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Peculiar orbits in the Kuiper belt

● Sedna (Brown et al. 2004) and 
VP113 (Trujillo and Sheppard 2014) 
have odd elongated orbits, 
detached from Neptune. Many 
more objects discovered since 
then.

● Objects with semi-major axes 
beyond 250 AU display physical 
clustering of orbital parameters.

● Batygin and Brown 2016 propose 
the existence of Planet Nine to 
explain this clustering.Credit: Michael Brown

Batygin et al. 2019



Subaru survey for Planet Nine

Please ask me for notes if you want to setup gen3 from 
scratch on a MPI based cluster!

● HSC data reduction 
performed with the 
Rubin LSST science 
pipelines (w_2022_14) 
at:

○ IUCAA (condor/condor on 
top of mpi)

○ Kavli IPMU (mpi)
○ FZU (condor)

● A total of 3959 
exposures (400k CCD 
images) from 12.5 usable 
nights

● 8 TB of raw data

SM et al. (in prep)

Batygin et al. 2019



Calibrated image
● Search for moving 

objects in HSC images of 
the same field on 
different nights

● Create template image 
by coadding images on 
the rest of the nights

● Subtract the calibrated 
image from the template.

● Search for diaSrcObjects 
that move

Rubin LSST Science Pipelines (gen3)SM et al. (in prep)
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● On average about 65 
diaSrcObjects per CCD 
chip.

● Pixel flags can be used to 
reduce these further by a 
factor of about 2.

● Characterize the 
performance of search by 
injecting synthetic Planet 
Nines

Rubin LSST Science PipelinesSM et al. (in prep)

● Only star-like injections are now supported by the 
processCcdWithFakes task (see insertFakes.insertOnlyStars 
config option).

● Can insert objects on specific visits with certain magnitudes 
(see doMatchVisit config option)



Planet Nine injections to characterize pipeline

● About 95 percent of injected Planet 
Nines detected down to the 
magnitude limit on each night. 

● Blending with nearby artefacts causes 
a loss of about 5%. Adding a 
deblending step recovers almost all 
injections (with minimal changes to 
the normal deblender config).

● A clear dependence of magnitude 
limit on the average seeing size was 
seen.
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SM et al. (in prep)



Astrometry

● Astrometry on the difference 
images better to about 0.4 pixels 
at the bright end (about 19.0-19.5), 
while about 1 pixel at the faint end 
(24.0-24.5)

● Fairly symmetrical distribution in 
each directions but square-ish 
residuals in the x-y plane.



Photometry
● Photometry errors are 

underestimated at the bright end 
by a factor of about 2.

● Likely because the Poisson error 
from the synthetic injections is not 
added to the variance plane

● The errors look better at the 
fainter end, as the image variance 
dominates over the Poisson term 
of the injection.



Backup slides:



Planet Nine detection pipeline

Catalog of difference imaging sources

SM et al. (in prep)



Planet Nine detection pipeline

Catalog of difference imaging sources

Link potential candidates for Planet nine like orbits

SM et al. (in prep)



Planet Nine detection pipeline

Catalog of difference imaging sources

Link potential candidates for Planet nine like orbits

Artificial 
injections

Finalize with visual inspection

SM et al. (in prep)



Constraints on the parameter space

● Planet Nine search carried out using data from ZTF, 

Pan-starrs, Dark energy survey, and Subaru HSC

● The joint constraints together rule out about 84 

percent of the parameter space.

● A lot of the remaining area is in the galactic plane

● We have been allocated 3 nights in January on Subaru 

to wrap up the galactic plane on the northern side.

SM et al. (in prep)

ZTF search: Brown and Batygin 2021, DES search: Belyakov et al. 2022, Pan-Starrs search: Brown et al (in prep), Subaru search: SM et al. (in prep)
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Calibrated image

Template from other nights

Difference image

● Searching for a planet is 
like searching for a 
needle in a haystack.

● Compare the calibrated 
image with the template 
image

● Image differencing helps 
to get rid of the static 
objects.
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Constraints on the parameter space

● Planet Nine search carried out using data from ZTF, 

Pan-starrs, Dark energy survey, and Subaru HSC

● The joint constraints together rule out about 84 

percent of the parameter space.

