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ABSTRACT

The Epsilon Eridani system is a star system ∼ 10 ly away predicted to be similar to our solar system, making
it a particularly interesting target for exoplanet detection. A Jupiter-like exoplanet has been predicted at 1.88
arcsec using radial velocity techniques,1 and an outer debris disk has been imaged at 35 - 90 AU with Spitzer
and CSO observations.2 We present a preliminary survey of the inner system using the MagAO instrument with
the Magellan Clay telescope in Chile. We apply and evaluate the Karhunen-Loeve Image Projection technique,
which estimates the point spread function (PSF) of the central star for high-contrast imaging using Principal
Component Analysis (PCA). We perform this analysis by adapting the pyKLIP package, which was developed
for analyzing data from the Gemini Planet Imager instrument, to be used with data from the MagAO/VisAO
instrument.

Keywords: MagAO, Epsilon Eridani, KLIP

1. INTRODUCTION

Post-processing and adaptive optics techniques have potential to improve high contrast imaging in astronomy. We
present a preliminary survey of the inner system around the star Epsilon Eridani using Karhunen-Loeve Image
Processing (KLIP) applied to data from the Magellan Adaptive Optics VisAO (MagAO/VisAO) instrument with
the Magellan Clay telescope in Chile.

The KLIP algorithm is an image processing technique that uses Principal Component Analysis (PCA) to esti-
mate the Point Spread Function (PSF) of the central star for high-contrast imaging. We apply this algorithm to
data collected with the MagAO/VisAO adaptive optics instrument to demonstrate its utility for post-processing
data taken with adaptive optics instruments. We adapt the pyKLIP package∗ developed for the Gemini Planet
Imager instrument3 to work with MagAO data, including adding World Coordinate Systems (WCS) calculations
and contrast curve calibration with throughput correction. We present an analysis of the contrast achieved with
pyKLIP reduction for various different numbers of Karhunen-Loeve (KL) modes and different Wavefront Error
(WFE) cutoffs in order to quantify the performance gain from to post-processing the data. We also seek to lower
barriers to performing state-of-the art speckle subtraction on MagAO datasets by contributing to a publicly
available codebase.

This analysis uses data from the Magellan Adaptive Optics (MagAO) instrument with the Magellan Clay
telescope in Chile. Data was taken with the VisAO science camera with a z’ filter. 9,661 frames were taken in total
from August 30th to 31st, 2017 under non-photometric and windy conditions. This data was taken to survey the
inner Epsilon Eridani system with the goal of imaging its dust belt. However, suboptimal observing conditions
limited the exposure time and range of angles collected, which affect the results. We use the pyKLIP software
package3 to implement the KLIP algorithm for post-processing of MagAO data, with the goal of acquiring more
data in the future and expanding upon this work. Imaging and understanding dust belts around extrasolar
systems is important to understanding solar system structure and evolution and how dust belts affect exoplanet
direct imaging.

Further author information:
E-mail: remorgan@mit.edu

∗pyKLIP package from Wang et al. < bitbucket.org/pyKLIP/pyklip >
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2. BACKGROUND

The Magellan Adaptive Optics (MagAO) instrument is an adaptive optics instrument at the Magellan Clay
telescope at the Los Campanas Observatory in Chile. The instrument is a 585-degree-of-freedom AO system
with a pyramid wavefront sensor and an adaptive secondary mirror.4 MagAO can be used with two different
science cameras simultaneously, VisAO for observing visible wavelengths (with filters from r’ to Ys) and Clio
for observing IR wavelengths (with filters from J to M’ ).5 The VisAO instrument offers significant advantages
because of the improved detector performance, darker skies, and improved resolution.6

Post processing of image data increases sensitivity to faint objects by removing systematic errors. The
Karhunen-Loeve Image Projection (KLIP) algorithm is a post-processing technique that uses Principle Compo-
nent Analysis (PCA) to subtract an empirical model Point Spread Function (PSF) from high contrast images in
order to image exoplanets or debris disks. The algorithm takes a set of reference search areas from the images
and computes their Karhunen-Loeve transform in order to estimate the target PSF and produce a final image
with the target PSF subtracted using a specified number of KL modes.7

The KLIP algorithm has been implemented for coronagraphic images from the Gemini Planet Imager (GPI)
through a software package called pyKLIP. PyKLIP supports ADI, SDI, and ADI+SDI data from the GPI
instrument at the Gemini South telescope in Chile.3 One of the goals of this work is to adapt the pyKLIP package
to run on data from the MagAO instruments. The pyKLIP package has been used with MagAO instruments in
the past by Follette et al. in order to analyze spectral-differential Hα images.8 This paper expands on this work
to include World Coordinate System (WCS) calculations for planet injection and contrast curve calibration.

