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ABSTRACT

We present κ Andromeda b’s photometry and astrometry taken with Subaru/SCExAO+HiCIAO and
Keck/NIRC2, combined with recently published SCExAO/CHARIS low-resolution spectroscopy and
published thermal infrared photometry to further constrain the companion’s atmospheric properties
and orbit. κ And b’s Y/Y-K colors are redder than field dwarfs, consistent with its youth and lower
gravity. Empirical comparisons of its Y-band photometry and CHARIS spectrum to a large spectral
library of isolated field dwarfs reaffirm the conclusion from Currie et al. (2018) that it likely has
a low gravity but admit a wider range of most plausible spectral types (L0-L2). Our gravitational
classification also suggests that the best-fit objects for κ And b may have lower gravity than those
previously reported. Atmospheric models lacking dust/clouds fail to reproduce its entire 1–4.7 µm
spectral energy distribution, cloudy atmosphere models with temperatures of ∼ 1700–2000 K better
match κ And b data. Most well-fitting model comparisons favor 1700–1900 K, a surface gravity of
log(g) ∼ 4–4.5, and a radius of 1.3–1.6RJup; the best-fit model (DRIFT-Phoenix) yields the coolest
and lowest-gravity values: Teff=1700 K and log g=4.0. An update to κ And b’s orbit with ExoSOFT
using new astrometry spanning seven years reaffirms its high eccentricity (0.77± 0.08). We consider
a scenario where unseen companions are responsible for scattering κ And b to a wide separation and
high eccentricity. If three planets, including κ And b, were born with coplanar orbits and one of them
was ejected by gravitational scattering, a potential inner companion with mass & 10MJup could be
located at . 25 au.
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CNRS, Laboratoire Lagrange, France
14 Department of Mechanical Engineering, Princeton Univer-

sity, Princeton, NJ, USA
15 NASA-Goddard Space Flight Center, Greenbelt, MD, USA
16 Department of Physics, University of Notre Dame, South

Bend, IN, USA
17 Department of Astronomy, Stockholm University, Al-

baNova University Center, SE-106 91 Stockholm, Sweden
18 Department of Astrophysical Science, Princeton University,

Peyton Hall, Ivy Lane, Princeton, NJ 08544, USA
19 Jet Propulsion Laboratory, California Institute of Technol-

ogy, Pasadena, CA, 91109, USA

With the development of Adaptive Optics (AO), di-
rect imaging has uniquely been probing exoplanet popu-
lations of young and wide-orbit gas giants (e.g., Marois
et al. 2010; Lagrange et al. 2010; Kuzuhara et al. 2013;
Currie et al. 2015; Macintosh et al. 2015; Keppler et al.
2018). Young gas giants are amenable to direct detec-
tion at infrared wavelength as they are still radiating
away their heat of formation, which means that these
planets still have vestiges of planet formation, and are
bright enough to be resolved with high-contrast imaging
instruments around nearby, bright stars.

Photometric and low-resolution spectroscopic mea-
surements of directly-imaged planets and young substel-
lar objects can be used to estimate bulk atmospheric
properties. Broadband (spectro-)photometry over a wide
wavelength range can reveal young planet/brown dwarf
atmospheres that are cloudier and/or dustier than iso-
lated field substellar objects of the same temperatures
(Currie et al. 2011, 2013; Liu et al. 2013; De Rosa et al.
2016; Rajan et al. 2017). Spectral shapes in the major
near-IR passbands can diagnose evidence for low surface
gravity in young objects (Kirkpatrick et al. 2006; Allers
& Liu 2013; Currie et al. 2014b). Well-calibrated, high
signal-to-noise ratio spectra for isolated young and field
brown dwarfs can help constrain the spectral type and
gravity classification of directly-imaged exoplanets (e.g.
Bonnefoy et al. 2016; Chilcote et al. 2017; Currie et al.
2018). Atmospheric modeling provides a constraint on
the temperature, cloud structure, luminosity and (possi-
bly) gravity of imaged exoplanets (e.g. Currie et al. 2011;
Barman et al. 2015; Chilcote et al. 2017; Rajan et al.
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2017).
Previous studies have shown that in-situ core accretion

(Pollack et al. 1996) or gravitational instability (Boss
2011) scenarios struggle to reproduce mass-semimajor
axis distributions of the observed planets beyond ∼ 10 au
(e.g., Boley 2009; Currie et al. 2011). Therefore, gravi-
tational scattering between planets is proposed to assist
formation of wide-orbit planets in the core accretion pro-
cess (e.g., Marzari & Weidenschilling 2002; Ford & Ra-
sio 2008; Nagasawa et al. 2008). Detecting counterparts
that were involved in planet-planet scattering, however,
are elusive. The number of confirmed directly-imaged
planets (∼ 10-20) impedes our ability to constrain their
formation and evolution scenarios; current frequencies of
giant planets beyond ∼ 10 au derived from direct imag-
ing surveys are ∼10% or less (e.g., Brandt et al. 2014;
Bowler 2016; Uyama et al. 2017; Nielsen et al. 2019).
Thus, continuous efforts to directly image and charac-
terize wide-orbit planetary systems around young stars
are essential to understand the formation mechanisms of
wide-orbit planets.

In this study, we target a bright, young, and nearby
B9V star, κ And (see Table 1 for the stellar parameters).
The Strategic Explorations of Exoplanets and Disks with
Subaru (SEEDS; Tamura 2009) reported that κ And har-
bors a substellar-mass companion (κ And b; Carson
et al. 2013). While early studies admit a wide range of
potential ages for the system (Carson et al. 2013; Bon-
nefoy et al. 2014b; Hinkley et al. 2013), follow-up stud-
ies showed that the system is young, with a likely age
of ∼ 40 Myr (Jones et al. 2016) and kinematics that
might be consistent with membership in the ∼ 20–50
Myr old Columba association (Currie et al. 2018). Early
spectral energy distribution modeling of κ And b’s pho-
tometry from J through M ′ (1.25–5 µm) suggested the
companion had a temperature of 1700–2000 K but could
not constrain its surface gravity (Bonnefoy et al. 2014b).
Near-infrared Subaru/SCExAO+CHARIS spectroscopy
of κ And b from Currie et al. (2018) showed that the
companion was well-matched to low gravity, L0–L1 spec-
tral templates and free-floating substellar objects, with
an implied mass of 13+12

−2 MJup. Spectral energy dis-
tribution modeling of κ And b over a wide wavelength
range and incorporating both near-IR spectroscopy and
photometry, allows us to revisit estimates of its temper-
ature, better constrain its atmospheric properties (e.g.
clouds), and potentially quantify its surface gravity.

Characterizing κ And b may provide broader insights
into the nature of a new class of directly imaged compan-
ions. The estimated semimajor axis of κ And b (∼ 55–
125 au) places it at a separation where formation by core
accretion is difficult, yet its orbital inclination may imply
formation in a disk, perhaps by disk instability (Currie
et al. 2018). Other recent high-contrast imaging studies
have also reported substellar-mass companions at these
separations around B and early A-type stars with masses
nominally above the deuterium-burning limit (e.g., HIP
64892 and HIP 79098; Cheetham et al. 2018; Janson et al.
2019) and below it (HIP 65426; Chauvin et al. 2017). In
addition to atmospheric characterization, improved or-
bital measurements of κ And b could better constrain
its eccentricity, semimajor axis, and alignment with the
star’s rotation axis.

Table 1
Adopted stellar parameters for κ And

parameters κ And Ref.

