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Fig. 13.— The demographics of exoplanets from direct imaging (dark blue), radial velocity (light blue), transit (orange), and microlensing
(green) surveys. Planets detected with radial velocities are minimum masses. It remains unclear whether imaged planets and brown dwarfs
represent distinct populations or whether they form a continuous distribution down to the fragmentation limit. Directly imaged substellar
companions are compiled from the literature, while planets found with other methods are from exoplanets.eu as of April 2016.

ical color-spectral type relationship based on synthetic
colors of ultracool dwarfs from the SpeX Prism Library
(Burgasser 2014) as well as the spectral type-effective
temperature sequence from Golimowski et al. (2004a)5.
The mean sensitivity maps for all 384 targets and sep-

arate bins containing BA stars (110 targets), FGK stars
(155 targets), and M dwarfs (118 targets) are shown in
Figure 11. In general, surveys of high-mass stars probe
higher planet masses than deep imaging aroundM dwarfs
owing to differences in the host stars’ intrinsic luminosi-
ties. The most sensitive region for all stars is between
∼30–300 AU, with less coverage at extremely wide sep-
arations because of limited fields of view and at small
separations in contrast-limited regimes.
The occurrence rate of giant planets for all targets and

for each stellar mass bin are listed in Table 3, which as-
sumes logarithmically-uniform distributions in mass and
separation (see Section 6.5 of Bowler et al. 2015b for de-
tails). The mode and 68.3% minimum credible inter-
val (also known as the highest posterior density inter-
val) of the planet frequency probability distribution are
reported. Two massive stars in the sample host plan-

5 Synthesized colors of ultracool dwarfs using the Keck/NIRC2
CH4S and HMKO filter profiles yields the following rela-
tion: CH4S–HMKO =

!4
i=0ciSpT

i, where c0=0.03913178,
c1=0.008678245, c2=–0.001542768, c3=0.0001033761, c4=–
2.902588×10−6, and SpT is the numerical near-infrared spectral
type (M0=1.0, L0=10.0, T0=20.0). This relation is valid from
M3–T8 and the rms of the fit is 0.025 mag. Golimowski et al.
(2004a) provide an empirical Teff (SpT) relationship, but the
inverse SpT(Teff ) is necessary for this filter conversion at a given
mass and age. Refitting the same data from Golimowski et al.
yields the following: SpT =

!4
i=0ciTeff

i, where c0=36.56779,
c1=–0.004666549, c2=–9.872890×10−6, c3=4.108142×10−09,
c4=– 4.854263×10−13 . This is valid for 700 K < Teff < 3900 K,
the rms is 1.89 mag, and SpT is the same numerical near-infrared
spectral type as above.

ets that were either discovered or successfully recovered
in these surveys: β Pic, with a planet at 9 AU, and
HR 8799, with planets spanning 15–70 AU. HR 8799
is treated as a single detection. The most precise oc-
currence rate measurement is between 5–13 MJup and
30–300 AU. Over these ranges, the frequency of plan-
ets orbiting BA, FGK, and M stars is 2.8+3.7

−2.3%, <4.1%,
and <3.9%, respectively (Figure 12). Here upper limits
are 95% confidence intervals. Although there are hints
of a higher giant planet occurrence rate around mas-
sive stars analogous to the well-established correlation at
small separations (Johnson et al. 2007; Lovis & Mayor
2007; Johnson et al. 2010; Bowler et al. 2010b), this
trend is not yet statistically significant at wide orbital
distances and requires larger sample sizes in each stel-
lar mass bin to unambiguously test this correlation.
Marginalizing over stellar host mass, the overall giant
planet occurrence rate for the full sample of 384 stars
is 0.6+0.7

−0.5%, which happens to be comparable to the fre-
quency of hot Jupiters around FGK stars in the field
(1.2 ± 0.4%; Wright et al. 2012) and in the Kepler sam-
ple (0.5 ± 0.1%; Howard et al. 2012). However, com-
pared to the high occurrence rate of giant planets (0.3–
10 MJup) with orbital periods out to 2000 days (∼10%;
Cumming et al. 2008), massive gas giants are clearly
quite rare at wide orbital distances.

5. BROWN DWARFS, GIANT PLANETS, AND THE
COMPANION MASS FUNCTION

Direct imaging has shown that planetary-mass com-
panions exist at unexpectedly wide separations but the
provenance of these objects remains elusive. There is
substantial evidence that the tail-end of the star forma-
tion process can produce objects extending from low-
mass stars at the hydrogen burning limit (≈75 MJup)
to brown dwarfs at the opacity limit for fragmenta-

↑Brown dwarf

↓Planet
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A. Müller et al.: Orbital and atmospheric characterization of the planet within the gap of the PDS 70 transition disk

Appendix A: Determination of host star properties

We used a Markov chain Monte Carlo approach to find the pos-
terior distribution for the PDS 70 host star parameters, adopting
the emcee code (Foreman-Mackey et al. 2013). The unknown
parameters are the stellar mass, age, extinction, and parallax1,
and we assumed solar metallicity. The photometric measure-
ments used for the fit, and the independently determined e↵ec-
tive temperature Te↵ and radius are listed in Table A.1. We
perform a simultaneous fit of all these observables. The uncer-
tainties are treated as Gaussians and we assume no covariance
between them.

We used a Gaussian prior from Gaia for the distance and
a Gaussian prior with mean 0.01 mag and sigma 0.07 mag,
truncated at AV = 0 mag, for the extinction (Pecaut & Mamajek
2016). Given AV, we computed the extinction in all the adopted
bands by assuming a Cardelli et al. (1989) extinction law. We
used a Chabrier (2003) initial mass function (IMF) prior on
the mass and a uniform prior on the age. The stellar mod-
els adopted to compute the expected observables, given the fit
parameters, are from the MIST project (Paxton et al. 2011, 2013,
2015; Dotter 2016; Choi et al. 2016). These models were exten-
sively tested against young cluster data, and against pre-main
sequence stars in multiple systems, with measured dynami-
cal masses, and compared to other stellar evolutionary models
(see Choi et al. 2016 for details). The result of the fit con-
strains the age of PDS 70 to 5.4± 1.0 Myr and its mass to
0.76± 0.02 M�. The best-fit parameter values are given by the
50% quantile (the median) and their uncertainties are based on
the 16% and 84% quantile of the marginalized posterior prob-
ability distribution. The stellar parameters are identical to the
values used by Keppler et al. (2018). We note that the derived
stellar age of PDS 70 is significantly younger than the median
age derived for UCL with 16± 2 Myr and an age spread of
7 Myr by Pecaut & Mamajek (2016). For the computation of
the median age Pecaut & Mamajek (2016) excluded K- and
M-type stars for the reason of stellar activity which might bias
the derived age. When the entire sample of stars is considered
a median age of 9± 1 Myr is derived. The authors provide an
age of 8 Myr for PDS 70 based on evolutionary models. Fur-
thermore, the kinematic parallax for PDS 70 therein is larger by
⇠15% compared to the new Gaia parallax. Thus, the luminosity
on which the age determination is based is underestimated and,
subsequently, the age is overestimated.

