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TNOs

● Orbits with semi-major 
axis: a ≥ aNeptune = 30.1 au

● Relics of the Solar 
System formation 
(planetesimal remnants)

Trans-Neptunian Objects = objects beyond 
Neptune’s orbit



  



  



  



  

Why TNOs?
● Spatial distribution helps 

understand the dynamical 
evolution of the Solar System

● Size distribution - understand 
the collisional erosion of 
planetesimals

● Direct searches well-suited to 
objects with D 30 km≳

– Smallest TNO detected so far 
D ~ 22 km (assuming p=0.04)

● Much of the mass may be in 
smaller objects



  

TAOS2

● The Transneptunian Automated 
Occultation survey
– Blind occultation survey to detect faint trans-

Neptunian objects (TNOs)
– International collaboration
– Main goal: measure the size distribution 

of TNOs with diameters between 0.2 to 
30 km



  

Occultations

● It is complicated to 
estimate the size of 
objects with direct 
imaging

● Usually an albedo 
needs to be 
assumed

● Albedos are usually 
unknown



  

Occultations

● Occultations allow us to 
indirectly study the size 
and shape of an object

● However, occultations 
look different when we 
consider kilometre-size 
TNOs
– Strong diffraction 

features in projected 
shadows

Image credit: IOTA



  

Today

● Foreground object:
– (3200) Phaethon

● Background object:
– star UCAC4 660-021020



  

Shadow of Phaethon as...
An asteroid (Δ=1.715 au) A TNO (Δ=43.7 au)



  

Diffraction features

● Depends on:
– size of occulting 

object (TNO, 
asteroid, etc)

– distance of object to 
observer, Δ

– projected size of 
occulted object 
(star)



  

TAOS2

● The Transneptunian Automated Occultation 
survey
– Blind occultation survey to detect faint trans-

Neptunian objects (TNOs)
– Main goal: measure the size distribution of TNOs 

with diameters between 0.2 to 30 km
– Secondary goals:

● Exoplanets
● Supernovas
● Variable stars



  

Why TAOS2?

● We know very little 
about small/faint TNOs

● Majority of TNOs 
discovered with direct 
imaging are larger 
than 30 km

● Direct searches are 
limited by the object’s 
brightness



  

To have in mind

● TNOs move slower than asteroids
– occultations by TNOs are less common than 

occultations by asteroids
● Occultation searches are limited by the 

Fresnel scale and angular diameter of the 
target stars

● The duration of occultations by TNOs is 
short
– About 0.2 s



  

To succeed
● We need lots of data

– Good site  many clear nights and good →
observing conditions

– Monitor the brightness of 5000 to 10000 
stars at the same time



Where is TAOS2 located?
México's National 
Astronomical 
Observatory

San Pedro Mártir, Baja 
California, México



  

To succeed
● We need lots of data

– Good site  many clear nights and good observing conditions→

– Monitor the brightness of 5000 to 10000 stars at the same time

● Fast imaging to resolve the events
– Observations with a cadence of 20 Hz
– CMOS imagers

● Minimize false positive rate
– tens to thousands of events per year ~1012 photometric measurements per year
– require coincident detection in multiple telescopes (3 telescopes)
– telescopes separated by more than 100 m (scintillation)
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● No actual observational 
data has been shown in 
this presentation.

● We hope to show real 
data soon.

● There’s a lot of work still 
to be done.

● We are excited to get to 
know more about TNOs 
and their sizes.
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TAOS2



		The Transneptunian Automated Occultation survey

		Blind occultation survey to detect faint trans-Neptunian objects (TNOs)



		International collaboration











At difference of today’s occultation, in this survey, we won’t know where in the sky the occultation by a transneptunian object will occur and therefore will be surveying the sky blindly in specific fields of the sky. I’ll explain more about this later.
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TNOs



		Orbits with semi-major axis: a ≥ aNeptune = 30.1 au



		Relics of the Solar System formation (planetesimal remnants)









Trans-Neptunian Objects = objects beyond Neptune’s orbit







Some of you might know what TNOs are, but for those of you that don’t know them. I would like to introduce you to TNOs, which is short for trans-neptunian objects

Orbits are ellipses, therefore an orbit is characterized by its semi-major axis (a), which is the longest half axis of an ellipse





TNOs are any object with orbit larger than the blue circle 





Here are some examples of TNO orbits. In the plot we can see the orbits of some TNOs you might have heard before, like Pluto, Eris, Haumea and Arrokoth.

As you can see, TNO are farther away from the Sun than any planet in the Solar System, therefore it is more difficult to detect them than asteroids

Lower brightness due to larger distance from Earth





For comparison, I’m showing here the inner solar system and the orbit of Phaethon





Why TNOs?



		Spatial distribution helps understand the dynamical evolution of the Solar System



		Size distribution - understand the collisional erosion of planetesimals



		Direct searches well-suited to objects with D≳30 km

		Smallest TNO detected so far D ~ 22 km (assuming p=0.04)







		Much of the mass may be in smaller objects













The study of TNOs is important because it helps us understand how the solar system evolved.



The plot on the right is a plot of the orbital distribution of all known small objects in the solar system. The colors represent how many objects live at different orbits (semi-major axis) and how elliptical they are (eccentricity). Areas with blue colors have more objects. The vertical dashed lines are indication of where the planets are. 