RA 23:40:24.506 a
Dec +44:20:02.18 a

Sp type B9 b,c
Mass [M�] 2.6–2.8 b,c,d
Age [Myr] 47+27

−40 b

Distance [pc] 50.0±0.1 a
aGaia Collaboration et al. (2018)
bJones et al. (2016)
cCurrie et al. (2018)
dBonnefoy et al. (2014b)

Here we aim at updating characterizations of the κ
And system by using Subaru/HiCIAO+SCExAO and
Keck/NIRC2 (Section 2). By expanding wavelength cov-
erage for κ And b, we perform a more robust comparison
with other substellar objects and synthetic atmospheric
models, allowing us to better constrain the companion’s
temperature and gravity and infer its cloud properties
(Sections 3 and 4). Additionally, we expand the planet’s
astrometric coverage, adding two additional epochs to
update an estimate of its orbital properties (Section 5).
We discuss possible formation and evolution scenarios
accounting for κ And b’s properties in Section 6.

2. DATA

2.1. Observations

2.1.1. Subaru/SCExAO+HiCIAO

κ Andromedae was observed on UT 18 July 2016 with
SCExAO coupled to the HiCIAO infrared camera op-
erating in the Mauna Kea H (λ = 1.49–1.78 µm) and
Y (0.957–1.120 µm) broadband filters (Table 2) with a
pixel scale of 0.′′0083 pixel−1. Conditions were photomet-
ric and slightly above-average in quality for Maunakea:
visual seeing of 0.′′4–0.′′5, negligible humidity, and light
winds (2 m s−1).

In both filters, science frames consisted of 30-second
coadded exposures (Six coadds of 5-second individual
frames). As we did not use a coronagraph in either case,
the primary star halo is saturated out to ρ ∼ 0.′′2–0.′′25
and 0.′′15–0.′′2 in H- and Y -band, respectively. We also
took unsaturated images in both bands for point spread
function (PSF) reference with 5-second integration time
and ND0.1 filter. Measured full width at half maximum
(FWHM) in both sets of unsaturated frames is 5.2 pixels
in the H-band and 6.2 pixels in the Y -band, respectively.

We utilized angular differential imaging (ADI; Marois
et al. 2006) to achieve high contrast enough to detect
fainter objects around the central star, yielding signif-
icantly. Our field rotation due to ADI (∼ 41–42o) is
larger and integration time (tint ∼ 25-30 minutes) is
greater than the higher quality SCExAO/CHARIS data
presented in Currie et al. (2018) (10.5o rotation, 14.4
minutes of integration time).

The transmission of each ND0.1 filter was measured
after the observations to be 0.0085±0.0006% in Y -band
and 0.063±0.020% in H-band. We found that the H-
band ND0.1 filter has large uncertainty and thus we can-
not conduct accurate relative photometry using κ And
A. Therefore we alternatively used unsaturated images
of HIP 79977, which were taken in the same epoch with
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the H-band ND1 filter (0.854±0.002%), as photomet-
ric reference. For Y band, because κ And A lacks pub-
lished precise Y band photometry, we also took unsatu-
rated frames of HIP 118133, as a photometric reference,
with 5-second integration time and the Y -band ND1 fil-
ter (0.388±0.008%). Detailed discussions of photometry
are given in Section 2.3.

We also took advantages of a SCExAO engineering
data set taken in 2 August 2015. The inaccurate ND0.1
filter was also mainly used for unsaturated frames of κ
And in this epoch and we used one unsaturated frame,
with which the H-band ND1 filter was used, for a pho-
tometric reference. Furthermore, this epoch did not take
a globular cluster or a binary system for distortion cor-
rection, which yields a systematic astrometry offset. Al-
though we report our results of photometry and astrom-
etry, we do not use the astrometric result of this engi-
neering run for the discussion hereafter.

2.1.2. Keck/NIRC2

To add new constraints on κ And b’s orbit, we obtained
follow-up observations of κ And with Keck/NIRC2 in
the Ks-band (λ = 1.99 − 2.30µm filter using the Lyot
coronagraph with a 400 mas occulting spot.

2.2. Data Reduction

Basic imaging processing – e.g. flat fielding, dark sub-
traction, badpixel mask, distortion correction, and pre-
cise PSF registration – followed previous methods taken
for SCExAO/HiCIAO data (Garcia et al. 2017; Currie
et al. 2017). In the distortion correction we used a master
distortion map of SCExAO+HiCIAO, which is made by
observing a globular cluster of M15 (Currie et al. 2017).
Registered images were visually inspected to identify a
few with poorer AO correction and/or data transfer er-
rors from HiCIAO (e.g., sporadic NaN stripes in one or
two channels).

For point-spread function (PSF) subtraction of the Hi-
CIAO data sets, we used a slightly modified version of the
locally optimized combination of images (LOCI) pipeline
(LOCI; Lafrenière et al. 2007), inverting the covariance
matrix in LOCI using truncated singular value decompo-
sition (SVD) as in A-LOCI (Currie et al. 2012b, 2019a).
As κ And b is visible in the raw H-band data, we opted
for conservative settings for both filters: a rotation gap
of 0.75 λ/D, an optimization zone from which we con-
structed a weighted reference PSF of 300 PSF footprints,
and a light SVD cutoff of 10−7.

For the Keck/NIRC2 coronagraphic data, basic image
processing followed previous methods (e.g. Currie et al.
2012a). Briefly, after applying corrections for linearity,
dark subtraction, and flat-fielding, we registered the im-
ages to a common center using stellar PSF seen through
the partially transmissive mask. For PSF subtraction,
we used A-LOCI with local masking and a singular value
decomposition cutoff of 10−6.

Our data reduction detected κ And b with signal-
to-noise ratios (SNRs) of ∼ 10 in the Y -band and
∼ 130 in the H-band (see Figure 1) for the 2016’s
SCExAO+HiCIAO data sets, and SNR∼14 in the
Keck/NIRC2 data, respectively. We also detected κ
And b with an SNR of > 80 in the 2015 engineering
data (see Figure 2). Compared to Carson et al. (2013)

who measured an SNR∼ 20–25 in the H-band with Sub-
aru/HiCIAO+AO188, our H-band data yielded higher
SNR detections. Hinkley et al. (2013) used Project
1604/Palomar integral field spectroscopy (IFS) to extract
κ And b’s spectrum in Y JH-bands. Over the five chan-
nels encompassing Y band, the mean ratio of their flux
to flux uncertainty is ∼ 3, where uncertainties are drawn
from the local properties of the noise. Assuming no con-
tribution from systematic uncertainties and a SNR gain
from median-combining channels scaling with the square-
root of the number of channels, their band-integrated
SNR should be ∼ 6.5 or less. Thus, our Y -band data
likely detect κ And b at a higher SNR. The H-band de-
tections are comparable in significance to that achieved
with high-quality SCExAO+CHARIS data from Currie
et al. (2018) due to our data’s greater depth and field
rotation.

We also calculated contrast limits for κ And data
sets (see Figure 3). We convolved the final images,
which were normalized with exposure times, and ex-
tracted noise profiles from them. Figure 3 shows the
calculated 5σ contrast limits of SCExAO+HiCIAO ob-
servations. The H-band achieved a better contrast
level than the Y -band observation; 5σ contrast limit
is 1.5×10−4, 2.8×10−5, and 2.7×10−6 at 0.25′′, 0.5′′,
and 1′′, respectively. At ρ ∼ 0.′′3–0.′′75, the planet-to-
star contrasts for the SCExAO/CHARIS broadband data
in Currie et al. (2018) are about a factor of 2–5 bet-
ter than those reported here for SCExAO/HiCIAO at
H band due to the CHARIS data’s better PSF quality
and utilization of ADI+SDI for PSF subtraction. Simi-
larly, the SCExAO/HiCIAO H-band contrasts in Kühn
et al. (2018), which were taken on a different date: 2016
November 12 UT, are typically a factor of 2 deeper, likely
due to usage of the vector vortex coronagraph.

