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Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Science that does not 
drive the mission 
requirements.
 
•Territory only partially 
covered by ELT circa 
2025.

• Synergies with other 
facilities. Science building 
upon recent results.  

Compelling science in 
the uncharted yet 
unchallenging real estate:

Uncharted yet unchallenging does not mean boring. 
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and their interaction with 
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Isella et al. (2009) 

Proto-planetary disks: a mm portrait gallery. 

Fig. 1.—: 1.3 mm dust continuum images of the disks observed with CARMA. Contours start at the
significance levels given in each panel and are separated by that same amount. The exception is UZ Tau E/W
where a cross indicates the position of UZ Tau W and the dotted contour corresponds to the 4σ level. Beam
sizes and PA are listed in Table 2. Integrated fluxes and source sizes are given in Table 3.

26

– 35 –

Fig. 1.— Aperture synthesis images of the 870 µm continuum emission from the 9 sample disks.

Each panel is 4′′ (500 AU) on a side. Contours are shown at 3σ intervals (rms uncertainties in

Table 2). The synthesized beams are shown in the lower left of each panel. Note the detection of a

disk around the AS 205 B system in the top left panel (see §4.2), as well as the prominent cleared

central regions for the disks around SR 21 and DoAr 44.

Tracing the location of the mm 
dust and molecular gas with 
mm observations.  ALMA 

Andrews et al. (2009)
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ALMA+scattered light imaging complementarity

– 18 –

Fig. 1.— H-band HiCIAO images of J1604-2130. The saturated central area (radius =

0.′′2) is masked in black. (a): The PI image of J1604-2130. The field of view (FOV) is

2′′.9×2′′.9. The unit of the color bar is mJy/arcsec2. The light blue ellipse and plus sign are

the best fit result of our elliptical disk model and the ellipse center. (b): H-band polarization

vectors superposed on the PI image. The vector directions indicate angles of polarization.

The plotted vectors are based on 7 [pixel] × 7 [pixel] binning corresponding to the spatial

resolution. The FOV is 2′′.0×2′′.0. The vector’s lengths are arbitrary. (c):Red(r= 145 AU),

brown(r = 63 AU), and yellow(r = 33 AU) circles, corresponding figure 2, superimposed on

the PI image. (d):SMA 880 µm continuum map (Mathews et al. 2012) superimposed on the

PI image. White color contours indicate 2, 3, 6, 9, and 12σ intensity (1σ = 1.3 mJy/beam).

The ∼ 0.′′5× 0.′′3 beam of SMA is shown in the bottom right.

.

Mayama et al. (2012)

• gap in mm dust does not correspond to gap in micron dust.

• apparent motion of the dip in the disk.
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A&A proofs: manuscript no. J1604_sphere

Fig. 1. R0 band (0.626µm) VLT/SPHERE/ZIMPOL images of J1604 (they are not scaled by r2). From left to right: polarised
intensity (PI), polar-coordinate Stokes parameters Q� and U� respectively, such that PI =

q
Q2

� + U2
�. The clean U� image

shows that we had an optimal correction for the instrumental polarisation. The colour scale is the same for the three panels; it is
linear and in arbitrary units. The dashed lines in the left panel correspond to 0.35 and 0.48 arcsec, which is the region where the
azimuthal profile is calculated in Fig. 3 to distinguish the dip.

east) of 85�. A tentative second dip was suggested at P.A.
of 255�.

This letter is organised as follows. In Sect. 2 we describe
the observations and data reduction. The main results from
the data analysis and the comparison with previous obser-
vations of this disk is presented in Sect. 3. We conclude
with the discussion and perspectives in Sect. 4.

2. Observations and data reduction
VLT/SPHERE/ZIMPOL observations of J1604 were per-
formed on June 10, 2015, as part of the observing run
095.C-0693(A). We have used field tracking, polarimetric
(P2) mode with the R0 filter (�0 = 0.626µm, FWHM
= 0.148µm) for both cameras. Although there is cur-
rently no alternative to ZIMPOL for polarimetric imaging
of southern targets in the visible, the R = 11.8 magni-
tude of J1604 (Cutri et al. 2003) poses a serious challenge
for SAXO, the SPHERE extreme adaptive optics ‘xAO’
(Beuzit et al. 2006; Fusco et al. 2014). A beamsplitter di-
vides the visible light of the star between ZIMPOL and the
wave front sensor (WFS) of SAXO. Observing in R0 band
allowed us to use the dichroic beamsplitter, which sends all
visible light except for the R band to the WFS, thus ensur-
ing an optimal AO correction. During the observations, the
seeing conditions were moderate to poor (0.9” - 1.2”), which
caused the Strehl ratio to vary by more than a factor of two.
The median Strehl ratio obtained was ⇠3.5%, resulting in
a FWHM of ⇠53 ⇥ 47 mas. The observing block was di-
vided into six cycles of the half-wave plate (HWP), during
which the HWP moved to four angles (✓hwp = 0

�
; 45

�
; 22.5�;

and 67.5�) to measure the two linear Stokes components.
For each HWP position, two exposures were taken of 120 s
each, which adds up to 96 minutes of total observing time.

The data reduction is described in detail by De Boer
et al. in prep., based on the description of ZIMPOL by
Schmid et al. (2012). The pixels of the two detectors have
a plate scale of 3.5885 ± 0.0025 mas per pixel (Ginski et
al. in prep.). We binned the pixels to a size of 14.354 mas.
We then substracted the two different states of the ferro-
electric liquid crystal (FLC), the 0 and ⇡ frames (Schmid
et al. 2012), the ordinary and extra-ordinary beams of the

polarising beam splitter; and the two matching HWP angles
to obtain Stokes Q (for ✓hwp = 0

� and 45

�) and U (for
✓hwp = 22.5� and 67.5�).

Figure 1 shows the polarised intensity PI image and the
polar-coordinate Stokes parameters Q� and U� (Schmid et
al. 2006), computed according to

PI =

p
Q2

+ U2, (1)
Q� = Q⇥ cos 2�+ U ⇥ sin 2�, (2)
U� = Q⇥ sin 2�� U ⇥ cos 2�, (3)

where � is the position angle.
By measuring the signal over an unpolarised region sur-

rounding the star in the Q and U images, we determined
the instrumental polarisation (IP), for which we corrected
using the method described by Canovas et al. (2011).

The models of Canovas et al. (2015) show that it is
possible for an astrophysical signal to appear in the U�

images, even when single-scattering dominates. However,
this U� component only occurs for disks at high inclination
(i > 40

�). Since the disk of J1604 has an inclination of i =
6± 1.5� (Mathews et al. 2012), we can use the assumption
that the polarised scattered light is entirely tangential and
therefore only appear in Q�, while U� should not contain
any scattered light signal from the disk. We optimised our
IP correction by minimising the U� signal and found an
optimum when we used an annulus of 10  r  15 binned
pixels.

3. Results
3.1. Radial profile

Figure 2 shows the overlay of the R0 band Q� reflected
light and 880 µm continuum map from ALMA Cycle 0 ob-
servations (retrieved in the ALMA archive, Zhang et al.
2014). The radial profile of the polarised surface brightness
is also illustrated. This profile was obtained by calculat-
ing the mean value at each radius from the centre of the
Q� image, and the error bars correspond to the standard
deviation at each position. As a result of poor seeing and
moderate AO performance, speckle noise inside a region

Article number, page 2 of 6

Pinilla et al. (2015)

• gap in mm dust does not correspond to gap in micron dust.

• apparent motion of the dip in the disk.
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light and 880 µm continuum map from ALMA Cycle 0 ob-
servations (retrieved in the ALMA archive, Zhang et al.
2014). The radial profile of the polarised surface brightness
is also illustrated. This profile was obtained by calculat-
ing the mean value at each radius from the centre of the
Q� image, and the error bars correspond to the standard
deviation at each position. As a result of poor seeing and
moderate AO performance, speckle noise inside a region
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Fig. 2. Left panel: overlay of the R0 band (0.626µm) Q� reflected light (which is not scaled by r2) and 880 µm map from ALMA
Cycle 0 observations (contour lines every 10...90% peak of the 880 µm continuum emission) of J1604. Right panel: radial profile
of the polarised surface brightness (arbitrary units), and the comparison with the size of the mm-cavity observed with ALMA at
880 µm (Zhang et al. 2014). The cavity radius inferred from CO J = 3 � 2 emission is also displayed. The error bars correspond
to the standard deviation at each position from calculating the mean value at each radius from the centre of the image.

of 0.1” surrounding the star still dominates. Therefore, we
only show the profile from the radius of confidence (> 0.100

corresponding to >15 AU at 145 pc).
The radial profile shows that the reflected light at

0.626µm has a gap from 15 to 40 AU, and it has a bright
annulus from 40 to 80 AU. The reflected light extends until
⇠120 AU. We fit a Gaussian profile to the ring emission
(a exp [�(x� b)2/2c2] + d), from ⇠40 AU to ⇠80 AU. The
centre of the Gaussian (b) and its width (c) were obtained
by �2 minimisation, and the values are ⇠61.5±0.3 AU and
⇠8.5± 0.4 AU, respectively. These findings agree with the
H band scattered light observations obtained with HiCIAO
(Mayama et al. 2012). A comparison between the HiCIAO
and ZIMPOL data is shown in Appendix A. Compared with
the ALMA observations of the 880 µm continuum and CO
J = 3� 2 emission, the annulus at 0.626µm lies inside the
mm-cavity which has a radius of ⇠79 AU (Zhang et al. 2014,
Fig. 2). The gas cavity radius was inferred around 31 AU,
but remains unresolved, which is ⇠9 AU closer in than the
location of the inner radius of the 0.626µm annulus.

The surface brightness emission beyond the peak de-
creases as / r�2.92±0.03, indicating a flat and not a flared
disk (a more shallow profile is expected for a flared disk,
e.g., Whitney & Hartmann 1992; D’Alessio et al. 1998).
However, this profile is more shallow than the surface
brightness profile beyond the peak from the HiCIAO data
(/ r�4.70±0.06, Fig. A.1).

3.2. Asymmetric structures

Figure 3 shows the radial mapping from 0.2-0.6” of the PI
image, which reveals one dip throughout the annulus. Since
the disk is almost face-on, the map was not corrected for the
inclination, because the projection would make very little
difference (. 0.5%). An azimuthal profile of the polarised
surface brightness was obtained by taking the mean values
between 0.35 � 0.4800 after azimuthally binning the data
by two degrees, and considering the standard deviation of
the data for the error bars. The dip is clearly seen in this
azimuthal profile. By fitting a Gaussian profile to the az-
imuthal profile (i.e. a exp [�(x� b)2/2c2] � d), the best-fit
parameter (by �2 minimisation) found for the location of
the dip minimum (b) is ⇠46.2 ± 5.4�. Comparing the re-
flected light at the minimum of the dip and outside the

dip, the reflected light is depleted by a factor of �dip⇠0.72.
There are no other significant azimuthal changes of the ring
morphology for different P.A. (Appendix B). Mayama et al.
(2012) also detected a dip, but at ⇠85

� and with a higher
contrast than our observations �dip⇠0.5. We found no indi-
cation of a second dip, which was marginally detected by
Mayama et al. (2012) at a P.A. of 255�. This non-detection
might be due to the lower signal-to-noise of our observa-
tions.

The HiCIAO and the current data were taken a little
more than three years apart (April 11, 2012 and June 10,
2015). Assuming that the dip detected with our observa-
tions is the same as was reported by Mayama et al. (2012)
at 85�, this would imply that the dip has a fast average ro-
tation speed of around 12.3± 1.7�/year from east to north
(clockwise).

4. Discussion
The location of the edge of the gas cavity at 31 AU inferred
from observations of CO J = 3�2 of J1604 with ALMA lies
inside the gap seen in scattered light (Fig. 2). In the context
of planet disk interaction, when a massive planet opens a
gap in the disk, a spatial segregation is expected between
the location of the outer edge of the gap in gas and in dust,
which is predicted to become larger at longer wavelengths
(e.g. Pinilla et al. 2012). This is because the position of
the pressure maximum at the outer edge of a gap (i.e. the
location where the large particles do not experience radial
drift) can be much farther out than the planet position
and thus the location of the outer edge of the gap in gas.
The fact that in J1604 the edge of the gas cavity lies much
closer than the inner edge of the annulus detected in our
observations at R0 band points to a very massive planet or
companion.

de Juan Ovelar et al. (2013) predicted the radial pro-
file of emission at different wavelengths after performing
radiative transfer together with hydrodynamical and dust-
evolution modelling and combined with instrument simula-
tions (including ZIMPOL and ALMA). A large radial segre-
gation between the inner edge of the annulus or “wall” ob-
served with ZIMPOL polarimetric images (defined as the
radial location where the flux has increased by half from
the minimum in the gap and the peak of the annulus)
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• gap in mm dust does not correspond to gap in micron dust.

• apparent motion of the dip in the disk.
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Fig. 3.— (Left) Polarized scattered light observed in Ks band by Garufi et al. (2013). The brightness is scaled with R2 to
compensate for stellar light dilution, and is in arbitrary linear scale. We used publicly available data from Vizier online catalog
(http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/560/A105). (Middle) Same as the left panel but in � � R coordinates
where � is defined as the angle measured counter-clockwise from the North. (Right) Dust continuum emission obtained with ALMA at
690 GHz by Pérez et al. (2014). We used public data available from the ALMA archive. In the left and middle panels we label some
important structures: S2 refers to the arm on the eastern side, S1 refers to the arm extends from the north to west, and V refers to the
brightest peak on the southwestern side.

Sommeria 1995; Inaba & Barge 2006; Meheut et al. 2012;
Fu et al. 2014b; Zhu & Stone 2014; Bae et al. 2015). As
a result the dust-to-gas mass ratio inside the vortex be-
comes as large as ⇠ 1 : 25. In Figure 2 we present the
distribution of the Stokes number Ts that corresponds
to the model presented in Figure 1. The Stokes num-
ber in the vortex is about 10�3 � 10�2 for the 30 µm
particles and is close to unity for mm-sized particles.
As the Stokes number increases against the particle size
(Ts / a), larger particles exhibit a more compact struc-
ture. For the 300 µm-sized dust the vortex extends ⇠ 180
degrees in azimuth. The total (gas+dust) mass in the
inner vortex varies over time but about 3 MJ at 50 Tp,
which is roughly consistent to the mass constrained by
sub-mm observation (2 MJ ; Pérez et al. 2014).
Regarding the inner arms, we find that the secondary

arm becomes significantly fainter outside of ⇠ 60 AU,
whereas the primary arm extends further out to the
planet. The faint secondary arm at & 60 AU is possi-
bly because less material exists due to the gap opened
by the planet. However, this may also be due to that the
second spiral arm is excited at m = 2 Lindblad resonance
which resides at R ⇠ 0.63 Rp. We note that the pitch an-
gle of the primary arm increases as a function of radius,
especially near the planet, while that of the secondary
arm is nearly constant over radius. It is also worth to
point out that the vortex and the inner spiral arms ro-
tate at di↵erent frequency: the vortex orbits at the local
Keplerian speed whereas the spiral arms corotate with
the planet.

4. DISCUSSION

In Figure 3 we display the Ks band scattered light im-
age (Garufi et al. 2013), and the dust continuum emission
at 690 GHz (Pérez et al. 2014). In the scattered light
image the disk shows two well-established spiral arms;
one on the western side (hereafter S1) and the other on
the eastern side (hereafter S2). It also shows a bright
azimuthal feature (hereafter V) at (�R.A.,�Dec.) =

(�0.2500,�0.300). Interestingly, the bright feature in S1
in the scattered light is spatially coincident to the south-
western dust emission peak.
When the scattered light is plotted in � � R coor-

dinates, however, the pitch angle of the western arm
changes abruptly in between S1 and V. This raised us
the following question: Do S1 and V form a single spiral
arm and share a common physical origin? Or do they
have di↵erent physical origins but just spatially coinci-
dent?
In order to infer the origin of the structures and to es-

timate planet’s mass and location, we compare the sim-
ulated surface density distribution and synthetic ALMA
observations to the observed data. We note that compar-
ison between the simulated surface density distribution
and the scattered light image should be treated with cau-
tion for several reasons.
The near-infrared scattered light only traces the fluctu-

ations of the disk atmosphere since the disk is highly opti-
cally thick at these wavelengths. Furthermore, the spiral
shocks complicate three-dimensional structure (Zhu et
al. 2015). Therefore, it is not straightforward to directly
relate the disk surface density to the scattered light im-
ages. However, the shape of the spiral arms are similar at
di↵erent heights in the disk (Figure 2 of Zhu et al. 2015)
and similar to the spiral shape in the modeled scattered
light images (Figure 2 of Fung & Dong 2015). Thus, we
compare morphology of arms and density distribution in
qualitative manner, rather than in quantitative manner.
The synthetic ALMA observations are produced as

follows. We use the Mie theory to calculate the dust
opacity at 690 GHz. For particle sizes of 30, 100, 300,
1000, 3000 µm, the dust opacities are 12.0, 12.9, 7.6,
2.3, 0.6 cm2g�1, respectively. For particles smaller than
17 µm, we use the opacity at a = 3µm as a represen-
tative value (2.4 cm2g�1). We note that the resulting
synthesized images are not sensitive to the choice of the
opacity of a < 17 µm particles as the mass fraction for
the particles are only 5.3 % (see Section 2.2). Then, we
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Fig. 3.— (Left) Polarized scattered light observed in Ks band by Garufi et al. (2013). The brightness is scaled with R2 to
compensate for stellar light dilution, and is in arbitrary linear scale. We used publicly available data from Vizier online catalog
(http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/560/A105). (Middle) Same as the left panel but in � � R coordinates
where � is defined as the angle measured counter-clockwise from the North. (Right) Dust continuum emission obtained with ALMA at
690 GHz by Pérez et al. (2014). We used public data available from the ALMA archive. In the left and middle panels we label some
important structures: S2 refers to the arm on the eastern side, S1 refers to the arm extends from the north to west, and V refers to the
brightest peak on the southwestern side.

