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Galileo’s view of Jupiter
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Movie was created by Massimo Mogi Vicentini for public education use, 
originally at the Civico Planetario di Milano.
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Transiting extrasolar planets 

HATNET 11-cm telescopes 



Kepler 



Kepler planet candidates 
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Figure by 
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Direct imaging 



Core accretion + migration 

Animation by F. Masset 
http://www.maths.qmul.ac.uk/~masset/moviesmpegs.html 



Global disk instability formation 

•  Animation from Mayer et al  
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10-m W.M. Keck II Telescope 



Keck AO Image of a bright star 
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Keck AO Image of a bright star 



Inner part of image  - artifacts due to AO optics 



Young planets are hot and bright 

Current AO 0.5-2” 
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Luminosity depends on initial conditions 

Marley et al 2007; see also Spiegel & Burrows 2013 
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Taking advantage of the Earth’s rotation 



HR8799 

Keck L’ image of HR8799 
Marois et al 2010 

30 Myr F0 primary  
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•  Diffraction scaling 
with wavelength can 
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Integral Field Spectroscopy of the HR8799 
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Fig. 3.— OSIRIS H and K-band fluxes of HR 8799 b (scaled to 10 parsecs) plotted with 1-σ uncertainties. The location of prominent
water, CH4, and CO absorption bands are indicated. The fluxes extracted without the speckle suppression algorithm are shown as a dotted
lines. The bottom two curves are the mean residuals of fake planets with flat spectra extracted form the same data cubes (see text for
details). The Kn3 spectrum of Bowler et al. (2010) is shown as green pluses (scaled arbitrarily down) over plotted with the broad-band
spectrum (black points) interpolated onto the Bowler et al. Kn3 wavelength points. The mean 1-σ uncertainties across the Kn3 range
are shown at either end for each data set. The larger red filled symbols are the NICI CH4 short/long (boxes), NIRC2 narrow (circles),
and NIRC2 broad-band (stars) photometry taken from Table 3. Blue symbols are the corresponding photometry derived from the OSIRIS
spectra.

(NICI; Toomey et al. 2003 ) on Gemini South. The
NICI CH4 short/long filters more optimally probe the
the strength of CH4 absorption than the NIRC2 CH4
short/long filters. The former are narrower, have less
overlap, and have central wavelengths that correspond
well to the min and max fluxes seen in H-band spectra
of mid to late T dwarfs. A comparison between these
new photometric data and equivalent band-integrated
flux points from the OSIRIS spectrum is shown in Fig.
3. Here again the CH4 short/long slope is in excellent
agreement with the OSIRIS spectrum.

Since the discovery of the HR 8799 planetary system
more broad-band observations have been published and
improvements have been made in the LOCI and ADI
algorithms (at least those used by this group). For
the analysis presented here, the H-band photometry of
Metchev et al. (2009) has been adopted. Also, Ks data
taken in 2010 have been analyzed and a new Ks magni-
tude (MKs = 14.15 ±0.1) has been obtained. See Table
3 for a full list of the photometry used in this study.

2.3. Comparison to Kn3 spectrum

On June 21st (UT) 2009, Bowler et al. (2010) observed
HR 8799 b using the OSIRIS Kn3 filter. A comparison
between this narrow and broad-band spectrum is shown
in Fig. 3, and both spectra agree within the 1-σ error-

Table 3. NIRC2 and NICI Photometry

Filter λc Mag F10pc (mJy) ZP(Jy) Ref

NIRC2 broad-band
J 1.25 16.30 0.46 ± 0.07 1521.1 Mar08
H 1.63 15.08 0.94 ± 0.11 1010.0 Met09
Ks 2.15 14.15 1.43 ± 0.11 654.2 new
L′ 3.78 12.66 2.06 ± 0.21 238.5 Mar08

NICI narrow-band
CH4short 1.59 15.18 0.88 ± 0.14 1035.7 new
CH4long 1.68 14.89 1.06 ± 0.18 959.7 new