2.3. Photometry and Astrometry

We used aperture photometry for measuring photome-
try and PSF fitting for estimating FWHM and astrome-
try in this section. For absolute photometric calibration,
we primarily relied on unsaturated images of other stars
obtained through well-calibrated neutral density filters.
As photometric reference of the Y -band image to cali-
brate both κ And A and κ And b, HIP 118133 (Y -band
magnitude of 6.60±0.06 mag; Pickles & Depagne 2010)
was used. HIP 118133 was observed immediately after
kappa And and at a comparable air mass.20 The implied
Y -band photometry for the κ And A (4.28 ± 0.09) is
consistent with the primary having (near-)zero infrared
colors, as expected for a B9V star (e.g. Currie et al. 2010;
Pecaut & Mamajek 2013).

We also checked our H-band photometric results. Al-
though unsaturated frames of κ And in the H-band were
taken at both epoch (2015 and 2016), those data used the
ND0.1 filter, which was reported to have high uncertainty
in its transmission efficiency. Therefore, we used another
set of unsaturated images of HIP 79977, which has H-
band magnitude of 7.854±0.03 mag (2MASS; Cutri et al.
2003), for the H-band photometric reference. In the en-
gineering run, the ND1 filter was used to take one unsat-

20The difference in AO performance between HIP 118133 and κ
And was insignificant for the purposes of photometric calibration
(see also Currie et al. 2019b).
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Table 2
Observing logs for κ And

Date (HST ) instrument Band Texp [min] Rotation Angle [deg] remarks

2015-08-02 Subaru/HiCIAO+SCExAO H 35.0 27.70 SCExAO engineering obs
2016-07-18 Subaru/HiCIAO+SCExAO H 25.0 41.70 science obs
2016-07-18 Subaru/HiCIAO+SCExAO Y 30.5 41.31 science obs for photometry
2018-11-01 Keck/NIRC2 Ks 10 3.70 science obs for astrometry

Figure 1. ADI-reduced κ And data sets taken by Subaru/SCExAO+HiCIAO in the H-band (left) and the Y -band (right) in 2016. The
central star is masked and the companion is detected in the all images. North is up and east is left.

Figure 2. As Figure 1 for the SCExAO engineering run taken in 2015 (left) and Keck/NIRC2 (right).

urated frame and we used this image as the photometric
reference.

To estimate the throughput correction for κ And b
needed to compensate for signal loss due to PSF sub-
traction as well as the astrometric biasing, we injected
synthetic companions that are made from an unsaturated
PSF of the central star observed through the neutral den-
sity filter in each bandpass or (for Keck) with an intensity
distribution approximating the star as seen through the
partially transmissive coronagraph mask. In H- band
and Ks- band, we calculated the throughput correction
and astrometric biasing over a FWHM-wide area. In
Y -band, we adopted a smaller aperture (4.4 pixels or 37
mas), corresponding to most of the PSF core and the ap-
parent PSF size of the real κ And b. To confirm the reli-
ability of our PSF model at Y -band, we verified that the
FWHM of the partially-annealed synthetic planet PSF

matches that of the real κ And b. The signal through-
put in each case is high – above 80% for all data sets and
∼ 90% for the Keck/NIRC2 data.

Table 3 shows our photometric results for the κ And
system. Our H-band photometry agrees with that de-
rived from SCExAO/CHARIS (H = 15.01±0.07; Cur-
rie et al. 2018) and earlier AO188/HiCIAO photometry
from Bonnefoy et al. (2014b) (H=14.95±0.13). Because
the photometric uncertainty with our data is higher than
with the SCExAO/CHARIS results, we use only our Y -
band result to update photometric parameters of κ And
b for atmospheric analysis. The H-band data are used
for astrometric analysis. Table 5 summarizes astromet-
ric results of our data sets as well as previous studies21.

21The 2015 HiCIAO data provided (∆RA, ∆Dec)=(0.767±??,
0.638±??). We have unknown systematic errors due to no distor-
tion correction applied in the SCExAO engineering data. This data
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Figure 3. 5σ contrast limits of SCExAO+HiCIAO observations
taken in 2016.

Table 3
Photometric results of our work

band κ And A [mag] κ And b [mag]

H . . . 15.18±0.56a

Y 4.28±0.09 17.04±0.15
aLarge uncertainty that can be related to unknown offset of the

engineering run and different photometric reference in the 2016
data.

Table 4
Summary of photometry of κ And system

band κ And A κ And b Ref.

Y [mag] 4.28±0.09 17.04±0.15 a

J [mag] 4.26±0.04 15.84±0.09 b

H [mag] 4.31±0.05 15.01±0.07 b

Ks [mag] 4.32±0.05 14.37±0.07 b

L′ [mag] 4.32±0.05 13.12±0.1 c, d

NB 4.05 [mag] 4.32±0.05 13.0±0.2 d

M ′ [mag] 4.30±0.06 13.3±0.3 d

aThis work
bCurrie et al. (2018)
cCarson et al. (2013)
dBonnefoy et al. (2014b)

As mentioned above we calculated astrometric biases
when we estimated throughputs by injecting fake sources,
which is included in the errors. The major contributors
for the astrometric errors are the intrinsic SNR of the
detection and the uncertainty in the centroid position.
In case of the Keck data set, we have 0.′′003 errors in x
& y position measurement of b and half a pixel uncer-
tainties of in the centroid measurement, which resulted
in 0.′′006 errors in Table 5. The centroid was measured
by using the PSF seen underneath the partially trans-
missible coronagraph mask, which gave a better SNR for
b than estimating the centroid using the halo outside the
mask. Orbital fitting using these results is described in
Section 5.

3. EMPIRICAL COMPARISONS TO κ AND B’S
PHOTOMETRY AND SPECTRA

set is not presented in Table 5.
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Figure 4. Near-infrared color-magnitude diagram showing κ And
b (blue square) relative to other substellar objects with trigonomet-
ric parallax measurements from Liu et al. (2016). Objects without
a literature gravity classification are denoted by small gray circles.
Linear fits to the absolute magnitude and colors of field gravity
(red open squares) and low gravity (yellow open squares) are also
shown. κ And b appears somewhat redder than field-gravity ob-
jects with a similar Y -band absolute magnitude, but not at a
significant level.

We add κ And b’s Y -band photometry to CHARIS
JHK spectra to provide a new empirical context for
the companion’s near-infrared properties. Previous em-
pirical spectral analysis from Currie et al. (2018) using
spectral templates and a homogeneously reduced library
of substellar object spectra, pointed towards κ And b be-
ing an L0-L1 low surface gravity object consistent with
a young, planet-mass companion. Our new data extend
the available wavelength baseline for κ And b data. We
compare κ And b’s broadband photometry to field and
low gravity objects using a larger set of empirical sub-
stellar object spectra.

3.1. Near-Infrared Colors

We first investigated a color-magnitude diagram of κ
And b by comparing it to other low-mass objects with
precise parallaxes and various gravities reported in Liu
et al. (2016). The Liu et al. (2016) sample includes 67
MLT dwarfs with new, precise parallaxes and another
35 with literature parallaxes and near-infrared photom-
etry. Drawing from the Liu et al. (2016) polynomial fits
for absolute magnitudes vs. spectral for different grav-
ity classes, we constructed linear fits to magnitudes and
colors in Y/Y-K space.

Figure 4 shows how κ And b’s color magnitude dia-
gram position fits within the context of other substellar
objects. The companion appears redder than a typical
field-gravity L object (red), in between these colors and
those for typical low-gravity L object (yellow) at its Y -
band luminosity. Moreover, its location appears on the
locus (grey dashed line) connecting L2 field and low sur-
face gravity objects. The uncertainty of the Y −K color
of κ And b and the amplitude of the scatter of objects
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Table 5
κ And b’s relative locations

Date (UT ) instrument ∆RA [′′] ∆Dec [′′] Ref.

