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The MACHO Project:

• Two CCD cameras with a 
dichroic beam-splitter

• Team of 22 from:
• Lawrence Livermore 

National Lab
• Center for Particle 

Astrophysics
• Mount Stromlo & Siding 

Spring Observatories

• With competition from 
EROS and OGLE

1.3 meter telescope
at Mt. Stromlo



The lightcurve for the first MACHO event:



First detection of parallax in a microlensing 
event:



Finite size of source stars limit magnification:



“Sources”may comprise multiple stars:

• Images do not typically 
resolve LMC stars (e.g. 
LMC-4)

• Apparent magnification 
can be reduced
• Number of microlensing 

targets is increased
• Model the survey using 

stellar luminosity functions 
from HST



The LMC-5 story as seen with HST and 
Spitzer:

• LMC-5 had a high magnification (~50).  
Peak was in February 1993.
• HST follow-up showed that the 

microlensing system was composed of a 
faint, red object displaced by 0.134” from 
the center of the source star.

• Further follow-up with HST confirmed 
the proper motion.





And now for something different:



Most of the volume of the solar 
system is unexplored:

• “Outer edge” is not well-defined, but reasonably 
>50,000 AU

• The Oort Cloud certainly extends to ~20,000 AU
• Most of this region is unexplored because objects 

are too faint for direct detection:
• Small in size
• Flux of reflected sunlight ~r-4





“Sedna region” specific goals for a survey 
of the outer solar system:

• Detect and characterize small bodies on orbits related 
to Sedna
• The processes that placed Sedna where it is should 

have placed also many smaller objects
• Compact “Oort Cloud” (Brasser et al)
• Clear predictions regarding the spatial distribution

• Size spectrum not understood



Oort Cloud specific goals for a survey of 
the outer solar system:

• Detect the inner cloud in objects similar in size to the 
nuclei of long period comets
• Should see the transition from flattened to ~spherical 

produced by Galactic tides

• Detect the outer cloud (>10,000 AU)
• Thought to be the source of the long period comets
• Very challenging to detect!
• May only be able to detect objects with D>10 km



Surveying the outer solar system (beyond 
Neptune) is challenging

• Objects fainter than magnitude 29.5 are effectively 
invisible

• Most of the projected area is in “small” objects
• Most of the volume of the solar system is 

inaccessible to direct surveys



Use occultations of background stars:



Occultation events exhibit striking diffraction fringes:



The finite angular size of the target star can 
also be important :



Rate estimates are straightforward, for a given model 
population:

• Rate ~ (Objects/sq. deg.)´(angular 
velocity)´(angular size)   per “star-hour”

• KBO rate ~ 3.6´10-11 (KBOs/sq. deg.) per “star-
hour”



TAOS I:



TAOS II:

Shiang-Yu Wang and Matt Lehner



Site: San Pedro Mártir, Baja California:

• Baja California, Mexico
• ~300 clear nights per year
• Good seeing (median 0.57”)
• Dark sky

– V: 21.5 mag/arcsec2

– R: 20.7 mag/arcsec2

• Light pollution ordinance in effect for Baja California



Three Telescopes

N



Telescopes
• Three telescopes from DFM Engineering
• F/4 1.3m modified Richey Chretien

• Single Schmidt corrector plate
• Same model as USNO, FLWO 1.3m telescopes
• F/4 version of OGLE telescope

• 1.7° FOV over 154 mm diameter
• rlim = 18.5 at 20 Hz

• SNR = 1.2, good enough for 20 – 30 km objects
• Enough for our target of ≈10,000 stars

• Telescopes installation completed 2017 
October



Cameras
• Custom CMOS imagers from e2v
• 1920×4608 16 µm pixels
• 3-edge buttable
• Focal plane composed of 2×5 array of imagers
• Back illuminated          100% photosensitive

• Onboard correlated double sampling (CDS)
• Read noise 2.7 e-

• Readout on multiple sub-frames (>1200 per 
imager)







TAOS II:



TAOS II: First light expected this year.


