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imaged	exoplanet	atmospheres	
•  HR8799	c	requires	patchy	cloud	

models	to	fit	its	SED	
•  2M1207	b	shows	periodic		

photometric	variability	
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“The	discrepancies	with	the	
syntheUc	spectra	are	most	likely	
the	result	of	imperfect	modeling	
(e.g.	treatment	of	dust	clouds).”		
--	Chilcote+14	

On	β	Pic	b	.	.	.	
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On	the	HR8799	planets	.	.	.	

“This	exploraUon	of	the	model	
degeneracies	calls	for	more	
fine	tuning	of	the	cloud	
properUes.”	
--	Bonnefoy+16	
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“There	are	important	mismatches	
between	models	and	[L	and	T	
dwarf]	data	…	,	these	mismatches	
point	to	shortcomings	in	the	
cloud	model.”	
--	Marley	&	Robinson	2014		

On	brown	dwarfs	.	.	.		
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Figure 3. Simulated images of normalized −Q/F across the planetary disk for the model planets presented in this paper. Integrating −Q/F over the disk yields
P = 0 for the spherically symmetric planet, while it will usually leave a net P for the other cases.

usually decreases and polarization direction changes occur (e.g.,
Stam et al. 2004). Calculations with Saturn-like particles, whose
scattering properties are derived by Tomasko & Doose (1984),
and 1 µm spherical Mg2SiO4 particles show that P at the limb
will decrease to less than 10% and that the sign of Q will be
opposite to that shown in Figure 2. In both of these cases the
single scattering albedo of the particles is close to unity.

3.5. Three-dimensional Effects

The above calculations were performed using one-
dimensional models, which are applicable to atmospheres that
are locally horizontally homogeneous. However, large local
variations in, e.g., temperature or composition can give rise to
adjacency effects that affect a planet’s polarization signal. For
instance, a hot spot in an atmosphere could be surrounded by a
ring of high polarization resulting from radiation that is emitted
by the hot spot, which is subsequently scattered by the colder
atmosphere around it. Such three-dimensional effects can be a
subject for later study.

4. DISK-INTEGRATED POLARIMETRY

To simulate exoplanet signals, we integrate the spatially
resolved fluxes across the planetary disk, using a grid with a
2◦ resolution in latitude and longitude. The reference plane
for the polarized fluxes Q and U depends on the location
on the planet (Wauben et al. 1994). Before integrating these
fluxes, we thus have to rotate the local flux vectors to the
planet’s global reference plane (Hovenier & van der Mee 1983;
Stam et al. 2006), which we align with the planet’s spin axis.
For spherically symmetric planets, the rotation and subsequent
integration yields a complete cancellation of both Q and U of
the planetary thermal radiation (see Figure 3).

We have performed calculations for five different asymmetric
planets, all illustrated in Figure 3: spherical planets with a band,
a spot, obscuring rings (without ring shadows), a day–night dif-
ference, and a flattened (ellipsoidal) planet with a horizontally
homogeneous atmosphere. Obviously, the parameter space for
these calculations is enormous. Here, we present a limited num-
ber of cases to provide an indication of the range of polarization

signals of inhomogeneous planets and to draw some qualitative
conclusions. We model our horizontally inhomogeneous planets
using two different atmospheric profiles, and hence two different
one-dimensional radiative transfer calculations (at several emis-
sion angles). Depending on the case (band, spot, etc.) and view-
ing geometry, we assign one of the two profiles to the grid points
on the planet. We use a temperature gradient of 300 K/ln p
everywhere on the planet, but in the clear parts of the planet,
temperatures are 250 K lower than in the cloudy parts, which
is a modest temperature contrast for hot Jupiters (Showman
et al. 2009). In best-fit model calculations of the directly imaged
planets around HR 8799 and 2M1207 by Barman et al. (2011a,
2011b) the temperature gradient at pressure higher than 0.1 bar is
on average steeper than the 300 K/ln p used here, whereas below
this pressure the temperature gradient is more shallow. The tem-
perature profile shown in Marley & Sengupta (2011) shows very
similar behavior for Teff = 1000 K, g = 30 m s−2, and fsed = 2,
although temperature gradients are slightly less steep around 0.1
bar. Also, best-fit atmospheres of transiting exoplanets have tem-
peratures gradients around 300 K/ln p in the lower atmosphere
(Madhusudhan & Seager 2009; Madhusudhan et al. 2011b). In
the near-infrared, most of the thermal emission originates from
the region in the atmosphere between 0.1 and 1 bar for positive
temperature gradients (e.g., Showman et al. 2009; Madhusudhan
et al. 2011b), and hence our assumed temperature gradient does
not seem unreasonably steep. For the cloudy part of the atmo-
sphere, a Rayleigh scattering cloud layer with unity scattering
optical thickness is placed at the top of the atmosphere.