The KLIP algorithm is used to study the Epsilon Eridani star system with the MagAO/VisAO data. The
Epsilon Eridani system has been studied extensively in the past because of its proximity to Earth and its sun-like
properties. Epsilon Eridani has been observed from the ground with the Subaru telescope by Mizuki et al. 2016,
achieving contrast of 14.7 mag at 1” separation.9 The data taken with the VisAO instrument are in z’, which is
shorter in wavelength than the Subaru observations.

The Epsilon Eridani system has a Jupiter-like exoplanet detected through radial velocity observations101 and
an outer Kuiper-belt analog disk has been imaged. An infrared-excess in the Spectral Energy Distribution (SED)
has been observed, which Backman et al. have postulated is due to a 4-component ring system with narrow,
warm belts close to the star and halo-like ice rings further from the star.2

3. APPROACH

This analysis is based on data collected from the Magellan Clay telescope in Chile from August 30th to 31st,
2017. On August 30th, 1,831 frames were taken with an exposure time of 0.283 seconds and non-photometric,
low wind conditions with seeing ranging from 0.5” - 0.9”. On August 31st, 7,830 total frames were taken with
an exposure time of 0.283 seconds and seeing ranging from 0.7” - 1.1”. The signal varied widely due to non
photometric conditions and multiple magnitudes of extinction due to clouds. Data was taken with a z’ filter on
the VisAO instrument. Due to the suboptimal observing conditions, the data collected have a limited exposure
time and range of angles on the sky, which affect the results of the Angular Differential Imaging (ADI) analysis.
A summary of the data collected is shown in Table 1.

The data collected is reduced by first generating and subtracting darks, centering the star in each frame, and
using the gain to convert frames to electron units. Then, the flux from a ghost reflection satellite spot is used to
calibrate the photometry of each frame. The ghost reflection satellite spot flux is calculated by smoothing with
a Gaussian and is used to calculate the star flux in each frame based on a calculated ratio of satellite flux to star
flux measured from unsaturated frames as reported in Males 2016.11 The data is then sorted into groups based
on cutoff wavefront errors (WFE) of 115 nm RMS, 120 nm RMS, and 130 nm RMS and processed with the KLIP
algorithm. Note the RMS WFE is reported with the MagAO/VisAO instrument and is used as a comparative
quality metric because it is not calibrated absolutely.

KLIP is implemented by adapting the pyKLIP package to work with ADI data from MagAO/VisAO. This
involved updating the WCS calculation and contrast curve calibration with throughput correction. KLIP was
run with 1, 10, 20, and 35 KL modes for each group of data. The pyKLIP package includes options to partition
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Subtract
Darks

Reject by WFE
Used RMS Wavefront
Error (WFE) reported
by MagAO instrument
to reject frames and

sort by max WFE cutoff

--s

Satellite spot
calibration

Measured satellite spot
brightness by

smoothing with
Gaussian

--s

Bin data
Took median of every 10

frames to reduce
runtime /memory

required

ti

Create MagAO Dataset
pyklip. instruments. MagAO. MagAOData(filelist)
Creates MagAO dataset by loading in data and

FITS header parameters from list of .fits files.
Calculates WCS parameters and determines star

flux for each frame from known ratio between
satellite spot flux and star flux

Run KLIP algorithm
pyklip.parallelized.klip dataset(dataset,

keywords)
Runs KLIP algorithm on dataset

according to settings specified by
keywords

Inject Fake Planets
pyklip.fakes.inject planet(data,
centers, wcs, flux, positions)

Injects fake planets into data array
based on flux and position specified

--s

Calculate Corrected Contrast
pyklip.klip.meas contrast(data, IWA, OWA, FWHM)

pyklip.fakes.retrieve planet fluxes(data, centers, wcs,
position)

Measures contrast of data and retrieves planet fluxes
to calculate algorithm throughput for contrast curve

correction

Table 1. Summary of data collected August 30th to 31st, 2017 from the MagAO instrument using the VisAO camera at
the Magellan Clay Telescope in the Los Campanas Observatory in Chile. Cutoff Wavefront Errors (WFE) were based
on RMS WFE reported by the MagAO instrument and were used as a quality metric. Note the RMS WFE value is not
calibrated absolutely so it is used comparatively and not as an exact metric. Total exposure time is the total time for
each set of data based on the exposure time of 0.283 seconds for each frame. Range of angles is the range of Position
Angles (PAs) reported for each frame for Angular Differential Imaging (ADI). Range of angles is not reported for the full
dataset because the full dataset was not processed due to large WFE.