Appendix B: Disk seen with IRDIS

Figure B.1 shows the IRDIS combined K1K2 image using clas-
sical ADI. The image shows the outer disk ring, with a radius of
approximately 54 au, with the western (near) side being brighter
than the eastern (far) side, as in Hashimoto et al. (2012) and
Keppler et al. (2018). The image reveals a highly structured disk
with several features: 1) a double ring structure along the west
side, which is clearly pronounced along the northwest arc, and
which is less clear but still visible along the southwest side; 2)
a possible connection from the outer disk to the central region;
3,4) a possible spiral-shaped feature close to the coronagraph;
and 5) two arc-like features in the gap on the southeast side of

1 The parallax of PDS 70 is treated as an unknown parameter in our
fit to the host star’s properties, together with mass, age and AV. How-
ever we imposed a parallax prior, using Gaia DR2, which strongly con-
strains the allowed distance values. As a result, the best-fit distance
value reported here from the MCMC posterior draws is identical to the
value provided by the Gaia collaboration.

Table A.1. Stellar parameters of PDS 70.

Parameter Unit Value References

Distance pc 113.43± 0.52 1
Te↵ K 3972± 36 2
Radius R� 1.26± 0.15 Computed from 2
B mag 13.494± 0.146 3
V mag 12.233± 0.123 3
g0 mag 12.881± 0.136 3
r0 mag 11.696± 0.106 3
i0 mag 11.129± 0.079 3
J mag 9.553± 0.024 4
H mag 8.823± 0.040 4
Ks mag 8.542± 0.023 4
Age Myr 5.4± 1.0 This work
Mass M� 0.76± 0.02 This work
AV mag 0.05+0.05

�0.03 This work

References. (1) Gaia Collaboration (2016, 2018); (2) Pecaut & Mamajek
(2016); (3) Henden et al. (2015); (4) Cutri et al. (2003).

Fig. B.1. IRDIS combined K1K2 image of PDS 70 using classical ADI.
To increase the dynamic range of the faint disk structures, the com-
panion’s full intensity range is not shown. The black lines indicate
the structures discussed in the above text. North is up, east is to the
left.

the central region. Whereas features 1 and 2 have already been
tentatively seen in previous observations (see Figs. 5 and 9 in
Keppler et al. 2018), our new and unprecedentedly deep data set
allows us to identify extended structures well within the gap (fea-
tures 3–5). Future observations at high resolution, i.e., with inter-
ferometry, will be needed to prove the existence and to investi-
gate the nature of these features, which, if real, would provide an
excellent laboratory for probing theoretical predictions of planet-
disk interactions.
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Fig. 1.— Substellar companions discovered via radial velocities (gray circles) and direct imaging (red circles) as of 1996, 2006, and 2016.
Over this twenty year period the number of directly imaged companions below 10 MJup has steadily increased from one (2M1207–3932 b in
2004) to over a dozen. The surprising discovery of planetary companions at extremely wide separations of hundreds to thousands of AU has
expanded the architecture of planetary systems to over five orders of magnitude. Note that the radial velocity planets are minimum masses
(msini) and the directly imaged companion masses are inferred from evolutionary models. RV-detected planets are from exoplanets.org
(Wright et al. 2011; Han et al. 2014) and are supplemented with a compilation of RV-detected brown dwarfs from the literature. Imaged
companions are from Deacon et al. (2014) together with other discoveries from the literature.

be addressed as a population and in a statistical man-
ner. This review is limited in scope to self-luminous
companions detected in thermal emission at near- and
mid-infrared wavelengths (1–5 µm) with masses between
≈1–13 MJup with the understanding that multiple
formation routes can probably produce objects in this
“planetary” mass regime (see Section 5). Indeed, the
separations regularly probed in high-contrast imaging
surveys— typically tens to hundreds of AU— lie beyond
the regions in protoplanetary disks containing the
highest surface densities of solids where core accretion
operates most efficiently (e.g., Andrews 2015). Direct
imaging has therefore predominantly surveyed the wide
orbital distances where alternative formation and migra-
tion channels like disk instability, cloud fragmentation,
and planet-planet scattering are most likely to apply.
In the future, the most efficient strategy to detect even
smaller super-Earths and terrestrial worlds close to their
host stars will be in reflected light from a dedicated
space-based optical telescope.
By focusing on the optimal targets, early dis-

coveries, largest surveys, and statistical results,
this observationally-oriented overview aims to com-
plement recent reviews on giant planet formation
(Chabrier et al. 2007; Helled et al. 2013; Chabrier et al.
2014; Helling et al. 2014), atmospheric models
(Marley et al. 2007a; Helling et al. 2008, Allard et al.
2012; Marley & Robinson 2015), evolutionary mod-
els, (Burrows et al. 2001; Fortney & Nettelmann
2009), observational results (Absil & Mawet 2009;
Lagrange 2014; Bailey 2014; Helling & Casewell 2014;
Madhusudhan et al. 2014; Quanz 2015; Crossfield 2015),
and high contrast imaging instruments and speckle
suppression techniques (Guyon et al. 2006; Beuzit et al.
2007; Oppenheimer & Hinkley 2009; Biller et al. 2008;

Marois et al. 2010a; Traub & Oppenheimer 2010;
Mawet et al. 2012b; Davies & Kasper 2012).

2. OPTIMAL TARGETS FOR HIGH-CONTRAST IMAGING

Planets radiatively cool over time by endlessly releas-
ing the latent heat generated during their formation
and gravitational contraction. Fundamental scaling rela-
tions for the evolution of brown dwarfs and giant plan-
ets can be derived analytically with basic assumptions
of a polytropic equation of state and degenerate electron
gas (Stevenson 1991; Burrows & Liebert 1993). Neglect-
ing the influence of lithium burning, deuterium burning,
and atmospheres, which act as partly opaque wavelength-
dependent boundary conditions, substellar objects with
different masses cool in a similar monotonic fashion over
time:

Lbol ∝ t−5/4M5/2. (1)

Here Lbol is the bolometric luminosity, t is the object’s
age, and M is its mass.
This steep mass-luminosity relationship means that

luminosity tracks are compressed in the brown dwarf
regime (≈13–75 MJup) and fan out in the planetary
regime with significant consequences for high-contrast
imaging. A small gain in contrast in the brown dwarf
regime results in a large gain in the limiting detectable
mass, whereas the same contrast gain in the planetary
regime has a much smaller influence on limiting mass
(Figure 2). It is much more difficult, for example, to
improve sensitivity from 10 MJup to 1 MJup than from
80 MJup to 10 MJup. Moreover, sensitivity to low masses
and close separations is highly dependent on a star’s
youth and proximity. In terms of limiting detectable
planet mass, observing younger and closer stars is equiv-
alent to improving speckle suppression or integrating for

Brown dwarf

planet
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Figure 2. Histograms of the predicted planet detections with Gaia, for α > 2 σfov, as a function of (a) G magnitude; (b) distance d; and (c) planet mass Mp, where the
rising distribution up to the adopted occurrence threshold of 15MJ contrasts with the mass distribution for the simulated planets ((d), which is a 1 in 104 re-sampling
of the simulated planet distribution, showing the M−1.31

P power-law behavior as the dashed line); (e) semi-major axis a; (f) eccentricity e.