Sommeria 1995; Inaba & Barge 2006; Meheut et al. 2012;
Fu et al. 2014b; Zhu & Stone 2014; Bae et al. 2015). As
a result the dust-to-gas mass ratio inside the vortex be-
comes as large as ⇠ 1 : 25. In Figure 2 we present the
distribution of the Stokes number Ts that corresponds
to the model presented in Figure 1. The Stokes num-
ber in the vortex is about 10�3 � 10�2 for the 30 µm
particles and is close to unity for mm-sized particles.
As the Stokes number increases against the particle size
(Ts / a), larger particles exhibit a more compact struc-
ture. For the 300 µm-sized dust the vortex extends ⇠ 180
degrees in azimuth. The total (gas+dust) mass in the
inner vortex varies over time but about 3 MJ at 50 Tp,
which is roughly consistent to the mass constrained by
sub-mm observation (2 MJ ; Pérez et al. 2014).
Regarding the inner arms, we find that the secondary

arm becomes significantly fainter outside of ⇠ 60 AU,
whereas the primary arm extends further out to the
planet. The faint secondary arm at & 60 AU is possi-
bly because less material exists due to the gap opened
by the planet. However, this may also be due to that the
second spiral arm is excited at m = 2 Lindblad resonance
which resides at R ⇠ 0.63 Rp. We note that the pitch an-
gle of the primary arm increases as a function of radius,
especially near the planet, while that of the secondary
arm is nearly constant over radius. It is also worth to
point out that the vortex and the inner spiral arms ro-
tate at di↵erent frequency: the vortex orbits at the local
Keplerian speed whereas the spiral arms corotate with
the planet.

4. DISCUSSION

In Figure 3 we display the Ks band scattered light im-
age (Garufi et al. 2013), and the dust continuum emission
at 690 GHz (Pérez et al. 2014). In the scattered light
image the disk shows two well-established spiral arms;
one on the western side (hereafter S1) and the other on
the eastern side (hereafter S2). It also shows a bright
azimuthal feature (hereafter V) at (�R.A.,�Dec.) =

(�0.2500,�0.300). Interestingly, the bright feature in S1
in the scattered light is spatially coincident to the south-
western dust emission peak.
When the scattered light is plotted in � � R coor-

dinates, however, the pitch angle of the western arm
changes abruptly in between S1 and V. This raised us
the following question: Do S1 and V form a single spiral
arm and share a common physical origin? Or do they
have di↵erent physical origins but just spatially coinci-
dent?
In order to infer the origin of the structures and to es-

timate planet’s mass and location, we compare the sim-
ulated surface density distribution and synthetic ALMA
observations to the observed data. We note that compar-
ison between the simulated surface density distribution
and the scattered light image should be treated with cau-
tion for several reasons.
The near-infrared scattered light only traces the fluctu-

ations of the disk atmosphere since the disk is highly opti-
cally thick at these wavelengths. Furthermore, the spiral
shocks complicate three-dimensional structure (Zhu et
al. 2015). Therefore, it is not straightforward to directly
relate the disk surface density to the scattered light im-
ages. However, the shape of the spiral arms are similar at
di↵erent heights in the disk (Figure 2 of Zhu et al. 2015)
and similar to the spiral shape in the modeled scattered
light images (Figure 2 of Fung & Dong 2015). Thus, we
compare morphology of arms and density distribution in
qualitative manner, rather than in quantitative manner.
The synthetic ALMA observations are produced as

follows. We use the Mie theory to calculate the dust
opacity at 690 GHz. For particle sizes of 30, 100, 300,
1000, 3000 µm, the dust opacities are 12.0, 12.9, 7.6,
2.3, 0.6 cm2g�1, respectively. For particles smaller than
17 µm, we use the opacity at a = 3µm as a represen-
tative value (2.4 cm2g�1). We note that the resulting
synthesized images are not sensitive to the choice of the
opacity of a < 17 µm particles as the mass fraction for
the particles are only 5.3 % (see Section 2.2). Then, we
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• Hypothetical planet excites spiral arms, carves a gap. 
• Local pressure bump forms a vortex which traps mm particles.
• Vortex responsible for bright spot in SW spiral. 
• Motion of the SW arm can pinpoint where the planet is.
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Fig. 3.— (Left) Polarized scattered light observed in Ks band by Garufi et al. (2013). The brightness is scaled with R2 to
compensate for stellar light dilution, and is in arbitrary linear scale. We used publicly available data from Vizier online catalog
(http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/560/A105). (Middle) Same as the left panel but in � � R coordinates
where � is defined as the angle measured counter-clockwise from the North. (Right) Dust continuum emission obtained with ALMA at
690 GHz by Pérez et al. (2014). We used public data available from the ALMA archive. In the left and middle panels we label some
important structures: S2 refers to the arm on the eastern side, S1 refers to the arm extends from the north to west, and V refers to the
brightest peak on the southwestern side.

Sommeria 1995; Inaba & Barge 2006; Meheut et al. 2012;
Fu et al. 2014b; Zhu & Stone 2014; Bae et al. 2015). As
a result the dust-to-gas mass ratio inside the vortex be-
comes as large as ⇠ 1 : 25. In Figure 2 we present the
distribution of the Stokes number Ts that corresponds
to the model presented in Figure 1. The Stokes num-
ber in the vortex is about 10�3 � 10�2 for the 30 µm
particles and is close to unity for mm-sized particles.
As the Stokes number increases against the particle size
(Ts / a), larger particles exhibit a more compact struc-
ture. For the 300 µm-sized dust the vortex extends ⇠ 180
degrees in azimuth. The total (gas+dust) mass in the
inner vortex varies over time but about 3 MJ at 50 Tp,
which is roughly consistent to the mass constrained by
sub-mm observation (2 MJ ; Pérez et al. 2014).
Regarding the inner arms, we find that the secondary

arm becomes significantly fainter outside of ⇠ 60 AU,
whereas the primary arm extends further out to the
planet. The faint secondary arm at & 60 AU is possi-
bly because less material exists due to the gap opened
by the planet. However, this may also be due to that the
second spiral arm is excited at m = 2 Lindblad resonance
which resides at R ⇠ 0.63 Rp. We note that the pitch an-
gle of the primary arm increases as a function of radius,
especially near the planet, while that of the secondary
arm is nearly constant over radius. It is also worth to
point out that the vortex and the inner spiral arms ro-
tate at di↵erent frequency: the vortex orbits at the local
Keplerian speed whereas the spiral arms corotate with
the planet.

4. DISCUSSION

In Figure 3 we display the Ks band scattered light im-
age (Garufi et al. 2013), and the dust continuum emission
at 690 GHz (Pérez et al. 2014). In the scattered light
image the disk shows two well-established spiral arms;
one on the western side (hereafter S1) and the other on
the eastern side (hereafter S2). It also shows a bright
azimuthal feature (hereafter V) at (�R.A.,�Dec.) =

(�0.2500,�0.300). Interestingly, the bright feature in S1
in the scattered light is spatially coincident to the south-
western dust emission peak.
When the scattered light is plotted in � � R coor-

dinates, however, the pitch angle of the western arm
changes abruptly in between S1 and V. This raised us
the following question: Do S1 and V form a single spiral
arm and share a common physical origin? Or do they
have di↵erent physical origins but just spatially coinci-
dent?
In order to infer the origin of the structures and to es-

timate planet’s mass and location, we compare the sim-
ulated surface density distribution and synthetic ALMA
observations to the observed data. We note that compar-
ison between the simulated surface density distribution
and the scattered light image should be treated with cau-
tion for several reasons.
The near-infrared scattered light only traces the fluctu-

ations of the disk atmosphere since the disk is highly opti-
cally thick at these wavelengths. Furthermore, the spiral
shocks complicate three-dimensional structure (Zhu et
al. 2015). Therefore, it is not straightforward to directly
relate the disk surface density to the scattered light im-
ages. However, the shape of the spiral arms are similar at
di↵erent heights in the disk (Figure 2 of Zhu et al. 2015)
and similar to the spiral shape in the modeled scattered
light images (Figure 2 of Fung & Dong 2015). Thus, we
compare morphology of arms and density distribution in
qualitative manner, rather than in quantitative manner.
The synthetic ALMA observations are produced as

follows. We use the Mie theory to calculate the dust
opacity at 690 GHz. For particle sizes of 30, 100, 300,
1000, 3000 µm, the dust opacities are 12.0, 12.9, 7.6,
2.3, 0.6 cm2g�1, respectively. For particles smaller than
17 µm, we use the opacity at a = 3µm as a represen-
tative value (2.4 cm2g�1). We note that the resulting
synthesized images are not sensitive to the choice of the
opacity of a < 17 µm particles as the mass fraction for
the particles are only 5.3 % (see Section 2.2). Then, we
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Fig. 3.— (Left) Polarized scattered light observed in Ks band by Garufi et al. (2013). The brightness is scaled with R2 to
compensate for stellar light dilution, and is in arbitrary linear scale. We used publicly available data from Vizier online catalog
(http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/560/A105). (Middle) Same as the left panel but in � � R coordinates
where � is defined as the angle measured counter-clockwise from the North. (Right) Dust continuum emission obtained with ALMA at
690 GHz by Pérez et al. (2014). We used public data available from the ALMA archive. In the left and middle panels we label some
important structures: S2 refers to the arm on the eastern side, S1 refers to the arm extends from the north to west, and V refers to the
brightest peak on the southwestern side.

Sommeria 1995; Inaba & Barge 2006; Meheut et al. 2012;
Fu et al. 2014b; Zhu & Stone 2014; Bae et al. 2015). As
a result the dust-to-gas mass ratio inside the vortex be-
comes as large as ⇠ 1 : 25. In Figure 2 we present the
distribution of the Stokes number Ts that corresponds
to the model presented in Figure 1. The Stokes num-
ber in the vortex is about 10�3 � 10�2 for the 30 µm
particles and is close to unity for mm-sized particles.
As the Stokes number increases against the particle size
(Ts / a), larger particles exhibit a more compact struc-
ture. For the 300 µm-sized dust the vortex extends ⇠ 180
degrees in azimuth. The total (gas+dust) mass in the
inner vortex varies over time but about 3 MJ at 50 Tp,
which is roughly consistent to the mass constrained by
sub-mm observation (2 MJ ; Pérez et al. 2014).
Regarding the inner arms, we find that the secondary

arm becomes significantly fainter outside of ⇠ 60 AU,
whereas the primary arm extends further out to the
planet. The faint secondary arm at & 60 AU is possi-
bly because less material exists due to the gap opened
by the planet. However, this may also be due to that the
second spiral arm is excited at m = 2 Lindblad resonance
which resides at R ⇠ 0.63 Rp. We note that the pitch an-
gle of the primary arm increases as a function of radius,
especially near the planet, while that of the secondary
arm is nearly constant over radius. It is also worth to
point out that the vortex and the inner spiral arms ro-
tate at di↵erent frequency: the vortex orbits at the local
Keplerian speed whereas the spiral arms corotate with
the planet.

4. DISCUSSION

In Figure 3 we display the Ks band scattered light im-
age (Garufi et al. 2013), and the dust continuum emission
at 690 GHz (Pérez et al. 2014). In the scattered light
image the disk shows two well-established spiral arms;
one on the western side (hereafter S1) and the other on
the eastern side (hereafter S2). It also shows a bright
azimuthal feature (hereafter V) at (�R.A.,�Dec.) =

(�0.2500,�0.300). Interestingly, the bright feature in S1
in the scattered light is spatially coincident to the south-
western dust emission peak.
When the scattered light is plotted in � � R coor-

dinates, however, the pitch angle of the western arm
changes abruptly in between S1 and V. This raised us
the following question: Do S1 and V form a single spiral
arm and share a common physical origin? Or do they
have di↵erent physical origins but just spatially coinci-
dent?
In order to infer the origin of the structures and to es-

timate planet’s mass and location, we compare the sim-
ulated surface density distribution and synthetic ALMA
observations to the observed data. We note that compar-
ison between the simulated surface density distribution
and the scattered light image should be treated with cau-
tion for several reasons.
The near-infrared scattered light only traces the fluctu-

ations of the disk atmosphere since the disk is highly opti-
cally thick at these wavelengths. Furthermore, the spiral
shocks complicate three-dimensional structure (Zhu et
al. 2015). Therefore, it is not straightforward to directly
relate the disk surface density to the scattered light im-
ages. However, the shape of the spiral arms are similar at
di↵erent heights in the disk (Figure 2 of Zhu et al. 2015)
and similar to the spiral shape in the modeled scattered
light images (Figure 2 of Fung & Dong 2015). Thus, we
compare morphology of arms and density distribution in
qualitative manner, rather than in quantitative manner.
The synthetic ALMA observations are produced as

follows. We use the Mie theory to calculate the dust
opacity at 690 GHz. For particle sizes of 30, 100, 300,
1000, 3000 µm, the dust opacities are 12.0, 12.9, 7.6,
2.3, 0.6 cm2g�1, respectively. For particles smaller than
17 µm, we use the opacity at a = 3µm as a represen-
tative value (2.4 cm2g�1). We note that the resulting
synthesized images are not sensitive to the choice of the
opacity of a < 17 µm particles as the mass fraction for
the particles are only 5.3 % (see Section 2.2). Then, we
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Fig. 4.— Upper panels: When S1 is assumed to be the primary arm. Mp = 10 MJ and Rp = 100 AU were used. (Left) Gas density
distribution in the inner 140 AU disk (=1”) from this work. The planet is located at (�R.A.,�Dec.) = (0.300,�0.6500). (Middle) Same as
the left panel but in � � R coordinates where � is measured counter-clockwise from the North. The primary and secondary inner spiral
arms as well as the vortex are clearly seen. (Right) ALMA simulated image with the cycle 0 extended configuration. The synthesized
beam is displayed in the lower-left corner. Lower panels: Same as the upper panels but when S2 is the primary arm. Mp = 15 MJ and
Rp = 120 AU were used. The planet is located at (�R.A.,�Dec.) = (�0.400, 0.7500) in the left panel.

calculate the optical depth of the disk as

⌧ = S
X

i

Wi⌃d,ii, (7)

where Wi is the mass fraction (0  Wi  1,
P

Wi = 1) of
each dust size bin, and ⌃d,i and i are the dust surface
density and the opacity for each dust size bin, respec-
tively. The scaling factor S is introduced to calibrate
the overall dust-to-gas ratio in a way that the simulated
thermal emission matches to the observed intensity. In
the models introduced below, we use S ⇠ 2 which implies
that the dust to gas mass ratio is presumably smaller
than the one assumed in our calculations (1:100). The
total flux distribution is calculated with the temperature
profile given in Equation (3), assuming the blackbody
radiation with the e↵ect of optical depth taken into ac-
count: F = B⌫(T ) exp(1 � ⌧) where F is the flux, B⌫
denotes the Planck function, and ⌧ is the optical depth.
Finally, the flux is synthesized with the ALMA beam
using CASA4. Thermal noise from the atmosphere and

4 http://casa.nrao.edu

from the ALMA receivers is added by setting thermal-

noise option in the simobserve task to tsys-atm. We use
the ALMA cycle 0 extended configuration to compare
our models to the data presented in Pérez et al. (2014,
see also Figure 2 of this paper). The distance of 140 pc
(Müller et al. 2011, and references therein), PA and incli-
nation of 63� and 16� (van der Marel et al. 2015b) were
used.
For the entire duration of our simulations (100 Tp .

105 yr) µm-sized dust particles are not completely de-
pleted from the inner disk, while sub-mm and mm con-
tinuum observations suggest significant reduction of dust
density in the inner cavity (Lyo 2011; van der Marel et
al. 2015a,b). This is probably because the duration of
the simulations is much shorter than the actual age of
the system, although we cannot rule out the existence of
a second companion inside the cavity. In order to reduce
the excess dust emission from the inner disk, we decrease
dust density at the inner 35 AU by a factor of 100 when
produce synthetic ALMA observations.
Zhu et al. (2015) and Fung & Dong (2015) recently

showed that the azimuthal separation of scattered light
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Fig. 4.— Upper panels: When S1 is assumed to be the primary arm. Mp = 10 MJ and Rp = 100 AU were used. (Left) Gas density
distribution in the inner 140 AU disk (=1”) from this work. The planet is located at (�R.A.,�Dec.) = (0.300,�0.6500). (Middle) Same as
the left panel but in � � R coordinates where � is measured counter-clockwise from the North. The primary and secondary inner spiral
arms as well as the vortex are clearly seen. (Right) ALMA simulated image with the cycle 0 extended configuration. The synthesized
beam is displayed in the lower-left corner. Lower panels: Same as the upper panels but when S2 is the primary arm. Mp = 15 MJ and
Rp = 120 AU were used. The planet is located at (�R.A.,�Dec.) = (�0.400, 0.7500) in the left panel.
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noise option in the simobserve task to tsys-atm. We use
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nation of 63� and 16� (van der Marel et al. 2015b) were
used.
For the entire duration of our simulations (100 Tp .

105 yr) µm-sized dust particles are not completely de-
pleted from the inner disk, while sub-mm and mm con-
tinuum observations suggest significant reduction of dust
density in the inner cavity (Lyo 2011; van der Marel et
al. 2015a,b). This is probably because the duration of
the simulations is much shorter than the actual age of
the system, although we cannot rule out the existence of
a second companion inside the cavity. In order to reduce
the excess dust emission from the inner disk, we decrease
dust density at the inner 35 AU by a factor of 100 when
produce synthetic ALMA observations.
Zhu et al. (2015) and Fung & Dong (2015) recently

showed that the azimuthal separation of scattered light
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• Hypothetical planet excites spiral arms, carves a gap. 
• Local pressure bump forms a vortex which traps mm particles.
• Vortex responsible for bright spot in SW spiral. 
• Motion of the SW arm can pinpoint where the planet is.
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Fig. 3.— (Left) Polarized scattered light observed in Ks band by Garufi et al. (2013). The brightness is scaled with R2 to
compensate for stellar light dilution, and is in arbitrary linear scale. We used publicly available data from Vizier online catalog
(http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/560/A105). (Middle) Same as the left panel but in � � R coordinates
where � is defined as the angle measured counter-clockwise from the North. (Right) Dust continuum emission obtained with ALMA at
690 GHz by Pérez et al. (2014). We used public data available from the ALMA archive. In the left and middle panels we label some
important structures: S2 refers to the arm on the eastern side, S1 refers to the arm extends from the north to west, and V refers to the
brightest peak on the southwestern side.

