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Kepler searching for exoplanets

4,000 exoplanet candidates in a 100-square-degree FOV
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White dwarfs 
bright enough to 
confirm planets

Kepler searching for exoplanets
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The Evryscope (“wide-seer”)

691 MPix
8,000 sq. deg. FOV

 Key capability: long-term, 
high-cadence monitoring of 

millions of targets simultaneously
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The Evryscope (“wide-seer”)

German 
Equatorial
mount

24 61mm telescopes
29 MPix each
13”/pixel

dome tracks sky

1.8m fiberglass 
dome (not really 

transparent)

691 MPix
8,000 sq. deg. FOV
Key capability: long-term, 
high-cadence monitoring of 
millions of targets simultaneously
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Evryscope Field of ViewEvryscope sky coverage (flipped to North)
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Evryscope Field of View

g=16 every 2 minutes
g=18 every hour
3 mmag every 15 min. @ g=12 

Evryscope test imageEvryscope sky coverage (flipped to North)
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Evryscope Field of View

Every year: 
35,000 observations of ~20 million targets

Evryscope sky coverage (flipped to North)
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Evryscope Field of View

Every year: 
35,000 observations of ~20 million targets

Evryscope sky coverage (flipped to North)
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The Antarctic Evryscope

Key Antarctic capabilities:
1) long-term 24-hour monitoring of entire Southern sky
2) small airmass variations => much better photometry
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Evryscope image from CTIO

0.2% of Evryscope FOV
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Detection efficiency with 24 hours of darkness
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Key capability: long-term, high-cadence monitoring of rare all-sky targets

~1000 white dwarfs rapidly 
enough to see transits

5-10X increased yield for 
long periods

70,000 bright 
(V<9) stars

5X increased yield

TESS targets w. many-
year baselines: confirm 
long-period giant 
planets

5X increased yield

>30,000 M-dwarfs 
w. habitable-zone 
Jupiter sensitivity

5X increased yield
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Exoplanets benefiting from 24-hour observing (II)
Beaulieu et al. 2005

Lynette Cook

Transit & eclipse timing 
Precision timing for every 
eclipsing binary & hot Jupiter in 
a 100-degree declination range.

24-hour monitoring gives many 
more measurements

(very) rare nearby-star microlensing

+ stellar variability, young stars, 
compact objects, accretion events... 
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Nearby supernovae and bright GRBs
• High-cadence imaging without 

needing pointing

• Probe shock-breakout regime 
of nearby supernovae; prompt 
emission from GRBs

• Search for pre-explosion 
outbursts (probing mass loss 
in final stages of massive star 
evolution)

• 24-hour monitoring means 
more early events, followed 
for longer

SN2011FE in M101 
Simulated Evryscope Image

LCOGT 
original image

D. Reichart
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Survey parameter space
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Current survey etendues
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PEARL @ Ellesmere Island
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504 sq. deg.
71mm aperture

16MPix

1295 sq. deg.
42mm aperture

16MPix
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Figure 3. The SDSS-g-band sky brightness measured in the 2012/2013 season, relative to the darkest times of the year.
At the start and end of the winter season twilight a↵ects up to a few hours per night, although the bright stars targeted
by the exoplanet search are still easily detectable. The e↵ects of full Moons during the winter are clearly visible and
can increase the background level by up to a factor of 3-4, depending on cloud conditions. The ramp up in minimum
brightness towards the end of the season is because of the full Moon’s sky position opposite the Sun.

images’ spectrum. “Dome” flats, where an opaque object is moved in front of the telescopes, were used in the
previous reductions,7 but an automated dome flat system would at least double the number of moving parts
in the system and would present too high a risk of failure during unattended all-winter operation. Twilight
flat fields are very di�cult to use with large field-of-view telescopes because of relatively large gradients in sky
brightness on those scales.

Flats generated from the science frames themselves o↵er excellent spectral matching because the illumination
source is the night sky itself. On the other hand, the signal-to-noise-ratio of the sky brightness is low in individual
frames and the flat fields are usually corrupted by a great many stars, necessitating the co-addition of many
science frames. As the AWCams do not track the sky and are pointed at the North Celestial Pole, all stars execute
a complete circle around the field center every 24 hours. Our approach to extract a sky flat field takes advantage
of that stellar motion; each day we median-combine all science frames, thus removing stars and producing a
uniform sky background. We apply an iterative sigma-clipping before the median is computed to remove biases
due to excursions in brightness produced by stars as they rotate through individual pixels. The resulting flat
fields are accurate to ⌧1% over the entire useful field of view.