2.2. The Astrometric Signature

As a planet detection and characterization technique, astrom-
etry aims to measure the influence of an orbiting planet in ad-
dition to the two other classical astrometric effects: the linear
path of the system’s barycenter projected on the sky (the star’s
proper motion), and the reflex motion (the star’s parallax) re-
sulting from Earth’s orbital motion around the Sun. Both the
star and the planet orbit the star–planet barycenter and, after
accounting for the parallax and proper motion terms, the orbit
of the primary therefore appears projected on the plane of the
sky as an ellipse with semi-major axis given by

a⋆ =
!

Mp

M⋆

"
ap, (5)

where Mp and M⋆ are the planet and star mass, respectively, and
ap is the semi-major axis of the planet orbit with respect to the
barycenter.

The observable for astrometric planet detection is the corre-
sponding quantity in angular measure, generally referred to as
the astrometric signature, given by

α =
!

Mp

M⋆

" # ap

1 AU

$ !
d

1 pc

"−1

arcsec, (6)

where dis the distance, and Mp and M⋆ are in common units. The
definition may also be adopted for e ̸= 0, but with detectability
dependent on orbital phase (Section 4). The effect is linearly
proportional to ap and, importantly, applies equally to hot or
rapidly rotating stars. However, while the technique is most
sensitive to massive planets at large ap, measurement timescales
must be proportionally long (of the order of the orbital period).

The size of the effect calculated for all confirmed exoplanets
to date (2014 September 1) is shown in Figure 1(a) as a
function of orbit period. Vertical lines illustrate the period limits
between which Gaia will be most efficient in its discovery space
(0.2 ! P ! 6 yr; see Section 5). On the assumption that an

4

Gaia��#%'()*-+*,
n
����$�� (5��)

u <500pc
u 1—15MJ

u 21000 6000�
u 10���"&

70000�

13

��$��

G�� ��!&$�� (pc)


��� 
���

����� ���	�

ESA/ATG



����2,3
n��&625�%�4000�/��'��
n���#$+/
��;OF9.57Population'�
6&. (Kepler/TESS/Gaia/Nancy Grace Roman ST)

n�����'".��

nCD@EK?ON/��4	��� (TRAPPIST-1��)
n��+0-(

!�- �1

→)/*3.
�� �

14

���#$
BIN<AB
n Kepler
n TESS
G9:MLN>
n Nancy Grace Roman ST
8=BMHBJ
n Gaia



��:
#"("���&)*������'�����
'$('����

n (��)����
n����'���%(�)����

u���' �

u!+/-.,-���

u	
��� vs �����
u�����

n SEICA (Secound-generation Exoplanet Imager with 
Coronagraphic Ao)

15



����: ��

16

0
1995 2005

��

2010 2015 20202000

10

20

30

$',!#$�	(��)

�����	(��)

0

200

400

600

800n >4000�:   �
��
n�1200�: �
��

n $',!#$.�900�
n����: �40�
n (�"$+&$(: >20000�)

n�����%*- ")-
���

(����%*- ")-���
�……)

Kepler



����: 
�

17

0
1995 2005

���

2010 2015 20202000

10

20

30

�"'������(�)

�������(�)

0

200

400

600

800n >4000�:   �	��
n�1200�: �	��

n �"'���)�900�
n����: �40�
n (���&!�#: >20000�)

n����� %(��$(
���

Kepler

Figure 4. Non-exhaustive family portrait of exoplanets and/or planetary mass companions discovered in DI including
the discoveries of (from right to left): DHTaub, UScoCTIO108 b, 51 Eri b, AB Pic b, � Pic b, Fomalhaut b, 2M0122-
2439 b, HR8799 bcde, RXJ1609 b, HD106906 b,  Andb , HIP65426 b, CD-35 2722 b, GJ 504 b, HD95086 b, GU Psc b,
HIP 77900 b, HR6037 b, 2M1207 b and 2M0143ABb.

In most current studies, the identification relies on two main pillars:

• Galactic kinematics studies (space velocity analyses). Techniques have become increasingly sophisticated
using for instance Bayesian analysis to derive membership probability considering combined photometric
and kinematics catalogs,

• Youth diagnostics determination. Various diagnostics can be used depending on the stellar age and spectral
type like color-magnitude diagram, rotation, Lithium depletion, H↵ emission, Ca H&K, Coronal X-rays
and chromospheric UV activity, or the presence of IR excess to inter-compare and refine stellar ages.

Since the discovery of TW Hydrae, more than 500 young, nearby (< 100 pc) stars were identified, mostly F,
G, K and M dwarfs. Recent systematic studies are now pushing the horizon down to very low-masses with the
discovery of a large population of M-, L- and even T-type members.34 These young, nearby stars are gathered
in several groups (TW Hydrae, � Pictoris, Tucana-Horologium, ⌘ Cha, AB Dor, Columba, Carinae...), sharing
common kinematics, photometric and spectroscopic properties. They are also more recently completed by stars
with intermediate-age or located at larger distance like in the so-called Sco-Cen complex. Their main properties
are reported in Table ??. With typical contrast of 10�15 magnitudes for separations beyond 1.0�2.0 00 (50�100
au for a star at 50 pc) achieved with the first generation of planet imagers, planetary mass companions down to
1�2 Jupiter masses became potentially detectable. Therefore, without surprise, a significant amount of telescope
time in the early-2000’s was dedicated to deep imaging surveys of young, nearby stars to search for exoplanets,
brown companions and disks leading to the first discoveries of planetary mass companions in DI.

4. DISCOVERIES AND SURVEYS

In the course of a DI survey, the discovery of a serious planetary candidate is usually indicated by a combination
of small separation, high contrast and cool atmosphere features. Very red near-IR colors or specific spectral
features such as a peaked H-band spectrum are indicative of young L dwarfs atmospheres. Methane absorption
detected in SDI indicates a probable young and cool T dwarf. These diagnostics enable the observers to rapidly
estimate the predicted mass, e↵ective temperature and physical separation of the candidate using evolutionary
model predictions. It highlights one key limitation of DI which is the dependency on luminosity-mass predictions
from uncalibrated formation and evolutionary models detailed here after.
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Appendix A: Determination of host star properties

We used a Markov chain Monte Carlo approach to find the pos-
terior distribution for the PDS 70 host star parameters, adopting
the emcee code (Foreman-Mackey et al. 2013). The unknown
parameters are the stellar mass, age, extinction, and parallax1,
and we assumed solar metallicity. The photometric measure-
ments used for the fit, and the independently determined e↵ec-
tive temperature Te↵ and radius are listed in Table A.1. We
perform a simultaneous fit of all these observables. The uncer-
tainties are treated as Gaussians and we assume no covariance
between them.