2012-01-01 Subaru/AO188+HiCIAO 0.884±0.010 0.603±0.011 c

2012-07-08 Subaru/AO188+HiCIAO 0.877±0.007 0.592± 0.007 c

2012-11-03 Keck/NIRC2 0.846±0.010 0.584±0.010 b, d

2013-08-18 Keck/NIRC2 0.829±0.010 0.585±0.010 b

2016-07-18 Subaru/SCExAO+HiCIAO 0.734±0.008 0.599±0.007 a

2017-09-05 Subaru/SCExAO+CHARIS 0.710±0.016 0.576±0.012 b

2017-12-09 Keck/NIRC2 0.699±0.010 0.581±0.010 b

2018-11-01 Keck/NIRC2 0.656±0.006 0.580±0.006 a

aThis work
bCurrie et al. (2018)
cCarson et al. (2013)
dBonnefoy et al. (2014b)
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Figure 5. Near-infrared color-color diagram magnitude diagram
showing κ And b (blue square with error bars) compared to Y −
J and J − K colors for objects in our spectral library. Third-
order polynomial fits to the color as a function of spectral type
are plotted as red (field gravity) and yellow (very low gravity)
lines, with M0=0, L0=10, etc. Red squares, green triangles, yellow
stars, and blue diamonds denote objects with field, intermediate
gravity/β, very-low gravity/γ, and δ gravities, respectively. Gray
dots denote dwarfs without gravity classifications.

about the polynomial fits from Liu et al. (2016) preclude
us from excluding a high or low gravity scenario at a sig-
nificant level using only the Y and K band luminosities.

Second, we use a large sample of substellar objects
with different spectral types and gravity classifications
to provide a context for κ And b’s near-infrared col-
ors. We compiled a library of 2,011 M-, L-, and T-dwarf
spectra drawn from the SpeX Prism library22 (Burgasser
2014), the IRTF Spectral Library23 (Cushing et al. 2005),
the Montreal Spectral Library24 (e.g., Gagné et al. 2015;
Robert et al. 2016), and the sample of young ultracool

22http://pono.ucsd.edu/~adam/browndwarfs/spexprism/
23http://irtfweb.ifa.hawaii.edu/~spex/IRTF_Spectral_

Library/
24https://jgagneastro.wordpress.com/

the-montreal-spectral-library/

M0 L0 T0

Spectral Type

100

101

102

χ
2 ν

α / FLD-G

β / INT-G

γ / VL-G

δ

Figure 6. Goodness of fit as a function of spectral types for the
objects within the spectral library compared to the near-infrared
photometry and low-resolution spectroscopy of κ And b. Compar-
ison objects with previously published gravity classifications in the
literature are highlighted. Our analysis shows that some objects
with low χ2 that are either unclassified or previously classified as
field dwarfs/intermediate gravity dwarfs may in fact be low-gravity
objects (see text).

dwarfs presented in Allers & Liu (2013). We do not in-
corporate the library of young, low-gravity objects pre-
sented in Bonnefoy et al. (2014a) and used by Currie
et al. (2018) in their analysis of κ And b as the SIN-
FONI spectra do not extend into the Y -band and thus
cannot be compared to the new photometry presented
in this work. The spectral types were obtained from a
number of literature sources, and are given for a num-
ber of sources highlighted in the remainder of this sec-
tion. We preferentially used the near-infrared spectral
type if both an optical and near-infrared classification
were available. Gravity classifications for a subset of the
objects were also obtained from the literature, using ei-
ther of the schemes outlined by Kirkpatrick (2005); Kirk-
patrick et al. (2006); Cruz et al. (2009) (α, β, γ, δ in de-
scending order of surface gravity), or Allers & Liu (2013)
(fld-g, int-g, vl-g, similarly). Both of these classifica-
tions schemes share three categories; surface gravity indi-

http://pono.ucsd.edu/~adam/browndwarfs/spexprism/
 http://irtfweb.ifa.hawaii.edu/~spex/IRTF_Spectral_Library/
 http://irtfweb.ifa.hawaii.edu/~spex/IRTF_Spectral_Library/
 https://jgagneastro.wordpress.com/the-montreal-spectral-library/
 https://jgagneastro.wordpress.com/the-montreal-spectral-library/
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Figure 7. The near-infrared SED of κ And b (black points) compared to the early L-type near-infrared standards proposed by Cruz et al.
(2018) for field (L0–L6α, left column), intermediate (L0–L1β, middle column), and very-low (L0–L4γ, right column) surface gravities (red).
CHARIS spectral channels within the water absorption bands were not included in the fit (gray points). Four of the best fit objects within
the complete library are also plotted in the central column (blue). Their previously published gravity classifications are given; our analysis
revises some of them to lower gravity classes. Spectra are from Burgasser & McElwain (2006); Kirkpatrick et al. (2010); Bardalez Gagliuffi
et al. (2014); Burgasser (2007); Burgasser et al. (2010); Chiu et al. (2006); Reid et al. (2006); Allers & Liu (2013); Burgasser et al. (2008);
Gagné et al. (2015); Kellogg et al. (2017); Cruz et al. (2018); Filippazzo et al. (2015).

cators consistent with those observed in old field dwarfs
(α, fld-g), and intermediate surface gravity (β, int-
g), and a very low surface gravity observed for substel-
lar objects in nearby, young moving groups (γ, vl-g).
The fourth classification δ was defined by Kirkpatrick
(2005) for objects that exhibit stronger gravity-sensitive
features than seen for those classified as γ/vl-g.

We computed synthetic YHiCIAO, JMKO, HMKO, and
Ks,MKO photometry for the library by convolving the
spectra with appropriate filter response curves given in
Figure 14 and in Tokunaga et al. (2002). Figure 5 com-
pares κ And b’s Y −J and J−K colors to library objects
with different gravity classifications. The main locus of
library colors extends from Y − J/J − K ∼ 0.6/0.8 to
1.3/1.5 for M5 dwarfs to L3 dwarfs. Young objects with
intermediate or (very-)low gravities appear systemati-
cally redder in J −K, as expected from previous studies
(Liu et al. 2016). κ And b’s position lies between typical

L0 and L2 colors, above positions for most field objects
and overlapping with younger, lower gravity objects.

3.2. Joint Y -band photometry and CHARIS JHK
Spectral Comparisons

To assess the overall best-fitting objects among the
libraries, we fit κ And b’s Y band photometry and
CHARIS spectra. Library spectra were convolved and in-
terpolated to CHARIS’s wavelengths and spectral resolu-
tion, assuming a constant resolution of R = 20 across the
full spectrum. We removed 20 library spectra that did
not have wavelength coverage spanning the Y - through
K-bands. A small subset of the library had H-band
spectra that were truncated at ∼1.75µm, shorter than
the reddest H-band channel in the CHARIS spectrum at
1.8µm. For these 135 spectra, we excluded this CHARIS
channel from the fit and reduced the number of degrees
of freedom by one when calculating χ2

ν .
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We computed the goodness of fit for each object by
calculating χ2

spec from a comparison of the κ And b spec-
trum to the smoothed library spectra using the correla-
tion matrix given in Currie et al. (2018), and χ2

phot from
a comparison of the near-infrared photometry of κ And b
to the synthetic photometry of the objects within the li-
brary. As we were primarily interested in comparing the
spectral morphology of κ And b to the objects within
the library, we computed the scaling factor to apply to
the library spectrum and photometry that minimized
χ2 = χ2

spec + χ2
phot. We did not incorporate the library

spectra measurement uncertainty; these were typically
negligible when convolved to CHARIS’s resolution.

Figure 6 displays the χ2
ν distribution for M0–T0 objects

in the library. Early L-type objects show a clear min-
imum, consistent with analyses presented in Bonnefoy
et al. (2014b) and Currie et al. (2018). The exact loca-
tion of the minimum differs for field and low-gravity ob-
jects; at L1 for γ/vl-g objects and at L2–L3 for α/fld
objects, a consequence of the redder near-infrared colors
of low-gravity objects compared to field objects of the
same spectral type (e.g. Liu et al. 2016, Fig. 15). This
effect is also seen when comparing κ And b to the L-
type standards proposed by Cruz et al. (2018), shown in
Figure 7, where the best-fit low-gravity standard is L1
(χ2
ν = 1.8) and later spectral types (L3–L4) fit far worse,

while the best-fit field gravity standards are L2–L3 and
earlier spectral types (e.g. L0) fit far more poorly. This
trend is consistent with that seen for synthetic spectral
templates (composites of individual spectral standards
for a given spectral type/gravity class, Cruz et al. 2018)
in Currie et al. (2018): they found that the best-fit low
gravity template (L0γ , χ2

ν ∼ 1.26) is three subtypes ear-
lier than the best-fit field gravity template (L3, χ2

ν ∼
1.51).