NICI narrow-band
He I B 2.06 14.73 0.85 ± 0.07 665.9 new
H2(v=1-0) 2.13 14.16 1.52 ± 0.11 703.4 new
Brγ2 2.16 13.93 1.66 ± 0.12 618.9 new
H2(v=2-1) 2.26 14.09 1.37 ± 0.11 593.5 new

Mar08 = Marois et al. (2008); Met09 = Metchev et al (2009)

bars. The Bolwer et al. spectrum decreases in flux more
noticeably than the broad-band spectrum; Bolwer et al.
attribute this decrease in flux to possible weak CH4 ab-
sorption. The broad-band spectrum, which encompasses
much more of the CH4 absorption band, indicates an

Extracted spectra of HR8799b 

Post-speckle removal 

Pre-speckle removal 
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Cross-correlation identifies molecular species 



Spectra of HR8799b show weak methane 
The Atmosphere of HR8799 b 3

Figure 2. Top: Continuum-subtracted spectrum for HR8799 b.
Template spectra for pure CH4 (orange), H2O (blue) and CO
(green) are also plotted and offset by an arbitrary amount. Bot-
tom: Cross-correlation functions for HR8799 b and the template
spectra plotted in the top panel.

length channels and may alter the relative depth of nar-
row absorption features. Subtracting the continuum,
modeled as a smoothed version of the observed spec-
trum, removes many residual speckle artifacts that vary
smoothly with wavelength (K13). Inevitably, however,
speckle artifacts that depend more strongly on wave-
length (e.g., produced by optics near the focal plane)
likely remain even in a continuum-subtracted spectrum.
Despite potential lingering artifacts, this strategy worked
well in K13 and is adopted here using the ensemble of
data from 2009 through 2013, median-combined into a
single spectrum. Given the wide angular separation of
HR8799 b, residual speckle artifacts should be less severe
than they were for HR8799 c. The RMS uncertainties
in the continuum-subtracted spectrum closely matches
the photon-noise limit. The low-R spectra from various
observing runs show no significant differences across this
four year time frame and intrinsic variability would likely
occur over timescales of days rather than years and im-
pact broader wavelength ranges than the spectral lines
of interest.

3. MODEL SPECTRA

For this study, the grid of exoplanet atmo-
spheres models described in B11 was updated to in-
clude the methane linelist from Yurchenko & Tennyson
(2014) supplemented with optical opacities from
Karkoschka & Tomasko (2010). The former update
added approximately 10 billion transitions to the over-
all molecular opacities and improves the accuracy of
line strengths at high temperatures – across the K-
band alone there are roughly a billion transitions. The
methane abundance is low in non-equilibrium chemistry
models appropriate for HR8799 b (B11) and, conse-
quently, there were only minor changes to the model
atmosphere structures after this opacity update. Nev-
ertheless, the ExoMol methane list is currently the most
accurate and complete list available and the observations
analyzed here have a resolution where accurate line data

Figure 3. Same as Figure 2, but for H band. Only very weak CO
lines are present in the H band and, therefore, were not searched
for. The observed continuum-subtracted spectrum shows no corre-
lation with the CH4 template.

are important when studying atmospheric abundances.
The opacity of solid and liquid particles suspended

in the atmosphere (clouds) are included using the pa-
rameterized intermediate cloud model described in B11.
Briefly, the lower boundary of the clouds are determined
by chemical equilibrium while the upper boundary is de-
scribed by an exponential decay that begins at a spec-
ified pressure. This outer pressure is a free parameter
that establishes the cloud thickness, allowing for a range
of models with cloud opacity between the high (DUSTY)
and cloud-free (COND) cases often used to bracket the
importance of clouds (Allard et al. 2001). The particle
size distribution is a log-normal with mean size set to 5
µm. Cloud thickness plays an important role in deter-
mining the overall spectral shape and is included as a
free parameter in the model fits discussed below (follow-
ing B11).
Synthetic spectra were calculated with a wavelength

sampling of 0.05Å from 1.4 to 2.5 µm. Each of these
synthetic spectra was convolved with a Gaussian ker-
nel with FWHM matching the OSIRIS spectral resolu-
tion before interpolating onto the observed wavelength
grid. These medium-resolution spectra were continuum-
subtracted following the steps in K13.