We used a Gaussian prior from Gaia for the distance and
a Gaussian prior with mean 0.01 mag and sigma 0.07 mag,
truncated at AV = 0 mag, for the extinction (Pecaut & Mamajek
2016). Given AV, we computed the extinction in all the adopted
bands by assuming a Cardelli et al. (1989) extinction law. We
used a Chabrier (2003) initial mass function (IMF) prior on
the mass and a uniform prior on the age. The stellar mod-
els adopted to compute the expected observables, given the fit
parameters, are from the MIST project (Paxton et al. 2011, 2013,
2015; Dotter 2016; Choi et al. 2016). These models were exten-
sively tested against young cluster data, and against pre-main
sequence stars in multiple systems, with measured dynami-
cal masses, and compared to other stellar evolutionary models
(see Choi et al. 2016 for details). The result of the fit con-
strains the age of PDS 70 to 5.4± 1.0 Myr and its mass to
0.76± 0.02 M�. The best-fit parameter values are given by the
50% quantile (the median) and their uncertainties are based on
the 16% and 84% quantile of the marginalized posterior prob-
ability distribution. The stellar parameters are identical to the
values used by Keppler et al. (2018). We note that the derived
stellar age of PDS 70 is significantly younger than the median
age derived for UCL with 16± 2 Myr and an age spread of
7 Myr by Pecaut & Mamajek (2016). For the computation of
the median age Pecaut & Mamajek (2016) excluded K- and
M-type stars for the reason of stellar activity which might bias
the derived age. When the entire sample of stars is considered
a median age of 9± 1 Myr is derived. The authors provide an
age of 8 Myr for PDS 70 based on evolutionary models. Fur-
thermore, the kinematic parallax for PDS 70 therein is larger by
⇠15% compared to the new Gaia parallax. Thus, the luminosity
on which the age determination is based is underestimated and,
subsequently, the age is overestimated.

Appendix B: Disk seen with IRDIS

Figure B.1 shows the IRDIS combined K1K2 image using clas-
sical ADI. The image shows the outer disk ring, with a radius of
approximately 54 au, with the western (near) side being brighter
than the eastern (far) side, as in Hashimoto et al. (2012) and
Keppler et al. (2018). The image reveals a highly structured disk
with several features: 1) a double ring structure along the west
side, which is clearly pronounced along the northwest arc, and
which is less clear but still visible along the southwest side; 2)
a possible connection from the outer disk to the central region;
3,4) a possible spiral-shaped feature close to the coronagraph;
and 5) two arc-like features in the gap on the southeast side of

1 The parallax of PDS 70 is treated as an unknown parameter in our
fit to the host star’s properties, together with mass, age and AV. How-
ever we imposed a parallax prior, using Gaia DR2, which strongly con-
strains the allowed distance values. As a result, the best-fit distance
value reported here from the MCMC posterior draws is identical to the
value provided by the Gaia collaboration.

Table A.1. Stellar parameters of PDS 70.

Parameter Unit Value References

Distance pc 113.43± 0.52 1
Te↵ K 3972± 36 2
Radius R� 1.26± 0.15 Computed from 2
B mag 13.494± 0.146 3
V mag 12.233± 0.123 3
g0 mag 12.881± 0.136 3
r0 mag 11.696± 0.106 3
i0 mag 11.129± 0.079 3
J mag 9.553± 0.024 4
H mag 8.823± 0.040 4
Ks mag 8.542± 0.023 4
Age Myr 5.4± 1.0 This work
Mass M� 0.76± 0.02 This work
AV mag 0.05+0.05

�0.03 This work

References. (1) Gaia Collaboration (2016, 2018); (2) Pecaut & Mamajek
(2016); (3) Henden et al. (2015); (4) Cutri et al. (2003).

Fig. B.1. IRDIS combined K1K2 image of PDS 70 using classical ADI.
To increase the dynamic range of the faint disk structures, the com-
panion’s full intensity range is not shown. The black lines indicate
the structures discussed in the above text. North is up, east is to the
left.

the central region. Whereas features 1 and 2 have already been
tentatively seen in previous observations (see Figs. 5 and 9 in
Keppler et al. 2018), our new and unprecedentedly deep data set
allows us to identify extended structures well within the gap (fea-
tures 3–5). Future observations at high resolution, i.e., with inter-
ferometry, will be needed to prove the existence and to investi-
gate the nature of these features, which, if real, would provide an
excellent laboratory for probing theoretical predictions of planet-
disk interactions.
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Figure 4
Simulated PSFs for an 8-m telescope in near-IR. Image scales are shown in the upper left corners.
(a) Diffraction-limited PSF in the absence of wavefront aberrations. (b) Short-exposure image showing
diffraction-limited speckles. (c) Long-exposure seeing-limited image. (d–f ) AO-corrected images with
increasing exposure times, showing speckle noise averaging to a smooth halo. A lighter brightness scale is
used in the upper-right quadrant to better show speckles and diffraction features. Abbreviations: AO,
adaptive optics; PSF, point spread function.

Scintillation: starlight
beam intensity
modulations due to
diffractive propagation
of phase errors caused
by atmospheric
turbulence

view are omitted. Although this material is covered in greater detail in AO textbooks (Hardy
1998, Roddier 1999, Tyson 2015), the relationship between wavefront errors and speckle noise is
generally not provided, as contrast and speckle noise requirements are specific to ExAO systems.
This topic is discussed in Section 3.3, providing the mathematical framework for derivations and
discussions of techniques specific to high-contrast imaging in Section 4. Measurement errors due
to photon noise, wavefront chromaticity effects, and amplitude errors (scintillation) are omitted
in this section and will be quantified in Section 4.

3.1. Atmospheric Turbulence and Image Quality
In the absence of optical aberrations, a telescope of diameter D should operate at the diffraction
limit, delivering at a wavelength λ a point spread function (PSF) of angular width λ/D (Figure 4a).
Light propagation through atmospheric turbulence introduces optical pathlength delays resulting
in a corrugated wavefront at the entrance of the telescope, yielding distorted/blurred images
(Figure 4b,c).