Photometric accuracy. Our previous measurement of few-millimagnitude photometric precision7,12 was
performed on the AWCam prototype data over a two-week timescale. Applying the pipeline to the full 2012/2013
winter dataset, the photometric performance (defined as the RMS of the lightcurves over the entire 3-month
dataset) is approximately 5-millimagnitudes for the brightest stars in the field (Figure 2). We expect that
further development of our flatfielding and detrending methods will improve the photometric precision.

71% of winter usable for exoplanet detection
62% of winter completely clear & dark
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Figure 2. Left: An example image from the 50mm AWCam with a zoomed-in inset showing the image quality. Right:

The photometric performance of the 50mm AWCam over the 2012/2013 winter, for stars within 10 degrees of the North
Celestial Pole (those we have reduced so far). The photometric stability is defined as the RMS deviation of the reduced
light curves over the entire three-month dataset, binned in one-hour chunks; the performance is currently limited by
correlated noise sources. Many astrophysically-variable sources are visible as high excursions in the data; examples are
shown in Section 3.2.

with Canon lenses: one a 85mm F/1.2 lens giving a 504-square-degree field of view sampled at 22.3 arcsec/pixel,
and the other a 50mm F/1.2 lens giving a 1295-square-degree field of view sampled at 35.9 arcsec per pixel.
The lenses both give excellent image quality, providing few-pixel FWHMs over the entire field of view (Figure
2; in fact, a slight defocus is required to maintain optimal sampling). The telescope design, image quality and
photometric quality are all described in detail in Law et al. 2013.7

The PEARL site is a challenging environment for precision optics: typical wintertime temperatures are -25
to -40�C, and there are occasional storm events that deposit snow and ice with wind speeds as high as 40m/s.
PEARL is currently unmanned throughout the winter months, and so the instruments deployed there must
be capable of both surviving the conditions and removing snow accumulation from themselves. The AWCams
are protected from the Arctic conditions inside modified weather-sealed packing crates, and a heating and air
circulation system warms the camera electronics and keeps the optical surfaces clear of snow and ice. The
cases and windows are designed to maintain a temperature somewhat below freezing on their external surfaces,
so accumulated snow and ice slowly sublimes away rather than melting and possibly pooling and refreezing
elsewhere. This strategy has proved successful through several feet of snow accumulation over two years (Figure
1).

2.2 Data Reduction

The AWCams are designed to obtain few-millimagnitude photometric quality over the course of the entire
winter. The AWCam data reduction pipeline is described in detail in Law et al. 2013,7 and is based on
aperture photometry and extensive detrending to remove instrumental e↵ects resulting from the steady diurnal
sky rotation. Our reduction of the full 2012/13 dataset is ongoing, and the 2013/14 dataset was returned from
PEARL in May 2014.

Autonomous flat fielding. The photometric accuracy goals impose critical requirements on the flat-fielding
precision during data reduction. As we moved to long-timescale operation, we have found that it is necessary
to regenerate flatfields throughout the winter. The AWCam windows remain exposed to the elements without
any cleaning throughout the winter months, and small amounts of dust that nucleates snow and ice crystals can
accumulate as the associated water content sublimes away. We have found the total accumulated dust blocks only
a small fraction of the incoming light (<10%) but does introduce slow flat-field changes that must be accounted
for during the data reduction process.

The key requirements for a high-precision flat field are even illumination across the entire field with signal
well within the linear range of the detector and an incoming spectral signature similar to the intended science

Photometric quality

1/10 of sources plotted

Saturday, August 8, 15



0.0

0.5

1.0

 0  10  20  30  40  50  60  70  80  90

S
ig

n
a
l /

 m
a
g
n
itu

d
e
s

Time / days

0.0

0.5

1.0

 10  15  20  25

S
ig

n
a

l /
 m

a
g

n
itu

d
e

s

Time / days

Figure 4. The Algol-type eclipsing binary W UMi. Top: Continuous monitoring of the system’s eclipses over the 2012/2013
winter months by the 50mm telescope. Three few-day periods of bad weather are visible as gaps in the light curve.
Bottom: An example long period of good weather showing the detailed eclipse structure in November / December, with
near-continuous monitoring of the system for 480 hours.

3. SURVEY RESULTS

3.1 Arctic site quality

The AWCams’ through-winter continuous sequence of precision photometry allows us to evaluate the site condi-
tions for photometric surveys. The 2013/14 winter data has only recently been received from the observing site,
so we here restrict our analysis to the 2012/13 dataset.

The AWCams were able to take useful observations (defined as observations where we could detect our target
stars at su�cient signal-to-noise-ratios [SNRs] for useful planet transit detection; 2.5 magnitudes of extinction)
for 71% of the 2012/13 winter. Only a small fraction of that time was subject to thin cloud or enhanced sky
brightness su�cient to degrade the photometric SNR by more than a factor of two. The remaining 62% of the
time we refer to as “photometric”.

