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Exoplanet Science 

•  How do planetary systems form & 
evolve? 
– What stars have planetary systems? 
– What mechanism(s) make Jovian planets 
– How does dynamical evolution 

redistribute these planets? 
•  Physics of planets 

– Planetary atmospheres 
• Unexplored regime of 120 K < T < 600 K  

– Domain of NH3 & H2O & clouds 



Direct Imaging of Self-Luminous Planets 

 
1700 K 
 
700 K 
 
125 K 

0.8   1                2         3     4    5   6     8   10 
   

Wavelength (!m) 

Jupiter 

GJ 1111 

2M 1507-16 

2M 0415-09 vf
v 

10
0 

   
   

   
10

1   
   

   
10

2 

Marley & Leggett 2009 



Recipe for High Contrast Imaging 

•  Precise & accurate wavefront control 
–  Advanced AO to control of dynamic (atmosphere)  

and static (telescope) aberrations 
•  Few nm rms to reach contrast of 10-8  
•  Need ~ 1000 degrees of freedom to make a big dark hole 
•  kHz bandwidth to keep up with atmosphere 

– Amplitude errors must be small or controlled 
•  Control of diffraction to target contrast level 

–  Pupil apodization to reduce side-lobes at a few !/D 
•  Stable platform for differential imaging 

–  Field rotation: Cassegrain focus on Alt/Az telescope 
–  Spectral differencing: integral field spectrograph  

 



Gemini Planet Imager 

•  1800-actuator AO system 
•  Strehl ratio ~ 0.9 at H for the Gemini 

8-m telescope 
•  Super-polished optics & precision 

calibration system 
•  APLC coronagraph 
•  Integral field spectropolarimeter 
 LLNL: Macintosh-PI/management/ AO 

AMNH:Oppenheimer-Coronagraph masks  
HIA: Saddlemyer-Optomechanical/software 
JPL: Wallace-Interferometer 
UofT: Graham-Project scientist 
UCLA: Larkin-IR spectrograph 
UdM: Doyon-Data pipeline  
UCSC: Gavel-Final integration & test 

Marois & Poyneer 
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Optical Bench Alignment @ HIA 



13 nm RMS WFE End-to-End   

90 nm PV!



From HIA to UCSC 

12/16/2010 
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Closed loop 
wavefront control 
at LLNL test bed 

  
•  Spinning phase 

plate simulates 
median Cerro 
Pachon r0 & "0 

•  1.5 kHz 
–  Computational 

goal 
–  x8 real time  

•  Woofer/tweeter/TT 
control 

–  Fourier mode gain 
optimizer  

–  50 nm rms errors 
–  SR = 0.96 @ H 

•  PSF recorded by 
science camera (no 
coronagraph) 

Poyneer 



WFS Spatial Filter 

•  Spatial filter blades block DM waffle (0.5 #m) & 
scalloping, eliminating aliasing in the wavefront 
sensor 

8 mm 5 mm 



30 nm rms Closed Loop AO Operation 
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JPL CAL Unit 

•  HOWFS performs at ~ 
4 nm RMS absolute 
accuracy  

•  Likely that repeatability 
and precision are higher 
than this 
–  Focal-plane wavefront 

sensing algorithms for 
daytime calibration to set 
wavefront setpoints 

Zygo 

CAL 
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UCLA Integral Field Spectrograph 



IFS 

•   Xe arc at 
1.6 #m 

IFS Cryocooler Status

The Integral Field Spectrograph continues to undergo pre-ship testing at UCLA. The greatest 
challenge has been overcoming continuing reliability issues with the Sunpower cryo-coolers 
(CCRs) used to chill the IFS. In May, one of the CCRs sprung a leak in its helium reservoir and 
needed to be replaced. After a review by outside experts, the connection between the cold tip 
and the dewar optical bench was reworked, hoping to reduce stresses on the mechanism at that 
point that were suspected of contributing to the problems. 