Of the objects within the complete library, the best
fit was 2MASS J11480096-2836488 (χ2

ν = 1.2), previ-
ously classified an L1 intermediate-gravity member of
the 10 Myr (Bell et al. 2015) TWA moving group (Gagné
et al. 2015; Gagné et al. 2018) and an isochronal mass of
∼8 MJup (Gagné et al. 2015). While the signal-to-noise
ratio of the spectrum for this object is lower than the
typical library spectrum, the uncertainties are compara-
ble to those of the spectrum of κ And b when degraded
to the same resolution. Good fits were also found to
2MASS J01174748-3403258 (χ2

ν = 1.3; previously clas-
sified as L1 γ) and to 2MASS J02055138-0759253 and
ULAS J230538.10+052407.2 (χ2

ν = 1.2 and 1.3), which
previously were unclassified or classified as being field
gravity L2 dwarfs. In total, 36 objects have a χ2

ν < 1.7
(95% confidence level) with the following previous clas-
sifications: 1 L0 (vl-g), 5 L1 (2 int-g, 3 vl-g), 22 L2
(11 without classification, 8 fld-g, 2 int-g, 1 vl-g), 4
L3 (3 without classification 1 fld-g), and 4 L4 (2 with-
out classification, 1 fld-g, and 1 int-g). For reference,
the complete library contains 656 objects between L0–
L4; 381 without classification, 112 fld-g, 80 int-g, and
81 vl-g.

To further investigate the nature of the four best-fit
objects, we separately estimated spectral types using
and derived gravity classifications following the spectral
index-based methods in Allers & Liu (2013): i.e. the
H20, H20-1, H20-2, and H20-D indices for spectral typ-

ing and Fez, VO, KIJ, and Hcont for gravity scoring. We
nominally box-car smooth the spectrum using a window
size of 3 spectral channels and explore results obtained
with different windows. Our analysis recovers the pre-
vious classification for 2MASS J01174748-3403258 (L1
γ). However, it favors reclassifying 2MASS J02055138-
0759253 and ULAS J230538.10+052407.2 as L2 β objects
(gravity scores 1111 and 1120), respectively; Banyan-
Σ suggests that 2MASS J02055138-0759253’s kinematics
may be consistent with membership in the 40 Myr-old
Columba association, depending on its parallax. Given
the noisiness of 2MASS J01174748-3403258’s spectrum,
we cannot derive a gravity score from Fez, VO, and KIJ.
However, its Hcont index (1.05 ± 0.05) suggests a low
gravity and possible reclassification to L1 γ. It is likely
that the other well-fitting objects previously given a field
classification or no classification at all are in fact low-
gravity objects.

To investigate the constraining power of our new Y -
band photometry, we compared the χ2 for each object
with and without this measurement. For objects between
L0 and L1 we typically find a larger ∆χ2 for field-gravity
objects (median ∆χ2 of 4.1 compared to 1.2), indicating
that the Y -band photometry is more consistent with that
of a low-gravity object over this range of spectral types.
For later spectral types this is reversed, with ∆χ2 typi-
cally being larger for low-gravity objects between L2 and
L5 (median ∆χ2 of 6.9 compared to 0.7). This is a conse-
quence of the red color of low-gravity objects; an object
with a given Y -band flux (or Y −J color) either has lower
gravity and an earlier spectral type, or a higher gravity
and a later spectral type.

Preference for a low surface gravity for κAnd b can also
be inferred using the gravity-sensitive spectral indices de-
fined by Allers & Liu (2013). While these indices cannot
be computed directly given the low resolution of the spec-
trum, they can be computed for the objects within the
library with the most similar spectra to κ And b. Two
of these indices are plotted in Figure 8, showing that the
best fit objects are more consistent with the population
of low-gravity objects and (some) intermediate gravity
objects than the median of the field-gravity sequence.

4. COMPARISON WITH MODEL ATMOSPHERES

The CHARIS near-infrared spectrum from Currie et al.
(2018), the Y -band photometry presented in this work,
and the literature photometry spanning 1.2–4.7µm (Ta-
ble 4) were fit to a number of models of substellar atmo-
spheres. These model grids can be broadly categorized
into those that incorporate a prescription for the for-
mation of clouds within the photosphere, and those that
enforce a clear photosphere over the full range of effective
temperatures and surface gravities. The first group con-
tains the AMES-Cond (Allard et al. 2001), BT-Cond
(Allard et al. 2012), and Burrows et al. (2006) model
grids. The AMES-Cond and BT-Cond grids both use
the same PHOENIX atmosphere code (Hauschildt 1992),
but different molecular line lists (Partridge & Schwenke
1997 and Barber et al. 2006, respectively). These two
grids ignored dust opacity entirely in order to simulate
the immediate sedimentation of dust into the lower at-
mosphere leading to a clear photosphere. The Burrows
et al. (2006) clear atmosphere grid was created using the
TLUSTY atmosphere code (Hubeny & Lanz 1995) simi-
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Table 6
Summary of Atmosphere Models

Model Properties Best fit

Name Ref. Special Remark Teff log g ∆Teff ∆ log g Teff log g R χ2
ν

(K) [dex] (K) [dex] (K) [dex] (RJup)

Clear models
AMES-Cond a · · · 1000–2400 2.5–6.0 100 0.5 2400 4.0 0.74 29.7
BT-Cond b · · · 1000–2200 4.0–5.5 100 0.5 2200 4.0 0.85 20.4
Burrows c · · · 1000–2000 4.5–5.5 100 0.5 2000 4.5 0.90 53.9

Cloudy models
AMES-Dusty a · · · 1000–2500 3.5–6.0 100 0.5 1800 5.0 1.19 3.62
BT-Dusty b · · · 1000–2400 4.5–5.5 100 0.5 1800 4.5 1.64 1.81
BT-Settl b Asplund et al. (2009) abundances 1000–2400 3.0–5.5 100 0.5 1900 4.5 1.23 2.80
BT-Settl b Caffau et al. (2011) abundances 1000–2400 3.5–5.5 50 0.5 1800 5.0 1.34 1.70
BT-Settl-2015 b · · · 1200–2400 3.0–5.5 50 0.5 1750 5.5 1.37 3.49
BT-Settl-bc b · · · 1100–2400 3.0–5.5 100 0.5 1800 4.0 1.30 2.99
Drift-Phoenix d · · · 1000–2400 3.0–6.0 100 0.5 1700 4.0 1.57 1.66
Burrows c Nominal cloud model, 100µm modal size (E100) 1000–2000 4.5–5.5 50 0.1 1800 4.6 1.25 7.08
Burrows e Thick clouds, 4µm modal size (A4) 1800–2200 3.5–4.0 25–100 0.25 1900 4.0 1.23 6.39
Burrows e Thick clouds, 10µm modal size (A10) 1800–2200 3.6–4.0 100 0.1 2000 4.0 1.09 3.24

aAllard et al. (2001)
bAllard et al. (2012)
cBurrows et al. (2006)
dWitte et al. (2011)
eCurrie et al. (2014a)
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Figure 8. Surface gravity indicators from Allers & Liu (2013)
as a function of spectral type for the objects within the spectral
library. Symbols as in Figure 6, with the four best fit objects to
the spectrum and photometry of κ And b highlighted with blue
crosses (the spectrum of 2MASS J1148 is too noisy for a reliable
estimate of its K IJ index). The spectral types of intermediate and
low gravity objects have been displaced slightly (±0.15 subtypes)
for clarity.

larly ignoring opacity from condensates within the pho-
tosphere.

