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Abstract

We report on the detection of a substellar companion orbiting an evolved intermediate-
mass (M,=2.4 M) star HD 14067 (G9Ill) using a precise Doppler technique. Either
a periodic Keplerian variation with a decreasing linear velocity trend (P=1455d,
Ki=92.2ms™ ", e=0.533, and y = —22.4ms"yr') or a single Keplerian orbit without
linear trend (P=2850d, K; =100.1ms~', and e=0.697) can be well fitted to the radial
velocities of this star. The minimum mass (m, sin i=7.8 M, for the model with a linear
trend, or my sini=9.0 M, for the model without a linear trend) suggests a long-period
giant planet orbiting an evolved intermediate-mass star. The eccentricity of the orbit is
among the highest ones ever detected for planets moving around evolved stars.
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1 Introduction past decade. Over 90 substellar companions with min-

Since the first giant planet orbiting an evolved star was imum masses ranging from 0.6 to 40 My around giants and
discovered by Frink et al. (2002), progress has been made subgiants have been detected by precise radial velocity
on the detection and theoretical understanding of planets techniques (e.g., Sato et al. 2003; Setiawan et al.
moving around stars more massive than our Sun in the 2003; Hatzes et al. 2005; Johnson et al. 2007, 2011;

© The Author 2014. Published by Oxford University Press on behalf of the Astronomical Society of Japan.
All rights reserved. For Permissions, please email: journals.permissions@oup.com

GT0Z ‘ Afenuer uo AI0AJSSAO [EDILLOLOIISY [eUOIEN Te /Bio'sfeunolpioxo sed)/:dny woly pepeojumoq


mailto:gzhao@nao.cas.cn
http://pasj.oxfordjournals.org/

2 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

Sato et al. 2008b; Dollinger et al. 2009; Liu et al. 2009;
Wittenmyer et al. 2011; Omiya et al. 2012; Gettel et al.
2012; Lee et al. 2013; Jones et al. 2014), including those in
open clusters (e.g., Sato et al. 2007; Lovis & Mayor 2007;
Brucalassi et al. 2014) and multiple-planet systems (e.g.,
Niedzielski et al. 2009; Sato et al. 2013b) and those with
masses 2, 13 My which thus lie in the brown dwarf regime
(e.g., Omiya et al. 2009; Sato et al. 2010; Wang et al. 2012).

Although the number of such companions moving
around GK giants is still insufficient to make a statistical
study of their physical properties, they are of intense interest
because their host stars are the slowly rotating counterparts
of intermediate-mass (1.5 < M, /M, < 5) B-A dwarfs that
have evolved off the main sequence, giving us a chance
to study planets orbiting stars with masses larger than
those of FGK dwarfs. Recent studies have revealed some
distinct differences from the FGK main sequence stars.
For instance, nearly all detected planets moving around
M, > 1.5 M, stars have semimajor axes 2> 0.6 au, with only
a few exceptions including HD 102956 b (Johnson et al.
2010), HIP 63242 (Jones et al. 2013), WASP-33 b (Collier
Cameron et al. 2010), and Kepler-13 Ab (Szabo et al. 2011).
Such paucity can be attributed to engulfment by the host
stars as they evolved off the main sequence (Sato et al.
2008a; Nordhaus et al. 2010), or the primordial deficiency
of short-period planets during their formation (e.g., Currie
2009; Kretke et al. 2009). On the other hand, most planets
ever detected around intermediate-mass stars have eccen-
tricities below 0.4. It is natural because most of their hosts
are in the post-RGB (core helium burning) phase, and the
planetary orbits could have been tidally circularized due to
the increasing radii of the host star as it ascends the red
giant branch. However, some planets with a high eccen-
tricity (e > 0.6) have been discovered (e.g., Sato et al. 2013a;
Moutou et al. 2011; Niedzielski et al. 2009), implying the
existence of planet—planet scattering scenarios (e.g., Ford &
Rasio 2008) or perturbators (e.g., Takeda & Rasio 20035).

In this paper, we report on the detection of a new
substellar companion around an intermediate-mass giant
HD 14067 from our planet search program using the
Subaru 8.2 m telescope, the OAO 1.88 m telescope, and the
Xinglong 2.16 m telescope. Observations are described in
section 2 and stellar properties are summarized in section 3.
Analyses of radial velocities and orbital solutions are given
in section 4. In section 5 we give the conclusion.

