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Exoplanet Discoveries

Credit: D. Savransky



Radial Velocity & Transit Methods
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Extrasolar Planets via Direct Imaging

• Contrast Ratio:
• Reflected Light (Optical):

>109 in our solar system

• Thermal emission from young 
Jovians can be ~104 times 
brighter at early times.
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What Makes Imaging Exoplanets Hard
• Separation & Photons are not the fundamental limit
• The contrast ratio of Earth is 1x10-10

• Detection at 1x10-5 contrast levels is already 
challenging at low inner working angle

Problem: 
Not Equal Intensity
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Problem: 
Not Equal Intensity
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2 meter Telescope

Detecting an Earth-analog, at 1 AU, Orbiting a star 10pc away requires a 2km circular aperture



Development of techniques: recognition of quasi-
static speckle aberrations

• Rapidly recognized that 
sensitivity did not reach 
atmospheric limits 

• Speckle artifacts due to 
non-common-path, 
high-frequency, other 
errors

• Temporal variations on 
minute-long timescales

Chilcote, 2014

C. Marois 



Luminosity depends on initial conditions

Marley et al 2007

Hot-Start

Low-entropy core 
accretion models

Reachable with  first-generation AO



Alan Brandon/Nature

Bottom-up: Core Accretion



Alan Brandon/Nature

The Graduate Institute for 
Advanced Studies/NOAJ

Bottom-up: Core Accretion (Cold Start)

Step 1: Accrete 10 Earth
masses of solids

Step 2: Pull 300 Earth
masses of gas from disk



G. Lufkin et al.

Top-down: Gravitational Instability (Hot Start)



Luminosity depends on initial conditions

Marley et al 2007

Hot-Start

Low-entropy core 
accretion models

Reachable with  first-generation AO



Luminosity depends on initial conditions

Marley et al 2007

Hot-Start

Low-entropy core 
accretion models

Reachable with  first-generation AO



Gemini Planet Imager

Slide courtesy of 
Stephen Goodsell

Aspen Process (2003)
Key Question:
How common are extrasolar planets, 

including earth-like planets?

The Universe of Life
• The Generation of Planets
• Gas Giant Planets
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The Gemini Planet Imager (GPI)

• GPI is an advanced high contrast imager 
with a high-order adaptive optics system, 
coronagraph and interferometric calibration 
unit, all feeding a 1-2.4 μm integral field 
spectrograph

• Components built by 7 institutions in the US 
and Canada

• GPI achieved first light on Gemini South 
November 11, 2013

– Routine operations 2014B

Assembly at HAA, Victoria, BC

Mounting on Gemini South



GPI 1st Light
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GPI 1st Light
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GPI First light Nov 11th – 17th 



GPI 1.0

• Operations from 2014B – 2020A
• 58 unique principal investigators
• ~1700 hours of queued time
• 83 Refereed Publications
• Cited 4001 times (~48 citations 

per paper published)
• Instrument h-index 34 (37 

including instrument papers)
• 14 PhDs (from science data)
• Delivered with robust IDL data 

reduction pipeline



GPI 1.0 Key features
• BMM 4096-actuator MEMS deformable 

mirror + piezo woofer (5 bad actuators)
• Spatially-filtered Shack-Hartmann WFS 

with 160x160 pixel Lincoln Labs CCD
• 1 kHz update rate with

approximately 1.4 ms delay
• I<9-10 mag limit
• Superpolished (1nm RMS) optics
• 1 – 2.4 micron 2.7" x 2.7" FOV IFS
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Important GPI Results
51 Eri bBeta Pic b

HR 2562

HD 984



beta Pic b

Chilcote et al. 2017



Sensitivity to hot-start vs cold-start planets

Hot start (BTSET) Cold start
(Fortney 2008)

Cold start
(Sonora models)



Lesson from GPI 1.0 and other surveys: get closer and 
fainter to see more planets.