The second group contains a number of different treat-
ments for photospheric clouds. The AMES-Dusty (Al-
lard et al. 2001) and BT-Dusty (Allard et al. 2012)
grids were created using the same atmospheric code and
line lists as the clear photosphere models described pre-

viously, but instead including dust opacity in the calcula-
tion of the emergent spectra and neglecting gravitational
sedimentation entirely. The various BT-Settl grids
(Allard et al. 2012) were also calculated with the same
code, but with a revised treatment for dust sedimenta-
tion to better model the L/T transition from cloudy to
clear photospheres. The Drift-Phoenix grid (Witte
et al. 2011) used the same PHOENIX code, but a com-
pletely revised treatment for the formation and evolution
of photospheric clouds that reproduces the observed SED
of young, low-gravity objects (e.g., Patience et al. 2012;
Lachapelle et al. 2015). The Burrows et al. (2006) models
simulate clouds of a variety of condensates as extending
between the scale heights set by the most and least re-
fractory condensates, with an exponential decay above
and below. The extent of the clouds and the size distri-
bution of particles within the clouds are free parameters
within the model. Here we compare to the fiducial cloud
model used in Burrows et al. (2006) that has a model par-
ticle size of 100µm, and also to the thick cloud models
with smaller modal particle sizes (4µm and 10µm) used
in Currie et al. (2014a). A summary of the various at-
mosphere model grids, and their coverage and resolution
in (Teff , log g) space, is given in Table 6.

The model atmospheres were fit to the observed pho-
tometry and spectroscopy of κ And b using a similar
procedure as for the empirical comparison described in
Section 3.1, including the thermal infrared measurements
given in Table 4. We applied a limit on the value of
the dilution factor (r2/d2) such that the radius of the
companion was between 0.5–3.0 RJup, encompassing the
range of radii predicted for young substellar companions
(e.g., Fortney et al. 2008). As with Currie et al. (2018),
we assume a distance of d = 50.0 pc (Table 1; Gaia Col-
laboration et al. 2018). The best fit model, and corre-
sponding χ2, within each grid is given in Table 6.

Cloudy models are preferred by a significant margin,
although the quality of the fit varies between each grid.
Of all the models tested, the best fit was the 1700 K,
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Figure 9. The best fit model atmosphere within the Drift-
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observed SED of κ And b without interpolation (top) and with
interpolation between the grid points of the models. The spec-
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channels of the CHARIS spectrum excluded from the fit shown in
gray.
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Figure 11. Radius-gravity diagram comparing the best fit at-
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isoluminosity contour consistent with the measured luminosity of
κ And b (Currie et al. 2018).

log g = 4.0 [dex] model within the Drift-Phoenix grid.
This model is plotted against the SED of κ And b in Fig-
ure 9, alongside the two other best-fitting models from
the BT-Settl and BT-Dusty grids. The temperatures
of these models are consistent with the spectral type de-
termined previously. The Burrows model fitting results
favor thick clouds and a modal dust size somewhere be-
twen 4 µm and 100 µm.

Two of the grids displayed in Figure 9 – Drift-
Phoenix and BT-Dusty – suggest a low surface gravity
consistent with our empirical comparisons. The BT-
Dusty grid only covers a limited range of log g and
the best fit was found at the grid boundary of log g =
4.5 [dex]. Thus, it is likely that a BT-Dusty model
grid covering a wider range in gravity (e.g. log(g) =
3–5) would result in a surface gravity approaching that
found for Drift-Phoenix (log g = 4.0 [dex]). The best
fit model within the the third grid (BT-Settl) has
a similar goodness of fit but a higher surface gravity
(log g = 5.0 [dex]). The range of best fit surface grav-
ities for the three model grids is a reasonable proxy for
the model uncertainty, demonstrating both how differ-
ences in assumptions regarding cloud properties and ex-
tent can affect derived bulk properties, and that the sur-
face gravity of κ And b cannot be conclusively derived
from low-resolution spectroscopy and photometry used
in this study.

We repeated this exercise on an interpolated version
of each grid to search for a better fit with combina-
tions of Teff and log g not included within the original
grid. We constructed a new grid of models with an arbi-
trarily small grid spacing of ∆Teff = 1 K and ∆ log g =
0.01 [dex]. Models were constructed by performing a bi-
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linear interpolation of the logarithm of the flux calculated
within the seven photometric bands listed in Table 4 and
the sixteen spectral channels of the CHARIS spectrum
presented in Currie et al. (2018). We find a significantly
reduced χ2

ν of 1.2 (compared with 1.7 in the coarse grid)
for the Drift-Phoenix model at Teff = 1739 K and
log g = 4.0 [dex] (Figure 9, bottom panel). A similar re-
duction in χ2 is seen for the other two grids. The χ2 sur-
face for the interpolated version of the three best-fitting
grids is shown in Figure 10, showing the radius required
to minimize χ2 given the distance of 50.0 pc (Table 1),
and the credible regions derived from the ∆χ2 (with no
treatment for model uncertainties).

We find that the best-fit models are able to repro-
duce the observed SED, and are consistent with one
another, over the JHK range. At shorter and longer
wavelengths where the uncertainties on the photomet-
ric measurements are larger the models diverge slightly.
The lower-gravity Drift-Phoenix model significantly
under-predicts the flux at Y , while slightly over predict-
ing the flux at M ′. The higher-gravity BT-Settl model
predicts a larger flux at Y , consistent with measured flux,
but significantly under-predicts the flux at L′. Due to
the differences in treatment for cloud formation and sed-
imentation within these models, as well as revisions to
opacity tables used to compute the emergent spectra, it
is difficult to ascribe the differences between the best fit
models to a particular property or feature of the mod-
els. A future study that incorporates high resolution
spectroscopy and precision photometry between 1–5µm
in conjunction with a retrieval-based modeling approach
will allow us investigate the effect of the bulk (e.g., tem-
perature, surface gravity, luminosity) and photospheric
(e.g., cloud extent and vertical distribution, dust con-
densation and sedimentation) properties on the emergent
spectra of this object.

Figure 11 shows how the best-fit radii and gravities de-
rived from atmospheric modeling compare to predictions
from luminosity evolution models for a given age and
mass. The grey contours adopt κ And b’s luminosity de-
rived from Currie et al. (2018) (logL/L� = −3.81±0.05)
and an age range of 47±30 Myr – similar to the age range
derived from a CHARA radius measurement of the host
star in Jones et al. (2016). As the best fit gravity for
the BT-DUSTY model is at the lower limit of the grid
(log(g) ∼ 4.5) we display its point with a downward ar-
row; Drift-Phoenix and BT-Dusty model parameters
are shown with error bars corresponding to the 68% con-
fidence interval.

The best-fitting model atmosphere fit – Drift-
Phoenix – implies a radius and gravity consistent with
evolutionary model predictions for an age of t ≤ 40 Myr,
yielding a mass nominally of 10 MJup and less than 20
MJup considering errors. The BT-Dusty model implies
a mass less than ∼ 30-35 MJup; its radius/gravity is in-
consistent with evolutionary models but could be recon-
ciled if the gravity is lower by 0.5 dex or radius smaller
by 0.2 RJup, either of which would imply a mass less
than 20 MJup. The best-fit BT-Settl model’s radius
and gravity imply higher masses and far older ages which
are consistent with the early analysis by Hinkley et al.
(2013). However, the implied radii and gravities are in-
consistent with predictions from evolutionary tracks in

Figure 11. They also imply ages significantly older than
and thus inconsistent with ages derived from κ And A’s
radius using CHARA interferometry (Jones et al. 2016).