4. RESULTS

4.1. HR8799 b versus c

Figure 1 compares the R ∼ 4000 spectrum of HR8799 b
to that of HR8799 c. Both exoplanet spectra contain
a similar set of absorption features, with most of the
similarities at wavelengths of prominent H2O absorption;
however, most lines are deeper in the spectrum of b. The
CO (2,0) band-head at ∼ 2.3 µm is detected now with
medium spectral resolution but only marginally present
at low-R (B11). This band-head appears slightly deeper
and has a shallower slope in the spectrum of b than c, the
result of stronger water absorption and additional CH4
lines for HR8799 b in this wavelength range. Three re-
gions of CH4 absorption are visually identifiable between
2.15 and 2.4 µm (lower panel of Fig. 1). The strongest
methane lines are seen around 2.32 and 2.37 µm. None
of these features are present in the spectrum of c, consis-

Barman 
et al 
2015 



Measured C/O ratios slightly higher than solar 
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Figure 10. Carbon and Oxygen abundances (solid lines) relative
to stellar values, along with the corresponding C/O ratio (dashed
line), using the Öberg et al. (2011) model for planets forming be-
tween the H2O and CO2 frostlines. The disk is assumed to have
the same grain/gas fraction as the interstellar medium (0.01). See
Öberg et al. (2011) for the specific details of their model.

5. ATMOSPHERIC COMPOSITION AND FORMATION

If giant planets form primarily by a quick one-step
process via gravitational instabilities (GI), their atmo-
spheres should have element abundances equal to the
host star (Helled & Schubert 2009). On the other hand,
if giant planets form primarily by the multi-step core-
accretion (CA) process, a range of element abundances
are possible (Öberg et al. 2011). The abundances of a
gas giant’s atmosphere formed via CA primarily depend
on the location of formation relative to the frostlines for
major carbon and oxygen bearing molecules in the disk
(namely H2O, CO2 and CO) and the amount of solids ac-
quired by the planet during the runaway accretion phase.
The four planets orbiting HR8799 offer an excellent op-
portunity to test this idea. Each planet currently orbits
between the H2O and CO2 frostlines and potentially built
up atmospheres from gas with similar amounts of solids.
In K13, the observed continuum-filtered spectrum of

HR8799 c was compared to atmosphere models restricted
to a sequence of C and O element abundances derived
from the Öberg et al. (2011) chemical model. The Öberg
et al. model provides values for the C and O abundances,
relative to the stellar values, for different amounts of solid
accretion during the buildup of the planetary envelope.
These abundances are plotted in Figure 10 for planets
forming between the H2O and CO2 frostlines. In this
model, both C and O abundances are linear functions of
solid accretion, Msolid/Mgas, with slope and intercept set
by the fraction of C (or O) sequestered by condensate
formation and the overall grain/gas fraction in the disk.
These assumptions are based on observations of proto-
planetary disks and the interstellar medium (see Table
1 of Öberg et al. 2011). Solar C and O abundances
have been suggested for HR8799 (Sadakane 2006) and
are adopted as the baseline here (Asplund et al. 2009).
It should be noted, however, that this star is a λ-boo
type star with solar C, N and O abundances but sub-
solar Fe-peak elements.
A high level of solid accretion during planet formation