Optical turbulence is mainly caused by local temperature inhomogeneities. Pressure inhomo-
geneities have a significantly smaller direct effect on optical pathlength, but drive wind motions
that define optical turbulence temporal characteristics.

www.annualreviews.org • Extreme Adaptive Optics 325

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

8.
56

:3
15

-3
55

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 K
yo

to
 U

ni
ve

rs
ity

 o
n 

03
/3

1/
19

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

AA56CH08_Guyon ARI 24 August 2018 12:58

× 1× 1 × 1× 1× 1 × 1× 4× 4

c   Long exposurea   No aberration b   Short exposure

× 1

× 2 × 2× 2

× 4 × 4

Diffraction limit λ/D Diffraction limit λ/DDiffraction limit λ/D

Seeing limit λ/r0Seeing limit λ/r0

d   AO-corrected
 Short exposure

e   AO-corrected
 Intermediate exposure

f   AO-corrected
 Long exposure

Figure 4
Simulated PSFs for an 8-m telescope in near-IR. Image scales are shown in the upper left corners.
(a) Diffraction-limited PSF in the absence of wavefront aberrations. (b) Short-exposure image showing
diffraction-limited speckles. (c) Long-exposure seeing-limited image. (d–f ) AO-corrected images with
increasing exposure times, showing speckle noise averaging to a smooth halo. A lighter brightness scale is
used in the upper-right quadrant to better show speckles and diffraction features. Abbreviations: AO,
adaptive optics; PSF, point spread function.

Scintillation: starlight
beam intensity
modulations due to
diffractive propagation
of phase errors caused
by atmospheric
turbulence

view are omitted. Although this material is covered in greater detail in AO textbooks (Hardy
1998, Roddier 1999, Tyson 2015), the relationship between wavefront errors and speckle noise is
generally not provided, as contrast and speckle noise requirements are specific to ExAO systems.
This topic is discussed in Section 3.3, providing the mathematical framework for derivations and
discussions of techniques specific to high-contrast imaging in Section 4. Measurement errors due
to photon noise, wavefront chromaticity effects, and amplitude errors (scintillation) are omitted
in this section and will be quantified in Section 4.

3.1. Atmospheric Turbulence and Image Quality
In the absence of optical aberrations, a telescope of diameter D should operate at the diffraction
limit, delivering at a wavelength λ a point spread function (PSF) of angular width λ/D (Figure 4a).
Light propagation through atmospheric turbulence introduces optical pathlength delays resulting
in a corrugated wavefront at the entrance of the telescope, yielding distorted/blurred images
(Figure 4b,c).

Optical turbulence is mainly caused by local temperature inhomogeneities. Pressure inhomo-
geneities have a significantly smaller direct effect on optical pathlength, but drive wind motions
that define optical turbulence temporal characteristics.
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Table 1. List of first and second planet imagers on 10-m class telescopes. FQPM/8QPM: four-quadrant phase mask, 8
octant phase mask. OVC: optical vortex corona- graph. PIAAC: phase induced amplitude apodization. APP: apodizing
phase plate.

Telescope AO/Instruments 1st Light � Coronographs Di↵. techniques
(µm)

Palomar PALAO/PHARO 2000 1.1� 2.5 CLC/4QPM/OVC ADI
Subaru CIAO 2000 0.9� 5.0 CLC ADI
Keck NIRC2-OSIRIS-NIRSPEC 2001 0.9� 5.0 CLC/OVC ADI
VLT NACO 2002 1.0� 5.0 CLC/FQPM/APP/OVC SDI/PDI/ADI
Gemini-N ALTAIR/NIRI 2003 1.1� 2.5 CLC ADI
VLT MACAO/SINFONI 2004 1.0� 2.5 IFS
Gemini-S NICI 2007 1.1� 5.0 CLC SDI/ADI
Subaru AO188/HiCIAO 2008 1.1� 2.5 CLC/PIAA/8QPM SDI/PDI/ADI
Palomar PALAO/PHARO-P1640 2009 1.1� 1.7 APLC/OVC IFS/ADI
LBT FLAO/LMIRCAM 2012 1.0� 5.0 CLC/OVC ADI
Magellan MagAO/VisAO-CLIO 2012 0.6� 5.0 CLC ADI
Gemini-S GPI 2013 1.1� 2.3 CLC/ALC IFS/ADI/PDI
VLT SPHERE 2014 0.5� 2.3 CLC/ALC/4QPM IFS/ADI/PDI
Subaru SCExAO/HiCIAO-CHARIS 2016 0.5� 2.2 PIAA IFS/ADI/PDI

must-have for any high-contrast instruments to address that issue. I will detail below the techniques commonly
used in the field of DI of exoplanets without considering Polarimetric Di↵erential Imaging (PDI) or a promising
approach like Coherent Di↵erential imaging15 (CDI) barely exploited for exoplanets for the moment.

A classical approach widely used since the 90’s for disk science with HST is to register an additional single
star for reference di↵erential imaging (RDI). This technique has been successfully applied to the case of � Pictoris
system and enabled the detection of the � Pic b planet with NaCo at VLT.16 From the ground and with AO-
instruments, the reference must be well chosen to: i/ match magnitude and colors of the science star to preserve
the same AO setting and the similar NIR flux, and ii/ match the parallactic angle variation to keep a similar pupil
configuration (for observations with alt-az telescopes). With an increased stability of the telescope+instrument
and a duty cycle of a few minutes, high degree of correlation may in addition persist between the science star and
the reference to significantly gain in contrast. This promising technique of star hopping still needs to be validated
in terms of performances with the second generation of planet imagers if (pointing, AO setting) overheads can
be reduced.

An alternative di↵erential technique makes use of the planet spectral properties. Giant planet atmospheres
are composed of chemical elements (water, methane, amonia, carbon monoxide and/or dioxide), not present
in the stellar atmospheres. Signatures of planetary accretion in emitting lines like H↵ can also be used.17

These di↵erential spectral signatures between the planet and the star can be optimally used to suppress part
of the stellar light and to reveal broad molecular absorptions or accretion lines in the planet spectrum. The
spectral di↵erential imaging technique (SDI)18,19 relies on the simultaneous observations of the star+planet at
well defined wavelengths (on/o↵ defined molecular absorptions quoted above). Although it e�ciently tackles
the subtraction of residual atmospheric speckles, SDI remains: i/ sensitive to di↵erential aberrations between
the di↵erent imaging paths and ii/ optimized for the detection of cool or accreting, and spectrally contrasted
planets. An extension of this approach makes use of integral field spectrographs o↵ering a broader spectral
range. Optimized subtraction of the PSF simultaneously observed at di↵erent wavelengths considering the
complete star/planet NIR spectral properties enables a significant gain in terms of detection performances. Two
SPHERE instruments, the IRDIS Dual-Band image and the IFS Integral Field Spectrograph have been designed
to exploit that concept, as the GPI and SCExAO/CHARIS planet imagers which have for unique instrument an
integral field spectrograph.

305

2nd Gen.

1st Gen.

1st Gen. AO system (�2010)
# actuator: �100
loop freq.: > 100 Hz

2nd Gen. AO system (2010�)
# actuator: �1000
loop freq.: > 1000 Hz

A&A 617, L2 (2018)

N_ALC_YJH_S (185 mas in diameter) apodized-Lyot coron-
agraph (Martinez et al. 2009; Carbillet et al. 2011). We used
the IRDIS (Dohlen et al. 2008) dual-band imaging camera
(Vigan et al. 2010) with the K1K2 narrow-band filter pair
(�K1 = 2.110 ± 0.102 µm, �K2 = 2.251 ± 0.109 µm). A spectrum
covering the spectral range from Y to H band (0.96–1.64 µm,
R� = 30) was acquired simultaneously with the IFS integral field
spectrograph (Claudi et al. 2008). We set the integration time
for both detectors to 96 s and acquired a total time on target of
almost 2.5 h. The total field rotation is 95.7�. During the course
of observation the average coherence time was 7.7 ms and a
Strehl ratio of 73% was measured at 1.6 µm, providing excellent
observing conditions.