At the same time, a backup cooler from a different vendor, QDrive, was ordered. (This was in 
fact the device originally selected for the IFS, but schedule delays at the vendor previously led 
us to switch to the Sunpower units). It was decided to modify the dewar now to accept the 
QDrive CCR so that if it proved necessary we could swap out the Sunpower units for the QDrive 
unit at UCSC or even at Gemini. This required boring a large hole and vacuum port into the 
dewar side and punching a hole in the cold shield; all with the optics still in place. So as the 
photos below show, the dewar was moved to the UCLA machine shop for slightly more than a 
week for this fairly major operation, which was done with great care to prevent any debris or 
contamination from entering the chamber. The final punching of the cold shield was performed 
in the clean room with a hand punch.  

Additional work was done on the interior of the dewar to improve the thermal contact between 
the CCR cold tips and the optical bench, and to strengthen some of the mirror mounts to reduce 
internal flexure. As of mid-August, when rotating the IFS by 90 degrees, the spectra shift by less 
than 1 pixel on the detector in most cases, including both reproducible and stochastic effects. 
This level of flexure, while nonzero, is several times smaller than the P1640 spectrograph has 
(and has dealt with successfully in data reduction), which gives us confidence that this small 
flexure will not prevent good spectral extraction.  

 Mike Fitzgerald & Marshall Perrin

Left: A small portion (roughly 1%) of  
an IFS 2D frame showing the 
characteristic 4 spectral peaks of 
Xenon across the H band, from one 
of many, many test images taken at 
UCLA using our calibration lamps. 



GPI Campaign 

•  In late 2010 Gemini announced an 
opportunity to propose up to 1400 hours of 
GPI campaign science  
–  Enable large investigations that could not be 

achieved through the standard proposals  
–  22 LOI submitted in Jan, 2011 

•  Over 6500 hours requested 
–  Asteroids, jovian exoplanets, planet forming disks, 

brown dwarfs, massive stars, and late type giants 
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The GPI Exoplanet Survey (GPIES): 
A Comprehensive Understanding of Planetary System Evolution and  

Diversity 
 
PI: Bruce Macintosh     Lead Co-Investigators: James R. Graham, Travis Barman, Rene Doyon, Dan-

iel Fabrycky, Michael Fitzgerald, Paul Kalas, Quinn Konopacky, Mark Marley, Christian Marois, 
Jennifer Patience, Marshall Perrin, Ben Oppenheimer, Inseok Song 

 
Co-Investigators: Etienne Artigau, Steve Beckwith, Mike Bessel, Doug Brenner, Adrian Brunini, Adam Burrows, 

Carolina A. Chavero, Christine Chen, Eugene Chiang, Jeffrey Chilcote, Gaspard Duchêne, Jonathan Fortney, 
Raphaël Galicher, Sasha Hinkley, Robert King, David Lafrenière, James Larkin, Jérôme Maire, Geoff Marcy, 
Franck Marchis, Brenda Matthews, James McBride, Ian McLean, Stanimir Metchev, Katie Morzinski, David 

Palmer, Erik Petigura, Lisa Poyneer, Laurent Pueyo, Ramiro de la Reza, Emily Rice, Patricio Rojo, Robert de 
Rosa, Maria Teresa Ruiz, Didier Saumon, Gene Serabyn, Adam Schneider, Mike Shao, Remi Soummer, Anand 

Sivaramakrishnan, Sandrine Thomas, Carlos A. Torres, Gautam Vasisht, Jean-Pierre Veran, Arthur Vigan, Kent 
Wallace, Sloane Wiktorowicz, & Ben Zuckerman 

Time Requested: 890 hours 
 
 

 
Figure 1: HR 8799 exoplanetary system. Left: Inner portion of Keck NIRC2 K’ adaptive optics image from Marois et 
al.(2010). Right: Simulated GPI H-band exposure of the system with an additional 5 MJ planet inserted. 

  



GPI Campaign Proposal 

•  61 scientists including the GPI 
instrument team  
– Australia, Brasil, Canada, Chile, UK, & USA 

•  Approved for a 890 hour campaign 
spanning six semesters 



GPI Campaign Targets  
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3-5 ! confidence.  This will allow us to explore dy-
namical evolution scenarios, and potentially as a 
function of age.  