Figure 11. Top: Distribution of ∆χ2 for models with C and
O abundances following Öberg et al. (2011) compared to the full
K-band spectrum with flux calibrated continuum for HR8799 b
(solid line) and HR8799 c (dashed line). Bottom: Same as top
panel but for comparisons to the filtered (continuum-subtracted)
K-band spectrum. The dotted line is the ∆χ2 distribution for
HR8799 c from K13 and the dashed line is the distribution for a
reanalysis discussed in the text.

raises both C and O abundances, with O abundances in-
creasing more rapidly than C for the simple reason that
H2O-ice is the most abundant solid between the H2O and
CO2 frostlines. The combined effect is C/O decreasing
as Msolid/Mgas increases. The model proposed by Öberg
et al. is a simple prescription for a complex process and,
consequently, deviations from this model are to be ex-
pected. Despite its simplicity, the predicted C and O
abundances provide an ideal baseline for testing poten-
tial outcomes of CA formation specific to the HR8799
system.
In order to make a direct comparison to the K13 re-

sults, the observed spectrum of HR8799 b was analyzed
in a similar manner as HR8799 c. Given the CH4 up-
date made to the model atmospheres, the fit was re-
peated for HR8799 c. Only the C/O values for atmo-
sphere accretion occurring between the H2O and CO2
frostlines (the current locations of all four HR8799 plan-
ets) were used (see Fig. 10). A χ2 was calculated for each
continuum-subtracted synthetic spectrum in the Teff and
log(g) range described above. The resulting χ2 distribu-
tions are plotted in Figure 11. The best-matching C/O
for HR8799 b is 0.66+0.04

−0.08 and the revised best-matching
C/O for HR8799 c is 0.64+0.14

−0.11, closely matching K13,
but with a broader χ2 distribution. The new ExoMol
methane absorption strengths across the K-band are
lower than those from the Warmbier et al. (2009) linelist
used in the K13 analysis resulting in smaller χ2 values
for larger C/O and, hence, a broader distribution of χ2.
The K-band continuum shape can also be used to esti-

mate the relative abundance of H2O and CO. Given the
wider angular separation of b than c (1.7 versus 1′′) from
the star, the continuum of b is less affected by residual
speckles. The observed spectrum, with continuum intact,
was compared to the same set of atmosphere models and

Barman 
et al 
2015 
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Apodized-pupil Lyot coronagraph  
(Soummer 2005) 
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“First Light” November 11-17 2013 

GPI operated smoothly right out of the box – “best 
Gemini 1st light ever” 
Science verification concentrated on known 
exoplanets 



Raw IFS data 



Integral Field Spectrograph (UCLA) produces a 
spectrum of every pixel 

GPI spectral cube of Neptune 



N

E

GPI H Band Nov. 2013 60 sec

0.4"

Massive planet orbiting Beta Pictoris b 

Gemini Planet Imager 
3952 seconds 60 seconds 

Calibration spots 

N

E

GPI H Band November 2013

0.4"

 1980 seconds 
Gemini NICI (previous generation) 



Reaction to first planet images 



Beta Pictoris b spectrum 

Model T=1600K log(g)=5 
Massive planet 



Beta Pic planet aligned with disk 

Composite VLT image 



Orbit fitting with GPI + VLT 



GPI data shows edge-on circular orbit 



Transit? 



Imaging polarimetry mode 



K-band polarimetry of Titan 



GPI Observations of HR 4796A 

Individual 60 s images

One linear polarization shown.

Waveplate rotates 0, 22.5, 45..."
& the parallactic angle changes
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GPI Observations of HR 4796A 

Individual 60 s images

One linear polarization shown.

Waveplate rotates 0, 22.5, 45..."
& the parallactic angle changes


Combined 12 minutes

Total intensity
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GPI Observations of HR 4796A 

Individual 60 s images

One linear polarization shown.