2 Observations and radial velocity analysis

We have been conducting a precise radial velocity survey for
about 300 G-K giants at Okayama Astrophysical Observa-
tory (OAQ), Japan, since 2001. To extend this planet search
program, we established an international network among

Japanese, Korean, and Chinese researchers using three tele-
scopes in the 2m class in 2005 (East-Asian Planet Search
Network: Izumiura 2005), and started the Subaru planet
search program in 2006. By taking advantage of the large
aperture (8.2m) of Subaru Telescope, the planet-hosting
candidates among a sample of ~ 300 giants were quickly
identified, and the visual magnitudes of 6.5 < V < 7.0
enabled them to be subsequently followed up by telescopes
in the 2 m class telescopes. For details of the Subaru planet
search program, readers are referred to the description in
Sato et al. (2010).

We obtained a total of three spectra for HD 14067 in
2007 September, 2008 January, and 2008 August using the
High Dispersion Spectrograph (HDS: Noguchi et al. 2002)
equipped with the Subaru Telescope. An iodine (I,) absorp-
tion cell was used for providing a fiducial wavelength refer-
ence for precise radial velocity measurements (Kambe et al.
2002; Sato et al. 2002). We adopted the setups of StdI2b
in the first two runs and StdI2a in the third one, which
covered wavelength regions of 3500-6200 A and 4900-
7600 A, respectively. The slit width was set to 076, giving
a resolving power (A/AM) of 60000. The typical signal-to-
noise ratio (S/N) was 140-200 pixel~! with an exposure
time of 30-50 s.

After the observations at the Subaru Telescope, we
started follow-up observations using the 1.88 m telescope
with the High Dispersion Echelle Spectrograph (HIDES:
Izumiura 1999) at OAO. The wavelength region was set to
simultaneously cover 37507500 A using the RED cross-
disperser with a mosaic of three CCDs. We set the slit width
t0 200 um (0776), giving a resolving power (A/AL) of 67000
with 3.3 pixel sampling, and used an iodine cell for pre-
cise wavelength calibration. We collected a total of 27 data
points of HD 14067 with HIDES during the period from
2008 October to 2014 January.

In 2012 November we started follow-up observations of
HD 14067 with the High Resolution Spectrograph (HRS)
attached at the Cassegrain focus of the 2.16 m telescope
at Xinglong Observatory, China. The fiber-fed spectro-
graph is the successor of the Coudé Echelle Spectrograph
(CES: Zhao & Li 2001), giving higher wavelength resolu-
tion and optical throughput. The single 4K x 4K CCD
covers a wavelength region of 3700-9200 A. The slit width
was set to 190 um, corresponding to a resolving power
(A/AL) of 45000 with 3.2 pixel sampling. An iodine cell
was installed before the fiber entrance to obtain a precise
wavelength reference.

The reduction of the echelle spectra was performed by
using the IRAF! software package in the standard manner.

" IRAF is distributed by the National Optical Astronomical Observatory, which is
operated by the Association of Universities for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.
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The I;-superposed spectra are modeled based on the algo-
rithm given by Sato et al. (2002, 2012). The stellar template
used for radial velocity analysis was extracted by decon-
volving an instrumental profile, which was determined from
a spectrum of a B-type star taken through the I, cell (Sato
etal. 2012).

