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Abstract

This paper is written as a follow-up observations to reinterpret the radial velocity (RV) of HD 36384, where the existence of
planetary systems is known to be ambiguous. In giants, it is, in general, difficult to distinguish the signals of planetary companions
from those of stellar activities. Thus, known exoplanetary giant hosts are relatively rare. We, for many years, have obtained RV
data in evolved stars using the high-resolution, fiber-fed Bohyunsan Observatory Echelle Spectrograph (BOES) at the Bohyunsan
Optical Astronomy Observatory (BOAO). Here, we report the results of RV variations in the M giant HD 36384. We have found
two significant periods of 586 d and 490 d. Considering the orbital stability, it is impossible to have two planets at so close orbits.
To determine the nature of the RV variability variations, we analyze the HIPPARCOS photometric data, some indicators of stellar
activities, and line profiles. A significant period of 580 d was revealed in the HIPPARCOS photometry. H, EW variations also
show a meaningful period of 582 d. Thus, the period of 586 d may be closely related to the rotational modulations and/or stellar
pulsations. On the other hand, the other significant period of 490 d is interpreted as the result of the orbiting companion. Our
orbital fit suggests that the companion was a planetary mass of 6.6 Mj and is located at 1.3 AU from the host.

Keywords: stars: individual: HD 36384 — techniques: radial velocities — stars: planetary systems

consistent with the presence of an a actural planetary compan-
ion. However, RV measurements taken from 2011-2017 seem
to refute this. They suggest that this behavior may represent
possibly related to oscillatory convective mode. Hatzes et al.
(2015) found RV signals of planetary companion and stellar
activity around the K5 giant Aldebaran. As the best Keplerian
fit to the combined RV data, they provide further evidence of a
planetary companion to the star as well as stellar activity vari-
ations. However, the follow-up study of Reichert et al. (2019)
found no conclusive evidence for the existence of the planet.
The larger the sample, the higher the probability of find-
ing other signals from other planets or stellar origins. Al-
though the spectral types are different, the observations of
7 Ceti (G8 V) would be a good example. Since 7 Ceti
is known to be an inactive star, this has been a good tar-
get for planet searching. A couple of previous studies

1. Introduction

Even if the periodic radial velocity (RV) variations originate
from the wobbling of a star by the orbital motions of plan-
ets, subsequent follow-up observations often obtain some con-
flict results from the previous observations. Thus, long-term
follow-up observations are critical to definitely identify the
cause of the RV variation. There are several cases related to
such conflict results between previous and subsequent obser-
vations.

Some periodic changes appear to be associated with stellar
activity. Hatzes et al. (2018) reported that the multi-periodic
behavior of y Dra may represent a new form of stellar vari-
ability, possibly related to oscillatory convective modes. They
present precise stellar RV outcomes on y Dra taken from 2003
to 2017. The data from 2003 to 2011 show coherent, long-
lived variations with a period of 702 days. These variations are
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Table 1. RV measurements for HD 36384 from December 2010 to February 2022 using the BOES.