Nielsen et al. 2019

MOST JUPITERS HERE VERY FEW JUPITERS HERE



The GPIES Data Infrastructure
Summit

Quicklook + Logging

MySQL DB
Metadata Logged

Dropbox
Stored and Synced

DB Web Frontend

Data Cruncher
Automated Data Processing

Query Data + DQ

Wiki
Collaborative Docs

Autofill Docs

Slack
Collaboration Chat

Chatbot

Wang et al. 2018 JATIS

Realtime Quicklook

Realtime
Reductions

Web Thingie

Supercomputers
Reprocess all data



Empirical Contrast Models (Vanessa Bailey)

• Empirical 
multiparameter fit to 
contrast vs telemetry

• 25,000 raw images
• 500 combined 

datasets
• Extension of work in 

Bailey et al 2016 



Strongest predictor of contrast: tau0 from MASS



Dome seeing also degrades performance

Air, Telescope, and Instrument Temperature Effects 
on the Gemini Planet Imager’s Image Quality 

Melisa Tallis, Vanessa P. Bailey, Bruce Macintosh, Jeffrey K. Chilcote, Thomas L. Hayward, 
Jean-Baptiste Ruffio, Lisa A. Poyneer, Dmitry Savransky, Jason J. Wang, and the GPI team

The Gemini Planet Imager (GPI) is a near-infrared instrument that uses Adaptive Optics 
(AO) to achieve very high contrast images. GPI is capable of imaging and characterizing self-
luminous, gas giant exoplanets at separations beyond 5 AU. Thirty three months of GPIES 
campaign observations taken simultaneously with environmental data reveals information 
about the turbulence in the telescope environment as well as limitations of GPI’s AO 
system. We compare image contrast with temperature measurements from multiple locations 
inside and outside the dome and discuss the instrument’s response. Our analysis revealed a 
correlation between image quality and the presence of temperature gradients in the 
instrument’s surroundings. We assess the impact of the current temperature control and 
ventilation strategy at Gemini South (GS).    

Summary:

Acknowledgements: The GPI project has been supported by Gemini Observatory, which is operated by AURA, Inc., under a cooperative 
agreement with the NSF on behalf of the Gemini partnership: the NSF (USA), the National Research Council (Canada), CONICYT (Chile), the 
Australian Research Council (Australia), MCTI (Brazil) and MINCYT (Argentina). Work on GPI has also been supported by other funding 
sources including  [THINGS YOU WILL LIST HERE e.g NASA NNX14AJ80G] 

Fig 3: (Left) Histogram of the temperature difference at night between the primary, dome, and 
outside air. (Right) Temperature of the primary, dome, AO bench, and outside air vs. number 
of hours since sunset. Bold lines represent the median temperature, soft lines represent 
individual nights. The Primary is constantly 2 C° warmer than the outside air due to its 
large thermal inertia. GPI’s temperature is also coupled with the primary. 

‣ ~130K temperature 
measurements from 6 
temperature sensors.
‣ The temperatures at GS span 48 

months and are recorded every 5 
minutes, night & day.

Results: WFE proves that source of turbulence is 
mirror seeing

Fig 5: Image contrast vs. temperature difference of the primary and outside air during 
ideal conditions for GPI. (Left) is raw contrast while (right) is final contrast. Blue line 
indicates the model predicted by contrast ∝ Δ!" 2. On nights when the temperature of 
the mirror diverged by more than 1 C° from the outside air temperature, raw 
contrast degraded ~x times. Final contrasts behave similarly. 

Fig 4: Residual WFE vs. absolute 
temperature difference of the primary and 
outside air during ideal conditions for GPI. 
Red line indicates the expected trend line 
as predicted by WFE ∝ Δ!". 

Results: Temperature defines the floor of contrast 

‣ Contrast is the planet to star ratio corresponding to 
5 sigma, where sigma is the std of the noise floor at 
3 different separations.

‣We analyze ~25K raw images & ~500 final images, 
which are 20-40 raw frames. 
‣ AO bench temperature, seeing, and an approximate 

measure of the average residual wavefront error (WFE) 
is also saved with each frame. 