Our calculations of ellipsoidal planets can be compared to
those by Sengupta & Marley (2010). For a homogeneous cloudy
atmosphere and an inclination angle of 90◦, our P at λ1 as
a function of oblateness compares well with the I-band P
of Sengupta & Marley (2010) for, e.g., Teff = 1800 K with
log(g) = 4.5 and fsed = 2 (see their Figure 1). Like Sengupta
& Marley (2010), we can reach values of P of several percent
for extreme oblatenesses at λ1, and roughly twice that value at
λ2. Longer wavelengths will give only slightly lower Ps, given
identical temperatures and optical depths, as is shown in Figure 4
(the cloud optical thickness is kept constant with wavelength).
The figure also shows the effect of low clouds, which results in
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Fig. 2. Grid of ARTES models with non-uniform cloud layers. The color of the images shows the total intensity across the planetary disk and
the vectors denote the local direction and degree of polarization. The five columns correspond from left to right to ARTES models C1–C5, and
the three rows show from top to bottom increasing oblateness, foblate = {0.0, 0.1, 0.2}. All polarization vectors are identically normalized with the
length of a 5% polarization vector shown in the bottom left of each image. The disk-integrated degree of polarization and the 5� Monte Carlo
uncertainty is shown for each model in the top right of the image. The white vector denotes the direction of polarization of the integrated signal
(the vector has been left out in model C4 and C5 with foblate = 0.0 because the S/N of the integrated degree of polarization is low). The color scale
is identical for all images with the maximum value given by the peak intensity across all models.

– Model C3 is a more extreme case with thick clouds only be-
tween latitudes of �30� and 30�, and thinner clouds in the
regions north of 30� and south of �30�.

– Model C4 contains eleven bands of clouds, with variation in
width, which are asymmetrically distributed across all lati-
tudes.

– Model C5 contains an atmosphere with patchy clouds. The
atmospheric grid has been divided into 12 latitudinal regions
between �90� and 90�, and 12 longitudinal regions between
0� and 180�. We sampled 100 random grid cells at a 10 mbar
pressure level and added a ⌧2 = 5 cloud layer in each sam-
pled cell. Cells were allowed to be sampled multiple times.
In addition, a uniform cloud layer of ⌧1 = 1 is added across
the entire atmosphere at 10 mbar to make sure that no cloud-
less areas are present.
Because of the positive temperature gradient, most energy

is emitted from deep in the atmosphere causing a net upward
flux. Consequently, the spatially resolved degree of polarization
is maximal along the limb of the atmosphere. The polarization
degree will be large for high altitude clouds in which case pho-
tons have a larger probability of being scattered toward the ob-
server compared to clouds that are located deeper in the atmo-
sphere. In the latter scenario, photons have a larger probability
of being absorbed by the surrounding gas, which has a single
scattering albedo close to zero in the near-infrared, therefore de-
creasing the degree of polarization. A net upward flux of pho-
tons means that the scattering angle along the limb toward the

observer is ⇥ = 90� while the scattering angle, as well as the
degree of polarization, decreases toward the center of the plan-
etary disk where photons are scattered in forward direction (see
de Kok et al. 2011, for a more detailed elaboration on the e↵ect
of temperature gradients).