Sommeria 1995; Inaba & Barge 2006; Meheut et al. 2012;
Fu et al. 2014b; Zhu & Stone 2014; Bae et al. 2015). As
a result the dust-to-gas mass ratio inside the vortex be-
comes as large as ⇠ 1 : 25. In Figure 2 we present the
distribution of the Stokes number Ts that corresponds
to the model presented in Figure 1. The Stokes num-
ber in the vortex is about 10�3 � 10�2 for the 30 µm
particles and is close to unity for mm-sized particles.
As the Stokes number increases against the particle size
(Ts / a), larger particles exhibit a more compact struc-
ture. For the 300 µm-sized dust the vortex extends ⇠ 180
degrees in azimuth. The total (gas+dust) mass in the
inner vortex varies over time but about 3 MJ at 50 Tp,
which is roughly consistent to the mass constrained by
sub-mm observation (2 MJ ; Pérez et al. 2014).
Regarding the inner arms, we find that the secondary

arm becomes significantly fainter outside of ⇠ 60 AU,
whereas the primary arm extends further out to the
planet. The faint secondary arm at & 60 AU is possi-
bly because less material exists due to the gap opened
by the planet. However, this may also be due to that the
second spiral arm is excited at m = 2 Lindblad resonance
which resides at R ⇠ 0.63 Rp. We note that the pitch an-
gle of the primary arm increases as a function of radius,
especially near the planet, while that of the secondary
arm is nearly constant over radius. It is also worth to
point out that the vortex and the inner spiral arms ro-
tate at di↵erent frequency: the vortex orbits at the local
Keplerian speed whereas the spiral arms corotate with
the planet.

4. DISCUSSION

In Figure 3 we display the Ks band scattered light im-
age (Garufi et al. 2013), and the dust continuum emission
at 690 GHz (Pérez et al. 2014). In the scattered light
image the disk shows two well-established spiral arms;
one on the western side (hereafter S1) and the other on
the eastern side (hereafter S2). It also shows a bright
azimuthal feature (hereafter V) at (�R.A.,�Dec.) =

(�0.2500,�0.300). Interestingly, the bright feature in S1
in the scattered light is spatially coincident to the south-
western dust emission peak.
When the scattered light is plotted in � � R coor-

dinates, however, the pitch angle of the western arm
changes abruptly in between S1 and V. This raised us
the following question: Do S1 and V form a single spiral
arm and share a common physical origin? Or do they
have di↵erent physical origins but just spatially coinci-
dent?
In order to infer the origin of the structures and to es-

timate planet’s mass and location, we compare the sim-
ulated surface density distribution and synthetic ALMA
observations to the observed data. We note that compar-
ison between the simulated surface density distribution
and the scattered light image should be treated with cau-
tion for several reasons.
The near-infrared scattered light only traces the fluctu-

ations of the disk atmosphere since the disk is highly opti-
cally thick at these wavelengths. Furthermore, the spiral
shocks complicate three-dimensional structure (Zhu et
al. 2015). Therefore, it is not straightforward to directly
relate the disk surface density to the scattered light im-
ages. However, the shape of the spiral arms are similar at
di↵erent heights in the disk (Figure 2 of Zhu et al. 2015)
and similar to the spiral shape in the modeled scattered
light images (Figure 2 of Fung & Dong 2015). Thus, we
compare morphology of arms and density distribution in
qualitative manner, rather than in quantitative manner.
The synthetic ALMA observations are produced as

follows. We use the Mie theory to calculate the dust
opacity at 690 GHz. For particle sizes of 30, 100, 300,
1000, 3000 µm, the dust opacities are 12.0, 12.9, 7.6,
2.3, 0.6 cm2g�1, respectively. For particles smaller than
17 µm, we use the opacity at a = 3µm as a represen-
tative value (2.4 cm2g�1). We note that the resulting
synthesized images are not sensitive to the choice of the
opacity of a < 17 µm particles as the mass fraction for
the particles are only 5.3 % (see Section 2.2). Then, we
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Fig. 3.— (Left) Polarized scattered light observed in Ks band by Garufi et al. (2013). The brightness is scaled with R2 to
compensate for stellar light dilution, and is in arbitrary linear scale. We used publicly available data from Vizier online catalog
(http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/560/A105). (Middle) Same as the left panel but in � � R coordinates
where � is defined as the angle measured counter-clockwise from the North. (Right) Dust continuum emission obtained with ALMA at
690 GHz by Pérez et al. (2014). We used public data available from the ALMA archive. In the left and middle panels we label some
important structures: S2 refers to the arm on the eastern side, S1 refers to the arm extends from the north to west, and V refers to the
brightest peak on the southwestern side.
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changes abruptly in between S1 and V. This raised us
the following question: Do S1 and V form a single spiral
arm and share a common physical origin? Or do they
have di↵erent physical origins but just spatially coinci-
dent?
In order to infer the origin of the structures and to es-

timate planet’s mass and location, we compare the sim-
ulated surface density distribution and synthetic ALMA
observations to the observed data. We note that compar-
ison between the simulated surface density distribution
and the scattered light image should be treated with cau-
tion for several reasons.
The near-infrared scattered light only traces the fluctu-

ations of the disk atmosphere since the disk is highly opti-
cally thick at these wavelengths. Furthermore, the spiral
shocks complicate three-dimensional structure (Zhu et
al. 2015). Therefore, it is not straightforward to directly
relate the disk surface density to the scattered light im-
ages. However, the shape of the spiral arms are similar at
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and similar to the spiral shape in the modeled scattered
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compare morphology of arms and density distribution in
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follows. We use the Mie theory to calculate the dust
opacity at 690 GHz. For particle sizes of 30, 100, 300,
1000, 3000 µm, the dust opacities are 12.0, 12.9, 7.6,
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Fig. 4.— Upper panels: When S1 is assumed to be the primary arm. Mp = 10 MJ and Rp = 100 AU were used. (Left) Gas density
distribution in the inner 140 AU disk (=1”) from this work. The planet is located at (�R.A.,�Dec.) = (0.300,�0.6500). (Middle) Same as
the left panel but in � � R coordinates where � is measured counter-clockwise from the North. The primary and secondary inner spiral
arms as well as the vortex are clearly seen. (Right) ALMA simulated image with the cycle 0 extended configuration. The synthesized
beam is displayed in the lower-left corner. Lower panels: Same as the upper panels but when S2 is the primary arm. Mp = 15 MJ and
Rp = 120 AU were used. The planet is located at (�R.A.,�Dec.) = (�0.400, 0.7500) in the left panel.

calculate the optical depth of the disk as

⌧ = S
X

i

Wi⌃d,ii, (7)

where Wi is the mass fraction (0  Wi  1,
P

Wi = 1) of
each dust size bin, and ⌃d,i and i are the dust surface
density and the opacity for each dust size bin, respec-
tively. The scaling factor S is introduced to calibrate
the overall dust-to-gas ratio in a way that the simulated
thermal emission matches to the observed intensity. In
the models introduced below, we use S ⇠ 2 which implies
that the dust to gas mass ratio is presumably smaller
than the one assumed in our calculations (1:100). The
total flux distribution is calculated with the temperature
profile given in Equation (3), assuming the blackbody
radiation with the e↵ect of optical depth taken into ac-
count: F = B⌫(T ) exp(1 � ⌧) where F is the flux, B⌫
denotes the Planck function, and ⌧ is the optical depth.
Finally, the flux is synthesized with the ALMA beam
using CASA4. Thermal noise from the atmosphere and

4 http://casa.nrao.edu

from the ALMA receivers is added by setting thermal-

noise option in the simobserve task to tsys-atm. We use
the ALMA cycle 0 extended configuration to compare
our models to the data presented in Pérez et al. (2014,
see also Figure 2 of this paper). The distance of 140 pc
(Müller et al. 2011, and references therein), PA and incli-
nation of 63� and 16� (van der Marel et al. 2015b) were
used.
For the entire duration of our simulations (100 Tp .

105 yr) µm-sized dust particles are not completely de-
pleted from the inner disk, while sub-mm and mm con-
tinuum observations suggest significant reduction of dust
density in the inner cavity (Lyo 2011; van der Marel et
al. 2015a,b). This is probably because the duration of
the simulations is much shorter than the actual age of
the system, although we cannot rule out the existence of
a second companion inside the cavity. In order to reduce
the excess dust emission from the inner disk, we decrease
dust density at the inner 35 AU by a factor of 100 when
produce synthetic ALMA observations.
Zhu et al. (2015) and Fung & Dong (2015) recently

showed that the azimuthal separation of scattered light
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Fig. 4.— Upper panels: When S1 is assumed to be the primary arm. Mp = 10 MJ and Rp = 100 AU were used. (Left) Gas density
distribution in the inner 140 AU disk (=1”) from this work. The planet is located at (�R.A.,�Dec.) = (0.300,�0.6500). (Middle) Same as
the left panel but in � � R coordinates where � is measured counter-clockwise from the North. The primary and secondary inner spiral
arms as well as the vortex are clearly seen. (Right) ALMA simulated image with the cycle 0 extended configuration. The synthesized
beam is displayed in the lower-left corner. Lower panels: Same as the upper panels but when S2 is the primary arm. Mp = 15 MJ and
Rp = 120 AU were used. The planet is located at (�R.A.,�Dec.) = (�0.400, 0.7500) in the left panel.
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pleted from the inner disk, while sub-mm and mm con-
tinuum observations suggest significant reduction of dust
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al. 2015a,b). This is probably because the duration of
the simulations is much shorter than the actual age of
the system, although we cannot rule out the existence of
a second companion inside the cavity. In order to reduce
the excess dust emission from the inner disk, we decrease
dust density at the inner 35 AU by a factor of 100 when
produce synthetic ALMA observations.
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Fig. 6.— Iso-density contours (⌃g = 20 g cm�2) showing time evolution of the bright southwestern feature in the two scenarios: (left) S1
is the primary arm and (right) S1 is the secondary arm. The black contours show positions at the same time as in Figure 4. The blue and
red contours show positions at �10 and +10 years from the black contours, respectively. If the bright feature originates from the vortex
alone (scenario 2) it will move circularly over time, whereas the displacement will be circular + lateral if it is from a spiral arm passing
through vortex (scenario 1). The cross symbols indicate the positions where the density peaks in the structures.

Assuming the vortex center is at 0.400 = 56 AU, the peak
will rotate about 1.1� per year. Since the two scenarios
show noticeably di↵erent evolution, monitoring of the
brightest peak over the next few years will help reveal
the origin of the structures.
We note that the observations have made so far were

not able to reach the detection limit of ⇠ 10 MJ at
100 AU in SAO 206462 (e.g. Vicente et al. 2011), be-
cause the thermal emission from such planets are too
small compared to the central star. Future observations
with GPI and SPHERE will be able to provide stronger
constraints, if not detect a planet candidate.
Our calculations are limited to two dimensions and

therefore we are unable to conclude which scenario would
be preferred over the other at this point. Future three-
dimensional simulations and radiative transfer calcula-
tions will be able to provide a more robust prediction. In
addition, knowing more accurate estimates of the vortex
position and disk temperature profile will help constrain
the planetary mass and position for future searches.

5. CONCLUSIONS

We have constructed two-dimensional models with
dust drift which show vortex and spiral structure sim-
ilar to that observed in SAO 206462. We further suggest

that an interaction between a spiral arm and the vortex
accounts for the abrupt change in brightness seen in the
scattered light observations, although vortex alone may
also explain the bright scattered light peak. Monitoring
of the brightest peak over the next few years and higher
resolution ALMA observations can help test our models
and perhaps suggest which of our two preferred scenarios
is more likely.

Authors thank the anonymous referee for a helpful
report that improved the initial manuscript. Authors
thank Je↵rey Fung and Antonio Garufi for valuable dis-
cussion. Authors also thank Antonio Garufi et al. for
making their data publicly available. Z.Z. greatly ap-
preciate Laurent Pueyo sharing his unpublished results
and providing very helpful suggestions. This research
was supported in part by the University of Michigan, and
computational resources there provided by Advanced Re-
search Computing. Z.Z. is supported by NASA through
Hubble Fellowship grants HST-HF-51333.01-A awarded
by the Space Telescope Science Institute, which is op-
erated by the Association of Universities for Research
in Astronomy, Inc., for NASA, under contract NAS 5-
26555.

APPENDIX

RESOLUTION TEST

We double the resolution in order to check numerical convergency, with a 10 MJ planet orbiting at 100 AU. We test
with a particle size of a = 300 µm as a representative case because (1) dust evolution does not a↵ect to gas evolution
in our calculations and thus the gas structure remains identical no matter which dust particle size is used, and (2)
the dust stopping time often limits the time step in two-fluid calculations, especially when a small dust particle size
is assumed. For instance, when a = 30 µm is assumed the dust stopping time is locally more than three orders of
magnitude shorter than the orbital time (see Figure 2), and therefore causes a very small time step.
In Figure 7 we display two-dimensional distributions of gas and 300 µm dust, and their azimuthally-averaged radial

profiles. While the high-resolution run shows more small scale structures, the overall morphology is in good agreement
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• Local pressure bump forms a vortex which traps mm particles.
• Vortex responsible for bright spot in SW spiral. 
• Motion of the SW arm can pinpoint where the planet is.
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Parameter space for WFIRST CGI GO science
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Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Angular resolution is 
key. Contrast is not 
challenging.

• How much of this can 
be done from the ground 
now?

1. Proto-planetary 
disks and their interaction 
with exoplanets:

ELT Circa 2015
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Figure 11 SR ratio as a function of GS magnitude (R band) for various SPHERE wavelengths (and thus SPHERE 

configuration in terms of beam-splitting between WFS and scientific paths) 
 
4.3 SAXO performance in poor (large seeing and wind speed) conditions  

In this section, the performance (as well as the robustness) of the system is studied in the poor condition regime, i.e. a 
seeing of 1.12 arcsec and two wind speed values of 12.5 and 30 m/s. These measurements have been performed in good 
T° conditions (< 17°) so that the DM had a relatively good shape at rest. First of all, despite some actuators in saturation 
(well handled by the anti-wind up and Garbage Collector processes), the loop was stable and robust during all the 
acquisition process (a few tens of minutes). 

Seeing = 1.2 – wind speed = 12.5 m/s Seeing = 1.2 – wind speed = 30 m/s 

 
SR = 85.5 %  ± 2 % SR = 73.3 %  ± 2 % 

Figure 12 Classical PSF for poor conditions 
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Performances of Adaptive Optics systems

Fusco et al. (2014)
VLT- Sphere

• The majority of the well studied mm proto-planetary disks are 
“too faint” to be observed in the visible with today’s AO systems.
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Figure 11 SR ratio as a function of GS magnitude (R band) for various SPHERE wavelengths (and thus SPHERE 

configuration in terms of beam-splitting between WFS and scientific paths) 
 
4.3 SAXO performance in poor (large seeing and wind speed) conditions  

In this section, the performance (as well as the robustness) of the system is studied in the poor condition regime, i.e. a 
seeing of 1.12 arcsec and two wind speed values of 12.5 and 30 m/s. These measurements have been performed in good 
T° conditions (< 17°) so that the DM had a relatively good shape at rest. First of all, despite some actuators in saturation 
(well handled by the anti-wind up and Garbage Collector processes), the loop was stable and robust during all the 
acquisition process (a few tens of minutes). 
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Parameter space for WFIRST CGI GO science
WFIRST-AFTA 

 

Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Angular resolution is 
key. Contrast is not 
challenging.

• Current AO systems 
will only observe 
archetypal systems.

•WFIRST and/or ETLs 
will observe the bulk of 
these systems.  

1. Proto-planetary 
disks and their interaction 
with exoplanets:

Given the timescales associated with planet disk 
interaction every observation is precious. 

ELT Circa 2015
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Archival data for time series observations

A) to 0.5 AU (for E). Features A and B are recovered with the visible-
light instrument channel of SPHERE, as well (Methods).

To confirm the presence and reliability of these features we revisited
older observations with HST’s Space Telescope Imaging Spectrograph
(STIS) in 2010/2011, in which a bump in the midplane was reported in
the southeast side at a projected separation of about 13 AU (ref. 15). We
reanalysed these data to yield separate images for the 2010 and 2011
epochs, augmented with unsharp masking to render the structures more
visible. Both epochs show that this bump is equivalent to the feature B
seen in the 2014 SPHERE image but situated about 4 AU closer to the star
(Fig. 1), and similarly feature A is also visible from the 2011 epoch. A
more careful look reveals that the HST reprocessed images also contain
more features all along the midplane. Not only do the features in the
SPHERE and HST images match with high fidelity across all three

epochs, but they also appear radially offset between epochs, suggesting
that the features are moving away from the star, as shown in Fig. 2.

To precisely register the features we plot the disk spine’s transversal
excursions from the midplane and its intensity as a function of sepa-
ration from the star (Fig. 3). We note that these two methods do not
trace exactly the same physical structures, since the intensity maxima
do not coincide with the excursion peaks for the outer features (Fig. 3a,
b). Nevertheless, both methods show a persistent pattern shifting away
from the star over a 4-year time frame. The five features are clearly
identifiable as peaks in the excursion plot. As a general trend, the
features get fainter, broader, and closer to the midplane of the disk
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Figure 2 | Extraction of disk substructure from the southeastern side.
a–c, The images from Fig. 1a–c after unsharp masking, subtraction of the
smooth main body of the disk, and stretching in the vertical direction by a factor
of two (see Methods). The same persistent pattern is recovered in all three
epochs, though at shifted locations, implying motion away from the star. d,
A contour plot of the two HST epochs after more aggressive spatial filtering
(Methods), which produces sharp residual features highlighting the differential
motion of each feature.
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Figure 1 | High-contrast images of the AU Mic debris disk. Images are
shown for the three epochs (2010.69, 2011.63 and 2014.69) at the same spatial
scale; the location of AU Mic is marked with a yellow star symbol. In a and b, the
HST/STIS data were processed with multi-roll point spread function (PSF)-
template subtraction and unsharp mask. SPHERE/IRDIS images are displayed in
c, d and e, for three differential imaging techniques (average profile subtraction,
KLIP and LOCI) (see Methods). The intensity maps are multiplied by the
square of the stellocentric distance to counteract the high dynamic range of the
data and to make the disk structures A–E visible at all separations.
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Figure 3 | Disk features across
three epochs. Precise registration of
the disk spine in the southeast side
reveals vertical excursions (a) and
intensity variations (multiplied by
the square of the separation from the
star, b). The SPHERE profile is an
average of three data reductions
(ADI, KLIP and subtraction of
azimuthally averaged profile). Error
bars are 1s dispersion. The profiles
are shifted vertically in proportion to
the time intervals between
epochs. Disk features are identified as
five local maxima (A–E). Dashed
orange lines roughly illustrate the
possible trajectory of each feature.
Feature A is undetected in 2010,
being too close to the star. a.u.,
arbitrary units.
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A) to 0.5 AU (for E). Features A and B are recovered with the visible-
light instrument channel of SPHERE, as well (Methods).