● A lot of the remaining area is in the galactic plane

● We have been allocated 3 nights in January on Subaru 

to wrap up the galactic plane on the northern side.



Thank you!



StellariumStellarium

Patterns of stars in the sky (constellations)



Planetes asteres: Wandering stars (planets)

Stellarium

Planetary Images: NASA



The invention of the telescope

● Lippershey, a Dutch engineer 
filed the first patent for the 
telescope in 1608

● It was first invented for 
terrestrial use, but proved far 
more consequential to our 
understanding of the cosmos.

● Galileo discovered the moons 
of Jupiter and shattered the 
foundations of geocentric 
theories of the Universe.

Technological advances drive discoveries!
Adriaen Pietersz van de Venne

Bella, Stefano della



Discovery of Uranus

● Serendipitously found by William Herschel 
through a telescope on March 13, 1781

● First believed to be a comet but quickly 
realized that it was a new planet because of 
its circular orbit!

Credit: Smithsonian

NASA



The peculiar orbit of Uranus
● Alexis Bouvard of the Bureau des 

Longitudes was tasked by Laplace 
to tabulate the positions of Jupiter 
Saturn and Uranus.

● This led him to comb the old images 
of the sky to figure out the positions 
of Uranus and find its orbit using 
Newton’s gravitational laws.

● He quickly noticed some oddities in 
its orbit.

http://www.sil.si.edu/digitalcollections/hst/scientific-i
dentity/fullsize/SIL14-B6-04a.jpg



Discovery of Neptune

● The genius of Le Verrier was to use these anomalies to predict the position of a planet which 
could perturb Uranus from its orbit.

● Found by Johann Galle and Heinrich d’Arrest within hours of observation on Sep 24, 1846

NASA



Percival Lowell and search for Planet X

● Orbital anomalies in 
Uranus could not be 
entirely explained by the 
presence of Neptune.

● Percival Lowell built the 
Flagstaff observatory in 
Arizona to search for 
Planet X

● Unfortunately he died 
before its discovery.P
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Pluto in context

Pluto is this tiny speck!
And it is not even the most massive among the 
Kuiper belt objects.

Eris

https://astroedu.iau.org/en/activities/1512/solar-system-model-city-map/



Pluto and the Kuiper belt

Credit: Michael Brown, Mark Subbarao, Patrick McPike



Raw image Bias image

Image with zero exposure time

Flat field

Image with uniform illumination



Calibrated imageRaw image



Peculiar orbits in the Kuiper belt

● Sedna, discovered by Mike Brown 
(Caltech) in 2004, and VP112 
(Biden) discovered in 2012 had 
odd elongated orbits.

● As more such objects were 
discovered a pattern emerged.

● Objects with semi-major axes 
beyond 230 AU have peculiarly 
odd orbits.

● All tilted in one direction compared 
to the Sun as if someone is pulling 
them to one side.

Credit: Michael Brown



Credit: Konstantin Batygin and Michael Brown



https://amazingsky.net/tag/dog-star/



Data gathered thus far
● Right ascension and 

declination can be 
thought of as longitudes 
and latitudes on sky to 
determine position

● Magnitude tells how 
bright an object is 
(smaller the magnitude 
brighter the object)

● The observed pointing 
are shown in color.



https://amazingsky.net/tag/dog-star/



The search goes on!



Needle in a haystack!

● Lots of images with terabytes of data. Needs supercomputers to process the 
images.

● Clever algorithms like difference imaging help in finding moving objects.



Data processing pipeline

Subtract bias, perform flat 
fielding and sky subtraction

Raw images from 
the telescope

Find astrometric and photometric 
calibration

Joint calibration of all ccds 
within a visit

Coadd visits from all nights other 
than night of interest

Difference imaging using the exposures from one 
night and coadded images of others

Calibrated 
exposures

Template images

Difference images 
and catalogs





Hyper Suprime-Cam detector

● Focal plane has 116 CCDs, 104 
used for science, 8 are used 
for focussing, 4 for auto 
guidance.

● More than 2 GB of data every 
90 seconds, > 2500 
exposures in total.

● Worry about chip gaps and 
failed chips.





Credit: Michael Brown/Konstantin Batygin