3 Stellar properties

HD 14067 (HIP 10657, BD +23 307, HR 6635,
TYC1765-1369-1) is listed in the Hipparcos Cata-
logue (Perryman et al. 1997) as a G9 I star, with a visual
magnitude of V=6.53 and a color index of B— V=1.025.
Its Hipparcos parallax 7 =6.12 +0.79 mas (van Leeuwen
2007) corresponds to a distance of 163.4+12.3 pc and
an absolute magnitude of My =0.33. The effective tem-
perature T4 =4815+100K and bolometric correction
BC=-0.329 were derived from the color index B — V and
the estimated metallicity using the empirical calibration
of Alonso, Arribas, and Martinez-Roger (1999, 2001).
The color excess E(B — V) was calibrated according to the
reddening estimation given by Schlegel, Finkbeiner, and
Davis (1998), and the interstellar extinction was found
to be Ay=0.13. The surface gravity log g=2.61+0.10
was determined from the triangular parallax given by the
new reduction of the Hipparcos Catalogue (van Leeuwen
2007). The iron abundance [Fe/H] was determined from
the equivalent widths of ~ 30 unblended Fe lines measured
from an iodine-free stellar spectrum taken with HIDES,
and the LTE model atmosphere adopted in this work
were interpolated from the ODFNEW grid of ATLAS9
(Castelli & Kurucz 2004). The stellar mass, radius, and
age were estimated by using a Bayesian approach similar
to that of da Silva et al. (2006). We used the Geneva
database (Lejeune & Schaerer 2001), which covers the
phases from the main sequence to the early asymptotic
giant branch (EAGB) stages for stars with 2 < M,/ M, < 5,
to interpolate an extensive grid of stellar evolutionary
tracks, with AM=0.05 within 1.2 < M,/My < 3.6,
A[Fe/H] =0.02 within —0.4 < [Fe/H] < +0.3, and 500
interpolated points in each track, spanning the whole
evolutionary history. For each data point, the likelihood
functions of log L, T, and [Fe/H] were calculated
to match the observed values by assuming a Gaussian
error for each parameter. To simplify the calculation, we
adopted uniform prior probabilities of mass and [Fe/H],
but weighted the probability of each model with its span-
ning age along its evolutionary track. The details of the
method will be described in an upcoming paper (L. Wang
et al. in preparation). The probability distribution func-
tions (PDFs) of the parameters yield My =2.4+0.2 M,
R=12.4+1.1 Ry, and age = 0.69+0.20 Gyr, and the

log(L/L,)

f — Z=0.02

10 M, /[
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logT,; (K)

Z=0.008

Fig. 1. H-R diagram. The filled circle represents HD 14067, with the error-
bars corresponding to the uncertainties given in table 1. The solid and
dashed lines represent the evolution tracks from Lejeune and Scharer
(2001) for stars of M=1 ~ 4 M, with Z=0.02 (solar metallicity) and
Z=0.008, respectively.

probability that after the passage through the RGB tip
the star is in core helium burning phase is ~97%. In
figure 1, we plotted the HD 14067 on an H-R diagram,
together with the evolutionary tracks from Lejeune and
Scharer (2001) of stars with different masses and metal
contents. The macroturbulence velocity was estimated
from the empirical relations of Hekker and Meléndez
(2007), and the stellar rotational velocity v sini is less than
1kms™! according to de Medeiros and Mayor (1999).
We also determined the lithium abundance by fitting the
line profile of Li1A6707.8 A doublet using the spectra
synthesis method with the IDL/SIU package. The results
of log A(Li)Ltg =0.53 and log A(Li)npe =0.73 suggest
HD 14067 is an Li-depleted giant (Liu et al. 2014). The
derived stellar parameters of HD 14067 are listed in table 1.
Furthermore, the star shows no significant emission in the
core of Ca1 HK lines, as shown in figure 2, which suggests
that HD 14067 is chromospherically inactive.