To confirm the presence and reliability of these features we revisited
older observations with HST’s Space Telescope Imaging Spectrograph
(STIS) in 2010/2011, in which a bump in the midplane was reported in
the southeast side at a projected separation of about 13 AU (ref. 15). We
reanalysed these data to yield separate images for the 2010 and 2011
epochs, augmented with unsharp masking to render the structures more
visible. Both epochs show that this bump is equivalent to the feature B
seen in the 2014 SPHERE image but situated about 4 AU closer to the star
(Fig. 1), and similarly feature A is also visible from the 2011 epoch. A
more careful look reveals that the HST reprocessed images also contain
more features all along the midplane. Not only do the features in the
SPHERE and HST images match with high fidelity across all three

epochs, but they also appear radially offset between epochs, suggesting
that the features are moving away from the star, as shown in Fig. 2.

To precisely register the features we plot the disk spine’s transversal
excursions from the midplane and its intensity as a function of sepa-
ration from the star (Fig. 3). We note that these two methods do not
trace exactly the same physical structures, since the intensity maxima
do not coincide with the excursion peaks for the outer features (Fig. 3a,
b). Nevertheless, both methods show a persistent pattern shifting away
from the star over a 4-year time frame. The five features are clearly
identifiable as peaks in the excursion plot. As a general trend, the
features get fainter, broader, and closer to the midplane of the disk
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a–c, The images from Fig. 1a–c after unsharp masking, subtraction of the
smooth main body of the disk, and stretching in the vertical direction by a factor
of two (see Methods). The same persistent pattern is recovered in all three
epochs, though at shifted locations, implying motion away from the star. d,
A contour plot of the two HST epochs after more aggressive spatial filtering
(Methods), which produces sharp residual features highlighting the differential
motion of each feature.
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Figure 1 | High-contrast images of the AU Mic debris disk. Images are
shown for the three epochs (2010.69, 2011.63 and 2014.69) at the same spatial
scale; the location of AU Mic is marked with a yellow star symbol. In a and b, the
HST/STIS data were processed with multi-roll point spread function (PSF)-
template subtraction and unsharp mask. SPHERE/IRDIS images are displayed in
c, d and e, for three differential imaging techniques (average profile subtraction,
KLIP and LOCI) (see Methods). The intensity maps are multiplied by the
square of the stellocentric distance to counteract the high dynamic range of the
data and to make the disk structures A–E visible at all separations.
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Figure 3 | Disk features across
three epochs. Precise registration of
the disk spine in the southeast side
reveals vertical excursions (a) and
intensity variations (multiplied by
the square of the separation from the
star, b). The SPHERE profile is an
average of three data reductions
(ADI, KLIP and subtraction of
azimuthally averaged profile). Error
bars are 1s dispersion. The profiles
are shifted vertically in proportion to
the time intervals between
epochs. Disk features are identified as
five local maxima (A–E). Dashed
orange lines roughly illustrate the
possible trajectory of each feature.
Feature A is undetected in 2010,
being too close to the star. a.u.,
arbitrary units.
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Boccaletti et al. (2015): VLT-SPHERE + HST-STIS
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Context: formation and evolution of planetary systems 
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Context: formation and evolution of planetary systems 

1-10 Myrs

10-300 Myrs

5 Gyrs

2. Proto-planets and 
interactions with their disk
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What do proto-planets look like?

Spiegel and Burrows (2012)
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What do proto-planets look like?

Spiegel and Burrows (2012)

Circumplanetary Disk Accretion 3

Fig. 1.— The SEDs of accreting circumplanetary disks at 100 pc (black curves) with different disk inner radii (Rin). The solid curves
represent the cases with Rout = 1000Rin while the dotted curves are calculated with Rout = 50Rin. The product of the planet mass and
the disk accretion rate ranges from 10−7 to 10−2 M2

Jyr
−1. For comparison, the red curves are the SEDs of the 1 Myr old planets at 100

pc based on the “hot start” models (SB). The red curve with a brighter flux is from a 10 MJ planet while the red curve with a weaker
flux is from a 1 MJ planet. We have also plotted the SEDs based on the “cold start” planet models as the blue curves (SB). Similarly, the
blue curve with a brighter flux is from a 10 MJ planet while the blue curve with a weaker flux is from a 1 MJ planet. Since SB only gives
the spectra from 0.8-15 µm, we also plot the SEDs from the blackbody having the corresponding planet size and effective temperature
(labeled along the curves) as the dotted color curves. For another comparison, the green curve is the SED of the protostar GM Aur (model
spectrum from Zhu et al. 2012) scaled to 100 pc. At the top of each panel, the black curves indicate the transmission functions of J , H,
K, L′, M , and N bands.

plotted the SEDs based on the “cold start” models as the
blue curves (SB). Similarly, the blue curve with a brighter
flux is from a 10 MJ planet while the blue curve with a
weaker flux is from a 1 MJ planet. These planet models
correspond to the 1 MJ , 10 MJ , “hot/cold start” models
at an age of 1 Myr in Table 1 and Figure 6 of SB. Since
SB only gives the spectra from 0.8-15 µm, we also plot
the SEDs from the blackbody having the corresponding
planet size and effective temperature (temperatures are
labeled along the curves) as the colored dotted curves.
For another comparison, the green curve is the SED of

the protostar GM Aur (model spectrum from Zhu et al.
2012) scaled to 100 pc.
The peak of the SED (after reddening correction)

and/or spectral lines are mainly determined by the max-
imum temperature of the steady disk model

Tmax=0.488

(

3GMpṀ

8πR3
inσ

)1/4

∼ 2257K

(

Mp

MJ

)1/4
(

Ṁ

10−8M⊙ yr−1

)1/4
(

Rin

RJ

)−3/4

.(3)

Zhu (2014) 
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plotted the SEDs based on the “cold start” models as the
blue curves (SB). Similarly, the blue curve with a brighter
flux is from a 10 MJ planet while the blue curve with a
weaker flux is from a 1 MJ planet. These planet models
correspond to the 1 MJ , 10 MJ , “hot/cold start” models
at an age of 1 Myr in Table 1 and Figure 6 of SB. Since
SB only gives the spectra from 0.8-15 µm, we also plot
the SEDs from the blackbody having the corresponding
planet size and effective temperature (temperatures are
labeled along the curves) as the colored dotted curves.
For another comparison, the green curve is the SED of

the protostar GM Aur (model spectrum from Zhu et al.
2012) scaled to 100 pc.
The peak of the SED (after reddening correction)
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8 Zhu

Fig. 3.— Similar to Figure 1 but including the emission from the heated photosphere due to the magnetospheric accretion. The disk
is truncated at Rin and accretes to the planet (with a radius of RJ ) through magnetospheric accretion. The thin solid, dotted, and
dashed curves are the emission from the disk (the same as those shown in Figure 1), the heated photosphere with f = 0.1, and the heated
photosphere with f = 0.01. The thick solid curves are the total emission adding both disk emission and heated photosphere emission. Only
disks with low accretion rates and large truncation radii are shown.

this effect, we have calculated the SED of a disk with
T 4
eff ∝ R−4 by multiplying Equation 2 with 1.36Ri/R

(again, the temperature at R < 1.36Ri is assumed to be
the same as that at R = 1.36Ri). Assuming Ri = RJ

and MṀ = 10−5M2
J/yr, the obtained J, H, K, L’, M, N

magnitudes are 9.9, 9.8, 9.0, 7.6, 7.1, 6.0, instead of 9.3,
9.2, 8.3, 6.6, 6.0, 4.5 in Table 1. Thus, the disk becomes
slightly fainter and the slope of the SED becomes slightly
steeper due to the steeper temperature profile.
The standard accretion disk model is based on the as-

sumption that local turbulence is responsible for both an-
gular momentum transport and energy dissipation. How-
ever, circumplanetary disks feel strong tidal forces from
the central star. This tidal force can drive global spi-
ral arms and shocks in circumplanetary disks, leading to
accretion. 2-D and 3-D simulations (Rivier et al. 2012,
Szulagyi et al. 2014) have shown that the accretion in-
duced by tidal forces is ! 2 × 10−10M⊙ yr−1 assuming
that dissipation in the circumplanetary disk leads to a
steady accretion. However, shock dissipation is unlikely
to be uniform throughout the circumplanetary disk and
mass may pile up in the disk by shock dissipation. In
this case, local turbulence is still needed for accretion
onto the planet.
Another mechanism for global angular momentum

transport is the disk wind. The wind can lead to sig-
nificantly less energy dissipation compared with the dis-
sipation in viscous models. Recent MHD simulations by
Gressel et al. (2013) have suggested that a magnetocen-
trifugal wind develops in circumplanetary disks. Future
work is required to know the fraction of angular momen-
tum and energy carried by disk wind versus the local
turbulence.
Regarding the SED calculations, when Ṁ ∼ 10−9 −

10−10M⊙ yr−1 with α = 0.01, our assumption that
the disk is optically thick marginally stands within the

dust sublimation radius where the opacity is domi-
nated by molecular opacity. In this case, the disk may
have a different temperature structure than that ob-
tained through the grey atmosphere assumption. Cool-
ing through molecular lines may be quite important in
this case.
Finally, we discuss how mass can be transported in cir-

cumplanetary disks. The disk needs to be hot enough to
sustain MRI. When the disk accretion rate is too low,
viscous heating may not provide enough thermal ioniza-
tion to sustain MRI. By assuming α = 0.01, the disk
thermal structure has been calculated (following Zhu et
al. 2009) and we plot the radius where the disk midplane
temperature reaches 1400 K in Figure 2. As shown, when
Ṁ ! 10−10 − 10−11M⊙ yr−1, MRI cannot be sustained
by thermal ionization in the disk. The disk may need
to rely on non-thermal ionization at the disk surface to
sustain MRI, which is quite uncertain (Fujii et al. 2011,
2014, Turner et al. 2014).

5.2. Observational Signatures

The disk SED calculations suggest that, at near-IR
wavelengths (J , H ,K bands), a moderately accreting cir-
cumplanetary disk (Ṁ ∼ 10−8M⊙ yr−1) can be as bright
as a late M-type brown dwarf or a 10MJ planet with
a “hot start”, since a late M-type dwarf (Basri et al.
2000) and a 10 MJ planet with a “hot start” (SB) both
have Teff ∼ 2300 K and the radius of Jupiter. This
result implies that recently discovered high mass young
planet/brown dwarf candidates that are in protoplane-
tary disks (Neuhäuser et al. 2005; Itoh et al. 2005; Kraus
& Ireland 2012; Quanz et al. 2013) could also be accret-
ing circumplanetary disks around low mass planets.
To distinguish the accretion disk around a low mass

planet (e.g., 1 MJ) from a brown dwarf or a hot high
mass planet, it is crucial to obtain the photometry at
mid-IR bands (L′, M , N bands) for these objects. Since

Zhu (2014) 
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Example of LKCa15

8

Fig. 3.— Left: The transitional disk around LkCa15, as seen at a wavelength of 850 µm (Andrews et al. 2011). All of the flux at this
wavelength is emitted by cold dust in the disk; the deficit in the center denotes an inner gap with radius of ∼55 AU. Right: An expanded
view of the central part of the cleared region, showing a composite of two reconstructed images (blue: K ′ or λ = 2.1 µm, from November
2010; red: L′ or λ = 3.7 µm, from all epochs) for LkCa 15. The location of the central star is also marked. Most of the L′ flux appears to
come from two peaks that flank a central K ′ peak, so we model the system as a central star and three faint point sources.

direct irradiation by the planet is also insufficient. An-
other plausible explanation is the deposition of orbital
kinetic energy as material accretes into the circumplan-
etary environment from the outer disk. The expected
accretion rate and typical orbital velocities at that ra-
dius from the star are large enough to deliver the needed
energy, but detailed modeling will be needed to deter-
mine if material will be heated sufficiently as to emit in
the NIR. Finally, one possible explanation is that the en-
ergy is transported out from the planet by accretion jets
or winds, as a significant fraction of accreting material
should be launched back outward from the planet (Herbig
1950; Haro 1952; Konigl & Pudritz 2000; Shu et al. 2000).
If this higher-velocity material impacts the complex cir-
cumplanetary environment, perhaps guided by the global
magnetic field of the disk, then it could deposit sufficient
energy to heat that environment. More rigorous test-
ing of these models will required additional observations
at shorter or longer wavelengths (in order to refine the
temperature estimates for each spatially resolved compo-
nent) or direct identification of the circumplanetary dust
distribution with observations from ALMA.
In Figure 4, we show the brightness and color of the in-

dividual components and the full structure as compared
to free-floating stars and brown dwarfs within the Taurus
star-forming region (Luhman et al. 2010). The observed
fluxes for any individual component, or even for the sum,
are fainter than all but the few least-massive members of
Taurus-Auriga, which themselves fall in the planetary-
mass range (e.g., Luhman et al. 2009). If other explana-
tions can be rejected, then this low luminosity strongly
suggests that our observations have revealed a planetary
companion.

3.3. Heating Processes for The Extended
Circumplanetary Material

We interpret our observations to represent a single
planet (with a relatively neutral near-IR color) sur-
rounded by resolved circumplanetary material (with a
very red near-IR color). The modest color of the planet is
not surprising, since its brightness is likely dominated by
accretion luminosity that should be much bluer than the
underlying photosphere. However, the brightness and
size of the circumplanetary region requires additional ex-
planation. As we discuss further in Section 3.4, material
should only glow in the NIR if it has a temperature of
!500–1000 K; otherwise, its blackbody peak shifts to
much longer wavelengths. Even for relatively luminous
stars, dust is only heated to this temperature within the
inner ∼0.1–0.2 AU (Olofsson et al. 2011). We therefore
must question if radiative heating from a planet is suffi-
cient. Given the K ′ magnitude and K ′ − L′ color of the
proposed planet, then its total luminosity is L ∼ 10−3L⊙.
Large dust grains should absorb this incident flux in pro-
portion to their cross-section and emit it in proportion
to their surface area, so their equilibrium temperature
depends only on the distance from the planet. At a dis-
tance of ∼5 AU, the equilibrium temperature for large
dust grains should be ∼20–25 K, a factor of 20 too low
to explain the observed L′ flux.
This energy could also represent shock-heating of cir-

cumplanetary material, due to the deposition of orbital
kinetic energy from disk material into the circumplan-
etary environment. The typical orbital velocity at an
orbital radius of ∼20 AU from LkCa15 A should be ∼7
km/s, and the kinetic energy of accreted disk material
could be liberated as thermal energy if it impacts on cir-
cumplanetary material moving with a similar speed, but
in a different direction. If the typical accretion rate is
∼10−7–10−8 M⊙/yr, then the corresponding luminosity
will be ∼10−3–10−4 L⊙. The high end of this range is
consistent with the observed luminosity, so this explana-
tion could be feasible. However, the observed tempera-

Kraus and Ireland (2012)
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2010; red: L′ or λ = 3.7 µm, from all epochs) for LkCa 15. The location of the central star is also marked. Most of the L′ flux appears to
come from two peaks that flank a central K ′ peak, so we model the system as a central star and three faint point sources.

direct irradiation by the planet is also insufficient. An-
other plausible explanation is the deposition of orbital
kinetic energy as material accretes into the circumplan-
etary environment from the outer disk. The expected
accretion rate and typical orbital velocities at that ra-
dius from the star are large enough to deliver the needed
energy, but detailed modeling will be needed to deter-
mine if material will be heated sufficiently as to emit in
the NIR. Finally, one possible explanation is that the en-
ergy is transported out from the planet by accretion jets
or winds, as a significant fraction of accreting material
should be launched back outward from the planet (Herbig
1950; Haro 1952; Konigl & Pudritz 2000; Shu et al. 2000).
If this higher-velocity material impacts the complex cir-
cumplanetary environment, perhaps guided by the global
magnetic field of the disk, then it could deposit sufficient
energy to heat that environment. More rigorous test-
ing of these models will required additional observations
at shorter or longer wavelengths (in order to refine the
temperature estimates for each spatially resolved compo-
nent) or direct identification of the circumplanetary dust
distribution with observations from ALMA.
In Figure 4, we show the brightness and color of the in-

dividual components and the full structure as compared
to free-floating stars and brown dwarfs within the Taurus
star-forming region (Luhman et al. 2010). The observed
fluxes for any individual component, or even for the sum,
are fainter than all but the few least-massive members of
Taurus-Auriga, which themselves fall in the planetary-
mass range (e.g., Luhman et al. 2009). If other explana-
tions can be rejected, then this low luminosity strongly
suggests that our observations have revealed a planetary
companion.