2.2. Data reduction

The IRDIS data were reduced as described in Keppler et al.
(2018). The basic reduction steps consisted of bad-pixel cor-
rection, flat fielding, sky subtraction, distortion correction
(Maire et al. 2016), and frame registration.

The IFS data were reduced with the SPHERE Data Cen-
ter pipeline (Delorme et al. 2017), which uses the Data Reduc-
tion and Handling software (v0.15.0, Pavlov et al. 2008) and
additional IDL routines for the IFS data reduction (Mesa et al.
2015). The modeling and subtraction of the stellar speckle pat-
tern for both the IRDIS and IFS data set were performed with
a smart Principal Component Analysis (sPCA) algorithm based
on Absil et al. (2013) using the same setup as described in
Keppler et al. (2018). Figure 1 shows the high-quality IRDIS
combined K1K2 image of PDS 70. The outer disk and the plan-
etary companion inside the gap are clearly visible. In addi-
tion, there are several disk related features present, which are
described in Appendix B. For this image the data were processed
with a classical ADI reduction technique (Marois et al. 2006) to
minimize self-subtraction of the disk. The extraction of astro-
metric and contrast values was performed by injecting negative
point source signals into the raw data (using the unsaturated flux
measurements of PDS 70) which were varied in contrast and
position based on a predefined grid created from a first initial
estimate of the planet’s contrast and position. For every param-
eter combination of the inserted negative planet the data were
reduced with the same sPCA setup (maximum of 20 modes, pro-
tection angle of 0.75⇥ FWHM) and a �2 value within a segment
of 2⇥ FWHM and 4⇥ FWHM around the planet’s position
was computed. Following Olofsson et al. (2016), the marginal-
ized posterior probability distributions for each parameter was
computed to derive final contrast and astrometric values and
their corresponding uncertainties (the uncertainties correspond
to the 68% confidence interval). For an independent confirma-
tion of the extracted astrometry and photometry we used SpeCal
(Galicher et al. 2018) and find the values in good agreement with
each other within 1� uncertainty.

2.3. Conversion of the planet contrasts to physical fluxes

The measured contrasts of PDS 70 b from all data sets (SPHERE,
NaCo, and NICI) were converted to physical fluxes following the
approach used in Vigan et al. (2016) and Samland et al. (2017),
who used a synthetic spectrum calibrated by the stellar SED to
convert the measured planet contrasts at specific wavelengths
to physical fluxes. In our case, instead of a synthetic spec-
trum, which does not account for any (near-)infrared excess, we
made use of the flux calibrated spectrum of PDS 70 from the
SpeX spectrograph (Rayner et al. 2003), which is presented in
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Fig. 1. IRDIS combined K1K2 image of PDS 70 using classical ADI
reduction technique showing the planet inside the gap of the disk around
PDS 70. The central part of the image is masked out for better display.
North is up, East is to the left.

Long et al. (2018). The spectrum Long et al. (2018). The spec-
trum covers a wavelength the entire IFS and IRDIS data set. To
obtain flux values for our data sets taken in L0 band at 3.8 µm, we
modeled the stellar SED with simple blackbodies to account for
the observed infrared excess (Hashimoto et al. 2012; Dong et al.
2012). The final SED of the planet is shown in Fig. 2. The IFS
SED of the planet is shown in Fig. 2. The IFS spectrum has a
steep slope and displays a few features only, mainly water val-
ues are listed in Table C.1.

3. Results

3.1. Atmospheric modeling

We performed atmospheric simulations for PDS 70 b with the self-
consistent 1D radiative-convective equilibrium tool petitCODE
(Mollière et al. 2015, 2017), which resulted in three di↵erent
grids of self-luminous cloudy planetary model atmospheres (see
Table 1). These grids mainly di↵er in the treatment of clouds:
petitCODE(1) does not consider scattering and includes only
Mg2SiO4 cloud opacities; petitCODE(2) adds scattering; petit-
CODE(3) contains four more cloud species including iron (Na2S,
KCl, Mg2SiO4, Fe). Additionally, we also use the publicly avail-
ablecloud-freepetitCODEmodelgrid (herecalledpetitCODE(0);
see Samland et al. 2017 for a detailed description of this grid) and
the public PHOENIX BT-Settl grid (Allard 2014; Bara↵e et al.
2015).

In order to compare the data to the petitCODE models
we use the same tools as described in Samland et al. (2017),
using the python MCMC code emcee (Foreman-Mackey et al.
2013) on N-dimensional model grids linearly interpolated at
each evaluation. We assume a Gaussian likelihood function
and take into account the spectral correlation of the IFS
spectra (Greco & Brandt 2016). For an additional independent
confirmation of the results obtained using petitCODE, we also
used cloudy models from the Exo-REM code. The models

L2, page 2 of 11
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Fig. 1. Median of the five epochs of Proxima acquired near quadrature in 2018 (MJD 58222, 58227, 58244, 58257, 58288), combined assuming an
inclination of i = 120 degree. Individual images were rotated to take into account orbital motion with respect to the reference epoch (MJD=58222);
North and East positions are then correct only for that epoch. The search area for c is the ring between the two green dashed circles, with inner
radius of 1080 mas and outer radius of 1200 mas. The yellow circles marks the best candidate at the epoch of observation (that is MJD=58222,
2018-04-13) and at mid April 2020; this last is to provide the reader an idea about the speed and direction of the orbit. The cyan dashed line
represents the orbit of the candidate planet on the sky plane. Two faint background stars are still visible in this image. The colour bar is the median
S/N over the five epochs.

and model orbital motion leads to a shift of the candidate planet image by less than one pixel (the scale is 12.25 mas/pixel) over the
epoch range covered by the 2018 observations. This is about one third of the FWHM of point-source images, which is about three
pixels.