4 Radial velocities and orbital solutions

We obtained a total of 52 velocity data points (27 from
0OAO, 22 from Xinglong, and 3 from Subaru) of HD 14067
over a span of more than 5 yr. The radial velocities (RV)
are listed in table 2 together with their estimated uncer-
tainties. The generalized Lomb-Scargle periodogram (Zech-
meister & Kiirster 2009) of HD 14067 shows a signifi-
cant peak with FAP (false-alarm probability) <1 x 107°
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Table 1. Stellar parameters of HD 14067. Table 2. Radial velocities of HD 14067.
Parameter HD 14067 JD Radial velocity Uncertainty Observatory
(—2450000) (ms~1) (ms~1)
Spectral type Gl
7 (mas) 6.12+0.46 4758.11638 33.7 3.2 OAO
Distance (pc) 163.4+£12.3 4796.20144 S1.3 3.3 OAO
\ 6.53 4820.01616 41.8 3.0 OAO
B-V 1.025 5164.16162 104.3 3.5 OAO
Ay 0.14 5444.14944 106.1 3.2 OAO
My 0.33 5525.16330 113.6 3.2 OAO
BC -0.329 5545.11627 106.2 4.0 OAO
T (K) 4815100 5580.00227 100.2 5.7 OAO
log g 2.61£0.10 5612.94961 116.7 4.5 OAO
[Fe/H] —0.10+0.08 5628.91329 87.9 3.8 OAO
ve (kms™1) 1.30+0.15 5786.27403 -39 3.5 OAO
L(Lgy) 79+12 5811.19593 —15.1 3.9 OAO
R(Rp) 12.44+1.1 5853.23042 —94.8 5.1 OAO
M, (Mg) 2.44+0.2 5854.22657 —88.9 3.5 OAO
age (Gyr) 0.69+£0.20 5879.18379 —109.5 3.8 OAO
Vmacro (kms™1) 5.44+£045 §922.00916 —81.2 3.8 OAO
vsini (kms™1) <1 (de Medeiros & Mayor 1999) 5938.00117 —76.6 3.8 OAO
log A(Li) 0.53 (LTE), 0.73 (NLTE) 5976.91135 —-79.0 3.5 OAO
6139.23229 —44.8 4.5 OAO
6157.28469 —-37.3 3.8 OAO
6212.29616 —53.1 3.8 OAO
1.5me 6235.19638 ~63.7 4.4 0AO
6250.20981 ~25.0 3.6 0AO
6284.05633 —457 4.0 0AO
6552.26042 —152 41 0AO
6617.07400 ~222 3.7 0AO
6666.87938 5.8 46 0AO
6232.11546 —38.1 5.3 Xinglong
HD 184170 6232.13878 —28.3 51 Xinglong
1.0 6286.95306 —13.5 8.1 Xinglong
5 6286.97627 ~16.9 79  Xinglong
- 6287.00037 ~20.3 7.4 Xinglong
kit 6287.02420 ~236 77 Xinglong
% 6317.94617 10.1 78  Xinglong
e HD 14914 6317.96965 3.4 7.6 Xinglong
S (KOlH-1V) I 6317.99284 2.8 7.9 Xinglong
= 6318.01605 48 8.6  Xinglong
0.5 6581.18750 6.8 8.3 Xinglong
6581.21073 -3.7 6.7 Xinglong
6581.23392 —4.8 8.0 Xinglong
6581.25725 —10.9 8.2 Xinglong
H?Ggﬁ?)m l 6611.11370 14.2 6.9 Xinglong
6611.13689 21.9 7.4 Xinglong
6611.16007 34.2 7.4 Xinglong
6611.18325 39.9 6.4 Xinglong
o0t 6646.03568 8.9 12.1 Xinglong
3960 3965 3970 3975 6646.05898 10.6 11.6 Xinglong
Wavelength (A) 6646.08226 7.1 133 Xinglong
. . . . . o 6646.10544 5.4 12.5 Xinglong
Fig. 2. Spectra in the region of Ca H lines. Stars with a similar spectral
;\g;ee;ot:z;::g;:;e"jrl:? shown in this figure. A vertical offset of 0.4 is 4364.95416 442 4.3 Subaru
4470.70735 —-5.2 4.1 Subaru

4698.90077 46.0 5.0 Subaru
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Frequency (cd ')

Fig. 3. Generalized Lomb-Scargle periodogram of the radial velocities of
HD 14067. The normalization and FAP were calculated based on Horne
and Baliunas (1986). There is a significant peak at f~ 4.9 x 10~%cd~"',
with FAP <1 x 1078, The dashed horizontal lines indicate FAP levels of
10,102,103, and 10—, respectively, from bottom to top.

near the frequency of 4.9 x 10~*cd™! (figure 3). We also
noticed that the star seems to exhibit a decreasing linear
velocity trend besides the periodic variability. The signifi-
cance of the trend depends on how large a systematic error
is included in the first three Subaru data points, but such
an error is difficult to estimate. Therefore, we performed
the least-squares orbital fit by a single Keplerian with and
without a linear trend, simultaneously. The orbital param-
eters and the uncertainties were derived using the Bayesian
Markov chain Monte Carlo (MCMC) method (e.g., Ford
2005; Gregory 2005; Ford & Gregory 2007), following
the analysis in Sato et al. (2013a). We took account of
the velocity offsets of Xinglong and Subaru data relative
to OAO data, ARVxinglong-0a0 and ARVgyparu-0a0, as free
parameters in the orbital fitting. Extra Gaussian noises of
the three individual data sets, s0A0, Sxinglong> and Ssubarus
including intrinsic stellar jitters as well as unknown noise
sources, were also incorporated as free parameters. We gen-
erated five independent chains having 107 points with an
acceptance rate of about 25%, the first 10% of which were
discarded, and confirmed that each parameter sufficiently
converged based on the Gelman—Rubin statistic (Gelman &
Rubin 1992). We derived the median value of the merged
posterior probability distribution function (PDF) for each
parameter and set the 1 o uncertainty as a range of 15.87%
to 84.13% of the PDF.