Short period (5–10 years) planets will yield a com-
plete set of orbital elements. Inclination can also be 
constrained for a large number of these objects, 
which is of particular importance for systems of 
multiple planets or systems with debris disks. For 
these especially interesting objects, we will allocate 
time from our characterization reserve for detailed 
orbital mapping. For any multi-planet systems we 
detect, we will conduct stability analyses aimed at 
determining which combinations of planetary mass-
es and orbital parameters allow survival of the sys-
tem for the age of the star (e.g., Fabrycky & Mur-
ray-Clay 2010).  

2.4 Disk science 
Our proposed observations include initial polarime-
try reconnaissance for target stars (especially planet-
host stars) with detectable predicted disk brightness 
within the GPI field of view, plus deep follow-up 
imaging of selected targets to measure and validate 
disk structure and asymmetries. These measure-
ments provide the following information: 1) The 
brightness distribution constrains the inclination and 
position angle of the system, significantly improv-
ing orbital element estimates. 2) The inner and outer 
radii of debris belts constrain allowable planetary 
semi-major axis, eccentricity, and mass (e.g. Chiang 
et al. 2009). 3) Stellocentric offset of debris rings 
due to secular resonance with a planet constrains the 
planet’s semi-major axis and eccentricity (Wyatt et 
al. 1999; Kalas et al. 2005) for moderately eccentric 
planets in wide orbits, even for unseen sub-Jovian 
planets. 4) For more complex disks, azimuthal, and 
vertical structures, such as the clumpy appearance of 
debris belts or midplane warps connect to planet 
mass and orbital parameters (Ozernoy et al. 2000; 
Kuchner & Holman 2003; Mouillet et al. 1997). 

2.5 Sample selection 
Detectability of self-luminous planets depends 
sharply on planet age (Figure 2). The combination 
of youth (! 100 Myr) and proximity (! 75 pc) is par-
ticularly favorable for planet search target stars, and 
the best way to find the lowest mass planets. To 
achieve the science goals—exploring the diversity 
of planetary systems with separations in the critical 
5-50 AU zone and orbiting stars with a range of 
masses (AFGK&M stars)—a large sample of suita-

ble targets is required. The distribution of target 
properties is displayed in Figure 8 and Table 1. 
Table 1: Binary-vetted GPI target catalog (I < 9.0 mag.) 

Type Number 
in catalog 

Base-line 
survey 

Age 
(Myr) 

Dist. 
(pc) 

Young FGKM 
stars 390 345 <125 <75 

Adolescent 
FGKM 154 90 <300 <35 

Young A stars 82 80 <300 < 75 
Sco-Cen A stars 124 60 5 130 
Additional IR-
excess stars 46 25 <300 <75 

Total 796 600   
Nearly all the approximately 200 nearby, young 
stars in the literature were discovered by members 
of our team (e.g., Zuckerman & Song 2004; Torres 
et al. 2006). Recognizing the importance of a large 
target list for GPI, we initiated a major program in 
2007 to find new young stars. For FGK stars we se-
lected candidates using X-rays, spectroscopic activi-
ty and kinematics and for B and A stars we selected 
for youth using evolutionary tracks (Siess et al. 
2000). We obtained echelle spectra of about 2000 
candidate young targets. These spectra yielded age 
indicators including LiI 6708Å, Ca II HK, H", and v 
sini, and we estimated ages following Zuckerman & 
Song (2004). In this survey, we discovered an addi-
tional 200 young targets. 

 
Figure 8: Cumulative distributions of our catalog of 796 
bright (I < 9.0 mag.) young, nearby binary-vetted 
AFGKM stars. The median age and distance are 125 
Myr and 43 pc, respectively. Four principal samples are 
represented: young FGKM stars (49%); adolescent 
FGKM (21%); young A stars (10%); and Sco Cen (13%).  
Our campaign will survey 600 of these stars.  

When combined with the unpublished list of ~400 
nearby young stars developed by Song, Zuckerman, 
& Bessell since 2000, and 400 currently known 
members of nearby young stellar groups, we now 

d1/2=45 pc 

t1/2=125 Myr 

Song & Patience 



GPI Campaign Plan 

Activity! 12B! 13A! 13B! 14A! 14B! 15A! Total!