Spatially resolved polarization maps of the ARTES models
C1–C5 are displayed in Fig. 2 for both spherical and oblate at-
mospheres. The images show the Stokes I surface brightness
from the planetary disks. The presence of thick clouds results in
a smaller flux since lower temperature regions are probed. The
disk-integrated polarization levels are provided in the top right
of each image together with the 5� Monte Carlo uncertainties
(calculated with Eq. 3) which are in the range of 0.05–0.10%.
The polarization angle, �, with respect to the reference plane is
defined as

� =
1
2

arctan
U
Q
. (24)

Across the planetary disks, the high S/N polarization vectors are
oriented in azimuthal direction as expected for positively polar-
izing particles in a spherical or ellipsoidal geometry. The disk-
integrated polarization direction is oriented in horizontal direc-
tion for all models except in model C1 with foblate = 0.0 and
foblate = 0.1 in which case the polarization is vertically oriented
(see Fig. 2). Consequently, for an atmosphere with zonal clouds,
the measured direction of polarization can be parallel or perpen-
dicular to the direction of the planet’s projected rotation axis.
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Fig. 2. Grid of ARTES models with non-uniform cloud layers. The color of the images shows the total intensity across the planetary disk and
the vectors denote the local direction and degree of polarization. The five columns correspond from left to right to ARTES models C1–C5, and
the three rows show from top to bottom increasing oblateness, foblate = {0.0, 0.1, 0.2}. All polarization vectors are identically normalized with the
length of a 5% polarization vector shown in the bottom left of each image. The disk-integrated degree of polarization and the 5� Monte Carlo
uncertainty is shown for each model in the top right of the image. The white vector denotes the direction of polarization of the integrated signal
(the vector has been left out in model C4 and C5 with foblate = 0.0 because the S/N of the integrated degree of polarization is low). The color scale
is identical for all images with the maximum value given by the peak intensity across all models.

– Model C3 is a more extreme case with thick clouds only be-
tween latitudes of �30� and 30�, and thinner clouds in the
regions north of 30� and south of �30�.

– Model C4 contains eleven bands of clouds, with variation in
width, which are asymmetrically distributed across all lati-
tudes.

– Model C5 contains an atmosphere with patchy clouds. The
atmospheric grid has been divided into 12 latitudinal regions
between �90� and 90�, and 12 longitudinal regions between
0� and 180�. We sampled 100 random grid cells at a 10 mbar
pressure level and added a ⌧2 = 5 cloud layer in each sam-
pled cell. Cells were allowed to be sampled multiple times.
In addition, a uniform cloud layer of ⌧1 = 1 is added across
the entire atmosphere at 10 mbar to make sure that no cloud-
less areas are present.
Because of the positive temperature gradient, most energy

is emitted from deep in the atmosphere causing a net upward
flux. Consequently, the spatially resolved degree of polarization
is maximal along the limb of the atmosphere. The polarization
degree will be large for high altitude clouds in which case pho-
tons have a larger probability of being scattered toward the ob-
server compared to clouds that are located deeper in the atmo-
sphere. In the latter scenario, photons have a larger probability
of being absorbed by the surrounding gas, which has a single
scattering albedo close to zero in the near-infrared, therefore de-
creasing the degree of polarization. A net upward flux of pho-
tons means that the scattering angle along the limb toward the

observer is ⇥ = 90� while the scattering angle, as well as the
degree of polarization, decreases toward the center of the plan-
etary disk where photons are scattered in forward direction (see
de Kok et al. 2011, for a more detailed elaboration on the e↵ect
of temperature gradients).

Spatially resolved polarization maps of the ARTES models
C1–C5 are displayed in Fig. 2 for both spherical and oblate at-
mospheres. The images show the Stokes I surface brightness
from the planetary disks. The presence of thick clouds results in
a smaller flux since lower temperature regions are probed. The
disk-integrated polarization levels are provided in the top right
of each image together with the 5� Monte Carlo uncertainties
(calculated with Eq. 3) which are in the range of 0.05–0.10%.
The polarization angle, �, with respect to the reference plane is
defined as

� =
1
2

arctan
U
Q
. (24)