We can observe that we know more asteroids (objects between the purple and brown lines) than TNOs (objects on the right of the light green line)



TAOS2



		The Transneptunian Automated Occultation survey

		Blind occultation survey to detect faint trans-Neptunian objects (TNOs)



		International collaboration



		Main goal: measure the size distribution of TNOs with diameters between 0.2 to 30 km











Because most of the known TNOs are on the larger side, a different observation technique is needed to detect objects smaller than 30 km.

The observation technique that TAOS2 uses is stellar occultation by TNOs



Occultations





		It is complicated to estimate the size of objects with direct imaging



		Usually an albedo needs to be assumed



		Albedos are usually unknown







Don’t forget to mention the figure!

Albedo: fraction of sunlight reflected by a body. It has a range of values from 0 to 1, when we have an albedo of 0, then the object does not reflect any light. On the other hand, if the albedo is 1, all the incident light is reflected.

Albedo ~ 0.04



Occultations



		Occultations allow us to indirectly study the size and shape of an object



		However, occultations look different when we consider kilometre-size TNOs

		Strong diffraction features in projected shadows













Image credit: IOTA



Just as a quick reminder, an occultation is an event where a foreground object blocks or occults a background object

In the solar system, we can appreciate occultations by asteroids, planets, moons or even rings 



Today



		Foreground object:

		(3200) Phaethon







		Background object:

		star UCAC4 660-021020













Let’s work on an example with simulations.



Shadow of Phaethon as...



An asteroid (Δ=1.715 au)	



A TNO (Δ=43.7 au)







If we could see the complete projected shadow of Phaethon during the occultation, then we would observe something close to the figure on the left.

However, if Phaethon was a TNO of the same size, the projected shadow would be different and have strong diffraction features.

The occultation event would be shorter for a TNO than an asteroid of the same size, because the relative velocity between the object and the Earth is dominated by Earth’s movement

The orange circle represents the contour of a Phaethon with circular cross section.

NOTE: Δ is the distance 



Diffraction features



		Depends on:

		size of occulting object (TNO, asteroid, etc)



		distance of object to observer, Δ



		projected size of occulted object (star)













The figure shows different occultation radial profiles for three TNO sizes and two distances. 

You can observe that the shape of the radial profiles can change drastically with the size of the TNO, and a bit less with the distance it is at.

With these diffraction features we might be able not only to estimate the size of the new detected TNOs but also have an idea of their distance to Earth.

In other words, we have more sensitivity to size than distances.



TAOS2



		The Transneptunian Automated Occultation survey

		Blind occultation survey to detect faint trans-Neptunian objects (TNOs)



		Main goal: measure the size distribution of TNOs with diameters between 0.2 to 30 km



		Secondary goals:

		Exoplanets



		Supernovas



		Variable stars















With the data that we’ll obtain can be used to do some other science, like those in the secondary goals



Why TAOS2?



		We know very little about small/faint TNOs



		Majority of TNOs discovered with direct imaging are larger than 30 km



		Direct searches are limited by the object’s brightness









This plot shows all the TNOs known to date. 

TAOS2’s goal is to populate all the empty space between the known TNOs to the black line, which is the sensibility of our survey

Objects that fall close to the green dashed line will present strong diffraction features



To have in mind



		TNOs move slower than asteroids

		occultations by TNOs are less common than occultations by asteroids







		Occultation searches are limited by the Fresnel scale and angular diameter of the target stars



		The duration of occultations by TNOs is short

		About 0.2 s











Because the occultation event can be so short, we need to be able to measure the stellar brightness several times per second.



To succeed



		We need lots of data

		Good site → many clear nights and good observing conditions



		Monitor the brightness of 5000 to 10000 stars at the same time













Where is TAOS2 located?





México's National Astronomical Observatory



San Pedro Mártir, Baja California, México





300 clear nights per year

Good image quality (seeing ~ 0.57")

Dark sky because it is far from light pollution

Figure shows the location of the observatory and the location of the nearest cities.



To succeed



		We need lots of data

		Good site → many clear nights and good observing conditions



		Monitor the brightness of 5000 to 10000 stars at the same time







		Fast imaging to resolve the events

		Observations with a cadence of 20 Hz



		CMOS imagers







		Minimize false positive rate

		tens to thousands of events per year ~1012 photometric measurements per year



		require coincident detection in multiple telescopes (3 telescopes)



		telescopes separated by more than 100 m (scintillation)















Layout









3 telescopes with f/4 1.3m

Field of view of 1.7 degrees over 154 mm diameter









Each telescope will cover a different arc of the occultation, therefore the data points of each telescope will be slightly different for the same event, like shown in the figures where each color correspond to a site in the previous slide. The separation between data points is 0.05 s.

Another thing to consider is that the arcs might not cross the center of the occultation shadow, 

NOTE: simulated data







		No actual observational data has been shown in this presentation.



		We hope to show real data soon.



		There’s a lot of work still to be done.



		We are excited to get to know more about TNOs and their sizes.







Each observation set will last 2 hours. A data set in this 2 hr range would look like the figure on the left (when noise is considered). In this example you can see that there is something at the centre of the set of data points, which is where the occultation event occurs.

NOTE: simulated data
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