1st epoch ! 125! 125! 125! 110! 115! 0! 600!
2nd epoch ! 6! 13! 17! 16! 15! 9! 76!
3rd epoch ! 0! 0! 0! 0! 6! 23! 29!
Disks 
snapshots! 2! 2! 2! 2! 2! 0! 10!
Planet 
spectra! 10! 20! 25! 30! 10! 5! 100!
Deep disk 
imaging! 2! 4! 6! 5! 5! 3! 25!
Reserve! 5! 5! 5! 10! 10! 15! 50!
 Total 
(hours)! 150! 169! 180! 173! 163! 55! 890!



Spectroscopy 
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planet formation process (Chabrier et al. 2007; Fort-
ney et al. 2008). By probing atmospheric composi-
tions for a subset of planets, GPI will ascertain if 
composition is correlated with mass, orbital radius, 
or stellar type and thus provide an additional con-
straint on giant planet formation.  

 
Figure 3: Model spectra calculated by our theory team 
for cloudy/cloudless atmospheres for Teff = 400, 600, & 
800 K at log g = 4.0 (Marley et al. 2011). Models are plot-
ted at R = 300; horizontal bars designate GPI filters.  

While we are confident in the methods of under-
standing planetary spectra, our first look at brown 
dwarfs and directly imaged planets has taught us to 
expect the unexpected. The HR 8799 planets show 
no signs of significant CH4 or CO absorption. Both 
HR 8799b and 2M1207b have very red near-IR col-
ors, similar to those of young L dwarfs, but with 
lower luminosities than previously seen in this spec-
tral class.  Thus, analyses of these planets have fo-
cused on their clouds, which appear thicker and 
higher than in brown dwarfs of the same Teff. We 
expect the nature of clouds, primarily iron and sili-
cate for warmer planets and H2O clouds for cooler 
ones, will play a large role in interpretation of giant 
exoplanet spectra.  

A key strength of our theory team is representation 
from three groups, which bring together over a hun-
dred years of expertise in atmosphere models and 
evolution codes. Our theory team will assess the 
robustness of any particular inferred planet property 
and identify the dominant model-specific reasons 
for any particular disagreement (an approach often 
lacking in brown dwarf and exoplanet studies.) 

1.3 Migration & dynamical evolution 
We expect that core-accretion planets are born at the 
outer reach of radial velocity surveys and at the in-

ner reach of GPI; however, as we have learnt from 
the early history of our Solar System and from Dop-
pler planets, orbital migration plays a key role in 
establishing planetary system architectures (Gomes 
et al. 2005). Many scenarios posit a “circular” era of 
formation in a disk; followed by a “chaotic” era 
when planets scatter each other onto highly eccen-
tric orbits; followed by a final “circular” era follow-
ing ejection of a few oligarchs and circularization of 
the survivors by dynamical friction with the remnant 
disk. Thus, to probe planet formation, we must also 
understand and reconstruct dynamical evolution. 

Planets can migrate for many reasons. For massive 
planets, outward migration in the gas disk is possi-
ble for pairs of planets in mean-motion resonance 
(Crida et al. 2009). This mechanism predicts two 
planets closely spaced in orbital radius, with the 
outer planet being less massive. Planets that margin-
ally open a gap in the disk can migrate out under 
runaway disk processes due to the torques of co-
orbiting material (Masset & Papaloizou 2003). An-
other mechanism probed by direct imaging is plan-
et-planet scattering (Veras et al. 2009). In these 
models the periapse remains in the region of effi-
cient core-accretion (likely < 15 AU) so there 
should be a clear correlation between observed dis-
tance from the star and the inferred eccentricity. 
Over time, systems might be seen to change from 
multiple planets on circular orbits, to fewer planets 
on eccentric orbits following the onset of instability. 
If the remaining planets are low enough in mass, 
they may even circularize again in a planetesimal 
disk in the outer parts of the system (Raymond et al. 
2010), generating a collisional cascade and a very 
bright but short-lived debris disk to which GPI is 
sensitive to in polarimetry mode. Although the or-
bital periods of all GPI-discovered planets will ex-
ceed the duration of the campaign, simulations 
(§2.3) show that we can measure the distribution of 
semi-major axes and for a significant subset of plan-
ets even constrain the eccentricity; measurement of 
the ensemble of orbital elements is a crucial goal of 
this campaign.  