RMS WFE Cutoff Number of Frames Total Exposure Time Range of Angles

< 115 nm 35 9.905 s 5.997◦

< 120 nm 2180 10 minutes 16.94 s 6.9304◦

< 130 nm 4230 19 minutes 57.09 s 6.9574◦

All collected data 9661 45 minutes 34.06 s N/A

the data into subsections and annuli, but KLIP is implemented without segmenting the data (using 1 subsection
and 1 annulus) because the goal was to image a dust belt.

A summary of the data processing is shown in Figure 1. Contrast curves are then calculated for each reduced
group of data with the satellite spot masked. The contrast is calculated from student-t statistics based on
Mawet et al. 2014 in order to account for small sample statistics. Contrast curve correction is then performed
by injecting fake planets into the dataset in order to assess the throughput of the KLIP algorithm and correct
the contrast calculation for this factor.

Figure 1. Flow chart of data reduction steps. The first row describes data processing steps prior to the KLIP algorithm,
and the second and third rows describe how the pyKLIP package is used to process and analyze the data. The star flux
calculation is performed using the known ratio between star flux and satellite spot flux as reported in Males 2016.4
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The contrast curves are used to determine how contrast was affected by subtracting 1, 10, 20, and 35 KL
modes. The contrast results are also used to assess the effect of the cutoff wavefront errors of 115 nm, 120 nm,
and 130 nm on the achievable contrast.

4. RESULTS

A representative raw PSF from the MagAO observations is shown in Figure 2. This frame was collected on August
31, 2017 with an exposure time of 0.283 s. The star is saturated in this frame so the star flux is estimated using
the ghost satellite spot, which is located to the right of the star, using the ratio between star flux and spot flux
from Males 2016.4 The raw frames run with KLIP with 1, 10, 20, and 35 KL modes.

Figure 2. Representative PSF image of Epsilon Eridani collected on August 31, 2017 from the MagAO instrument with
the Magellan Clay telescope in the Los Campanas Observatory in Chile. Data was collected with the VisAO science
camera with a z’ filter and an exposure time of 0.283 s. In this image, the star is saturated so the star flux was calculated
using the ghost satellite spot on the right half of the image. This spot is a property of the instrument and has been
measured from unsaturated frames so the ratio of the spot flux to star flux from Males 20164 can be used to calculate
star flux. This figure displays PSF prior to WCS rotation.

Figure 3 shows the results of the KLIP algorithm applied to datasets with WFE cutoffs of 115 nm, 120 nm,
and 130 nm with 20 KL modes. KLIP is run with settings of 1 annulus and 1 subsection for these images, but
the streaking in each frame led to the apparent quadrants in the output images.

Figure 3. Results of KLIP algorithm applied to each dataset. From left, figures show results for WFE cutoffs of 115
nm, 120 nm, and 130 nm for 20 KL modes. KLIP was applied with 1 annulus and 1 subsection, but streaking in each
frame led to the apparent quadrants in the output images. The ghost spot is visible in the lower left corner of each image.
These results show how the KLIP algorithm handles data with different levels of WFE and noise.

To calculate the throughput of the algorithm for contrast curve calibration, 16 fake planets are injected into
each frame at angles of 10, 100, 190, and 280 degrees for separations of 0.8, 1.2, 1.4, and 1.8 arcsec with contrast
levels of 10−5 compared to the mean star flux of the dataset. KLIP is then run on the dataset and throughput
was calculated as the flux retrieved from each planet in the post-KLIP frame compared to the input flux of the
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fake planet. Figure 4 shows a representative image of the 120 nm WFE cutoff dataset with fake planets processed
with KLIP with 1 KL mode.

Figure 4. Representative result from KLIP with 1 KL mode from the 120 nm WFE cutoff dataset with 16 fake planets
injected. Each planet was injected with a flux of 10−5 times the mean star flux for the dataset. The planets appear as the
bright spots surrounded by dark sections on either side as the KLIP algorithm over-subtracts around the bright planet.
The flux of each planet after KLIP was applied was measured in order to calculate the throughput of the algorithm for
contrast curve calibration.

Contrast curves corrected for throughput for each WFE cutoff dataset are shown in Figure 5. The contrast
for KLIP applied with each KL mode cutoff is shown compared to the contrast of the mean pre-KLIP frame.
The contrast results are not very sensitive to the number of KL modes, but more KL modes led to smoother
contrast curves. The number of KL modes had the biggest impact on the largest dataset with cutoff WFE of
130 nm. In this case, subtracting more modes improved the contrast for separations close to the star more than
in the other datasets with lower RMS WFE of 115 nm and 120 nm.

Table 2 shows the contrast improvement due to KLIP for each WFE cutoff dataset. The ratio of the mean
dataset contrast to the dataset with KLIP applied with 35 KL modes is calculated as an average over all
separations and at a representative separation of 1 arcsec. Applying KLIP improved contrast for all WFE cutoff
datsets, especially for separations close to the star. KLIP led to the greatest difference in contrast for the largest
dataset with a WFE cutoff of 130 nm. In this case, the contrast is improved by almost 15× at a representative
close separation of 1 arcsec.