Across the planetary disks, the high S/N polarization vectors are
oriented in azimuthal direction as expected for positively polar-
izing particles in a spherical or ellipsoidal geometry. The disk-
integrated polarization direction is oriented in horizontal direc-
tion for all models except in model C1 with foblate = 0.0 and
foblate = 0.1 in which case the polarization is vertically oriented
(see Fig. 2). Consequently, for an atmosphere with zonal clouds,
the measured direction of polarization can be parallel or perpen-
dicular to the direction of the planet’s projected rotation axis.
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Fig. 2. Grid of ARTES models with non-uniform cloud layers. The color of the images shows the total intensity across the planetary disk and
the vectors denote the local direction and degree of polarization. The five columns correspond from left to right to ARTES models C1–C5, and
the three rows show from top to bottom increasing oblateness, foblate = {0.0, 0.1, 0.2}. All polarization vectors are identically normalized with the
length of a 5% polarization vector shown in the bottom left of each image. The disk-integrated degree of polarization and the 5� Monte Carlo
uncertainty is shown for each model in the top right of the image. The white vector denotes the direction of polarization of the integrated signal
(the vector has been left out in model C4 and C5 with foblate = 0.0 because the S/N of the integrated degree of polarization is low). The color scale
is identical for all images with the maximum value given by the peak intensity across all models.

– Model C3 is a more extreme case with thick clouds only be-
tween latitudes of �30� and 30�, and thinner clouds in the
regions north of 30� and south of �30�.

– Model C4 contains eleven bands of clouds, with variation in
width, which are asymmetrically distributed across all lati-
tudes.

– Model C5 contains an atmosphere with patchy clouds. The
atmospheric grid has been divided into 12 latitudinal regions
between �90� and 90�, and 12 longitudinal regions between
0� and 180�. We sampled 100 random grid cells at a 10 mbar
pressure level and added a ⌧2 = 5 cloud layer in each sam-
pled cell. Cells were allowed to be sampled multiple times.
In addition, a uniform cloud layer of ⌧1 = 1 is added across
the entire atmosphere at 10 mbar to make sure that no cloud-
less areas are present.
Because of the positive temperature gradient, most energy

is emitted from deep in the atmosphere causing a net upward
flux. Consequently, the spatially resolved degree of polarization
is maximal along the limb of the atmosphere. The polarization
degree will be large for high altitude clouds in which case pho-
tons have a larger probability of being scattered toward the ob-
server compared to clouds that are located deeper in the atmo-
sphere. In the latter scenario, photons have a larger probability
of being absorbed by the surrounding gas, which has a single
scattering albedo close to zero in the near-infrared, therefore de-
creasing the degree of polarization. A net upward flux of pho-
tons means that the scattering angle along the limb toward the

observer is ⇥ = 90� while the scattering angle, as well as the
degree of polarization, decreases toward the center of the plan-
etary disk where photons are scattered in forward direction (see
de Kok et al. 2011, for a more detailed elaboration on the e↵ect
of temperature gradients).

Spatially resolved polarization maps of the ARTES models
C1–C5 are displayed in Fig. 2 for both spherical and oblate at-
mospheres. The images show the Stokes I surface brightness
from the planetary disks. The presence of thick clouds results in
a smaller flux since lower temperature regions are probed. The
disk-integrated polarization levels are provided in the top right
of each image together with the 5� Monte Carlo uncertainties
(calculated with Eq. 3) which are in the range of 0.05–0.10%.
The polarization angle, �, with respect to the reference plane is
defined as

� =
1
2

arctan
U
Q
. (24)

Across the planetary disks, the high S/N polarization vectors are
oriented in azimuthal direction as expected for positively polar-
izing particles in a spherical or ellipsoidal geometry. The disk-
integrated polarization direction is oriented in horizontal direc-
tion for all models except in model C1 with foblate = 0.0 and
foblate = 0.1 in which case the polarization is vertically oriented
(see Fig. 2). Consequently, for an atmosphere with zonal clouds,
the measured direction of polarization can be parallel or perpen-
dicular to the direction of the planet’s projected rotation axis.
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Figure 4. Normalized F and P as a function of wavelength for a homogeneous, flattened planet with oblateness of 0.3. Solid lines indicate models with clouds at the
top of the atmosphere, dotted lines with clouds at 0.015 bar. P is only plotted for F > 4 × 10−3 as small integration errors at these low-flux levels give rise to very
noisy P spectra there.

inverted polarization spectra. Also note the large difference in
polarization spectra between the two cases, whereas the flux
spectra are very similar. Calculations with 1 µm Mg2SiO4
particles, with a cloud optical thickness of unity at 1 µm
and wavelength variations over the plotted wavelength range
determined by Mie theory, result in very similar polarization
spectra, scaled down by a factor of ∼5.