Doppler searches teach us that the best way to find a 
new planet is to search where a known one exists. 
However, unlike indirect methods, imaging provides 
a rapid way of identifying multiplanet systems. Mul-
tiplanet systems carry weight far beyond their sim-
ple statistical advantages: first, dynamical analysis 
of multiplanet systems will place direct constraints 

800 K 

600 K 

400 K 

Barman 



Thermal History 
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2010, Ireland et al. 2011). Thus, the mass function 
of wide separation objects may be smooth from sev-
eral Jupiter masses to brown dwarfs, with no appar-
ent connection to the closer-in, lower-mass (core-
accretion?) planets found in Doppler surveys.  

Doppler planets provide strong evidence of the core 
accretion model, especially the correlations between 
stellar mass and metallicity and giant planet occur-
rence (Johnson et al. 2010). However, core accretion 
and disk instability are not necessarily mutually ex-
clusive—neither model provides a simple explana-
tion for the HR 8799 system. By using GPI to probe 
when and where and how these mechanisms operate, 
and how efficiently they form planets, we can begin 
to eliminate our ignorance regarding the processes 
that operate in planet-forming disks. Once planets 
have formed, dynamical processes are likely to rear-
range their semi-major axes and excite their eccen-
tricities. The relevant processes that acted on planets 
can be discerned in their incidence and the distribu-
tion of their masses, semi-major axes, and eccentri-
cities and the correlation of these with host star 
properties and associated planetary debris. In short 
the observed architecture of planetary systems—
even lone planets—found by GPI informs an under-
standing of their origin and dynamical evolution. 

After they condense, giant planets contract and cool 
as they radiate away their heat of formation. Their 
luminosity at a given time depends on their mass, 
atmosphere, and their initial thermal state (Figure 2). 
Planets formed by disk instability are likely to cool 
from an initial hot, distended state (“hot start”) 
while giants formed by core accretion may start out 
cooler, smaller (“cold start), and less luminous 
(Marley et al. 2007; Fortney et al. 2008). By produc-
ing a statistically meaningful survey that is sensitive 
to planets spanning a range of masses, ages, orbital 
parameters and host star properties, GPI will inform 
our understanding of giant planet thermal history 
and constrain planet formation pathways. 

It is prudent to remember that formulation of planet 
formation theory is hindered by the lack of relevant 
observations and the predictions may not be fully 
reliable. Nature will likely turn out to be vastly more 
subtle and intricate than our early speculations, and 
current theory should be taken only as a guide for 
framing our initial exploration. We envision a flexi-
ble and adaptive campaign strategy where the re-

sults of early observations inform theory, which in 
turn is used to optimize the execution of the survey. 

 
Figure 2: Luminosity evolution of planets in “hot start” 
models, representing rapid formation, and “cold start”, 
representing core accretion (Marley et al. 2007). These 
models represent extreme cases, but show the differ-
ence—detectable by GPI at young ages—between differ-
ent formation mechanisms., and also highlight the im-
portance of observing young targets.  

1.2 Atmospheres 
Directly imaged planets are laboratories for under-
standing the physics and chemistry of atmospheres 
in an unexplored range of effective temperatures 
(125–600 K.) In the brown dwarf mass range (13–
80 MJ) clouds of silicate and iron grains sculpt the 
emergent spectra of objects down to Teff ! 1200 K, 
at which point the clouds seem to rapidly dissipate. 
However, in the directly imaged exoplanets ob-
served to date, including HR 8799 and 2MASS 
1207b, clouds seem to persist to 900–1000 K, or 
lower. How and at what temperature these clouds 
will clear—if they do—and when water vapor 
clouds (Teff ! 400 K) appear are major unanswered 
questions that GPI will address. Figure 3 compares 
model spectra of a roughly 5 MJup planet with vary-
ing Teff. The difference between model cases is large, 
particularly in Y and J bands and thus GPI follow up 
spectrophotometry will allow studies of exoplanet 
atmospheres in this unexplored range of Teff and 
gravity. 

