount Agliale (Ag), Lajatico (L), San Marcello 
Pistoiese (SMP), Asiago (As), Wendelstein (W), Ondrejov (O), Konkoly 
(K) and Skalnate Pleso (S). No ring event could be detected from the 
Bavarian Public Observatory (in Munich) because of the low signal-to-
noise ratio. The ring egresses at Wendelstein, Asiago, San Marcello 
Pistoiese and Lajatico are not observed because they are blocked by the 
main body. At Skalnate Pleso, the ring egress is not detected (despite the 
high signal-to-noise ratio of the data) either because the ring is not 
homogeneous or because its egress is lost in the readout time (marked here 
in green). The latter is the most likely explanation because the readout 
times of 5.5 s were long compared to the integration time of 10 s. Also, the 
green segment is very close to the positive Konkoly detection, making the 
hypothesis of an inhomogeneous ring unlikely. The two ellipses around 
Haumea delineate a 70-km-wide ring with an apparent opacity of 0.5 (grey 
area) and semi-major axis of = −

+a 2, 287 kmring 45
75  that best simultaneously 

fits the secondary events of Fig. 1. The ring fit provides an opening angle 
Bring =  13.8° ±  0.5° and a position angle for the apparent minor axis of the 
ring of Pring =  − 74.3° ±  1.3°. This is aligned, to within error bars, with 
Haumea’s apparent minor axis Plimb =  − 76.3° ±  1.2° (Fig. 2). Moreover, the 
orbital pole position of Hi’iaka14 implies a sub-observer elevation of 
BHi’iaka =  − 15.7° above the orbit of Hi’iaka on 2017 January 21 and a 
superior conjunction occurring at a position angle of PHi’iaka =  − 73.6°. The 
fact that | Bring|  ≈  | BHi’iaka|  and Pring ≈  Plimb ≈  PHi’iaka strongly suggests that 
the ring and Hi’iaka both orbit in Haumea’s equatorial plane.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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 Herschel Space Telescope (TNO’s are Coll!  Key project)  
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Predictions 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Well placed shadow in the map 
 

                   
 
 
 
 
           
 
           Instrumentation 
   

Good luck in the observations 
 
 
 
 
 
 
 
 
 
 
 

Successful occultations 

Observations: looking for collaborations 
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Improvements with GAIA 



Last minute prediction of the occultation 
 
 

Using observations from the Sierra Nevada Observatory 1.5m telescope on  
January 19th, 2018, just a week before the occultation. ANALYZED WITH GAIA DR1 

2002 TC302 
January 2018 



The reality. The final observed path 
 
 

In Right Ascension the final prediction was off by only around 15 mas with respect to the 
last minute update, but in declination the offset was around 35 mas.  
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Integration time 

Dead time 

- Each CCD has its own dead time 
- EMCCD = zero deadtime 

 
- Integration times depends on the relation 
StarMagnitude/Telescope/instrument 

CCD shutter delay (0.2 – 0.3 seg)  

Time 



Some lessons learnt on strategies 

Binary TNOs, difficulty in getting the astrometry: 
photocenter is not in the center of the body. 
 
Binary stars: we do not know most of the time whether 
the star to be occulted is binary so the photocenter does 
not fall in te center of the star. 
 
Proper motions of the stars: important for the initial 
predictions, but the problem is solved with astrometric 
updates. 
 
 



   Summary 
 

In the last 3 years we have been successful in 18 TNOs 
occultations, 12 within our international collaboration. We 
can now predict and observe occultations of very faint stars. 
 
Currently, a key issue is the high accuracy updates to refine 
predictions.  We have developed the tools and the methods. 
But this requires a lot of observing time. 

Sizes, shapes, diameters, albedos and densities have been 
determined for 10 TNOs and very accurate values were derived for 7 
of them.  



Future 

-We expect to be able to extend the success to the 100 largest TNOs.  
 
 
- Moving to smaller TNOs is difficult (orbits, access to 
telescopes to make prediction, etc), but we can do it. 
 

-We expect to be able to observe around 3-5 new occultations per 
year, for the 10 to 15 largest TNOs using our current techniques. 

-To observe future occultations, amateur and small observatories will 
play an important role. 



WE WANT , WE NEED….........   YOUR COLLABORATION 

�  Small telescopes 
� Normal CCD or EMCCD (better) 
� No filter 
� Time stamp 
�  FOV of several arcmin 
� Good S/N in the occulted star flux 



June 2013 / stellar occultation 

Nothing !!?? 



Pole solution: λ = 138o β=28o 

4 more occultations by  
Chariklo during 2014.  
Few more ring occultations 



Chariklo 
200 km diameter 
 
Rings 400 Km (4 km width) 
 
At 15 AU !!!! 



Saturn with a small telescope 

Chariklo with rings 



occultaMons!

Don't you think it is a powerful technique?? 

Contact: duffard@iaa.es 