For the planet with the equatorial cloud band, we varied the
band’s latitudinal width and the planet’s inclination angle. A
clear planet with a dusty band shows a maximum P (0.5% at λ1
and 2% at λ2) for a 40◦–60◦ wide band. For a given band width,
P decreases with decreasing inclination angle, to increase again
slightly when inclination angles get larger and the band reaches
the limb. When the planet is seen exactly pole-on, P = 0 again,
as expected. For a dusty planet with a clear band, P can reach
0.5% at λ1 and 4% at λ2, depending on the inclination angle.

Except for very special geometries, rings will usually obscure
part of a planet either directly or through shadowing. We
simulated the presence of cold, optically thick rings for a range
of inclination angles by modeling the obscured part of the disk
with a 200 K blackbody (see Figure 3). For a ring–planet radius
ratio similar to that of Saturn, P is at most 0.3% at λ1 and 0.8% at
λ2 at a ring inclination angle of ∼45◦. If the rings extend further
outward, and hence cover a larger fraction of the planet’s disk,
the maximum value of P increases by a few tenths of a percent.
Note that we only modeled the obscuration here. The rings
themselves can scatter the thermal radiation from the planet
and might also emit significant polarized radiation themselves
if they are hot and optically thick. A three-dimensional model
of the planet and rings would be needed to model the interplay
between planet and rings.

All three cases above have the planet’s spin axis as the axis
of symmetry. As a result, the disk-integrated polarized flux U
equals zero and the angle of polarization χ is either parallel
or perpendicular to the spin axis, depending on the particles’
microphysical properties and the temperature profile. We now
briefly discuss two cases without this type of symmetry.

We simulated an equatorial cloudy hot spot by a dusty square
of 20◦ × 20◦ (latitude × longitude, see Figure 3). As the planet

rotates, F varies mildly, while P and χ vary significantly (see
Figure 5). Here, P reaches 0.1% at λ1 and 0.6% at λ2.

The planet with the day–night difference has a dusty and
a clear hemisphere (split along longitude lines, parallel to the
terminator). As the planet rotates, P depends on which parts of
the hemispheres are in view. The maximum P equals 0.6% at
λ1 and 4% at λ2, and P = 0 when only one hemisphere is in
view. χ varies similarly to the spot case (Figure 5). Again, flux
F varies only mildly compared to P.

5. CONCLUSIONS AND OPPORTUNITIES FOR
EXOPLANET CHARACTERIZATION

We have calculated polarization signals of thermal radiation
that is scattered by particles in exoplanet atmospheres. Important
parameters that determine the degree of linear polarization P are
the particles’ polarization phase function, the optical thickness
and the altitude of the particles, and the temperature and its
gradient.

For spatially resolved planets, P is usually highest near the
planet’s limb. For spatially unresolved planets, inhomogeneities
on a planet’s disk can cause a net polarization signal. In the
cases we have considered (i.e., a band, a spot, obscuring rings, a
day–night difference, and a horizontally homogeneous flattened
disk), P was typically above 0.1% and values of several percent
were reached in favorable cases. Combining different effects,
e.g., a band on a flattened planet, could increase P even further.
With a high cloud and a positive temperature gradient, P is
higher in gaseous absorption bands than in the surrounding
continuum. Unfortunately, little flux is emitted in those bands in
this case. Together with telluric absorption, this will make the
water absorption bands of planets with a positive temperature
gradient less suitable for detection of infrared polarization in
exoplanets using ground-based telescopes. Fortunately, P is
at most a factor of a few lower in the atmospheric windows,
whereas the flux can be several magnitudes higher, giving more
opportunities for detection there.