In each combined image, we then searched for the highest peak in the ring with separation of 1133 ± 61 mas, where we expect
the companion is close to quadrature; to reduce random variations, we smoothed these combined images using a current median

Article number, page 4 of 14
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Primary WFS/C Secondary WFS/C

Primary wavefront sensing
(high speed, large number

of elements, usually visible light)

Secondary wavefront
sensing

(high accuracy,
usually near-IR light)

Science camera(s)
Can perform:
 • Imaging
 • Spectroscopy
 • Polarimetry

Coronagraphic
LOWFS

(coronagraph
alignment)

Starlight suppression
(coronagraph, nulling

interferometer)

Post-coronagraphic
WFS (usually focal
plane WFS)

Wavefront correction
[Tip-tilt mirror + DM(s)]

Closed-loop
control

Open-loop
control

Figure 6
Key components of an ExAO system. Light travels from left to right. Fine dashed boxes and arrows indicate
optional components. ExAO systems include WFS(s) (blue boxes) and wavefront corrector(s) (red boxes).
Green arrows indicate control signals from sensors to WFCs. Abbreviations: DM, deformable mirror;
LOWFS, low-order wavefront sensor; WFC, wavefront corrector; WFS, wavefront sensor.

low-order wavefront sensor (LOWFS) aimed at maintaining the coronagraph alignment
by monitoring rejected starlight. A postcoronagraphic WFS may also be deployed to mea-
sure residual starlight at the output of the system and issue commands to actively cancel this
term. Secondary wavefront sensing loops are discussed in Section 8.

CLOSED- AND OPEN-LOOP ARCHITECTURES

Closed-Loop

Most AO systems adopt a closed-loop architecture where the WFS is located downstream of the DM: The WFS
measures residual optical aberrations and the corresponding corrections should be added to the current DM shape.
Wavefront sensing in a closed-loop system operates near the flat wavefront state: The system is constantly driving
down wavefront errors seen by the WFS toward zero. The closed-loop architecture eases WFS calibration, which
is only required around the operating (flat) wavefront state. Small calibration errors in the DM response also have
little effect on AO performance, as successive iterations drive the DM to the correct state.

Open-Loop

The alternative open-loop architecture, not discussed in this paper, has the WFS located upstream of the DM
and measures the entire atmospheric turbulence. In an open-loop system, the WFS must measure large wavefront
aberrations with high precision, and the DM must be well calibrated as the system is blind to DM calibration errors.
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Low–spatial
frequencies: tip-tilt,
focus, and astigmatism

Mid–spatial
frequencies:
aberrations that
directly contribute to
light in the
high-contrast area

4.2. Anatomy of an ExAO Point Spread Function
The primary role of an ExAO system is to deliver an image suitable for high-contrast detections at
small angular separation. The corresponding image should have as little starlight as possible in the
high-contrast domain, requiring exquisite control of low–spatial frequencies and mid–spatial fre-
quencies. Figure 7 shows a wavefront map prior to (panel a) and after (panel b) ExAO-optimized
correction. Residual wavefront errors (141 nm RMS in this example simulation) are mostly con-
strained to high–spatial frequencies, with little effect on contrast at small angular separation. In
the corresponding long-exposure image after ExAO correction, starlight within the ExAO control
domain is greatly reduced and dominated by the static diffraction pattern from the telescope pupil.
The extent and shape of the ExAO control domain are determined by the DM(s) geometry and
number of actuators. In this example, DM actuators on a regular square grid yield a square ExAO

1186 nm RMS1186 nm RMS

No AO correction Extreme-AO + coronagraphExtreme-AO correction

Contrast (10-base log)
–4.7 –4.4 –4.1 –3.8 –3.5 –3.2 –2.9 –2.6 –2.3

Control radius
= 0.83 arcsec

Control radius
= 0.83 arcsec

141 nm RMS141 nm RMS

1 ExAO control radius
2  Telescope spider diffraction
3  Diffraction rings
4  Ghost spider diffraction
5  “Butterfly” wind effect
6  Coronagraphic leak (low-order aberrations)

Monochromatic PSFs, 1.65 µm
No photon noise
10 m s–1 wind speed, single layer
4-ms wavefront control lag

a b

c d e

Figure 7
Image formation in an ExAO system. (a) Uncorrected atmospheric wavefront. (b) ExAO correction reduces the RMS aberration level
from 1186 nm to 141 nm. Without correction, the PSF is an arcsecond-large cloud of speckles (c). The ExAO correction carves out a
high-contrast region where telescope diffraction is the main source of flux (d). This diffraction term is removed by adding a
coronagraph (e). Abbreviations: AO, adaptive optics; PSF, point spread function; RMS, root mean square.
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4 Christiaens et al.

Figure 1. Combined spectrum of PDS 70 b compared to best-fit BT-SETTL models consisting of pure atmospheric emission
without (solid cyan line) or with variable extinction (shaded blue area). Shaded yellow area shows best-fit atmosphere+CPD
model. Circles with vertical error bars are IFS measurements, while squares with vertical and horizontal error bars are broad-
band measurements. Inset highlights new SINFONI spectrum (green points). The SINFONI spectrum shows a ⇠ 2� IR excess
at � > 2.3µm compared to best-fit atmospheric models, best accounted for by the presence of a CPD. Top image shows image
of PDS 70 b with SINFONI (from C19).

shaded areas correspond to the minimum and maximum
extinction values (AV,1 and AV,2, in Table 1) of our best-
fit model, with AV,1 better accounting for the 2014/05
SINFONI, 2016/05 SPHERE and 2012/03 NICI data
points and AV,2 accounting for data points at all other
epochs. The di↵erence in extinction is AV & 3 mag for
both BT-SETTL and M11 models.
For both Type I and II models, the best-fit e↵ective

temperatures (1100–1500 K), surface gravity (log(g) ⇠
3.0–4.0), planet radius (2.1–3.3RJ) and hence mass (1.7–
42.0 MJ) are in approximate agreement with the previ-
ous estimates made in M18. Our mass estimates are
uncertain because of the large steps in log(g) (0.5 dex)
in our model grids, and hence do not rule out a brown
dwarf. Our best-fit M11 models correspond to the thick-
est cloud models (labelled A); extending to the top of
the atmosphere.

3.2. Combined atmospheric+CPD models

For our Type III models (combined atmosphere+CPD
emission), we considered the same two grids of at-
mospheric models as in Section 3.1, coupled with the
CPD models presented in Eisner (2015). The latter
add a single free parameter, the mass accretion rate,
which sets the brightness and shape of the CPD spec-
trum. We explored values of mass accretion rates
log(ṀbMb[M2

Jyr
�1]) ranging from -7.0 to -6.0, in steps

of 0.1 dex. We did not consider accretion rates smaller
than 10�7

M
2
J yr�1 because the corresponding models do

not contribute significantly at NIR wavelengths. We as-
sume a fixed inner truncation radius of 2RJ in our CPD
models, as in Eisner (2015). We thus truncated our grid
of planetary radii to 2RJ for consistency. Other param-
eters were explored on the same grids as for Type I and
II models.

31

A circumplanetary disc around PDS 70 b? 5

Figure 2. Same as Figure 1 but using M11 models. Again, the best fit is obtained with a circumplanetary disc.