The atmospheric composition of giant planets holds 
clues to their formation. All the solar system giants 
show heavy elements enhancements by factors of 3 
(Jupiter) to 10 (Saturn) to 30–40 for the ice giants. 
This enhancement might be the fingerprint of the 

Fortney & Marley 
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outer bounds of core accretion (~50 AU; Rafikov 
2011). Since GPI has good completeness in the 5-10 
AU range (Figure 5) our discovery rate is only 
weakly affected by this outer cutoff—unlike every 
other direct imaging survey to date, which typically 
only sees planets beyond 20 AU. For example, the 
most pessimistic peak (15 AU) reduces the GPI de-
tection rate by ~50%, but the predicted detection 
rate of a NICI survey drops by 90%.  

Measuring the occurrence rate of Jovian planets 
from 5-50 AU is the first objective of our survey. 
This range overlaps with the outer limit of Doppler 
searches, reaching from where core accretion is like-
ly most effective out to the disk instability zone. By 
measuring the planet abundance in this domain we 
will discover if GPI is sampling planets from a sin-
gle origin or if additional migration mechanisms or 
formation channels are required to account for the 
observed statistics. Given the contrast performance 
of GPI, semi-major axis space is sampled by choos-
ing target distance and planet mass sensitivity is de-
termined by target age. Our simulations confirm 
(Figure 5 and Figure 6) that GPI plus our target stars 
broadly sample the planet mass and semi-major axis 
discovery space needed to address our science ques-
tions.  

The survey requirements to measure exoplanet mass 
and semi-major axis distributions are established by 
blind analysis of detections and non-detections from 
Monte Carlo simulations using a Bayesian approach 
(cf. Tabachnik & Tremaine 2002). For example, 
suppose we want to compare the slope of the of the 
semi-major axis distribution measured by GPI with 
the results of Doppler surveys (!"!!"!!!! !, ! =-
0.61±0.15; Cumming et al. 2008). To measure the 
index to the same precision, while marginalizing 
over the semi-major axis cutoff, requires just over 
50 planets; the exact number of planets depends 
weakly on !. Similar numbers are needed to meas-
ure the slope of the mass spectrum. For this estimate 
to be valid, statistical as opposed to systematic er-
rors (e.g., in mass determination) must dominate, 
which requires that our investigation of exoplanet 
atmospheres and formation mechanisms be con-
ducted (see § 2.6.3).  

The number of planets discovered by GPI depends 
on unknown factors including: early thermal history; 
planet correlation with host star mass; planet atmos-
pheres (cloudy or not), and the semi-major axis dis-

tribution. Our Monte Carlo simulations span this 
uncertainty and are normalized to the known Dop-
pler planet fraction (10.5% of stars host a planet 
with mass between 0.3–10 MJ and 2–2000 day peri-
od; Cumming et al. 2008). These give an average 
GPI planet detection rate for our target list of 4–8% 
per star. The upper range is for hot-start models, 
which are consistent with the members of the HR 
8799 system. Therefore, 8% is the nominal value, 
leading to a 600 star survey for 50 discovered plan-
ets. Given the uncertainties, however, our plan must 
be adaptive and flexible—we have built the tools to 
allow this.  

  
Figure 6: GPI-detected planets in a hypothetical H-band 
survey of 600 stars from Table 1, showing broad sensi-
tivity in planet mass and semi-major space.  Symbols 
encode stellar age (color) and mass (size: 0.5–2 !!).  
GPI can detect planets as small as 0.3 Jupiter masses on 
5 AU orbits. 

2.2 Spectra & thermal history 
Doppler and transit methods constrain the architec-
ture of old planets on short and moderate period or-
bits, but only direct imaging can characterize the 
middle and outer reaches of planetary systems at 
young ages. By constraining the statistics of plane-
tary architectures (masses and orbits), the thermal 
state of planets as a function of age and mass, and 
their composition, GPI will determine the efficiency 
of planet formation mechanisms and lay the founda-
tion for new theories of planetary formation. 