Currently, exoplanetary thermal radiation is detected either
during secondary eclipses of transiting planets or through direct
imaging of planets at large orbital distances. In the former case

5
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Polarimetry with GPI and the Ring around HR 4796A 3

Figure 1. Conceptual cartoons of a traditional AO polarimeter and the integral field polarimetry architecture developed for GPI,
indicating the order of the various optical components. These figures are highly simplified, with many optics omitted and others shown
as transmissive even though in practice most are reflective. Upper panel: In a conventional AO polarimeter, the orthogonally polarized
PSFs are similar but not identical due to non-common-path wavefront errors and the wavelength dependence of the Wollaston prism’s
birefringence; modulation with a rotating waveplate mitigates these di↵erences. The data shown here for the conventional AO polarimeter
are observed PSFs from the Lyot Project coronagraph at the AEOS 3.6 m (Hinkley et al. 2009). Lower panel: In an integral field
polarimeter, the light is optically divided by the lenslet array prior to any dispersion, largely eliminating sensitivity to non-common-path
errors and chromatic birefringence and thus producing a di↵erence image with speckles highly suppressed.

placed as early as possible in the optical path, to mitigate
instrumental polarization. However for GPI this would
have meant one or more additional pre-coronagraph op-
tical surfaces, likely with relatively poor wavefront qual-
ity1. We therefore decided to locate an achromatic wave-

1 It is impractical to fabricate waveplates better than ⇠ 50 nm
peak-to-valley transmitted wavefront error, since repeated polish-
ing to improve surface quality is incompatible with controlling the
absolute thickness in order to set the retardance. Alternate mod-
ulators such as liquid crystal retarders tend to have even worse
wavefront quality than waveplates, � 100 nm RMS. For compari-
son the superpolished reflective optics used in GPI typically have
< 1 nm rms.

plate retarder after the coronagraphic focal plane, specif-
ically located in a collimated beam in the input relay to
the IFS and mounted on a linear stage so that it can be
removed from the light path during spectral-mode obser-
vations.
This design means that we cannot modulate out the

instrumental polarization induced by o↵-axis reflections
from GPI’s many optics, but must instead calibrate and
remove this bias during data reduction (§4.3). However
this approach was inevitable for GPI, since Gemini in-
struments are required to operate at any port of the
Gemini Instrument Support Structure, most of which are
fed by a 45� reflection o↵ the telescope’s tertiary mirror.
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Polarimetric	observaUons	of	bound	and	
field	brown	dwarfs	are	complimentary	

•  The	ages	and	metalliciUes	of	bound	BDs	
can	be	constrained	by	their	host	stars	

•  Some	bound	BDs	have	dynamical	mass	
measurements	(see	TRENDS	survey)	

•  Bound	BDs	and	giant	exoplanets	may	
share	formaUon	pathways	

	



Summary:	exoplanet	polarimetry	is	
ready	for	prime	Ume!	

	

•  Polarimetry	is	an	untapped	method	for	
probing	exoplanet	and	brown	dwarf	
atmospheres	

•  Proof	of	concept	accomplished	

•  ObservaUons	and	analysis	underway	
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Short	RotaUon	Period	and	low	g	è	
Higher	Oblateness	è	Higher	PolarizaUon	

Marley	and	Sengupta	2011	
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Figure 2. High-contrast image of HD 19467 B taken with NIRC2 AO at Keck
Observatory. Stellar speckles have been removed using PSF subtraction. The
companion is 100,000 times fainter than its host star in the K band.

of its companion, we estimate its gyrochronological age using
the technique of Barnes (2007). The stellar rotation period
is found empirically to be Pr = 24.9 ± 2.5 days from the
measured log R′

HK and B − V values (Wright et al. 2004),
which corresponds to a gyrochronological age of 4.30+0.96

−1.23 Gyr;
this result is based upon updated coefficients that correlate
the rotation period and B − V color to age as determined by
Mamajek & Hillenbrand (2008). Uncertainty in the age is
dominated by intrinsic scatter in the empirical relation.

We have also attempted to calculate a system age using the
iterative version of SME that self-consistently incorporates re-
sults from the LTE spectral analysis with Yonsei–Yale theo-
retical isochrones (Valenti & Fischer 2005). Unfortunately, our
code does not converge properly for HD 19467 A. Upon iterat-
ing, the age diverges to the end of the grid at 13.7 Gyr. Using
only a single iteration, we find a much older age of 9 ± 1 Gyr
compared to the gyrochronology method. G3 dwarfs may still
reside on the main-sequence at this age, and the low metallicity
([Fe/H] = −0.15±0.04) of the host star does not suggest youth,
but the unusual behavior of the SME iterative code casts doubt
on its reliability for this particular source. As such, values listed
in Table 1 (age, mass, radius, luminosity) are tabulated using
the non-iterative version of SME. We note that HD 19467 B is
too faint to cause any substantive spectral contamination.