Figure 3 shows a measurement of the relative sky brightness throughout the 2012/2013 winter season. Pho-
tometric dark-sky conditions were observed for 62% of the winter. The longest period of good weather allowing
24-hour monitoring was approximately 480 hours in November & December 2012 (Figures 4 and 5).

3.2 Variable stars

The AWCams have detected a large number of astrophysically variable sources (e.g. Figure 2). In Figures 4
and 5 we show long-term and continuous light curves for two eclipsing binaries detected by the AWCams, as

W UMi eclipsing binary
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Figure 4. The Algol-type eclipsing binary W UMi. Top: Continuous monitoring of the system’s eclipses over the 2012/2013
winter months by the 50mm telescope. Three few-day periods of bad weather are visible as gaps in the light curve.
Bottom: An example long period of good weather showing the detailed eclipse structure in November / December, with
near-continuous monitoring of the system for 480 hours.

3. SURVEY RESULTS

3.1 Arctic site quality

The AWCams’ through-winter continuous sequence of precision photometry allows us to evaluate the site condi-
tions for photometric surveys. The 2013/14 winter data has only recently been received from the observing site,
so we here restrict our analysis to the 2012/13 dataset.

The AWCams were able to take useful observations (defined as observations where we could detect our target
stars at su�cient signal-to-noise-ratios [SNRs] for useful planet transit detection; 2.5 magnitudes of extinction)
for 71% of the 2012/13 winter. Only a small fraction of that time was subject to thin cloud or enhanced sky
brightness su�cient to degrade the photometric SNR by more than a factor of two. The remaining 62% of the
time we refer to as “photometric”.

Figure 3 shows a measurement of the relative sky brightness throughout the 2012/2013 winter season. Pho-
tometric dark-sky conditions were observed for 62% of the winter. The longest period of good weather allowing
24-hour monitoring was approximately 480 hours in November & December 2012 (Figures 4 and 5).

3.2 Variable stars

The AWCams have detected a large number of astrophysically variable sources (e.g. Figure 2). In Figures 4
and 5 we show long-term and continuous light curves for two eclipsing binaries detected by the AWCams, as

W UMi eclipsing binary

480 hours!
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Planet candidate

• Planet candidate
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384-sq.-degree, 
29 MPix interline CCD cameras

Dome tracks sky, 
rotating once per day

Central camera aligned on 
the Celestial Pole

8,300 square degrees every 2 minutes

The Antarctic Evryscope
Law et al. 2012 SPIE 8444E 5CL
Law et al. 2013 AJ 145 58L
Law et al. 2014 SPIE 9145
Law et al. 2015 PASP 

Only moving part
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27 cameras,  
8,170 sq. deg.

24 cameras,  
6,329 sq. deg.
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Engineering challenges
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Control software

• Control software
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Data reduction pipeline

Pixel non-linearity

Masterdark substraction & 
Master�at division

Image masking

2. CCD calibration
~0.8Gb/2min

Astrometry.net

WCS TAN-SIP to
 TAN-TPV conversion

SExtractor positions 
& photometry

3. Astrometric reduction

Telescope
pointing

coordinates

Testing astrometric reduction

Store images, light curves,
and catalogs

100 Tb NAS running PostgreSQL

Source association

Di�erential photometry from
a subset of reference stars 

whose RMS is minimum

4. Light curves Targets

1. Evryscope

Database

Catalogs of targets to monitor
Magnitude residuals �tting

to a (x,y) polynomial

Single-night light curve computation

Light curve detrending
(SysRem, TFA)

Phase folding
(Lomb-Scargle)

Multi-night light curves

Signature detection

Deliverables

WCS Image cutouts
around a target and time range

Multi-night light curves

SCIENCE with collaborators!

Astronomers
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Evryscope Imaging
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• Jeff ’s focuser

5-DoF focus & tip/tilt unit
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The Evryscope 
Transiting exoplanets

The nearest & brightest stars
Habitable zone of M-dwarfs
Asteroids around white dwarfs
Confirmation of long-period TESS single-transit detections

Eclipse/transit timing & measurement
Exoplanet detection
Mass-radius relation measurement

Nearby microlensing events
2-minute cadence even before detection

Young & active stars
Comprehensive measurement of stellar activity
All stars V<16.5, every 2 minutes,110-degree declination range

Young Nearby Supernovae & distant GRBs
Monitor the objects before they go off
Shock breakout & pre-outbursts
Optical observations of GRBs & orphan safterglows before gamma-ray detection

Exotic transients
Post-facto localization of gravitational wave counterparts, radio transients, ...

http://evryscope.astro.unc.edu
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TESS & the South Celestial Pole
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