In figure 4 we plot the best-fitting Keplerian orbit with a
linear velocity trend, together with the measured data points
and their uncertainties obtained with the three different tele-
scopes. The Keplerian orbit with a linear trend has param-
eters of period P = 1455ﬂ§ d, velocity semiamplitude

. AN N G NS ANE RN S N TEN BN RN L SEE ST BNEL U ZE BECLUZEN CREL AN NN TR SN BN S LS SS SC
100 | HD 14067 (with trend) K, =922ms "4
P = 1455d ]
o - e = 0.533 ]
% or 7
E : ]
> -100 n .
" _ i
9 r 1
£ -200 5 ]
r mzsini = 7.8 M, e
o~ s0f, oT4M O RB=T2Tms
] 50z_""""'l'+""";'1";";"'_;
& fF—%H AUNUURT U
‘I’_502_.........|..A...‘..| lllll .
S 4000 5000 6000 7000
JD (—2450000)
200 - HD 14067 (without trend) K, = 100.1 m sY
: P =2850d 1
‘I:\ 100 F e = 0.697 &
) r ]
£ : 1
: ° § (ég/__
P & 4
B2 % ]
s -—100 4 .
> 1
r mzsini = 9.0 M, ]
~ —200 F o'=53AU RMS = 14.3 m s~
T F——————+———+ s =
n 50 ? + I ) l 44 ;
£ GF } H T SRR R
gl; -0, L B v s e ap A
S 4000 5000 6000

JD (—2450000)

Fig. 4. Radial velocities of HD 14067 observed at OAO (red circles),
Xinglong (green triangles), and Subaru (blue squares). The error bar for
each point includes stellar jitter. The Keplerian orbits with (top panel)
and without (bottom panel) a linear velocity trend are shown by the
solid lines. Residuals to the orbital fitting are also shown in each panel.
The rms values are 12.7ms~" (with linear trend) and 14.3m s~ (without
linear trend), respectively. (Color online)

448 1 .- +0.043
Ky =92.27,7ms™", eccentricity e = 0.5337,.7, and

linear velocity trend y = —22.4 +£2.2 ms~! yr~!. Adopting
the stellar mass of M, =2.4+0.2 M given in table 1,
we obtain 1, sini=7.8+£0.7Mj and a=3.4+0.1au for
the companion. The rms scatter of the residuals to
the Keplerian fit is 12.7ms~!. The Keplerian orbit
without linear trend yields the parameters of P =
2850%330d, Ky =100.1"33ms™!, and e =0.697700%,
and the corresponding parameters of the companion are
mysini=9.0+£0.9 Mj and a = 5.3%0¢ au. The rms scatter
of the residuals of this model is 14.3ms™', and these
solutions are also shown in figure 4. The orbital param-
eters are summarized in table 3. Since the rms scat-
ters of residuals in the two models are close to each
other and both are comparable to the radial velocity
jitter (~8ms~!) due to the stellar oscillations estimated
by using the scaling relations of Kjeldsen and Bedding
(1995), it is difficult to determine whether the linear velocity
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Table 3. Orbital parameters of HD 14067 b.

Parameter HD 14067 b
with trend  without trend

P (d) 1455°13 28507330
Ky (ms™) 922748 100.17%9
e 0.533%0043  0.697700%
o (°) 109.9735 1021731
T, (JD—2450000) 1443731 92+:8¢
soao (ms™1) 13.873¢ 149737
SXinglong (Ms™1) 12.2739 12.3739
Ssubara (ms™1) 5.41222 3473,
ARVinglong-0a0 (ms™1)  19.8%¢0 21.576)
ARVsubara-ono (ms™!) 367133 —8.773]
y (ms~yr1) ~22.4122 —
aysini (1073 au) 10.4370-3 18.911%
f1(m) (1077 Mg) 0.714759% 1107318
my sini (Mj) 7.8+0.7 9.0£0.9
a (au) 3.4+0.1 53794
Noao 27
Ninglong 22
Nsubaru 3
rms (ms~') 12.7 14.3
BIC 447.07 458.24