Figures 1 and 2 show the best-fit combined planet+CPD
models (shaded yellow areas). Dashed lines show the
contribution from the atmosphere alone. Upper and
lower edges of the shaded areas correspond to maximum
and minimum mass accretion rates of our best fit model
(MbṀb,1 andMbṀb,2, respectively, in Table 1), account-
ing for the 2014/05 SINFONI and 2016/05 SPHERE
data points and, respectively, data points at all other
epochs. The planet+CPD best-fit models reproduce
better the observed spectrum than pure atmospheric
models (with or without variable accretion), with re-
duced goodness-of-fit indicators �

2
r ⇠ 0.41 and 0.44

using BT-SETTL and M11 models, respectively. Inter-
estingly, the best-fit parameters for both the CPD and
the planet are similar using either BT-SETTL or M11
models: mass accretion rates ranging between ⇠ 10�6.4

and ⇠ 10�6.8
M

2
J yr�1, e↵ective temperature of 1500–

1600 K, surface gravity log(g) ⇠ 4.0, radius of ⇠ 1.6RJ ,
and mass of ⇠ 10MJ . The M11 best-fit model also sug-
gests the thickest cloud geometry, with a modal particle
size of 60 µm.
The estimate of 10 MJ is larger than that inferred

from the planet-only BT-SETTL models because the es-

timated log(g) is significantly larger, while the inferred
Rb is slightly smaller. For M11 models the opposite is
true because log(g) is similar but Rb is smaller. This
suggests an older planet when considering a CPD in the
model. Interestingly, the estimated planet parameters
(Te↵ , log(g), Rb, Mb) agree with the BT-SETTL models
for a mass of 10MJ and age 9–11 Myr (Bara↵e et al.
2015)1. The inferred age is consistent with estimates
for the star in Pecaut & Mamajek (2016), but not with
the newer estimate of 5.4± 1.0 Myr (M18). In contrast,
parameters in planet-only models are inconsistent with
Bara↵e et al. (2015) evolutionary models for any com-
bination of mass and age.

4. DISCUSSION

We explored the hypothesis of variability for PDS 70 b
because of the absence of atmospheric models red
enough to account for both the 2018/02 SPHERE K2
measurement and the points at & 2.3µm in our 2014/05
SINFONI spectrum. This is further supported by the

1 Available at https://phoenix.ens-lyon.fr/Grids/BT-Settl/

BT-SETTLE

M11
model

Type I (BT-SETTLE)
Type II (variable)
Type III (P+CPD)
Type III (P)

PDS 70 b

compare exoplanet’s 
atmospheric model

Christians+2019
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TABLE 4
Nominal HR 8799 bcde Photometry Considered Here

Filter z J H Ks [3.3] L′ [4.05] M ′

λ (µm) 1.03 1.25 1.633 2.146 3.3 3.776 4.051 4.68

Planet
b 18.24 ± 0.29 16.52 ± 0.14 15.08 ± 0.13 14.05 ± 0.08 13.22 ± 0.11 12.60 ± 0.10 11.84 ± 0.18 13.07 ± 0.30
c > 16.48 14.65 ± 0.17 14.18 ± 0.17 13.13 ± 0.08 12.22 ± 0.11 11.74 ± 0.08 10.99 ± 0.08 12.05 ± 0.14
d >15.03 15.26 ± 0.43 14.23 ± 0.22 13.11 ± 0.12 12.02 ± 0.11 11.58 ± 0.09 10.89 ± 0.14 11.67 ± 0.35
e – > 13.2 13.88 ± 0.22 12.89 ± 0.26 12.02 ± 0.21 11.57 ± 0.12 10.74 ± 0.20 > 10.09

Note. — The (nominal) HR 8799 bcde photometry considered here. The z band photometry come from Currie et al. (2011a), J band
photometry for HR 8799 bcd come from Marois et al. (2008a) while upper limits come from Oppenheimer et al. (2013), the H band and
[3.3] photometry come from Skemer et al. (2012), the Ks band photometry come from Marois et al. (2008a) for HR 8799 bcd and from
Currie et al. (2011a) for HR 8799 e, the L′ and [4.05] photometry come from this work and the M ′ photometry come from Galicher et al.
(2011).

TABLE 5
Statistical Tests Comparing HR 8799 bcde photometry

Photometry b and c b and d b and e c and d c and e d and e

Nominal (0.98 [0.42], 0.99+) (0.32 [0.39], 0.99+ ) (0.14 [0.36], 0.99+) (0.59 [0.92],0.66) (0.02 [0.82], 0.66) (0.27 [0.91], 0.31)
Keck 2005 H band (0.98 [0.42], 0.99+) (0.42 [0.38], 0.99+) (0.14 [0.36], 0.99+) (0.64 [0.90],0.77) (0.01 [0.83], 0.59) (0.19 [0.96], 0.11)
P1640 J and H band (0.10 [0.43], 0.99+) (0.58 [0.38], 0.99+) (0.74 [0.35], 0.99+) (0.35 [0.87],0.77) (0.64 [0.80], 0.92) (0.27 [0.92], 0.28)

Note. — Confidence limits at which two pairs of planets’ (scaled) photometry differ as determined from the goodness-of-fit statistic given the number of degrees of freedom – Ndata

- 2 for scaled photometry, Ndata -1 for non-scaled photometry – and the χ2 value. For HR 8799 bcd comparisons, Ndata = 7 while comparisons with HR 8799 e have Ndata = 5. The
different rows indicate the nominal case, using photometry listed in Table 4, the Currie et al. (2012b) H-band photometry, and the Oppenheimer et al. (2013) J and H photometry.
The two entries (enclosed by parentheses) list the correlation from scaling the planets’ fluxes with respect to one another (left entry) and the nominal correlation (no scaling of the
spectra) (right entry). A value closer to one means that the photometry significantly differ (e.g. 0.95 = the planets’ photometry differ at the 2-σ/95% confidence limit). The “[]” values

enclose the scaling factor applied to the second planet in each listed pair that minimizes χ2.

TABLE 6
Atmospheric Models

Figure Panel Planet Teff (K) log(g) Cloud Type Chemistry Reference

8 top-left HR 8799 b 900 4.0 A60 equilibrium 1,2
middle-left ” 850 4.0 AE30 equilibrium 3
bottom-left ” 850 4.3 AE60 100×CO, 0.01×CH4 4
top-right HR 8799 d 1000 4.0 A60 equilibrium 1,2

middle-right ” 975 4.0 AE60 equilibrium 3
bottom-right ” 1000 4.0 AE60 100×CO, 0.01×CH4 4

9 top-left HR 8799 b 900 4.0 0.85×A60, 0.15×E60 equilibrium 5
bottom-left HR 8799 c 1000 4.0 0.7×A60, 0.3×E60 equilibrium 5
top-right HR 8799 d 1000 4.0 0.9×A60, 0.1×AE60 equilibrium 5

bottom-right HR 8799 e 1000 4.0 0.75×A60, 0.25×E60 equilibrium 5

Note. — References: 1) Burrows et al. (2006), 2) Currie et al. (2011a), 3) Madhusudhan et al. (2011), 4) Skemer et al.
(2012), 5) this work.

Fig. 1.— Keck/NIRC2 L′ images of HR 8799 from 2012 data (left) and archival 2010 data (right) reduced using A-LOCI. HR 8799 bcde
are all easily identifiable.

HR8799 (Currie+2014)
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