• Ability to detect planets is critically dependent upon temperature of the primary.
• Constrain the maximum temperature difference between the primary and outside air.
• More tests needed to rule out internal turbulence sources inside of GPI.

Image Reference

Conclusions & Further work:

GPIES Campaign Data:

GS Temperature Data:

Fig 1: A single raw GPI image.

Fig 2: Schematic of GS. Arrows mark the location of sensors. 

‣ WFE does not probe anything 
downstream of the AO system.

‣ To highlight temperature effects, we  
select datasets observed in conditions 
where GPI should work best (I-band 
magnitude < 7 & turbulence timescale 
(#0 ) > 1.5 ms ).

‣ (Racine 1992) predicted and tested 
the hypothesis that FWHM of mirror 
seeing behaved as $5/3 = % * Δ!" 2. 

‣We predict WFE ∝ Δ!". 
‣ We fit a line to the points and measure 

slope = 7.3 nm/C° & y-int = 82.8 nm. 
‣ We get an r2 value = .14, indicating 

the presence of mirror seeing.

‣ Contrast is the metric we ultimately care about for imaging planets.
‣ Since contrast ∝ WFE2 , we predict that contrast ∝ Δ!" 2.

‣ We fit the polynomial y = ax2 + bx + c to the scattered points and measure…..

y = 7.3x + 82.8 

AO bench

PrimaryPrimary

Mid truss

Top truss

Outside

References: 

Tallis et al 2018



GPI Migration



GPI 2.0 – Upgrade Science Driven
Developing science cases relevant to 2020-2030
1. Emphasize GPIs strengths: reliable, efficient operation 
2. Quantify science requirements -> practical design
3. Don’t try to compete head-to-head with Keck or Subaru



GPI 2.0 – Science Cases

Science Cases WFS I Mag Limit Inner Working 
Angle

Contrast 
Improvement

Large scale survey / cold-start planets 10 0.15” 2+ mag

Very young stars + transitional disks 13 (or IR WFS) 0.1” 0

Asteriods & solar system objects 13-14 - 0

Debris Disks 9 0.2” 0

Planet Variability & abundance 
charcterisation 6 0.2” 1% photometry, 

high-res

Evolved Stars 9 0.1” 0

Nearby AGN 14 - Only modest 
contrast required



GPI 2.0 – A Facility-Class High Contrast 
Imaging System in the North for the 2020s

• ~$8 Million upgrade project funded by NSF MRI, Heising-Simons 
Foundation, NRC 

– PIs Jeff Chilcote (Notre Dame) and Quinn Konopacky (UCSD, also Project Scientist) 
– Co-Is Bruce Macintosh (Stanford) and Dmitry Savransky (Cornell)
– CAL 2.0 upgrade on a different schedule, led by Christian Marois (NRC-HAA)



Hot-Start Planets

Monte Carlo
Simulations



Cold-start planets require +2 mag contrast



Very young planets in Taurus + others

IRAS image
Taurus + orionI m

ag

H mag
Closest active planet formation?
140 pc, 1-2 Myr
Requires: I~13 mag
 close inner working angle
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Additional sensitivity will provide access to new 
sources, such as nearby AGN 

Gratadour et al. 2015 (SPHERE Polarimetry)

• AO-assisted near-IR polarimetry is 
a potentially powerful tool for 
resolving dusty torus, outflow 
structures

• Ability to perform this 
measurement on an R-mag 14 (or H-
mag 12) source will open up 10s of 
potential candidates

NGC 1068



Additional Science Cases

• Asteroids & Solar System Objects
– limiting magnitude of V=14 ~1300 objects available for study