Waveplate rotates 0, 22.5, 45..."
& the parallactic angle changes


Combined 12 minutes

Total intensity


Combined 12 minutes

Linear polarized intensity


N


E

0.5”
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Polarization imaging 

Total	
  intensity	
  (PSF-­‐subtracted)	
   Polarized	
  intensity	
  



Polarization imaging 

Polarization	
  fraction	
  Total	
  intensity	
  (PSF-­‐subtracted)	
  

0%	
  

Upper	
  
limits	
  

100%	
  



Polarization imaging 

front 

back 

Θscat = 90° 

Θscat = 15° 

Θscat = 165° 

Polarization fraction 

0% 

Upper 
limits 

100% 



Polarization curve 

Tot. Int. Pol. Int. 



Implications 

Tot. Int. Pol. Int. 

Total intensity image can be  
reproduced with small (sub-µm) 

dust grains but polarized intensity 
is inconsistent with this 

Single Mie scattering 

Clark&McCall 1997 

(1 µm)  
agr = 0.3 µm 



Mix including large grains HR 4796 

Das+2011 

Aggregates 

Shen+2009 

0.5 µm 

1.0 µm 

Hadamcik+2007 



Total IntensityPolarized Intensity

Near side is 
more highly 
polarized for
larger grains

Optically thick near side 
is partially shadowed, 
thus lower total intensity

Far side is more directly 
illuminated, thus higher
total intensity

No major brightening 
near ansae because 
slightly optically thick

HR 4796A’s ring is:
• Probably slightly 

optically thick at 2 µm.  
(!"~ 3-5? )

• Dominated by dust 
particles ~5-10 µm, in 
the Fresnel scattering 
regime

• Geometrically narrow 
and dynamically cold

Forward scattering 
peak near smallest 
scattering angles?

Possible negative 
polarization branch 
nearest to 180º scattering?
(but too faint to see)

Predictions:
• Total intensity will 

strongly peak at the 
near side minor axis.

• Far side minor axis 
might exhibit negative 
polarization, similar to 
comet dust.

Previously noticed 
brightness minimum 
here is due to opt. 
thick shadowing.

Slide by Marshall Perrin 



Optically thick disk with large grains 
Polarimetry with GPI and the Ring around HR 4796A 19

Figure 15. Cartoon of the geometry and scattering for the ring
under the hypothesis that the ring is optically thick. Not to scale,
and depicted similar to a reversed color table such that darker
indicates higher surface brightness. Top panel, side view: Back-
scattered light on the far (eastern) side has intrinsically low scat-
tering e�ciency and polarization but we have a direct view to the
optical depth � = 1 surface where most scattering occurs. Forward
scattering has much higher scattering e�ciency and polarization;
however because the light we observe must pass through the disk, it
is attenuated by self-absorption. The portion of the disk’s rim for
which light can scatter directly to the Earth without self-absorption
subtends a small solid angle, also reducing the observed intensity.
Bottom panel, front view: In total intensity, the less attenuated
light path makes the far side appear brighter near the ansae. How-
ever closer to the minor axes the intrinsically forward scattering
phase function reverses the asymmetry. The increased scattering
e�ciency at the smallest scattering angles is su�cient to dominate
over the self absorption to make the near side minor axis peak in
brightness, while the minimal scattering e�ciency near back scat-
tering causes the surface brightness to drop near the far side minor
axis. In polarized intensity (not shown) the higher polarizing e�-
ciency for forward scattering makes only the near side detectable.

the apparent surface brightness asymmetry. However, a
non-axisymmetric ring cannot be strictly ruled out based
on these data.
A third possible interpretation is that the HR 4796A