3.3. Heating Processes for The Extended
Circumplanetary Material

We interpret our observations to represent a single
planet (with a relatively neutral near-IR color) sur-
rounded by resolved circumplanetary material (with a
very red near-IR color). The modest color of the planet is
not surprising, since its brightness is likely dominated by
accretion luminosity that should be much bluer than the
underlying photosphere. However, the brightness and
size of the circumplanetary region requires additional ex-
planation. As we discuss further in Section 3.4, material
should only glow in the NIR if it has a temperature of
!500–1000 K; otherwise, its blackbody peak shifts to
much longer wavelengths. Even for relatively luminous
stars, dust is only heated to this temperature within the
inner ∼0.1–0.2 AU (Olofsson et al. 2011). We therefore
must question if radiative heating from a planet is suffi-
cient. Given the K ′ magnitude and K ′ − L′ color of the
proposed planet, then its total luminosity is L ∼ 10−3L⊙.
Large dust grains should absorb this incident flux in pro-
portion to their cross-section and emit it in proportion
to their surface area, so their equilibrium temperature
depends only on the distance from the planet. At a dis-
tance of ∼5 AU, the equilibrium temperature for large
dust grains should be ∼20–25 K, a factor of 20 too low
to explain the observed L′ flux.
This energy could also represent shock-heating of cir-

cumplanetary material, due to the deposition of orbital
kinetic energy from disk material into the circumplan-
etary environment. The typical orbital velocity at an
orbital radius of ∼20 AU from LkCa15 A should be ∼7
km/s, and the kinetic energy of accreted disk material
could be liberated as thermal energy if it impacts on cir-
cumplanetary material moving with a similar speed, but
in a different direction. If the typical accretion rate is
∼10−7–10−8 M⊙/yr, then the corresponding luminosity
will be ∼10−3–10−4 L⊙. The high end of this range is
consistent with the observed luminosity, so this explana-
tion could be feasible. However, the observed tempera-
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Fig. 4.— (K, K-L) color-magnitude diagram for Taurus, showing all free-floating members of Taurus (open error bars; Luhman et al.
2010), our measurements for the three distinct morphological segments of the resolved structures (labeled NE, CEN, and SW), and the
combined color and magnitude of all three (TOTAL). Taurus members without disks are shown in blue, and tend to follow the 1 Myr
theoretical isochrone of the Lyon models (dotted line) (Chabrier et al. 2000). Objects with circumstellar disks tend to be redder than those
without. The central source also falls near the 1 Myr isochrone, suggesting that it could represent the actual planet; if so, the inferred mass
is ∼ 6± 1 MJup. However, the luminosity for this source could be dominated by accretion luminosity and hence not indicative of the true
planetary mass.

ture of such material will depend on the detailed physics
of the shock-heating process, and hence will require more
sophisticated modeling and analysis. Furthermore, the
cooling timescale for small dust grains is very short (<1
sec), so the similarity between our 2009 and 2010 obser-
vations suggests that this heating is a continuous process
and not the result of a single energetic event (such as a
collisional cascade following a collision of large planetes-
imals).
Another plausible explanation is that we are indeed

seeing energy from the final accretion of material onto a
central planet, but it is being transported to the observed
sites (∼5 AU away from the planet) through some pro-
cess other than direct radiation that is not attenuated by
a factor of r−2. Accretion onto young stars is inextrica-
bly tied to the launching of jets (Herbig 1950; Haro 1952)
and winds (Konigl & Pudritz 2000; Shu et al. 2000), and
those winds and jets can carry a significant amount of the
accreted material outward at a high velocity. If planetary
accretion also feeds such outflows, then this high-speed
material could impact cool material in the surrounding

circumplanetary environment and transform its kinetic
energy into thermal energy, forming planetary equiva-
lents of the bow shocks observed around stellar outflows.
However, this explanation invokes even more open topics
of star and planet formation than the previous hypothe-
sis, so it also must await testing with more sophisticated
modeling.
Finally, a consistent (but improbable) explanation for

the geometry might be that we are seeing two extremely
red planets, and that the central blue feature represents
a non-planetary feature. Given the extreme youth of the
system, it is plausible that a stable orbital solution exists
for two similar-luminosity (and hence similar-mass) plan-
ets to share nearly the same orbital radius for a sufficient
length of time. If these planets were locked into a 1:1 res-
onance, then they might also support a quasistable point
(equivalent to Trojan points) midway between them. If
dust accumulated at this quasistable point, then it would
reflect light from the central star with approximately the
stellar color (Duchêne et al. 2004), matching the observed
color of the central source. The most expedient way to

Kraus and Ireland (2012)

Monday, March 14, 16



Parameter space for WFIRST CGI GO science
WFIRST-AFTA 

 

Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Proto-planets are 
bright. Contrast is not 
challenging.

• IR observations are key 
to characterize dust. 

• Angular resolution is 
key. Can JWST get to the 
proto-planets within 
small cavities?

2. Proto-planets and 
interactions with their disk

ELT Circa 2015
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Proto-planets with JWST: using the AMI mode
2 Greenbaum et al.

ratio limits for NRM are 102 � 103 with the deepest
contrast being �L0=7.99 (Hinkley et al. 2011). Today
instruments combine NRM with ExAO systems (Sivara-
makrishnan et al. 2010a; Zimmerman 2011; Zimmerman
et al. 2012). These facilities, together with wide band-
pass polarization or integral field unit spectroscopy (IFS)
in the YJHK bands on the 8 m Gemini South telescope
(Macintosh et al. 2014) as well as 2.5–5 µm NRM on the
40K James Webb Space Telescope’s Near Infrared Im-
ager and Slitless Spectrograph (JWST NIRISS) (Doyon
et al. 2012; Sivaramakrishnan et al. 2010a, 2012; Green-
baum et al. 2013a), promise to extend planet formation
science by enabling deeper dust penetration at longer
wavelengths. These new systems will enable detection
of very young (e.g. Taurus-Auriga star forming region),
possibly accreting gas giant planets at small separations
accessible to NIRISS NRM (Beichman et al. 2010).
In spite of the wealth of recent observational results

from NRM, the literature does not include extensive dis-
cussion of the fundamental and practical limits associ-
ated with the technique. Lacour et al. (2011) discussed
empirical sensitivity limits of VLT NACO Sparse Aper-
ture Masking (SAM), based on experiments with the im-
age plane fitting routine that we study here. Martinache
(2010) showed how NRM can be generalized to full aper-
ture imaging in the high Strehl ratio regime. Ireland
(2013) discussed some of the limiting factors of high con-
trast NRM observations, and Hinkley et al. (2011) con-
ducted deep NRM observations of the known multiple
planetary system HR 8799.
The purpose of this paper is two-fold. First, we con-

tinue the development of the image plane approach to
analyzing NRM data. We address field of view, pixel
sampling, plate scale and pupil magnification stability,
and some detector properties. We show that this method
typically confirms the photon noise and flat field accu-
racy limits presented by Ireland (2013). In addition, we
study other factors that limit NRM contrast — require-
ments on the spectral type match between a target and
its calibrator star, and the e↵ect a finite spectral band-
pass has on closure phase errors. Second, we highlight
factors that limit JWST NIRISS NRM, which fields a 7-
hole NRM (Sivaramakrishnan et al. 2012). NIRISS has
the best pupil image quality of all the JWST instruments
(Bos et al. 2008), which makes it JWST’s best-suited in-
strument for aperture masking interferometry. In addi-
tion, NIRISS’s homogenous aluminum bench and optics
should help achieve uniform contraction of mechanical
and optical surfaces as the instrument cools to its oper-
ating temperature of about 40K. NIRISS’s all-reflective
design philosophy also mitigates against chromatic ef-
fects, which can be exacerbated by cryogenic conditions.
Finally, some relevant properties of NIRISS NRM are
described in the Appendix.

2. BACKGROUND

(Figure 2) A non-redundant mask is a pupil plane mask
typically located at a re-imaged pupil plane. It possesses
several usually identical holes arranged so that no two
hole-to-hole vectors are repeated (thus providing a non-
redundant set of baselines in the pupil). If its holes are
circular, with diameter d when projected back to the pri-
mary mirror, at a wavelength � its point-spread function
(PSF) or interferogram is contained in an Airy pattern

Figure 1. Pupil masks and their interferograms. Small
holes produce a large PSF envelope, fringed by interference
through multiple holes. The longest baselines provides finer
resolution than a full aperture. The three hole pupil at right
can provide a closure phase measurement of a celestial object.

Figure 2. Non-redundant mask for JWST’s NIRISS pupil
wheel (Sivaramakrishnan et al. 2010b) and its PSF (or inter-
ferogram) with NIRISS F430M from cryogenic vacuum tests
in November 2013 (Greenbaum et al. 2014). The interfero-
gram’s fine structure is due to the 21 baselines generated by
the 7 holes. The PSF envelope reflects the hexagonal hole
shape.

envelope with a first dark ring of diameter 2.44 �/d (Fig-
ure 1). This envelope is modulated by fringes with half
period ✓ = �/2B for each baseline. Here B is the hole
separation. Figure 2 shows the JWST NIRISS mask with
seven hexagonal holes, and its PSF.
The Fourier transform of the detected in-focus two-

dimentional image intensity array is the array of complex
visibility, V. Because of the baselines’ non-redundancy,
the fringe amplitude and phase for each baseline or “two
hole interferometer” component in the NRM can be mea-
sured unambiguously. The array of complex visibilities
for a point source through unaberrated optics is the au-
tocorrelation of the pupil mask. The resulting array of
complex visibilities form localized splodges (Lloyd et al.
2006) of signal in the transform domain — conceptually
one independent splodge (or a spodge and its dependent,
Hermitian “mirror splodge”) per baseline. Numerical
Fourier data analysis approaches measure fringe phases
and fringe amplitudes, often at the peak of each splodge
amplitude (Tuthill et al. 2000; Lloyd et al. 2006). When
using a finite bandwidth filter, selecting a single ampli-
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Figure 15. Tilts and higher order wavefront error:
Top: We measure �

CP

from 100 di↵erent tilt error simu-
lations of various sizes of tilt. An instance of tilt over each
hole is inset in the top panel. Bottom: �

CP

from fitting 10
di↵erent ⇠ 140 nm rms JWST NIRISS wavefront realizations
containing higher order wavefront error (Knight et al. 2012).
PSFs were generated with WebbPSF software (Perrin et al.
2012).

F277W observations will be reduced because of its wider
bandpass, and because F277W will see higher instrument
WFE at its shorter wavelength. However, with the antic-
ipated WFE for JWST, its bandpass should not be the
limiting factor for contrast.
The primary contrast limiting factors are pixel-to-pixel

(flat field) variations and IPS variation for the coarsest
sampled F277W filter. In comparison contrast will be
largely una↵ectected by uncertainty in source spectrum if
the modeled bandpass roughly matches the data. While
these various systematics limit raw contrast, additional
sensitivity will be possible through point-source calibra-
tions and leveraging stable closure amplitudes.
Flat field errors can also e↵ect closure phase measure-

ments from IFS images. but higher order wavefront error
from atmospheric e↵ects may be the biggest limiting fac-
tor on the ground. These higher order errors certainly ex-
ist on ground-based instruments like GPI, and may con-
tribute amplitude as well as phase errors. JWST NIRISS’
wavefront error is expected to be dominated by low or-
der terms, and stay below about 160 nm rms. Fitting
uncorrelated pistons with our analytic model is robust

Figure 16. LkCa15 with JWST NIRISS: The theoret-
ical closure phases for a single binary companion predict a
required contrast ⇡ 1/�

CP

empirically. The plot shows �

CP

over all possible triangles through NIRISS F277W and F430M
filters. If F277W observations can reliably measure closure
phase below 10�3, they could detect the K

0 signal of the
companion structure around LkCa15, according to Kraus &
Ireland (2012). Two of their three companion sources lie be-
tween �/2D and �/D at 2.77 µm.

to low-order wavefront errors including tip and tilt. A
thorough study of the e↵ects of higher-frequency wave-
front error in the NRM PSF is warranted.
Space-based NRM presents opportunities for extended

object imaging at high angular resolution. Centro-
symmetric structures require amplitude measurements,
which will be stable in the absence of atmospheric ef-
fects. Space-based NRM’s fringe phase and amplitude
measurements provide true imaging, which can benefit
AGN and quasar science Ford et al. (2014), so our image
plane model could improve observing e�ciency and data
reduction methods for space-based high resolution imag-
ing. An analytic point source model is a step towards
more sophisticated forward-modeling of NRM data.
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JWST will find proto-planets in the near IR.

8 Zhu

Fig. 3.— Similar to Figure 1 but including the emission from the heated photosphere due to the magnetospheric accretion. The disk
is truncated at Rin and accretes to the planet (with a radius of RJ ) through magnetospheric accretion. The thin solid, dotted, and
dashed curves are the emission from the disk (the same as those shown in Figure 1), the heated photosphere with f = 0.1, and the heated
photosphere with f = 0.01. The thick solid curves are the total emission adding both disk emission and heated photosphere emission. Only
disks with low accretion rates and large truncation radii are shown.

this effect, we have calculated the SED of a disk with
T 4
eff ∝ R−4 by multiplying Equation 2 with 1.36Ri/R

(again, the temperature at R < 1.36Ri is assumed to be
the same as that at R = 1.36Ri). Assuming Ri = RJ

and MṀ = 10−5M2
J/yr, the obtained J, H, K, L’, M, N

magnitudes are 9.9, 9.8, 9.0, 7.6, 7.1, 6.0, instead of 9.3,
9.2, 8.3, 6.6, 6.0, 4.5 in Table 1. Thus, the disk becomes
slightly fainter and the slope of the SED becomes slightly
steeper due to the steeper temperature profile.
The standard accretion disk model is based on the as-

sumption that local turbulence is responsible for both an-
gular momentum transport and energy dissipation. How-
ever, circumplanetary disks feel strong tidal forces from
the central star. This tidal force can drive global spi-
ral arms and shocks in circumplanetary disks, leading to
accretion. 2-D and 3-D simulations (Rivier et al. 2012,
Szulagyi et al. 2014) have shown that the accretion in-
duced by tidal forces is ! 2 × 10−10M⊙ yr−1 assuming
that dissipation in the circumplanetary disk leads to a
steady accretion. However, shock dissipation is unlikely
to be uniform throughout the circumplanetary disk and
mass may pile up in the disk by shock dissipation. In
this case, local turbulence is still needed for accretion
onto the planet.
Another mechanism for global angular momentum

transport is the disk wind. The wind can lead to sig-
nificantly less energy dissipation compared with the dis-
sipation in viscous models. Recent MHD simulations by
Gressel et al. (2013) have suggested that a magnetocen-
trifugal wind develops in circumplanetary disks. Future
work is required to know the fraction of angular momen-
tum and energy carried by disk wind versus the local
turbulence.
Regarding the SED calculations, when Ṁ ∼ 10−9 −

10−10M⊙ yr−1 with α = 0.01, our assumption that
the disk is optically thick marginally stands within the

dust sublimation radius where the opacity is domi-
nated by molecular opacity. In this case, the disk may
have a different temperature structure than that ob-
tained through the grey atmosphere assumption. Cool-
ing through molecular lines may be quite important in
this case.
Finally, we discuss how mass can be transported in cir-

cumplanetary disks. The disk needs to be hot enough to
sustain MRI. When the disk accretion rate is too low,
viscous heating may not provide enough thermal ioniza-
tion to sustain MRI. By assuming α = 0.01, the disk
thermal structure has been calculated (following Zhu et
al. 2009) and we plot the radius where the disk midplane
temperature reaches 1400 K in Figure 2. As shown, when
Ṁ ! 10−10 − 10−11M⊙ yr−1, MRI cannot be sustained
by thermal ionization in the disk. The disk may need
to rely on non-thermal ionization at the disk surface to
sustain MRI, which is quite uncertain (Fujii et al. 2011,
2014, Turner et al. 2014).

5.2. Observational Signatures

The disk SED calculations suggest that, at near-IR
wavelengths (J , H ,K bands), a moderately accreting cir-
cumplanetary disk (Ṁ ∼ 10−8M⊙ yr−1) can be as bright
as a late M-type brown dwarf or a 10MJ planet with
a “hot start”, since a late M-type dwarf (Basri et al.
2000) and a 10 MJ planet with a “hot start” (SB) both
have Teff ∼ 2300 K and the radius of Jupiter. This
result implies that recently discovered high mass young
planet/brown dwarf candidates that are in protoplane-
tary disks (Neuhäuser et al. 2005; Itoh et al. 2005; Kraus
& Ireland 2012; Quanz et al. 2013) could also be accret-
ing circumplanetary disks around low mass planets.
To distinguish the accretion disk around a low mass

planet (e.g., 1 MJ) from a brown dwarf or a hot high
mass planet, it is crucial to obtain the photometry at
mid-IR bands (L′, M , N bands) for these objects. Since

Zhu (2014) 
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dashed curves are the emission from the disk (the same as those shown in Figure 1), the heated photosphere with f = 0.1, and the heated
photosphere with f = 0.01. The thick solid curves are the total emission adding both disk emission and heated photosphere emission. Only
disks with low accretion rates and large truncation radii are shown.
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result implies that recently discovered high mass young
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Measuring accretion on a proto-planet
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H-alpha: proxy for accretion rate
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Figure 11 SR ratio as a function of GS magnitude (R band) for various SPHERE wavelengths (and thus SPHERE 

configuration in terms of beam-splitting between WFS and scientific paths) 
 
4.3 SAXO performance in poor (large seeing and wind speed) conditions  

In this section, the performance (as well as the robustness) of the system is studied in the poor condition regime, i.e. a 
seeing of 1.12 arcsec and two wind speed values of 12.5 and 30 m/s. These measurements have been performed in good 
T° conditions (< 17°) so that the DM had a relatively good shape at rest. First of all, despite some actuators in saturation 
(well handled by the anti-wind up and Garbage Collector processes), the loop was stable and robust during all the 
acquisition process (a few tens of minutes). 

Seeing = 1.2 – wind speed = 12.5 m/s Seeing = 1.2 – wind speed = 30 m/s 

 
SR = 85.5 %  ± 2 % SR = 73.3 %  ± 2 % 

Figure 12 Classical PSF for poor conditions 
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Parameter space for WFIRST CGI GO science
WFIRST-AFTA 

 

Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Proto-planets are bright. 
Contrast is not challenging.

• Angular resolution is key. 

• JWST will identify them. 

• Current AO systems will 
only observe archetypal 
systems.

2. Proto-planets and 
interactions with their disk

Given the timescales associated with  orbits every 
observation is precious. 

ELT Circa 2015
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Context: formation and evolution of planetary systems 
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Historical perspective on Extreme AO systems2 G. Chauvin et al.: A Giant Planet Candidate near a Young Brown Dwarf

2MASSWJ1207334−393254

778 mas
55 AU at 70 pc 

E

N

Fig. 1. Composite image of brown dwarf 2M1207 and its
GPCC in H (blue), Ks (green) and L′ (red). The companion
appears clearly distinguishable in comparison to the color of
the brown dwarf 2M1207.

angle of 125.8o in H, K and L′. The faint object was not de-
tected down to 3σ of 18.5 in J-band. In Fig. 1 and 2, we dis-
play an H, Ks and L′ composite image and the detection limits
obtained in each band during our observations. After cosmetic
reductions using eclipse (Devillar 1997), we used the myopic
deconvolution algorithm MISTRAL (Conan et al. 2000) to ob-
tain H, K and L′ photometry and astrometry of the GPCC. The
results are reported in Table 2. The transformations between the
filters Ks and K were found to be smaller than the measuring
errors.