5. ORBITAL FITTING

Astrometric monitoring of κ And b over eight years
helps constrain orbital motion of the κ And system. Rel-
ative positions of κ And b obtained by Subaru/Keck ob-
servations are summarized in Table 5. Blunt et al. (2017)
estimated orbital parameters of κ And b from only three
relative positions from 2011–2012 (Carson et al. 2013),
which correspond to the change in a position angle (PA)
of ∆PA∼0.4◦. Currie et al. (2018) observed relative po-
sitions of κ And b in 2017 and derived orbital parameters
of κ And b from astrometric data prior to 2013 and their
results (∆PA∼5.5◦). We re-analyzed orbital motion of κ
And b, using relative positions of κ And b obtained by
Subaru/HiCIAO+SCExAO in 2016 and Keck/NIRC2 in
2018. The position angle change between the first Sub-
aru/HiCIAO report and the latest NIRC2 data is ∼7◦.

ExoSOFT (Mede & Brandt 2017) was used for orbital
fitting, which takes advantage of a several techniques,
including the Markov Chain Monte Carlo (MCMC) ap-
proach, to estimate dynamical parameters from relative
positions at different epochs. First, we used two modules
that are incorporated in ExoSOFT: simulated anneal-
ing to search for the global minimum and sigma tuning
(ST) to determine reasonable step sizes. Finally, we ran
emcee mode (an MCMC ensemble sampler (Foreman-
Mackey et al. 2013)) with n = 6 × 108 total samples
across 500 walkers to fit the orbit of κ And b and to esti-
mate its dynamical and orbital parameters. We adopted
19.3–20.7 mas for a parallax range and 2.65–2.95 M�
for a mass range of the κ And system during the fi-
nal fitting, as ExoSOFT does not currently offer those
parameters to remain fixed when running in the emcee
mode. The samples for the parameters (e, P, T0, i,Ω, ω)
were drawn from uniform proposal distributions. The
priors for e, T0,Ω and ω were set as uniform, while we
assumed a Jeffrey’s prior function for the semi-major
axis (a−1/ ln amax/amin), with i and P given the priors
p(i) ∝ cos(i) and p(P ) ∝ 1/P , respectively. Providing
only direct imaging data, orbital fitting using ExoSOFT
finds the total mass of the κ And system (mtotal), al-
though it is capable of solving for the individual masses
when coupled with radial velocity data (see Section 2 of
Mede & Brandt 2017, for more details).

Figure 12 shows a result of the orbital fitting with Ex-
oSOFT. Posteriors of the parameters used in ExoSOFT
are shown in Figure 13. The mass ratio between the
companion and the central star is q ∼0.005, namely
mtotal ∼ mstar. If the posterior function of mtotal fol-
lows a Gaussian, we can estimate the dynamical mass
of κ And A, which is independent of previous photomet-
ric/spectroscopic studies. However, our calculation could
not robustly constrain mtotal due to the limited number
of κ And b locations. Our results of other orbital param-
eters achieved a best fit with a reduced χ2 of 0.958 and
are in good agreement with the previous report in Currie
et al. (2018). In the ExoSOFT fit the least convergent
parameter was that of P having an integrated autocorre-
lation time of 921, equating to 6.5×105 effective samples.
Astrometric monitoring for the next ten years is required
to more accurately determine the orbital parameters of
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the κ And system.

6. DISCUSSION

6.1. Formation and Evolution Scenario

Our atmospheric modeling favors 1700–1900K, a sur-
face gravity of log(g)∼4.0-4.5, and a radius of 1.3-1.6
RJup with cloudy atmosphere. The best-fit model (the
drift-phoenix model) is consistent with ≤ 40 Myr
and < 20MJup in the evolutionary model. κ And b
is a good laboratory for understanding formation and
an early stage of evolution of gas giant/low-mass brown
dwarf.

We reconfirmed that κ And b is likely to have a larger
eccentricity and semi-major axis than GJ 504 b (Bon-
nefoy et al. 2018) and HR 8799 b,c,d,e (Wang et al. 2018).
κ And b may have experienced a strong excitation of the
eccentricity by gravitational interactions between neigh-
boring planets such as planet-planet scattering. Plan-
etesimal accretion and accumulation of a disk gas cannot
pump up the eccentricity of a planet’s orbit up to ∼ 0.8.
In fact, a wide orbit of κ And b cannot be reconciled with
in-situ core accretion scenario. Although the minimum
core mass for gas giant formation requires only a few
Earth masses at ∼100 au (Piso & Youdin 2014), the core
growth at 100 au takes a much longer time than the esti-
mated age of the κ And system. Bonnefoy et al. (2014b)
proposed another possible formation scenario for κ And
b (i.e., a hot-start model); it may have formed via gravi-
tational instability at almost the same orbital separation
as the current location.

It may also be possible that κ And b was scattered
to its current location (e.g. Marzari & Weidenschilling
2002; Ford & Rasio 2008; Nagasawa et al. 2008). Since
the age of κ And A was estimated to be ∼40–50 Myr,
dynamical instability was likely to have occurred if three
or more giant planets co-existed in an outer region. An
outwardly-scattered planet, namely κ And b, can remain
on a highly eccentric orbit because of less efficient/no
dynamical frictions damping of the eccentricity (Muto
et al. 2011). To investigate this scenario, we consider
that a planet-planet scattering event occurred after disk
dispersal. The planet-planet scattering requires close en-
counters of planets, which are induced easily in a system
of three or more planets. The behaviors of planet-planet
scatterings which are involved in more than three planets
need to be numerically examined by N-body simulations.
In this study, we discuss a simple case with three giant
planets. We assume i) three massive gas giants/brown
dwarfs on nearly coplanar, circular, and tightly packed
orbits around κ And, ii) one of them is ejected from the
system, iii) κ And b is the outer planet of two remaining
objects, iv) the ejected planet has a smaller mass than κ
And b (as shown by N-body simulations of planet-planet
scatterings; Marzari & Weidenschilling 2002), and v) the
three objects have similar radii. Under these assump-
tions, we infer the mass and orbital elements of an unseen
(potential) planet in the κ And system.

After dynamical instability happened, the eccentricity
of an outer remaining object (κ And b) is determined by

eout '
min

mout
×
√
mout +meje

mout +min
, (1)

where m corresponds to the mass of an object and the

subscripts of ”in”, ”out”, and ”eje” correspond to the in-
ner, outer (κ And b), and ejected objects, respectively
(Ida et al. 2013). Using Equation (1) and the mass
and eccentricity of κ And b, i.e., mout = 13MJup and
eout = 0.77±0.08, we can estimate the mass of the inner
object as a function of the mass of the ejected object (see
Table 8). We note that the error bar shown in Table 8
comes from only the error of eccentricity ExoSOFT pro-
vided. Estimating κ And b’s mass depends on the age
and the evolutionary models largely and we do not in-
clude this error. With these assumptions, the potential
inner companion (planet) has mass of min & 10MJup.
We note that Equation (1) is not applicable to the case
where κ And had initially four or more giant planets in
an outer region because orbital evolution of such a sys-
tem cannot be described analytically any longer.

Since no point source other than κ And b is seen in Fig-
ure 1, we discuss the mass limit of a detectable planet
around κ And. The latest SCExAO+CHARIS observa-
tion reached a better contrast limit in the wavelength-
collapsed image (Currie et al. 2018): ∼15MJup, ∼8–
10MJup, and ∼3–5MJup at 12.5, 25, and 50 au, respec-
tively, using a hot-start model (COND03; Baraffe et al.
2003). With the deepest contrast limits around κ And,
SCExAO+CHARIS observations can suggest that an in-
ner companion can be located at . 25 au.