Perrin et. al, 2014



Observatory 
Software

GPI Top-Level 
Software

AO WFS
Lincoln Labs

Fast CCD

Classical 
APLC 

coronagraph 
masks

CAL relay 
optics

IFS
existing 
optics, 
prisms, & 
pupil viewer

IR tip/tilt 
camera

GPI AO optics 
and DMs

Xeon GPI AO 
Realtime computer H2RG detector

GPI data 
pipeline

GPI Now

Gemini 
Telescope



Enhanced Top-
Level Software

Updated

shaped-pupil 
coronagraph 

masks

CAL relay 
optics

IFS
new prisms, 
optomech. 
upgrades, 
CRED2 IR  
pupil viewer

CRED2

IR tip/tilt 
camera

Updated GPI AO 
Realtime computer H2RG detector

GPI data 
pipeline

Deeper contrasts 
& improved IWA

Fainter 
targets

More sensitive, faster AO;  
enables fainter targets,  
& better performance on 
bright targets

Faster  
 & deeper 
sensitivity 
to planets

Enhanced efficiency  
and robust operations

GPI AO optics 
and DMs

Observatory 
Software

Gemini 
Telescope

GPI 2.0

AO pyramid WFS

E2V EMCCD



Survey statistics

Sirius

Median survey sensitivities



AO System - PYWFS

Modulation Stage

Fold 
Mirror

Fold 
Mirror

Tip/Tilt 
Stage

Four Sided Double PyramidCamera 
Lens

EMCCD

• Institutes: HAA (design), Stanford University (simulations) & UCSD (build)
• Replacing the current Shack-Hartmann WFS with a pyramid WFS
• Based on TMT NIFRAOS 
• Narrow space envelope
• Operate at 2 kHz



AO Status

• PWFS: 
• Double four sided pyramid
• Mirrors: Coastline Optics 
• Machined parts: Opto-Mécanique

de Précision (OMP)
• Stages: Physik Instrumente (PI)

• EMCCD:
• Nüvü Cameras
• Near-zero-noise, high QE
• Fast readout (less lag-better 

performance)
• Operate at 2 kHz

• Integration with GPI by early 2024



End-to-End AO Performance

• Assumed PWFS throughput: 0.32

• GPI2 will be able to operate on stars between I=0 and I=14



HEART



New apodized pupil lyot coronagraphs based on design 
work done in the last 10 years for space-based platforms

N’Diaye et al. 2015



Apodized-pupil Lyot coronagraph
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Sivaramakrishnan et al. 2001

Sivaramakrishnan et al. 2001

Figure code credit M. Perrin



Apodized-pupil Lyot coronagraph
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Sivaramakrishnan et al. 2001



Apodized-pupil Lyot coronagraph
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Sivaramakrishnan et al. 2001

Figure code credit M. Perrin



Coronagraph

• Retain focal plane masks but pair these with new 
pupil & Lyot plane masks

• Design based on work for space-based platforms 
from the last 10 years [e.g. N’Diaye et al. 2016]

• Reach deeper raw contrast at small separations
• Manufactured by 𝜆 Consulting



Integral Field Spectrograph

• After the advanced AO 
system, coronagraph and 
interferometer, a dominant 
background source arises 
from speckles

– many from the instruments own optics.

• Speckles are a diffractive 
effect with predictable 
wavelength behavior.

Stepping though 
wavelength channels
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Adding Low-Res mode for Increased Sensitivity
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GPI Operations



Operations / Software Improvements

• Reduce the number of steps required to operate 
instrument

• GPI's high-level control library – translate to Python
• Improve Queue operations
• Improve time-domain science



• GPI Arrived at Notre Dame in June 2022 (24 month ship 
delay)

• Pre-shipping tests last year
• Procurement of major components done
• Ship to Gemini North 2024

Preparing shipping Gemini South

Safe and sound in the lab

Going down 
the mountain         

Arriving at 
Notre Dame                

In transit         Unloaded           

Current Status



GPI 2.0 Goals & Conclusion

• Upgrades to the Gemini Planet Imager (GPI) will enable it to 
study fainter, closer exoplanet populations

• New adaptive optics system will be capable of locking onto 
stars four magnitudes fainter 

• Upgrades will allow us to find lower-mass planets closer to 
their parent star than the current system. 

• It will be able to obtain full spectra across the entire near-
infrared (near-IR) simultaneously

• Goal to be at Gemini North in 2024, on sky early 2025

Funding Agencies:



End