On 19 June 2004, 2M1207 and its GPCC were simultane-
ously observed using the NACO spectroscopic mode. The low
resolution (Rλ = 700) grism was used with the 86 mas slit, the
S54 camera (54 mas/pixel) and the SH filter (1.37-1.84 µm).
The spectra of 2M1207 and its GPCC were extracted and cali-
brated in wavelength with IRAF/DOSLIT. To calibrate the rel-
ative throughput of the atmosphere and the instrument, we di-
vided the extracted spectra by the spectra of a standard star

Table 1. Night Log of the observations. S27 and L27 corre-
spond respectively to a platescale of 27.03 and 27.12 mas. DIT
and NDIT correspond respectively to an individual integration
time and the number of integrations. Sr and FWHM correspond
to the strehl ratio and the full width at half maximum intensity.

Filt. Obj. DIT NDIT Seeing Airm. Sr FWHM
(s) (′′) (%) (mas)

Imaging
J S27 30 8 0.59 1.07 6 122
H S27 30 16 0.46 1.10 15 91
Ks S27 30 16 0.52 1.08 23 89
L′ L27 0.175 1300 0.43 1.14 30 107

Spectroscopy
SH S54 300 6 0.45 1.15

Fig. 2. Detection limits at 3σ achieved during our observations
in J-band (dotted black line), H-band (dashed blue line), Ks-
band (dashed-dotted green line) and L′-band (solid red line).
The contrasts between 2M1207 and its GPCC are reported for
H (filled triangle), Ks (filled box) and L′ (filled circle) (the
GPCC was not detected in J band).

(HIP 062522, B9III) and then multiplied by a blackbody to re-
store the shape of the continuum.

3. Discussion

3.1. Membership in the TW Hydrae Association

Gizis (2002) undertook a 2MASS-based search for isolated low
mass brown dwarfs in the area covered by stellar members
of TWA and found two late M-type objects which he identi-
fied as brown dwarfs. The one of interest in the present paper,
2M1207, showed impressively strong Hα emission in addition
to signs of low surface gravity, which both are characteristic
of very young objects. Gizis (2002) noted also that the proper
motion of 2M1207 is consistent with membership in the TWA.

Subsequently, Mohanty et al (2003) obtained echelle spec-
tra of 2M1207. The radial velocity is also consistent with TWA
membership. They detected a narrow Na I (8200Å) absorption
line indicating low surface gravity. Finally, the spectrum dis-
plays various He I and H I emission lines (Mohanty et al 2003;
Gizis 2002) and the Hα line is asymmetric and broad. Taken
together, these characteristics led Mohanty et al (2003) to sug-
gest the occurrence of ongoing accretion onto (a young) brown
dwarf. Although L′-band observations of Jayawardhana et al.
(2003) did not reveal significant IR excess at 3.8 µm, recent
mid-IR observations of Sterzik et al. (2004, accepted) found
excess emission at 8.7 µm and 10.4 µm and confirm disk ac-
cretion as the likely cause of the strong activity. New Chandra
observations of Gizis & Bharat (2004) corroborates this disk-
accretion scenario as they suggest that less than 20% of the Hα
emission can be due to chromospheric activity. All in all, mul-
tiple lines of evidence point toward membership of 2M1207 in
the TWA.

Chauvin et al. (2004)
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vided the extracted spectra by the spectra of a standard star
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spond respectively to a platescale of 27.03 and 27.12 mas. DIT
and NDIT correspond respectively to an individual integration
time and the number of integrations. Sr and FWHM correspond
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Fig. 2. Detection limits at 3σ achieved during our observations
in J-band (dotted black line), H-band (dashed blue line), Ks-
band (dashed-dotted green line) and L′-band (solid red line).
The contrasts between 2M1207 and its GPCC are reported for
H (filled triangle), Ks (filled box) and L′ (filled circle) (the
GPCC was not detected in J band).

(HIP 062522, B9III) and then multiplied by a blackbody to re-
store the shape of the continuum.

3. Discussion

3.1. Membership in the TW Hydrae Association

Gizis (2002) undertook a 2MASS-based search for isolated low
mass brown dwarfs in the area covered by stellar members
of TWA and found two late M-type objects which he identi-
fied as brown dwarfs. The one of interest in the present paper,
2M1207, showed impressively strong Hα emission in addition
to signs of low surface gravity, which both are characteristic
of very young objects. Gizis (2002) noted also that the proper
motion of 2M1207 is consistent with membership in the TWA.

Subsequently, Mohanty et al (2003) obtained echelle spec-
tra of 2M1207. The radial velocity is also consistent with TWA
membership. They detected a narrow Na I (8200Å) absorption
line indicating low surface gravity. Finally, the spectrum dis-
plays various He I and H I emission lines (Mohanty et al 2003;
Gizis 2002) and the Hα line is asymmetric and broad. Taken
together, these characteristics led Mohanty et al (2003) to sug-
gest the occurrence of ongoing accretion onto (a young) brown
dwarf. Although L′-band observations of Jayawardhana et al.
(2003) did not reveal significant IR excess at 3.8 µm, recent
mid-IR observations of Sterzik et al. (2004, accepted) found
excess emission at 8.7 µm and 10.4 µm and confirm disk ac-
cretion as the likely cause of the strong activity. New Chandra
observations of Gizis & Bharat (2004) corroborates this disk-
accretion scenario as they suggest that less than 20% of the Hα
emission can be due to chromospheric activity. All in all, mul-
tiple lines of evidence point toward membership of 2M1207 in
the TWA.

Chauvin et al. (2004)

~10^-4 contrast
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Fig. 1. Composite image of brown dwarf 2M1207 and its
GPCC in H (blue), Ks (green) and L′ (red). The companion
appears clearly distinguishable in comparison to the color of
the brown dwarf 2M1207.

angle of 125.8o in H, K and L′. The faint object was not de-
tected down to 3σ of 18.5 in J-band. In Fig. 1 and 2, we dis-
play an H, Ks and L′ composite image and the detection limits
obtained in each band during our observations. After cosmetic
reductions using eclipse (Devillar 1997), we used the myopic
deconvolution algorithm MISTRAL (Conan et al. 2000) to ob-
tain H, K and L′ photometry and astrometry of the GPCC. The
results are reported in Table 2. The transformations between the
filters Ks and K were found to be smaller than the measuring
errors.

On 19 June 2004, 2M1207 and its GPCC were simultane-
ously observed using the NACO spectroscopic mode. The low
resolution (Rλ = 700) grism was used with the 86 mas slit, the
S54 camera (54 mas/pixel) and the SH filter (1.37-1.84 µm).
The spectra of 2M1207 and its GPCC were extracted and cali-
brated in wavelength with IRAF/DOSLIT. To calibrate the rel-
ative throughput of the atmosphere and the instrument, we di-
vided the extracted spectra by the spectra of a standard star

Table 1. Night Log of the observations. S27 and L27 corre-
spond respectively to a platescale of 27.03 and 27.12 mas. DIT
and NDIT correspond respectively to an individual integration
time and the number of integrations. Sr and FWHM correspond
to the strehl ratio and the full width at half maximum intensity.

Filt. Obj. DIT NDIT Seeing Airm. Sr FWHM
(s) (′′) (%) (mas)

Imaging
J S27 30 8 0.59 1.07 6 122
H S27 30 16 0.46 1.10 15 91
Ks S27 30 16 0.52 1.08 23 89
L′ L27 0.175 1300 0.43 1.14 30 107

Spectroscopy
SH S54 300 6 0.45 1.15

Fig. 2. Detection limits at 3σ achieved during our observations
in J-band (dotted black line), H-band (dashed blue line), Ks-
band (dashed-dotted green line) and L′-band (solid red line).
The contrasts between 2M1207 and its GPCC are reported for
H (filled triangle), Ks (filled box) and L′ (filled circle) (the
GPCC was not detected in J band).

(HIP 062522, B9III) and then multiplied by a blackbody to re-
store the shape of the continuum.

3. Discussion

3.1. Membership in the TW Hydrae Association

Gizis (2002) undertook a 2MASS-based search for isolated low
mass brown dwarfs in the area covered by stellar members
of TWA and found two late M-type objects which he identi-
fied as brown dwarfs. The one of interest in the present paper,
2M1207, showed impressively strong Hα emission in addition
to signs of low surface gravity, which both are characteristic
of very young objects. Gizis (2002) noted also that the proper
motion of 2M1207 is consistent with membership in the TWA.

Subsequently, Mohanty et al (2003) obtained echelle spec-
tra of 2M1207. The radial velocity is also consistent with TWA
membership. They detected a narrow Na I (8200Å) absorption
line indicating low surface gravity. Finally, the spectrum dis-
plays various He I and H I emission lines (Mohanty et al 2003;
Gizis 2002) and the Hα line is asymmetric and broad. Taken
together, these characteristics led Mohanty et al (2003) to sug-
gest the occurrence of ongoing accretion onto (a young) brown
dwarf. Although L′-band observations of Jayawardhana et al.
(2003) did not reveal significant IR excess at 3.8 µm, recent
mid-IR observations of Sterzik et al. (2004, accepted) found
excess emission at 8.7 µm and 10.4 µm and confirm disk ac-
cretion as the likely cause of the strong activity. New Chandra
observations of Gizis & Bharat (2004) corroborates this disk-
accretion scenario as they suggest that less than 20% of the Hα
emission can be due to chromospheric activity. All in all, mul-
tiple lines of evidence point toward membership of 2M1207 in
the TWA.

Chauvin et al. (2004)
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Fig. 1. Composite image of brown dwarf 2M1207 and its
GPCC in H (blue), Ks (green) and L′ (red). The companion
appears clearly distinguishable in comparison to the color of
the brown dwarf 2M1207.

angle of 125.8o in H, K and L′. The faint object was not de-
tected down to 3σ of 18.5 in J-band. In Fig. 1 and 2, we dis-
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errors.
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resolution (Rλ = 700) grism was used with the 86 mas slit, the
S54 camera (54 mas/pixel) and the SH filter (1.37-1.84 µm).
The spectra of 2M1207 and its GPCC were extracted and cali-
brated in wavelength with IRAF/DOSLIT. To calibrate the rel-
ative throughput of the atmosphere and the instrument, we di-
vided the extracted spectra by the spectra of a standard star

Table 1. Night Log of the observations. S27 and L27 corre-
spond respectively to a platescale of 27.03 and 27.12 mas. DIT
and NDIT correspond respectively to an individual integration
time and the number of integrations. Sr and FWHM correspond
to the strehl ratio and the full width at half maximum intensity.

Filt. Obj. DIT NDIT Seeing Airm. Sr FWHM
(s) (′′) (%) (mas)

Imaging
J S27 30 8 0.59 1.07 6 122
H S27 30 16 0.46 1.10 15 91
Ks S27 30 16 0.52 1.08 23 89
L′ L27 0.175 1300 0.43 1.14 30 107

Spectroscopy
SH S54 300 6 0.45 1.15

Fig. 2. Detection limits at 3σ achieved during our observations
in J-band (dotted black line), H-band (dashed blue line), Ks-
band (dashed-dotted green line) and L′-band (solid red line).
The contrasts between 2M1207 and its GPCC are reported for
H (filled triangle), Ks (filled box) and L′ (filled circle) (the
GPCC was not detected in J band).

(HIP 062522, B9III) and then multiplied by a blackbody to re-
store the shape of the continuum.

3. Discussion

3.1. Membership in the TW Hydrae Association

Gizis (2002) undertook a 2MASS-based search for isolated low
mass brown dwarfs in the area covered by stellar members
of TWA and found two late M-type objects which he identi-
fied as brown dwarfs. The one of interest in the present paper,
2M1207, showed impressively strong Hα emission in addition
to signs of low surface gravity, which both are characteristic
of very young objects. Gizis (2002) noted also that the proper
motion of 2M1207 is consistent with membership in the TWA.

Subsequently, Mohanty et al (2003) obtained echelle spec-
tra of 2M1207. The radial velocity is also consistent with TWA
membership. They detected a narrow Na I (8200Å) absorption
line indicating low surface gravity. Finally, the spectrum dis-
plays various He I and H I emission lines (Mohanty et al 2003;
Gizis 2002) and the Hα line is asymmetric and broad. Taken
together, these characteristics led Mohanty et al (2003) to sug-
gest the occurrence of ongoing accretion onto (a young) brown
dwarf. Although L′-band observations of Jayawardhana et al.
(2003) did not reveal significant IR excess at 3.8 µm, recent
mid-IR observations of Sterzik et al. (2004, accepted) found
excess emission at 8.7 µm and 10.4 µm and confirm disk ac-
cretion as the likely cause of the strong activity. New Chandra
observations of Gizis & Bharat (2004) corroborates this disk-
accretion scenario as they suggest that less than 20% of the Hα
emission can be due to chromospheric activity. All in all, mul-
tiple lines of evidence point toward membership of 2M1207 in
the TWA.

Chauvin et al. (2004)

~10^-4 contrast

!
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!

!
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!
!

Macintosh et al. (2015)

~10^-6 contrast
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51 Eri b, first cold start candidate

Spiegel and Burrows (2012)

Beta Pic b

51 Eri b
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The orbit of Beta Pictoris b

Millar-‐Blanchaer,	  et	  al.	  (2015)
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 GPI spectrum of Beta Pictoris b

Chilcote,	  Pueyo	  et	  al.	  (in	  prep)
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Brown Dwarfs: empirical sample for context

Chilcote,	  Pueyo	  et	  al.	  (in	  prep)
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Brown Dwarfs: empirical sample for contextAt a fixed brightness, Younger = Less Massive

Figure by Michael Cushing

Brown Dwarf StarPlanet

J. Gagné

Brown Dwarfs 3/63

Cushing	  et	  al.	  (2014)
Gagne	  et	  al.	  (2015)
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Brown Dwarfs: empirical sample for contextAt a fixed brightness, Younger = Less Massive

Figure by Michael Cushing

Brown Dwarf StarPlanet

J. Gagné

Brown Dwarfs 3/63

They contract as they age Younger = Larger

Brown Dwarfs 4/63

J. Gagné Figure by J. Gagné, inspired by Michael Cushing

Young Brown Dwarfs 5/63

At a fixed temperature, Younger = Low Surface Gravity

J. Gagné Figure by J. Gagné, inspired by Michael Cushing

Cushing	  et	  al.	  (2014)
Gagne	  et	  al.	  (2015)

Monday, March 14, 16



Brown Dwarfs: empirical sample for context
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Brown Dwarfs: empirical sample for context

Chilcote,	  Pueyo	  et	  al.	  (in	  prep)
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How do we find low gravity brown dwarfs?

Fainter end of the low gravity sequence 
incomplete.
Fainter end of the low gravity sequence 
incomplete. WFIRST-WFI will address this.

Same colors as giant planets

Green stars = Planets

Young BDs 10/63

Gagné et al., 2015c, ApJS, 219, 33J. Gagné

Gagne	  et	  al.	  (2014)
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How do we find low gravity brown dwarfs?

Fainter end of the low gravity sequence 
incomplete.
Fainter end of the low gravity sequence 
incomplete. WFIRST-WFI will address this.

Same colors as giant planets

Green stars = Planets

Young BDs 10/63

Gagné et al., 2015c, ApJS, 219, 33J. Gagné

Gagne	  et	  al.	  (2014)

4 Gagné et al.

FIG. 2.— Color-magnitude diagram of field (black diamonds) and young (purple open circles) low-mass stars and brown dwarfs compared with the bona fide
or high confidence brown dwarf members of AB Doradus (red stars). Field dwarfs with spectral types in the T5–T6 range are circled in green for comparison
with SDSS J1110+0116. Young directly imaged planets, substellar companions and isolated brown dwarfs are displayed as blue right-pointing triangles for
comparison. The NIR colors of SDSS J1110+0116 are unusually red compared with field dwarfs of similar spectral types, despite its normal absolute J-band
magnitude. J and K magnitudes are displayed in the Mauna Kea Observatory (MKO) system.

(A color version of this figure is available in the online journal.)

radus. These objects fall on the right of the field sequence,
an effect that is also observed for earlier-type young brown
dwarfs and planetary-mass companions (e.g., Metchev & Hil-
lenbrand 2006; Kirkpatrick et al. 2008; Burgasser et al. 2010;
Barman et al. 2011; Liu et al. 2013a; Faherty et al. 2013). We
note that SDSS J1110+0116 has absolute magnitudes simi-
lar to field T5–T6 dwarfs in the 2MASS J, H, KS and WISE
W1 and W2 bands (Dupuy & Liu 2012). This may reflect
a balance between a large radius and enhanced dust opacity
in its high atmosphere. A compilation of the properties of
SDSS J1110+0116 are listed in Table 1.

4.4. The Search for a Co-Moving Companion
We performed a search for a co-moving companion to

SDSS J1110+0116 using all 335 2MASS entries within a
conservatively large radius of 150, which corresponds to
⇠ 17 000 AU at the distance of SDSS J1110+0116. We cross-
matched every 2MASS source with the AllWISE catalog us-
ing the method described in Paper V. The proper motions
that we derived for this set of objects have a median pre-
cision of ⇠ 20 masyr-1 for both µ↵ cos� and µ� . We find
no object matching the proper motion of SDSS J1110+0116

within 150 and < 240 masyr-1. We can thus reject the pos-
sibility of a common proper motion companion that would
be bright enough to be detected in the 2MASS and AllWISE
catalogs. The faintest of these 335 objects has J = 17.3 and
W1 = 17.1, and the completeness limits of 2MASS and All-
WISE are J = 15.8 (Skrutskie et al. 2006) and W1 = 17.11,
respectively.

5. CONCLUSION

Using existing previously reported astrometry and a new ra-
dial velocity measurement coupled with low-gravity features
in its atmosphere, we have determined that SDSS J1110+0116
is a T5.5 bona fide member of AB Doradus, with an estimated
mass of ⇠ 10–12 MJup. This is one of the coldest member of
any young moving group identified so far and its relatively
high brightness will make it useful to better understand how
age and surface gravity shape the atmospheres of low-mass
brown dwarfs and planets, influence evolution, and guide fu-
ture searches for planetary-mass members of young moving
groups. This new object falls into a region of the mass/age

1 See http://wise2.ipac.caltech.edu/docs/release/

allwise/expsup/sec2_4a.html

Gagne	  et	  al.	  (2015)
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What would this planet look like with WFIRST?