Combining radial velocity (RV) methods with direct
imaging enables us to give stringent constraints on or-
bital parameters of a substellar-mass companion (e.g.,
Calissendorff & Janson 2018; Bonnefoy et al. 2018). The
lack of absorption lines obscures precise RV measure-
ments of massive stars such as κ And A (∼B9 star) due
to high temperature and rapid rotation. In fact, archival
RV observations reported large errors >1 km/s (Hinkley
et al. 2013; Becker et al. 2015). Host-star astrometry is
also useful, but estimating accurate acceleration of such
a bright star by a combination of Gaia and Hipparcos
telescopes cannot avoid systematic errors between these
telescopes (Brandt 2018). Accumulating Gaia data sets
will possibly help to measure the dynamical mass of κ
And b in the future.

6.2. Future Work

Spectral features of substellar-mass objects within ∼1–
5 µm depend on molecular absorption such as FeH, H2O,
K I, CH4, and CO. Effective temperature, surface grav-
ity, or C/O ratio parameters affect IR spectrum (e.g.,
Sorahana & Yamamura 2012, 2014). Our study uses
only photometry and low-resolution spectroscopy, which
can induce degeneracy between Teff and log g and the
best-fit objects for the field-gravity objects in Figure
7. Although a precise determination of the gravity of
κ And b will require higher spectral resolution obser-
vations, our measurements demonstrate that the object
likely has a low surface gravity when considering the
age of the system, consistent with the planetary mass
predicted from a comparison with evolutionary models
(e.g., Currie et al. 2018). For future work, as intro-
duced in Currie et al. (2018), higher-resolution spec-
troscopy helps to investigate κ And b’s atmosphere in
detail. Subaru/CHARIS has another spectroscopic mode
with high-resolution (R∼65-75) in J , H, and K bands25.

25https://scholar.princeton.edu/charis/capabilities

https://scholar.princeton.edu/charis/capabilities
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Figure 12. Orbital fitting of κ And b with ExoSOFT. A blue ellipse is the best-fit solution for the orbit of κ And b, where κ And b
moves clockwise:(left) the full orbit and (right) a zoom-in view near the current positions. Black crosses are relative positions of κ And b
obtained by previous Subaru/Keck observations, red plots are predicted locations of the best-fit orbit at each epoch. The solid and dashed
lines in the left figure correspond to the projected semi-major axis and the line of nodes, respectively.

Table 7
Orbital parameters of κ And b

Parameter Median 68% confidence level 95% confidence level

atot [au] 103.6 [57.4, 133.4] [50.3, 236.0]
P [yr] 631.1 [242.4, 900.4] [198.6, 2148.9]
e 0.77 [0.69, 0.85] [0.60, 0.90]

i [deg] 130.0 [114.9, 140.0] [112.6, 166.6]
ω [deg] 130.7 [96.6, 155.4] [77.0, 205.0]
Ω [deg] 76.5 [61.3, 90.5] [16.4, 132.1]
T0 [yr] 2044.1 [2038.4, 2047.9] [2037.5, 2056.3]

Table 8
Mass estimation of a potential inner companion around κ And

ejected object [MJup] inner object [MJup]

2 13.2+1.9
−1.7

4 12.2+1.7
−1.6

6 11.3+1.6
−1.5

8 10.6 ± 1.4
10 10.0+1.4

−1.3

Keck/OSIRIS could extract HR8799 b’s spectrum with
higher resolution (R=4000; Barman et al. 2015; Petit dit
de la Roche et al. 2018). A mid-spectral-resolution inte-
gral field unit (IFU) combined with AO has the capability
to extract the detailed spectrum and to investigate at-
mospheric/evolutionary mechanisms of κ And b as men-
tioned in Section 3.1. Furthermore, mid-IR (MIR) wave-
length photometry/spectroscopy will also provide use-
ful information. JWST/MIRI is expected to obtain un-
touched atmospheric parameters of exoplanets at MIR
such as NH3, CH4, H2O, CO2, and PH3 (Danielski et al.
2018). Combining these follow-up observations will pro-
vide improved models for κ And b.

We also investigate the possibility to detect a potential
inner planet. Radial velocity and host-star astrometry
are more sensitive to close-in planet than direct imaging.
However, as mentioned in Section 6.1, it is difficult for

these methods to search for inner planets around κ And.
As we could not constrain an inclination of the potential
inner planet, transit observation is almost a blind search.
Future high-contrast imaging instrument with a better
contrast level and inner working angle, e.g., Thirty Meter
Telescope (TMT), will help to search for inner planets
and to promote orbital evolution mechanisms of κ And
b. Continuing direct imaging with current ground-based
telescopes also helps to add further plots of κ And b for
better orbital fitting.

7. CONCLUSION

We used Subaru/SCExAO+HiCIAO and Keck/NIRC2
to investigate κ And b’s SED and to fit the orbit by
gathering our results and previous high-contrast iamging
studies. We detected κ And b with SNRs of ∼130 and
10 in the HiCIAO H- and Y -band, and ∼13 in the
NIRC2 Ks-band, respectively. The Y -band photometry
was combined with previous photometric/spectroscopic
studies for an empirical comparison with spectral tem-
plates and for synthetic SED modeling with atmospheric
models. Empirical comparisons showed that κ And b
is likely a low-gravity object, albeit one with a slightly
wide range of plausible spectral types than previously
inferred (L0-L2 instead of L0-L1). We also investigate
gravitational scores of the library objects and found that
the best-fit objects may give lower gravity than previ-
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Figure 13. Posteriors of MCMC parameters used in ExoSOFT
for the κ And system. Dark and light blue regions correspond to
1 and 2 σ, respectively. Solid black lines represent best-fit values
of each parameter (where ’best-fit’ refers to the orbital parameter
set with the lowest χ2 value).

ously reported26. The best fit among used models is the
Drift-Phoenix model at Teff=1700 K and log g=4.0
[dex]. With the interpolated grid the best fit is located at
Teff=1739 K and log g=4.0 [dex]. More than 7 years have
passed since the first report of κ And b in 2011 January,
which resulted in a position angle change of PA ∼ 7◦.
By running ExoSOFT we found that the orbit is likely
highly eccentric, which suggests a possibility that κ And
b has experienced orbital migration due to planet-planet
scattering. Our detection limit could partially set a con-
straint on the existence of a potential inner companion.
Previous studies except Currie et al. (2018) discussed the
formation and evolution mechanisms of κ And b without

taking into account of its eccentricity. Our analysis will
be help to update the synthetic understanding of forma-
tion and evolution mechanism of the κ And system.

For future work, spectroscopic studies with higher res-
olution such as high-resolution mode of Subaru/CHARIS
or Keck/OSIRIS help to investigate κ And b’s at-
mosphere in details. JWST will enable to obtain
spectral/photometric information at MIR. TMT is ex-
pected to achieve higher contrast enough to detect in-
ner planetary-mass object and update the orbital dis-
cussions. Our work motivates follow-up observations
for future telescopes and further discussions of forma-
tion/evolution mechanisms of κ And b.
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APPENDIX

HICIAO FILTER TRANSMISSION

In Figure 14 we show the transmission of a Y -band test filter that has almost the same specifications as HiCIAO.
HiCIAO observations were basically carried with optical bench temperature of ∼80 K and this filter transmission is

26Some intermediate gravity dwarfs also provide good fits to κ
And b spectrum. However, we did not take into account informa-
tion about the systems age in our fitting (i.e. we did not impose

a prior on the gravity classification of b given the age of the pri-
mary). Doing so would have even more strongly favored low gravity
objects.

https://www.cosmos.esa.int/gaia
https://archives.esac.esa.int/gaia
https://archives.esac.esa.int/gaia
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measured under 77 K.

Figure 14. Transmission of the Y -band test filter under 77K.
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Kühn, J., Serabyn, E., Lozi, J., et al. 2018, PASP, 130, 035001,

doi: 10.1088/1538-3873/aa9fe5
Kuzuhara, M., Tamura, M., Kudo, T., et al. 2013, ApJ, 774, 11,

doi: 10.1088/0004-637X/774/1/11
Lachapelle, F.-R., Lafrenière, D., Gagné, J., et al. 2015, ApJ, 802,
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