ring is not optically thin, contrary to general expecta-
tions. If the ring is radially optically thick, only the
innermost region of the ring is directly illuminated by
the star. Because of the high inclination of our line of
sight, this region is in direct view of the observer for the
back side, but the corresponding region on the front side
is hidden from view. Instead the scattered photons re-
ceived by an observer must pass through an appreciable
optical depth of the ring itself and thus are strongly at-
tenuated, resulting in a significantly reduced brightness
ratio between the front and back sides of the ring. On
the other hand, the polarization fraction curve would not
be strongly a�ected in this context, so long as the optical
depth does not exceed � 10, in which case multiple scat-
tering becomes a dominant factor. To be e�ective, this
scenario only requires a total optical depth of a few along
both the radial and vertical directions, which is plausible
considering the extremely high luminosity of this debris
ring. Total dust masses in the range of 1–100M� have
been inferred from SED analyses (Augereau et al. 1999;
Li & Lunine 2003). If the ring is both radially narrow

and vertically thin (on the order of 1AU or less), i.e.,
dynamically cold, such optical depth would be achieved.
We defer to a later paper a thorough exploration of this
scenario, but consider this is as a plausible explanation
for the apparent contradiction between the total inten-
sity and polarization curves observed in the HR 4796A
ring.
In fact this hypothesis appears to o�er a consistent ex-

planation for several aspects of the ring’s observed mor-
phology, as depicted in Fig. 15:

1. Consider the ansae. In total intensity the brightest
regions are arcs just to the east of the two ansae.
Under the above hypothesis, to the west of the
ansae the disk is self-shadowing while to the east
we can see the directly illuminated inner surface,
explaining both the sign of the asymmetry seen for
HR 4796A in total intensity and the o�set of the
brightest regions away from the ansae.

2. Furthermore, closer to the minor axes we see di�er-
ent behavior on the east and west sides. Looking
at the KLIP-subtracted total intensity in Fig. 11
the west side of the ring remains relatively bright
as one approaches the minor axis, all the way in to
or even just inside the 25-spaxel radius inner work-
ing angle. However on the east side, even though
the ring starts out brighter near the ansae the sur-
face brightness appears to drop as one gets closer
to the minor axis. For forward scattering dust we
naturally expect the surface brightness to increase
as one approaches the forward minor axis and de-
crease as one approaches the rear minor axis, as-
suming there are no local nonuniformities in the
optical depth through the ring that would mask
this. Hence the apparent drop in the ring bright-
ness as one approaches the eastern minor axis is
consistent with that being the backscattered, in-
trinsically fainter side. Note also that since the
two minor axes are at essentially the same distance
from the star and undergo the same field rotation,
it is unlikely that this di�erence between the east
and west side can be ascribed solely to ADI sub-
traction artifacts.

3. Lastly this model naturally explains the apparent
change in the east/west flux ratio as function of
wavelength: Toward longer wavelengths � 3 µm
the optical depth decreases so the ring becomes
less self-shadowing and more light can be scattered
through on the west side, while meanwhile the size
parameter 2⇤a/� decreases. The net result is that
the east side being slightly brighter at � < 2 µm
gives way to more isotropic scattering at longer
wavelengths, just as observed.

6.3. Implications

If the HR 4796A ring is indeed optically thick, then
the intrinsic scattering properties of the particles domi-
nating the optical depth may be well described by Fres-
nel scattering. This allows us to speculate on how the
surface brightness may behave in the regions for which
we do not yet have high S/N detections of the disk but
which may be revealed by future observations. First, the



Vibration: tip/tit at 60 Hz cryocooler harmonics 



60 Hz vibration from cryocoolers couples into 
telescope structure 

Wavefront reconstructed by AOWFS 

All 60 Hz 



Contrast ~10^-6 in 30 min 



Model planet discoveries from a 600-star GPI 
campaign (McBride et al 2011) 



Future 

•  10+ science papers in press / 
accepted / submitted 

•  Campaign operations began 
November 2014 
–  88 stars observed so far 
–  600 stars, 900 hours, 3 years 



End of first light run 

We would especially like to recognize the unique contributions of Gary 
Sommargren, Steven Varlese, Christopher Lockwood, Russell Makidon, 
Murray Fletcher, and Vincent Fesquet, who passed away during the course of 
this project. 