The GPI Exoplanet Survey will yield H-band spec-
trophotometry (R ! 45) of all detected planets as 
well as multi-band spectrophotometry for about ten 
fiducial systems that will receive more detailed at-
tention. With GPI YJHK data the bolometric lumi-
nosity of these fiducial planets will be established 
using corrections from brown dwarfs and model at-

McBride & Graham 
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on the masses of individual planets independent of 
any assumptions regarding their formation mecha-
nism or atmospheric structure (e.g., Fabrycky & 
Murray-Clay 2010). Second, since planet formation 
timescales are short compared to the ages of the host 
stars we can safely assume coevality, allowing a 
direct investigation of the effects of varying mass on 
planet properties.  

While planet rich systems are consistent with our 
Solar System and the oligarchic view of planet for-
mation, (Goldreich et al. 2004) there are hints that 
the Solar System’s multiplicity may be high (Gould 
et al. 2010). Whether the multiplicity of HR 8799 
(Marois et al. 2010) is also common will determine 
the ubiquity of large-scale orbital migration (e.g., 
Crida et al. 2009) and even the mechanism of for-
mation (Dodson-Robinson et al. 2009). 

1.4 Debris disks 
Studies of the structure and dynamics of dusty de-
bris disks are firmly established as a method for 
characterizing extrasolar planetary systems, with a 
demonstrated record of establishing the locations of 
unseen planets and constraining the mass of detect-
ed ones.  Although there is little apparent correlation 
between debris disks and Doppler planets—almost 
all known disks are Kuiper Belt analogs that orbit 
far beyond realm of the short-period Doppler plan-
ets—for direct imaging at much larger semi-major 
axes, the presence of a dusty debris disk is an im-
portant clue. For the three stars within 50 pc of the 
Sun where planets have been directly imaged (Fo-
malhaut, ! Pic, & HR 8799), debris disks provided 
the first evidence of planetary systems (Kalas et al. 
2008, Marois et al. 2008, Lagrange et al. 
2009).  Stars with infrared excess evidence for de-
bris must therefore be among the highest priority 
targets for planet searches.  

The analysis of spatially resolved disks is a key part 
of fully characterizing a planetary system, whether 
or not a planet is detected. Observed dust belts pro-
vide direct evidence for the presence of small parent 
bodies; furthermore, the presence of planetary ob-
jects below the detection limit of GPI may be in-
ferred via their dynamical imprint on the debris disk, 
as was the case for the Jovian planets around ! Pic 
and Fomalhaut before they were imaged (Lagrange 
et al. 2009, Kalas et al. 2008). When Fomalhaut b 
was detected, the shape of the belt provided strong 
dynamical constraints on the maximum allowed 

planet mass (e.g., Wisdom 1980, Quillen 2006, 
Chiang et al. 2009). 

 
Figure 4: High-fidelity model GPI data showing a hypo-
thetical debris disk in scattered light. The system con-
sists of two rings viewed at i = 60˚. The optical depth of 
each ring is such that each has !!" !! ! !!!"!!, i.e., 
the total optical depth is similar to HR8799 (Su et al. 
2009).  The outer ring has a measurable offset caused by 
an unseen sub-Jovian planet.   

We will use our knowledge of debris disks hosts to 
prioritize the planet search target list, and we will 
use GPI’s dual-channel polarimetry mode to obtain 
scattered light images of bright debris disks, particu-
larly those in systems with imaged planets, to probe 
the dynamics of observed planets and the possible 
presence of unseen smaller bodies (Figure 4).  

2 Experimental design 
Our science goals will be satisfied by GPI observa-
tions that: 1) measure the abundance of Jovian-mass 
planets as a function of projected separation from 5–
50 AU for a broad range of host star masses; 2) es-
timate the masses of those planets from age and lu-
minosity and spectral gravity indicators; 3) establish 
the morphology of associated planetary debris and 
the occurrence of multi-planet systems; 4) use preci-
sion astrometry to measure the orbital motion of se-
lected planets; and, 5) collect high signal-to-noise 
YJHK spectrophotometry (R ! 45) for a carefully 
selected subset.  

The most pressing questions are then: what stars do 
we observe and how many are needed? The answer 
to the former question is simple: we will observe the 
closest and youngest stars spanning spectral types 
from A to M. The second question is more diffi-
cult—if we knew the planet occurrence rate, we 
would not need to conduct the survey!  

The volume density of stars and the recent star for-
mation history of the solar neighborhood, and our 
ability to recognize young stars impose stringent 
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