1.0 1.5 2.0 2.5

-16

-14

-12

-10

l mm

F l

Spectrum of Beta Pictoris b with WFIRST will be very easy!

Beta Pictoris b

Monday, March 14, 16
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We can learn more about these plantes with WFIRST

Visible spectrum: estimates of gravity and metallicity
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Brown Dwarfs: empirical sample for context
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Brown Dwarfs: empirical sample for context
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Brown Dwarfs: empirical sample for context
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Brown Dwarfs: empirical sample for context

No low g counterpart: WFIRST-WFI will identify many.

51 Eri b
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Brown Dwarfs: empirical sample for context

No low g counterpart: WFIRST-WFI will identify many.

51 Eri b
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Brandt	  et	  al.	  (2014)

Low frequency of self-luminous exo-planets

• Either they are hiding 
close in/deeper.

• Or their frequency is 
low: building up an 
“empirical evolutionary 
track” will take time.  

Exo-planet/BD 
companion at large 
separations are rare:
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Low frequency of self-luminous exo-planets

• Either they are hiding 
close in/deeper.

• Or their frequency is 
low: building up an 
“empirical evolutionary 
track” will take time.  

Exo-planet/BD 
companion at large 
separations are rare:
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Atmospheric composition as a proxy of 
formation history

• Planet metallicity vs host 
star metallicity. 

• Planet metallicity as a 
function of separation. 

• Molecular abundances in 
the context of their 
corresponding ice lines in 
the primordial disk. 

•Impact of incident stellar 
flux. 
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Parameter space for WFIRST CGI GO science
WFIRST-AFTA 

 

Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Visible contrast ranges 
2-3 orders of magnitude. 
Most of the are “easy”.

• WFIRST-CGI 
optical spectrum will 
be a key element to 
undertand their 
atmopshere an their 
formation history, 

3. Adolescent-planets 
and their atmospheres

ELT Circa 2015

 Synergies with the WFI will help identify  the empirical reference 
sample to study these atmospheres. 

Monday, March 14, 16



Parameter space for WFIRST CGI GO science
WFIRST-AFTA 

 

Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Visible contrast ranges 
2-3 orders of magnitude. 
Most of the are “easy”.

• WFIRST-CGI 
optical spectrum will 
be a key element to 
undertand their 
atmopshere an their 
formation history, 

3. Adolescent-planets 
and their atmospheres

ELT Circa 2015

 Synergies with the WFI will help identify  the empirical reference 
sample to study these atmospheres. 

Monday, March 14, 16



Context: formation and evolution of planetary systems 

1-10 Myrs

10-300 Myrs

5 Gyrs
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Context: formation and evolution of planetary systems 

1-10 Myrs

10-300 Myrs

5 Gyrs

4. Debris disks
and their scattering properties 
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Functioning design 
for detection and characterization

• Solar system model with spectral and 
spatial information from Haystacks 
project (PI: A. Roberge) 

• Composite of 3 images on channels 
centered around: 
‣ 500nm, 600nm and 700nm 
‣ 10 % bandpass each 

• Assumptions
‣ Perfect wavefront
‣ Post processing with no wavefront drifts 

between science target and star 
calibrator

‣ Only photon noise

14See HDST report

Simulated visible light image of 
a solar system twin seen at 13pc 

with 12 m telescope and APLC/SP design  

Earth

Venus

Jupiter

40h exposure time

Simulation by L. Pueyo, M. N’Diaye

HDST	  report	  (2015)	  simulations:	  
M.	  N’Diaye,	  L.	  Pueyo

Importance of dust for exo earth imaging missions
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The pseudo zodi problem:

– 5 –

that the model KB dust density is negligible compared to the zodiacal cloud interior to 5

AU. For this investigation, we explicitly removed all KB dust interior to 5 AU, where the
KB dust models become less reliable due to Poisson noise. To further reduce Poisson noise,
we azimuthally averaged the Kuiper Belt dust model around the disk’s axis of symmetry in

steps of 0.36◦. For Figure 1, we masked off the central 0.5 AU of each image.
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Fig. 1.— Synthetic visible-wavelength images of exozodi and pseudo-zodi, based on our
solar system’s debris disk, viewed edge-on as a function of scattering asymmetry parameter

g assuming a HG SPF. The central 0.5 AU has been masked off. At a projected separation
of 1 AU, the pseudo-zodi becomes brighter than the exozodi for g > 0.7.

As the SPF becomes more forward-scattering, the brightness of the pseudo-zodiacal

component increases because dust at larger distances is observed at smaller scattering angles.
We measured the surface brightness of the model disks at a projected separation of 1 AU. We

find that the brightness of the pseudo-zodi (Kuiper Belt dust) exceeds that of the exozodi

Stark	  et	  al.	  (2015)

Forward scattering grains in the line of sight masquerade as “face on” 
zodi in an edge on system
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This is not just a theoretical construction.

– 9 –

-3.26

44.75

92.76Log-scaled Re-Reduced STIS Image (1997)

5"

-5.04

42.97

90.98Log-scaled Reduced STIS Image (2012)

5"

Fig. 1.— Direct comparison of the two STIS data sets on the β Pictoris disk. Left: Our

re-reduction of the STIS image taken in GO-7125 in 1997. Right: New STIS images taken in
our program GO-12551 provide higher signal-to-noise and better PSF-subtraction, as well as
smaller inner working angle. The two images are shown here in a logarithmic stretch, with

instrumental brightness units of counts per second per pixel; North is up.

Apai	  et	  al.	  (2015)

The disk around Beta Pictoris is very forward 
scattering 
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Apai	  et	  al.	  (2015)

4 Millar-Blanchaer et al.

Figure 1. Left : The � Pic debris disk in polarized intensity, Qr, from observations with GPI’s polarimetry mode. The disk image has been
rotated so that the midplane of the outer disk (P.A.= 29.1�; black dashed horizontal line) is horizontal. The star’s location and � Pic b’s
location are marked by the magenta ⇥ and black circle, respectively. Center : The Qr image with polarization vectors overplotted. Though
the centrosymmetric nature of the polarization is captured in the transformation to the radial stokes images, the vectors serve to emphasize
this behavior. Right : The radial polarized intensity, Ur, from the same datacube as the image on the left, shown at the same color scale.
For optically thin circumstellar material, the flux is expected to be solely in the Qr image, thus this images provides an estimate of the
noise in the disk image.

Below, we provide a brief summary of the observations
and relevant data reduction steps. All the data described
herein was reduced using the GPI Pipeline version 1.2 or
later1.

2.1. Polarimetry mode observations

Polarimetric observations of � Pic were carried out on
2013 December 12 UT, while performing a series of AO
performance and optimization tests (Table 1). � Pic was
observed for a total of forty-nine 60 s frames, during
which the field rotated in parallactic angle by 91�. Be-
tween each image the half waveplate (HWP) modulator
was rotated by 22.5�. For 25 frames, GPI’s two Ster-
ling cycle cryocoolers (Chilcote et al. 2012) were set to
minimal power to reduce vibration in the telescope and
instrument to improve the AO performance. The exter-
nal Gemini seeing monitors were not operational during
these observations and as a result the seeing throughout
the sequence remains unknown. However, � Pic b can
easily be seen in the majority of raw detector images,
even before data reduction.
Each raw data frame was dark-subtracted, corrected

for bad-pixels and then ‘destriped’ to remove any re-
maining correlated noise in the raw image caused the by
the cryocooler vibration (Ingraham et al. 2014). Since
the time of these observations, the level of vibration has
been significantly mitigated through the use of a new
controller, which drives the two coolers 180� out of phase
(Hartung et al. 2014). The vibration caused by the two
coolers now interferes destructively and the overall e↵ect
is significantly damped. With a reduced level of vibra-
tion, the destriping algorithm is only needed for very
short exposure times, and incorrect use may result in
the injection of unwanted noise. We direct the reader to
the GPI IFS Data Handbook2 for further details on the
destriping algorithm and its appropriate use.
In GPI’s polarimetry mode (pol. mode), a Wollaston

prism splits the light from each lenslet into two spots

1 http://planetimager.org/datapipeline
2 http://docs.planetimager.org/pipeline/ifs/index.html

of orthogonal polarization states on the detector. Flex-
ure e↵ects within the instrument cause these lenslet PSF
spots to move from their predetermined locations on the
detector, typically by a fraction of a pixel. For each
frame, the PSF o↵set was determined using a cross-
correlation between the raw frame and a set of lenslet
PSF models measured using a Gemini Facility Calibra-
tion Unit (GCAL) calibration frame. The overall method
is decribed in Draper et al. (2014) using high-resolution
microlenslet PSFs. Here we use a Gaussian PSF model,
which is less computationally intensive, but provides sim-
ilar results. The raw frames were then reduced to po-
larization datacubes (where the third dimension carries
the two orthogonal polarizations) using a weighted PSF
extraction centered on the flexure-corrected location of
each of the lenslets’ two spots (see Perrin et al. 2015).
Each cube was divided by a reduced GCAL flat field

image, smoothed using a low pass filter. The flat field
corrects simultaneously for throughput across the field
and a spatially varying polarization signal. In theory,
this polarization signal should be removed during the
double di↵erencing procedure later in the pipeline; how-
ever, we have found empirically that this polarization
signal is best divided out of each cube individually3.
To determine the position of the occulter-obscured

star, a Radon-transform-based algorithm (Pueyo et al.
2015) was used to measure the position of the elongated
satellite spots (Wang et al. 2014). Knowledge of the ob-
scured star’s location is critical when combining multi-
ple datacubes that must be both registered and rotated.
Each datacube was then corrected for distortion across
the field of view (Konopacky et al. 2014). The datacubes
were then corrected for any non-common path biases be-
tween the two polarization spots using the double di↵er-
encing correction described by Perrin et al. (2015), before
being smoothed with a 2-pixel FWHM Gaussian profile.
Instrumental polarization, due to optics upstream of

the waveplate, converts unpolarized light from the stel-

3 This feature will be included in the release of GPI Pipeline
version 1.4.

Millar-‐Blanchaer	  et	  al.	  (2015)

The disk around Beta Pictoris is very forward 
scattering 
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Fig. 7.— Illumination-corrected flux as a function of scattering phase angle at and exterior
to the belt maximum (lower and upper panels, respectively). The SE and NW halves of the

disk are shown in red and black, respectively. The yellow line shows the best fourth degree
polynomial fit to the scattering phase function. The dashed green line shows the best fit

Henyey-Greenstein phase function, a poor fit to the observed variation.

Repeating this procedure for a ranging from 71 AU to 263 AU in steps of ∆a = 2.63

AU (1 pixel), we obtained the SPFs shown in Figure 8. Because grains beyond the parent
body ring should be size-sorted (see Section 4.1.2), with s decreasing with increasing a,

the normalization of the SPF at a given a is degenerate with the average Qsca and surface
density at a given a. Additionally, the normalization of a given SPF strongly depends on

the behavior of the SPF at small θ, but our observations are limited to 60◦ ! θ ! 120◦
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Fig. 1.— Left: Central 200×200 pixels of the 12-image median-combined image for HD
181327 (pixel scale = 50.77 mas = 2.63 AU). An artificial occulting spot with a radius of

18 pixels has been applied for illustrative purposes. Stellar position is marked with a star.
Right: Number of images used per pixel for median combination.

Our multi-roll observation technique reduces both the impact of temporal instabilities

in the PSF structures (“breathing”) and static PSF residuals that co-rotate with the in-
strument/telescope optics. To estimate the remaining impact of PSF artifacts, we produced

an 11-image median, subtracted it from the 12-image median, and divided by the 12-image
median to produce a fractional residual map. If the 12-image median is robust to these
PSF residuals, then leaving out any one image should not greatly impact the final image.

Figure 2 shows one such fractional residual map. The fractional residuals, smoothed using a
3×3 pixel median boxcar and displayed on a saturated scale for illustrative purposes, show

correlated biases in the median by as much as ∼ 5% over scales ∼ 10 pixels. Additionally,
Figure 2 shows that leaving out this particular image affects the NE-SW asymmetry at this

level by enhancing the NE flux and reducing the SW flux.

	  Stark	  (2015)

Measurements of scattering phase function
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Henyey-Greenstein phase function, a poor fit to the observed variation.

Repeating this procedure for a ranging from 71 AU to 263 AU in steps of ∆a = 2.63

AU (1 pixel), we obtained the SPFs shown in Figure 8. Because grains beyond the parent
body ring should be size-sorted (see Section 4.1.2), with s decreasing with increasing a,

the normalization of the SPF at a given a is degenerate with the average Qsca and surface
density at a given a. Additionally, the normalization of a given SPF strongly depends on

the behavior of the SPF at small θ, but our observations are limited to 60◦ ! θ ! 120◦
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Fig. 1.— Left: Central 200×200 pixels of the 12-image median-combined image for HD
181327 (pixel scale = 50.77 mas = 2.63 AU). An artificial occulting spot with a radius of

18 pixels has been applied for illustrative purposes. Stellar position is marked with a star.
Right: Number of images used per pixel for median combination.

Our multi-roll observation technique reduces both the impact of temporal instabilities

in the PSF structures (“breathing”) and static PSF residuals that co-rotate with the in-
strument/telescope optics. To estimate the remaining impact of PSF artifacts, we produced

an 11-image median, subtracted it from the 12-image median, and divided by the 12-image
median to produce a fractional residual map. If the 12-image median is robust to these
PSF residuals, then leaving out any one image should not greatly impact the final image.

Figure 2 shows one such fractional residual map. The fractional residuals, smoothed using a
3×3 pixel median boxcar and displayed on a saturated scale for illustrative purposes, show

correlated biases in the median by as much as ∼ 5% over scales ∼ 10 pixels. Additionally,
Figure 2 shows that leaving out this particular image affects the NE-SW asymmetry at this

level by enhancing the NE flux and reducing the SW flux.

	  Stark	  (2015)
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Fig. 1.— The general appearance and location of the G ring and D68 within Saturn’s rings.

All images have been individually stretched and have been rotated so that Saturn’s north

pole would point upwards. (a) A mosaic of images obtained by the Cassini spacecraft in

September 2006 during a time when the spacecraft flew through Saturn’s shadow. At these

high phase angles, both the G ring outside the main rings and D68 in the inner D ring can be

clearly seen (note this image uses a gamma stretch so that a broad range of brightnesses is

visible). (b) A close-up of the D68 ringlet from Cassini image N1537019704, obtained during

the same time as the above maosaic. Note the narrow ringlet is unresolved in this image. (c)

and (d) The G ring at two di↵erent opening angles from Cassini images N1643025601 (phase

angle 130.5�, ring opening angle 3.9�) and N1634622552 (phase angle 100.6�, ring opening

angle 0.5�). Note the ring’s relatively sharp inner edge and more di↵use outer boundary.

Hedman	  and	  Stark	  (2015)

– 19 –

Fig. 7.— Comparing the SPFs for D68 and the G ring. The upper plot displays the normal-

ized phase curves of the two ring features, showing that they have similar, but not identical

shapes. The bottom panel shows the power-law index of the SPFs as a function of scattering

angle.
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Fig. 15.— Left: Model G ring SPF (black) over a range of scattering angles observable for a

moderately inclined debris disk. A single HG fit (blue) gives g = 0.17, on par with estimates

of observed debris disks. A 2-component HG fit (red) gives g

1

= 0.665, w
1

= 0.505, g
2

=

0.035, and reproduces the observable SPF well. Right: Neither HG fit over the observable

range of scattering angles accurately predicts the forward scattering peak at ✓ < 10�.

that over the range of observable scattering angles, the measured SPFs of Saturn’s G ring

and D68 are roughly consistent with typical debris disk observations.

The left panel of Figure 15 also shows the best-fit 2-component HG function, which does

very well at reproducing the model over the observable scattering angles. However, as shown

in the right panel, neither HG function fit accurately predicts the model SPF at ✓ < 10�. We

conclude that fits to debris disk SPFs, over typical ranges of observable scattering angles,

cannot accurately predict the degree of forward scattering. The reported degrees of forward

scattering for debris disks therefore may be greatly underestimated.

If the model G ring SPF is in fact representative of debris disk SPFs, what would

this imply about debris disks? First, we note that the model G ring SPF near ✓ ⇡ 90� is

⇠ 0.02, when properly normalized such that its integral over all solid angles is unity. In

comparison, isotropic scatterers have a SPF equal to 1/4⇡ ⇠ 0.08 at all scattering angles.

Thus, debris disks would appear a factor of ⇠ 4 dimmer than their isotropically-scattering

counterparts, potentially explaining the low apparent albedo of some disks (e.g., Krist et al.

2010; Golimowski et al. 2011; Lebreton et al. 2012).

Second, the very forward-scattering model G ring SPF suggests that edge-on disks may

be problematic for future exoEarth imaging missions. Stark et al. (2015) showed that cold

debris disks may produce a “pseudo-zodiacal” haze of forward-scattered starlight if oriented

Measurements of scattering phase function
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Scattering phase function cannot be measured for 
angles from 0 to 180 on a single system.
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Next step is to get a large sample of debris disks at 
various inclinations.

Scattering phase function cannot be measured for 
angles from 0 to 180 on a single system.
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Next step is to get a large sample of debris disks at 
various inclinations.

 
Figure 9. Analysis Quality scattered-light images of the GO 12228 debris disks discussed in Appendix A. Arrows indicate the full physical and angular extent of the disks (except AU 

Mic) in AU and arcseconds (scaled differently for each disk), and below the inner working distances realized (though for all disks not at all azimuth angles) with PSFTSC imaging.

Schneider	  at	  al.	  (2014)
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angles from 0 to 180 on a single system.
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Next step is to get a large sample of debris disks at 
various inclinations.

Context Today Soon enough The future Conclusion

Signposts of planetary formation in circumstellar structures

Debris/proto-planetary disks contain by-products/ingredients of planetary
formation.

Soummer, Perrin, Pueyo et al., 2014.

Scattering phase function cannot be measured for 
angles from 0 to 180 on a single system.
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Next step is to get a large sample of debris disks at 
various inclinations.

Context Today Soon enough The future Conclusion

Signposts of planetary formation in circumstellar structures

Debris/proto-planetary disks contain by-products/ingredients of planetary
formation.

Soummer, Perrin, Pueyo et al., 2014.

Context Today Soon enough The future Conclusion

Signposts of planetary formation in circumstellar structures

Debris/proto-planetary disks contain by-products/ingredients of planetary
formation.