trend should be included. We calculated the Bayesian
information criterion (BIC = —2In L.« + kln N: Schwarz
1978; Liddle 2004, 2007) of the two models, where L.«
is the maximum likelihood of each model, k& denotes the
number of free parameters in a model, and N is the number
of data points. The Keplerian orbit with a linear velocity
trend has a smaller BIC value than the model without
trend, but the former solution is largely constrained by only
having three measurements with Subaru, and hence severely
affected by the velocity difference between data sets with
different instruments. The velocity trend corresponds to a
possible outer companion with

=(0.13 4+ 0.01) My au™2, (1)

by using the order-of-magnitude relation of Winn et al.
(2009), where m., i., and a. are the mass, orbital inclina-
tion, and semi major axis of the companion, respectively.
This means that if the companion lies outside ~10 au, it
will not be an exoplanet with m. < M, where M}, ~ 13 M;
is the lower mass limit of a typical brown dwarf. On the
other hand, there is no evidence to show that HD 14067 has
any companion star so far. After removal of the orbital fit-
ting, there is no significant peak with FAP < 0.1 on the

Power
-
(=]

o N B o @

-
(=]

Power
-
o N b

So N B o ®

Frequency (cd ')

Fig. 5. Generalized Lomb-Scargle periodograms of the radial velocity
residuals after Keplerian orbital fitting with (upper panel) and without
(lower panel) a linear trend. Neither of them shows any significant peak
with FAP below 0.1.

15f

Power

10f }

(9,00 0.02 0.04 0.06 0.08 0.10
Frequency (cd ')

Fig. 6. Generalized Lomb-Scargle periodogram of the Hipparcos photo-
metric data of HD 14067. The dashed horizontal lines indicate FAP levels
of 107", 1072, 1073, and 1074, respectively, from bottom to top.

generalized Lomb-Scargle periodograms of the velocity
residuals (figure 5).

The Hipparcos satellite made a total number of 86 pho-
tometric observations for HD 14067 during the period from
1990 January to 1993 February. The scatter of Hipparcos
magnitude (H,) came down to 0.007 mag, but the photom-
etry was not contemporaneous with the radial velocity mea-
surements and also the time span (~ 1100 d) was not long
enough to cover a whole radial velocity period. Figure 6
shows the generalized Lomb-Scargle periodogram of the
HD 14067 photometric data. We did not find any clue
that the radial velocity variation correlates with brightness
changes due to stellar spots.
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We also performed spectral line shape analysis for the
star following the method in Sato et al. (2007). Cross-
correlation profiles of the two stellar templates, which
were extracted from five I-superposed spectra at phases of
velocity maximum (JD~2455600) and velocity minimum
(JD~2455900) by using the technique of Sato et al. (2002),
were derived for about 90 spectral segments (4-5 A width
each). Then three bisector quantities of the cross-correlation
profiles, BVS, BVC, and BVD, were calculated, and they
are the velocity difference between the two flux levels of
the bisector, the difference of the BVS of the upper and
lower halves of the bisector, and the average of the bisector
at three flux levels, respectively. We used the flux levels of
25%, 50%, and 75% of each cross-correlation profile to
calculate the above three bisector quantities. As a result, we
obtained BVS=—-8.4+3.8ms~!, BVC=2.7+1.8ms™",
and BVD=-186.7+7.1ms~! (~ 2K;), suggesting that
the observed radial velocity variations are not caused by
distortion of the spectral lines but by parallel shifts of them
as expected in the case of orbital motion.

5 Conclusion

We report on the detection of a long-period sub-
stellar companion to the G91II evolved intermediate-mass
(M, =2.4 Mg) star HD 14067 from the Subaru and Japan—
China planet search program. The radial velocity variation
of the star can be well explained by the gravitational per-
turbation of an unseen surrounding companion. The orbit
can be well fitted with two models—Keplerian orbits with
and without a linear velocity trend, both of which have
similar velocity residuals, while the former model has a
smaller BIC value than the latter one. The minimum mass
of the companion is m, sini="7.8 £ 0.7 M (with velocity
trend) or 7 sini=9.0 £ 0.9 Mj (without trend), suggesting
a long-period giant planet orbiting an evolved giant star. It
is notable that HD 14067 b is among the planets with the
largest semimajor axes and orbital periods around evolved
intermediate-mass stars. The possible decreasing linear
velocity trend (—22.4 ms~! yr~!) may suggest an additional
outer companion around this star. Unfortunately, the time
span of observations is not long enough either to distinguish
between these two possible orbital solutions or to confirm
the existence of this outer companion. Therefore, continued
radial velocity observations are essential to characterizing
the orbital properties of this system.