Comparing to other Sun-like stars in the solar neighborhood,
HD 19467 resides only ∆MV = 0.28 mag above the median
Hipparcos-based main-sequence at visible wavelengths (Wright
2005). We thus adopt a luminosity class of V. For subsequent
analysis, we also adopt the gyrochronological age, noting
however that the subsolar metallicity, [Fe/H] = −0.15 ± 0.04,
indicates an age older than the Sun (4.6 Gyr). In Section 3.2,
we show that the model-dependent mass of HD 19467 B is still
within the brown dwarf regime even for ages up to 10 Gyr.

2.2. High-contrast Imaging

First-epoch high-contrast images of HD 19467 were ac-
quired with the K ′ filter on 2011 August 30 UT using NIRC2
(instrument PI: Keith Matthews) and the Keck II AO system
(Wizinowich et al. 2000). The bright (Ks = 5.401 ± 0.026) star

Table 3
Photometric Results and Companion Physical Properties

Imaged Companion: HD 19467 B

∆J 11.81 ± 0.10
∆H 12.46 ± 0.10
∆Ks 12.57 ± 0.09
J 17.61 ± 0.11
H 17.90 ± 0.11
Ks 17.97 ± 0.09
MJ 15.16 ± 0.12
MH 15.45 ± 0.12
MKs 15.52 ± 0.10
mdyn (MJ) >51.9+3.6

−4.3
mmodel (MJ) 56.7+4.6

−7.2

Notes. The mass constraint (lower-limit) from dynamics
(mdyn) using RV and imaging measurements is consistent
with the model-dependent mass estimate from photome-
try (mmodel). The listed model-dependent mass is based
upon the gyrochronological age of the primary star.

was placed behind the 300 mas diameter coronagraphic spot. We
used angular differential imaging to enable point spread function
(PSF) subtraction (Marois et al. 2006). Images were processed
using the same techniques applied in previous TRENDS discov-
eries to determine photometric and astrometric quantities (see
Crepp et al. 2013b for details).

We originally noticed HD 19467 B using raw frames viewed
by the NIRC2 graphical user interface, which enables basic
data operations such as image subtraction. The companion is
fainter than the sky background in the K band under median
seeing, but sufficiently separated from the star (θ = 1.′′6) such
that it is detectable by eye using two subtracted exposures
having a small amount of (parallactic) angular diversity. Figure 2
shows a fully processed image of the companion taken on 2012
January 7 UT. HD 19467 was observed at three subsequent
epochs to acquire photometric information in complementary
filters and assess whether the faint source shares a common
parallactic and proper motion with the star.

Photometric measurements are summarized in Table 3. HD
19467 B is ∆Ks = 12.57 ± 0.09 mag fainter than HD 19467
A and has blue colors, J − Ks = −0.36 ± 0.34 mag and
J − H = −0.29 ± 0.15 mag. Our astrometric observations
consist of four epochs taken over a 1.1 yr baseline (Table 4). The
proper motion of HD 19467 is 260.9±0.7 mas yr−1. Meanwhile,
the size of a NIRC2 pixel is 9.963±0.006 mas as projected onto
the sky (Ghez et al. 2008). Comparing our relative astrometry
measurements to the expected motion (vector sum of parallax
and proper motion) of an unrelated distant background source
(i.e., null hypothesis), we find that HD 19467 B is clearly
associated with HD 19467 A (Figure 3). HD 19467 B has a
projected separation of 51.1 ± 1.0 AU (2012 October 4 UT)
and appears to exhibit clockwise orbital motion at a level of
22 ± 6 mas yr−1.

3. HD 19467 B PHYSICAL PROPERTIES

3.1. Dynamical Mass

The measured RV acceleration may be combined with the
companion projected separation to determine a lower limit
to its mass using dynamics (Torres 1999; Liu et al. 2002).
The straight-line fit to the RV time series of −1.37 ± 0.09 m s−1

yr−1 results in a minimum mass of m ! 51.9+3.6
−4.3MJ , consistent

3
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