Table 2. Contrast improvement due to KLIP for datasets with RMS WFE of 115 nm, 120 nm, and 130 nm. For each
dataset, the mean contrast improvement is the ratio of the mean dataset contrast to the KLIP contrast with 35 KL modes
averaged over all separations. The 1 arcsec contrast is the ratio of the mean dataset contrast to the KLIP contrast with
35 KL modes at a representative separation of 1 arcsec. These results show that KLIP offered the largest improvement
with the largest dataset with the highest RMS WFE cutoff of 130 nm.

RMS WFE Cutoff Mean Contrast Improvement (ratio) 1 Arcsec Contrast Improvement (ratio)

< 115 nm 3.07 5.73

< 120 nm 8.19 12.57

< 130 nm 9.27 14.82

Figure 6 shows contrast curves for each dataset with WFE cutoffs of 115 nm, 120 nm, and 130 nm for KLIP
applied with 35 KL modes. The smallest dataset with RMS WFE cutoff of 115 nm had the best contrast of
< 10−6 for separations of ∼ 0.5− 1 arcsec. For separations <∼ 0.5 arcsec, all datasets had comparable contrast,
and past ∼ 1 arcsec the 120 nm and 115 nm cutoff sets had comparable contrast which was ∼ 1.5× better
than the 130 nm cutoff set. These results imply that the RMS WFE limits the achievable contrast with KLIP
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Contrast curves for 115nm WFE cutoff
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because the larger datasets with longer total exposure time did not improve contrast due to the higher cutoff
WFE leading to more noise in the data.

Figure 5. Contrast curves for datasets with WFE cutoffs of 115 nm, 120 nm, and 130 nm (from top). In each figure,
results of KLIP with 1, 10, 20, and 35 KL mode cutoffs are shown as well as the contrast of the mean of all frames in
the dataset for comparison. These results show that the KLIP algorithm improves contrast compared to the mean of the
datasets, and that the number of KL modes subtracted did not affect contrast significantly for the 115 nm and 120 nm
WFE cutoff datasets, but that more KL modes did improve contrast of the 130 nm cutoff dataset.
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Contrast curves for 35 KL modes
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Figure 6. Contrast curve comparing KLIP applied with 35 KL modes from datasets with RMS WFE cutoffs of 115
nm, 120 nm, and 130 nm. Results indicate that larger WFE datasets added more noise and didn’t improve the achieved
contrast despite the longer total exposure from the larger datasets.

5. CONCLUSIONS

The data presented here is a preliminary survey of the inner Epsilon Eridani system from the MagAO instrument
with the Magellan Clay telescope in Chile from August 2017. Non-photometric sky conditions and wind affected
the results. However, our analysis with KLIP demonstrates contrast improvement of up to 10-15× compared to
the mean data.

This work demonstrates the application of the KLIP algorithm to data collected from the MagAO/VisAO
instrument. We update the pyKLIP software package3 to work with the MagAO/VisAO data by adding WCS
calculations and correcting contrast calculations for algorithm throughput by injecting fake planets and comput-
ing their post-processed flux. KLIP was run on datasets with RMS WFE cutoffs of 115 nn, 120 nm, and 130
nm with 1, 10, 20, and 35 KL modes. The difference between the mean dataset and the KLIP results are most
pronounced for the 130 nm dataset where it leads to a 15× improvement in contrast over the mean dataset.
RMS WFE cutoff has a big impact on the achieved contrast, with the 115 nm WFE cutoff dataset having the
best contrast of 8 × 10−6 at a separation of 1 arcsec, ∼ 1.5× better than the 130 nm WFE cutoff dataset with
KLIP applied with 35 KL modes.

Our results indicate that using KLIP with the MagAO/VisAO instrument data has potential to improve
contrast achieved with the instrument. The non-photometric conditions during observations at the telescope
limited the total exposure time and the measured angles of data which affected these results. In the future, more
data should be taken to improve on these results with KLIP and MagAO/VisAO.
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Pérez-Suárez, D., de Val-Borro, M., Aldcroft, T. L., Cruz, K. L., Robitaille, T. P., Tollerud, E. J., Ardelean,
C., Babej, T., Bachetti, M., Bakanov, A. V., Bamford, S. P., Barentsen, G., Barmby, P., Baumbach, A.,
Berry, K. L., Biscani, F., Boquien, M., Bostroem, K. A., Bouma, L. G., Brammer, G. B., Bray, E. M.,
Breytenbach, H., Buddelmeijer, H., Burke, D. J., Calderone, G., Cano Rodŕıguez, J. L., Cara, M., Cardoso,
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