Choquet et al., in prep.

Scattering phase function cannot be measured for 
angles from 0 to 180 on a single system.
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Parameter space for WFIRST CGI GO science
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Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

• Measurements of the 
scattering properties of 
dust at all possible 
inclinations.

• Take advantage of the 
polarization split in the 
CGI imager. 

• Important 
consequences for the 
planning of future 
missions. 

4. Debris disks
and their scattering 
properties 

ELT Circa 2015
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What does this mean for the CGI instrument:
• Maybe H alpha filter?
• Maybe larger field of view in the imaging channel?

Cady,	  Riggs	  et	  al.	  (2016)
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What does this mean for the CGI instrument:
• Maybe H alpha filter?
• Maybe larger field of view in the imaging channel?

• Science at a contrast 1-2 orders of magnitude 
more gentle than the requirements. 
• Implication on timing of GO observations

Cady,	  Riggs	  et	  al.	  (2016)
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piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

1. Proto-planetary 
disks and their 
interaction with 
exoplanets.
2. Proto-planets and 
interactions with their 
disk.
3. Adolescent-
planets and their 
atmospheres.
4. Debris disks
and their grains. 

ELT Circa 2015

• Plenty of exciting science with the WFIRST-CGI
• Synergies with JWST, ALMA, ELTs. 
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High-Contrast Imaging from Space Workshop.
STScI

Nov 14-16 th 2016

Many astrophysical observations require the imaging of faint objects or nebulosity next to point 
sources such as stars and unresolved active galactic nuclei. To achieve these observations, several 
high-contrast imaging techniques have been developed to suppress light from the central bright 
source in optical through mid-IR wavelengths.   The operation of telescopes in space has opened 
new frontiers in high contrast imaging due to their relative stability and location above the Earth’s 
atmosphere.   The astronomical community is using knowledge gained from current space- and 
ground-based facilities to plan for future high contrast imaging missions in the next decade.   In this 
workshop, we will explore the legacy of existing space-based high contrast imaging from the Hubble 
and Spitzer Space Telescopes and investigate how existing scientific observations and coronagraphic 
techniques may be applied for future observations with the James Webb Space Telescope and 
the Wide-Field Infrared Survey Telescope to image exoplanets, debris disks, protoplanetary disks, 
AGN, Solar System objects, and other astronomical objects.
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Importance of dust for future earth-imaging missions– 33 –
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Fig. 16.— ExoEarth candidate yield vs aperture for the optimistic (higher risk) and pes-
simistic (lower risk) values of η⊕. Our minimum acceptable yield for an exoEarth charac-

terizing mission is shown as a dotted line. To exceed the minimum yield under the most
optimistic (and potentially unrealistic) assumptions, we require an aperture > 8.5 m.

To place a lower limit on the required aperture size, we must choose a minimum ac-
ceptable yield. Equation 3 from Stark et al. (2014) provides a quantitative means to define

a yield goal. Here, we present a modified form that accounts for the counting statistics of
all exoEarth candidates, not just the “true” exoEarths:

NEC = η⊕
log (1− C)

log (1− η⊕fx)
, (8)

where NEC is the target yield of exoEarth candidates, C is the confidence of finding at least
one candidate with x detectable in its atmosphere, fx is the fraction of exoEarth candidates

that have x detectable in their atmospheres, and x can be water, oxygen, methane, or
anything else scientifically compelling.

Stark et al. (2014) suggested designing a mission robust to fx = 0.1 with 99.7% confi-
dence. To place a lower limit on the aperture size, we relax this constraint to fx = 0.1 with

95% confidence, which we consider the minimum acceptable yield. Assuming that detectable
levels of x define an “Earth-like” planet, designing a mission to this standard guarantees,

with 95% confidence, the detection of at least one Earth-like planet if one in ten Earth-sized

Stark	  et	  al.	  (2015)

The zodi-level is a key input to exo-earth experimental 
design. 
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Where is the zodi coming from?

Dust grains at 1 AU (LBTI)
x

Geometric Albedo (?)
x

Scattering phase function (??)
= 

halo in images of solar system analogs. 
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Where is the zodi coming from?

Dust grains at 1 AU (LBTI)
x

Geometric Albedo (?)
x

Scattering phase function (??)
= 

halo in images of solar system analogs. 

Dust grains at 1 AU (LBTI)
x

Geometric Albedo (?)
x

Scattering phase function (??)
= 

halo in images of solar system analogs. 

Functioning design 
for detection and characterization

• Solar system model with spectral and 
spatial information from Haystacks 
project (PI: A. Roberge) 

• Composite of 3 images on channels 
centered around: 
‣ 500nm, 600nm and 700nm 
‣ 10 % bandpass each 

• Assumptions
‣ Perfect wavefront
‣ Post processing with no wavefront drifts 

between science target and star 
calibrator

‣ Only photon noise

14See HDST report

Simulated visible light image of 
a solar system twin seen at 13pc 

with 12 m telescope and APLC/SP design  

Earth

Venus

Jupiter

40h exposure time

Simulation by L. Pueyo, M. N’Diaye

HDST	  report	  (2015)	  simulations:	  
M.	  N’Diaye,	  L.	  Pueyo
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The pseudo zodi problem:

– 5 –

that the model KB dust density is negligible compared to the zodiacal cloud interior to 5

AU. For this investigation, we explicitly removed all KB dust interior to 5 AU, where the
KB dust models become less reliable due to Poisson noise. To further reduce Poisson noise,
we azimuthally averaged the Kuiper Belt dust model around the disk’s axis of symmetry in

steps of 0.36◦. For Figure 1, we masked off the central 0.5 AU of each image.
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Fig. 1.— Synthetic visible-wavelength images of exozodi and pseudo-zodi, based on our
solar system’s debris disk, viewed edge-on as a function of scattering asymmetry parameter

g assuming a HG SPF. The central 0.5 AU has been masked off. At a projected separation
of 1 AU, the pseudo-zodi becomes brighter than the exozodi for g > 0.7.

As the SPF becomes more forward-scattering, the brightness of the pseudo-zodiacal

component increases because dust at larger distances is observed at smaller scattering angles.
We measured the surface brightness of the model disks at a projected separation of 1 AU. We

find that the brightness of the pseudo-zodi (Kuiper Belt dust) exceeds that of the exozodi

Stark	  et	  al.	  (2015)

Forward scattering grains in the line of sight masquerade as “face on” 
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Fig. 1.— Direct comparison of the two STIS data sets on the β Pictoris disk. Left: Our

re-reduction of the STIS image taken in GO-7125 in 1997. Right: New STIS images taken in
our program GO-12551 provide higher signal-to-noise and better PSF-subtraction, as well as
smaller inner working angle. The two images are shown here in a logarithmic stretch, with

instrumental brightness units of counts per second per pixel; North is up.
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4 Millar-Blanchaer et al.

Figure 1. Left : The � Pic debris disk in polarized intensity, Qr, from observations with GPI’s polarimetry mode. The disk image has been
rotated so that the midplane of the outer disk (P.A.= 29.1�; black dashed horizontal line) is horizontal. The star’s location and � Pic b’s
location are marked by the magenta ⇥ and black circle, respectively. Center : The Qr image with polarization vectors overplotted. Though
the centrosymmetric nature of the polarization is captured in the transformation to the radial stokes images, the vectors serve to emphasize
this behavior. Right : The radial polarized intensity, Ur, from the same datacube as the image on the left, shown at the same color scale.
For optically thin circumstellar material, the flux is expected to be solely in the Qr image, thus this images provides an estimate of the
noise in the disk image.

Below, we provide a brief summary of the observations
and relevant data reduction steps. All the data described
herein was reduced using the GPI Pipeline version 1.2 or
later1.

2.1. Polarimetry mode observations

Polarimetric observations of � Pic were carried out on
2013 December 12 UT, while performing a series of AO
performance and optimization tests (Table 1). � Pic was
observed for a total of forty-nine 60 s frames, during
which the field rotated in parallactic angle by 91�. Be-
tween each image the half waveplate (HWP) modulator
was rotated by 22.5�. For 25 frames, GPI’s two Ster-
ling cycle cryocoolers (Chilcote et al. 2012) were set to
minimal power to reduce vibration in the telescope and
instrument to improve the AO performance. The exter-
nal Gemini seeing monitors were not operational during
these observations and as a result the seeing throughout
the sequence remains unknown. However, � Pic b can
easily be seen in the majority of raw detector images,
even before data reduction.
Each raw data frame was dark-subtracted, corrected

for bad-pixels and then ‘destriped’ to remove any re-
maining correlated noise in the raw image caused the by
the cryocooler vibration (Ingraham et al. 2014). Since
the time of these observations, the level of vibration has
been significantly mitigated through the use of a new
controller, which drives the two coolers 180� out of phase
(Hartung et al. 2014). The vibration caused by the two
coolers now interferes destructively and the overall e↵ect
is significantly damped. With a reduced level of vibra-
tion, the destriping algorithm is only needed for very
short exposure times, and incorrect use may result in
the injection of unwanted noise. We direct the reader to
the GPI IFS Data Handbook2 for further details on the
destriping algorithm and its appropriate use.
In GPI’s polarimetry mode (pol. mode), a Wollaston

prism splits the light from each lenslet into two spots

1 http://planetimager.org/datapipeline
2 http://docs.planetimager.org/pipeline/ifs/index.html

of orthogonal polarization states on the detector. Flex-
ure e↵ects within the instrument cause these lenslet PSF
spots to move from their predetermined locations on the
detector, typically by a fraction of a pixel. For each
frame, the PSF o↵set was determined using a cross-
correlation between the raw frame and a set of lenslet
PSF models measured using a Gemini Facility Calibra-
tion Unit (GCAL) calibration frame. The overall method
is decribed in Draper et al. (2014) using high-resolution
microlenslet PSFs. Here we use a Gaussian PSF model,
which is less computationally intensive, but provides sim-
ilar results. The raw frames were then reduced to po-
larization datacubes (where the third dimension carries
the two orthogonal polarizations) using a weighted PSF
extraction centered on the flexure-corrected location of
each of the lenslets’ two spots (see Perrin et al. 2015).
Each cube was divided by a reduced GCAL flat field

image, smoothed using a low pass filter. The flat field
corrects simultaneously for throughput across the field
and a spatially varying polarization signal. In theory,
this polarization signal should be removed during the
double di↵erencing procedure later in the pipeline; how-
ever, we have found empirically that this polarization
signal is best divided out of each cube individually3.
To determine the position of the occulter-obscured

star, a Radon-transform-based algorithm (Pueyo et al.
2015) was used to measure the position of the elongated
satellite spots (Wang et al. 2014). Knowledge of the ob-
scured star’s location is critical when combining multi-
ple datacubes that must be both registered and rotated.
Each datacube was then corrected for distortion across
the field of view (Konopacky et al. 2014). The datacubes
were then corrected for any non-common path biases be-
tween the two polarization spots using the double di↵er-
encing correction described by Perrin et al. (2015), before
being smoothed with a 2-pixel FWHM Gaussian profile.
Instrumental polarization, due to optics upstream of

the waveplate, converts unpolarized light from the stel-

3 This feature will be included in the release of GPI Pipeline
version 1.4.

Millar-‐Blanchaer	  et	  al.	  (2015)
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Fig. 7.— Illumination-corrected flux as a function of scattering phase angle at and exterior
to the belt maximum (lower and upper panels, respectively). The SE and NW halves of the

disk are shown in red and black, respectively. The yellow line shows the best fourth degree
polynomial fit to the scattering phase function. The dashed green line shows the best fit

Henyey-Greenstein phase function, a poor fit to the observed variation.

Repeating this procedure for a ranging from 71 AU to 263 AU in steps of ∆a = 2.63

AU (1 pixel), we obtained the SPFs shown in Figure 8. Because grains beyond the parent
body ring should be size-sorted (see Section 4.1.2), with s decreasing with increasing a,

the normalization of the SPF at a given a is degenerate with the average Qsca and surface
density at a given a. Additionally, the normalization of a given SPF strongly depends on

the behavior of the SPF at small θ, but our observations are limited to 60◦ ! θ ! 120◦
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Fig. 1.— Left: Central 200×200 pixels of the 12-image median-combined image for HD
181327 (pixel scale = 50.77 mas = 2.63 AU). An artificial occulting spot with a radius of

18 pixels has been applied for illustrative purposes. Stellar position is marked with a star.
Right: Number of images used per pixel for median combination.

Our multi-roll observation technique reduces both the impact of temporal instabilities

in the PSF structures (“breathing”) and static PSF residuals that co-rotate with the in-
strument/telescope optics. To estimate the remaining impact of PSF artifacts, we produced

an 11-image median, subtracted it from the 12-image median, and divided by the 12-image
median to produce a fractional residual map. If the 12-image median is robust to these
PSF residuals, then leaving out any one image should not greatly impact the final image.

Figure 2 shows one such fractional residual map. The fractional residuals, smoothed using a
3×3 pixel median boxcar and displayed on a saturated scale for illustrative purposes, show

correlated biases in the median by as much as ∼ 5% over scales ∼ 10 pixels. Additionally,
Figure 2 shows that leaving out this particular image affects the NE-SW asymmetry at this

level by enhancing the NE flux and reducing the SW flux.

	  Stark	  (2015)
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Right: Number of images used per pixel for median combination.

Our multi-roll observation technique reduces both the impact of temporal instabilities

in the PSF structures (“breathing”) and static PSF residuals that co-rotate with the in-
strument/telescope optics. To estimate the remaining impact of PSF artifacts, we produced

an 11-image median, subtracted it from the 12-image median, and divided by the 12-image
median to produce a fractional residual map. If the 12-image median is robust to these
PSF residuals, then leaving out any one image should not greatly impact the final image.

Figure 2 shows one such fractional residual map. The fractional residuals, smoothed using a
3×3 pixel median boxcar and displayed on a saturated scale for illustrative purposes, show

correlated biases in the median by as much as ∼ 5% over scales ∼ 10 pixels. Additionally,
Figure 2 shows that leaving out this particular image affects the NE-SW asymmetry at this

level by enhancing the NE flux and reducing the SW flux.

	  Stark	  (2015)
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Fig. 1.— The general appearance and location of the G ring and D68 within Saturn’s rings.

All images have been individually stretched and have been rotated so that Saturn’s north

pole would point upwards. (a) A mosaic of images obtained by the Cassini spacecraft in

September 2006 during a time when the spacecraft flew through Saturn’s shadow. At these

high phase angles, both the G ring outside the main rings and D68 in the inner D ring can be

clearly seen (note this image uses a gamma stretch so that a broad range of brightnesses is

visible). (b) A close-up of the D68 ringlet from Cassini image N1537019704, obtained during

the same time as the above maosaic. Note the narrow ringlet is unresolved in this image. (c)

and (d) The G ring at two di↵erent opening angles from Cassini images N1643025601 (phase

angle 130.5�, ring opening angle 3.9�) and N1634622552 (phase angle 100.6�, ring opening

angle 0.5�). Note the ring’s relatively sharp inner edge and more di↵use outer boundary.

Hedman	  and	  Stark	  (2015)

– 19 –

Fig. 7.— Comparing the SPFs for D68 and the G ring. The upper plot displays the normal-

ized phase curves of the two ring features, showing that they have similar, but not identical

shapes. The bottom panel shows the power-law index of the SPFs as a function of scattering

angle.
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Fig. 15.— Left: Model G ring SPF (black) over a range of scattering angles observable for a

moderately inclined debris disk. A single HG fit (blue) gives g = 0.17, on par with estimates

of observed debris disks. A 2-component HG fit (red) gives g

1

= 0.665, w
1

= 0.505, g
2

=

0.035, and reproduces the observable SPF well. Right: Neither HG fit over the observable

range of scattering angles accurately predicts the forward scattering peak at ✓ < 10�.

that over the range of observable scattering angles, the measured SPFs of Saturn’s G ring

and D68 are roughly consistent with typical debris disk observations.

The left panel of Figure 15 also shows the best-fit 2-component HG function, which does

very well at reproducing the model over the observable scattering angles. However, as shown

in the right panel, neither HG function fit accurately predicts the model SPF at ✓ < 10�. We

conclude that fits to debris disk SPFs, over typical ranges of observable scattering angles,

cannot accurately predict the degree of forward scattering. The reported degrees of forward

scattering for debris disks therefore may be greatly underestimated.

If the model G ring SPF is in fact representative of debris disk SPFs, what would

this imply about debris disks? First, we note that the model G ring SPF near ✓ ⇡ 90� is

⇠ 0.02, when properly normalized such that its integral over all solid angles is unity. In

comparison, isotropic scatterers have a SPF equal to 1/4⇡ ⇠ 0.08 at all scattering angles.

Thus, debris disks would appear a factor of ⇠ 4 dimmer than their isotropically-scattering

counterparts, potentially explaining the low apparent albedo of some disks (e.g., Krist et al.

2010; Golimowski et al. 2011; Lebreton et al. 2012).

Second, the very forward-scattering model G ring SPF suggests that edge-on disks may

be problematic for future exoEarth imaging missions. Stark et al. (2015) showed that cold

debris disks may produce a “pseudo-zodiacal” haze of forward-scattered starlight if oriented

Measurements of scattering phase function
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Figure 9. Analysis Quality scattered-light images of the GO 12228 debris disks discussed in Appendix A. Arrows indicate the full physical and angular extent of the disks (except AU 

Mic) in AU and arcseconds (scaled differently for each disk), and below the inner working distances realized (though for all disks not at all azimuth angles) with PSFTSC imaging.

Schneider	  at	  al.	  (2014)

Scattering phase function cannot be measured for 
angles from 0 to 180 on a single system.

Monday, March 14, 16



Next step is to get a large sample of debris disks at 
various inclinations.

Scattering phase function cannot be measured for 
angles from 0 to 180 on a single system.

Monday, March 14, 16



Next step is to get a large sample of debris disks at 
various inclinations.

Context Today Soon enough The future Conclusion

Signposts of planetary formation in circumstellar structures

Debris/proto-planetary disks contain by-products/ingredients of planetary
formation.

Soummer, Perrin, Pueyo et al., 2014.
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Context Today Soon enough The future Conclusion

Signposts of planetary formation in circumstellar structures

Debris/proto-planetary disks contain by-products/ingredients of planetary
formation.

Choquet et al., in prep.
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