Although the fitting of a Keplerian orbit with a linear
trend significantly reduces the resulting eccentricity, orbital
solutions for both models show that the eccentricity of
HD 14067 is large (e=0.533 with a velocity trend, or
e=0.697 without velocity trend), making this planet one
of the most eccentric planet ever discovered around stars
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Fig. 7. Probability density distribution of eccentricities of radial
velocity planets with 0.5au < a < 3.0au around main sequence stars
(log g. > 3.5) and around evolved stars (log g, < 3.5) are plotted by
dashed lines and solid lines, respectively.

with M, > 1.5 M. Figure 7 shows a concentration toward
low eccentricity for planets around off-main-sequence stars
(log g, < 3.5), while the eccentricity distribution of planets
around main sequence stars reaches its peak at e=0.2—0.3.
To avoid bias due to the lack of short-period, circularized
planets around evolved stars, only planets with a semimajor
axis of 0.5 au < a < 3.0 au are plotted.

The high eccentricity of HD 14067 b might originate
from (a) the incomplete circularization due to its large dis-
tance to its host, because |¢| decreases as a—% (Zahn 1989),
or (b) the perturbation of an outer companion. We plot
the eccentricities against the semimajor axes of exoplanets
found around evolved and main sequence stars by using the
Doppler technique in figure 8, where the colors are coded
with different ranges of stellar mass. It is clearly shown that
almost all planets orbiting high-mass (M, > 2.0 M) stars
have periastron distances g =a(1 — e) > 0.66 au. The closest
blue point to HD 14067 b in figure 8 is HD 120084 b, which
also has an eccentric orbit (a=4.3 au, e=0.66, see Sato
et al. 2013a) around an evolved star with M, =2.39 M.
The large semimajor axes of these two long-period planets
support the former possibility of the origin of the large
eccentricities, which means they were less affected by the
orbital circularization during the RGB phase compared
with other planets around evolved stars.

We also noticed that most planet-harboring evolved
stars accompanied by eccentric planets (e > 0.4) also
exhibit linear radial velocity trends besides the periodic
variations caused by their companions, or lie in sys-
tems with more than two objects. For example, HD 1690
(with an eccentric planet of e=0.64+0.04) shows a
linear decreasing velocity trend of y = —7.24+0.4ms!
(Moutou et al. 2011). HD 102272 ¢ (e = 0.68 + 0.06) is the
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Fig. 8. Eccentricities versus semimajor axes of exoplanets discovered by
the radial velocity technique. Planets around low-mass (M, < 1.5 M),
intermediate-mass (1.5 M, < M, < 2.0 M,), and high-mass (M, > 2.0 M)
evolved stars with log g, < 3.5 are plotted by red filled triangles, green
filled squares, and blue filled circles, respectively. The two possible
solutions of the newly detected companion HD 14067 b are plotted by
the cyan circles. Planets around stars with log g, > 3.5 are plotted by
open circles. Dashed lines indicate periastron distances [g=a(1 — e)] of
0.3, 0.5, and 0.7 au, respectively, from left to right. (Color online)

outer companion of a double-planet system (Niedzielski
et al. 2009). And the parent stars of HD137759b
(e=0.70+0.01, Frink et al. 2002) and HD 110014 b
(e=0.46240.069, de Medeiros et al. 2009) are both mem-
bers of double star systems. These facts imply that the high
eccentricities of such planets can be excited by the grav-
itational perturbations of additional objects, or the exis-
tences of these objects stop the orbital circularizations of
the planets. If the relatively small eccentricities of planets
around evolved stars are caused by the tidal circulariza-
tion when the parent stars expand during the RGB phase,
it is expected to see higher orbital eccentricities with an
increasing semimajor axis, especially in systems where a dis-
tant outer perturbator exists. Future discoveries with longer
observational baselines will be of much help for a solution
to this crucial question.
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