JD RV +0 JD RV +0 JD RV +0
~2,450,000 (ms~!] ms~!] ~2,450,000 ms~!] (ms~!] ~2,450,000 [ms~!] (ms~!]
5554.160778 141.5 12.7 6617.039120 173.0 10.3 8562.032879 -210.1 10.5
5843.296304 —134.0 9.2 6739.981866 -177.5 11.0 8829.101603 69.2 9.6
5934.083138 348.0 10.2 6922.249499 —263.8 9.9 8862.049446 207.0 10.3
5963.013631 317.8 8.9 6965.948245 55.3 9.3 8863.145400 266.5 124
6015.070065 223.9 10.3 7094.044613 163.4 14.7 8945.032492 275.7 10.1
6024.942705 305.9 11.6 7301.127580 -231.8 10.7 9511.130388 202.6 36.1
6073.967887 6.0 13.7 7330.305666 -257.3 9.1 9511.130388 211.3 24.8
6258.186458 -297.6 10.0 7378.120219 -248.4 11.3 9512.090507 78.7 23.6
6261.212614 —385.8 9.0 7401.943197 —144.9 11.7 9512.092243 91.7 232
6287.150081 -380.0 17.7 7407.925704 -126.3 10.3 9512.133912 111.9 274
6346.073735 —188.5 9.2 7412.941397 -213.2 10.8 9633.050081 -247.1 28.1
6378.102166 —-60.8 11.0 7423.961470 -104 114 9634.008360 -176.7 25.3
6551.314505 231.6 114 7469.046414 28.0 8.9 9635.008303 -212.9 39.5
6582.262129 281.3 11.0 8515.956277 31.8 104 9636.008245 -95.0 22.1
6583.166785 238.6 12.2 — — — — — —
(Wittenmyer et al. 2006; Pepe et al. 2011) have reported that Table 2. Stellar parameters for HD 36384.
7 Ceti does not have any planetary objects around it, while an-
other studies (Tuomi et al. 2013; Feng et al. 2017) suggested the Parameter Units Value Reference
presence of multiple planets. Also, several similar cases have Spectral type — MO III 0
steadily reported., e.g., five planets and one candidate around my mag 6.19 (1)
HD 158259 (Hara et al. 2020), six planets around GJ 667C B-V mag 1.606 (D
(Delfosse et al. 2013), six planets around TOI 178 (Leleu et al. HIPgcat mag 0.012 (n
2021), and four planets around HD 20781 (Udry et al. 2019). n mas 5.10+0.58 @
Since 2003, we have been searching for exoplanets using Tefr K 3940 = 40 3)
the RV technique based on the homogeneous data sets from [fe/ H] T _01' 116 i00'214 (g)
the same instrument. The star HD 36384 shows a long-period oe8 Cgs_l Y )
.. . .. Vmicro kms 6.8 +2.7 3
RV variation (Lee et al. 2017), however, its origin is rather Age Gyr 0.113 £ 0.015 )
unclear. Therefore, further data were required to arrive at a Ry Ro 38.4 + 3.4 3)
definite conclusion on the origin of the variation. In this study, M, Mo 1.14 +0.15 3)
we revisit HD 36384 to uncover the origin of the RV variation Ly Lo 388.28 + 0.15 (5)
using a larger set of RV data. In Section 2, our observations and Vot SIN i kms™! 45+0.1 3)
stellar parameters of this star are addressed. We analyze the Prot / sin i day 440 + 40 3)

periodogram in Section 3. The signals from stellar activities
are discussed in Section 4. In Section 5, we discuss the overall
results obtained from this study.

2. Observations, Reduction, and Stellar Char-
acteristics

We obtained 43 spectra in total for HD 36384 during the period
of 2010 to 2022 with the BOES mounted on the 1.8 m telescope
at the Bohyunsan Optical Astronomy Observatory (BOAO) in
Korea. The BOES spectrograph covers wavelength between
3,500 A and 10,500 A and provides a resolving power of R =
90,000. To minimize any measurement errors due to spectral
line broadening (e.g., long-term exposure), an exposure time
was restricted to 15 minutes and the signal-to-noise ratio at the
iodine (I,) absorption spectrum reached approximately 150.
The IRAF package was used to process the raw data. The RV
standard star 7 Ceti has been monitored since 2003, showing
rms scatter of about 7 ms~! (Lee et al. 2013). The basic stellar
parameters were based on the HIPPARCOS catalog (ESA 1997)

(1) HIPPARCOS (ESA 1997), (2) Gaia Collaboration et al. (2018), (3) Lee
et al. (2017), (4) Anderson & Francis (2012), (5) McDonald et al. (2017).

and values by Lee et al. (2017). The stellar parameters for
HD 36384 are listed in Table 2.

3. Orbital Solutions

In order to determine the periodicity in the BOES RV vari-
ations, we used the Generalized Lomb-Scargle periodogram
(GLS; Zechmeister & Kiirster 2009). We determined the or-
bital elements by fitting the RV with Keplerian orbit model.
The RV measurements and the RV curve for HD 36384 is
shown in Table 1 and Figure 1. Measured precision RV data
revealed two large amplitude periodic signals of 586 d and
490 d [Figure 2(a)]. We initially subtract the significant period
of 586 d, and then use an iterative prewhitening procedure, as
described in Blomme et al. (2011), to characterize additional
variability in the residuals for HD 36384. The second period
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Figure 1. RV curve for HD 36384 (a) The best Keplerian orbit model
is shown as a solid line (b) RV curve after subtracting the first fit from
the (a), and (c) Residual RVs after subtracting two strong orbits.

appears at 490 d [Figure 2(b)]. However, not both periods are
likely to be caused by planets, as a system with two planets this
close is very mechanically unstable. Therefore, in order to de-
termine the actual cause, several tests of the most likely period
were conducted using the periodogram. Figure 2(c) shows the
power spectrum of the velocity residuals after removing the
two periodic signals, indicating that no significant variations
exist. Figure 2(d) shows a window function.

In this paper, we investigated the line shape of the
HD 36384 spectra again to check for RV variations with other
origins. Two bisector quantities were calculated from the line
profile at two flux levels (40% and 80%) (the bisector velocity
span BVS = Vi, — Viorom] and the bisector velocity curvature
BVC = [Vtop - Vcenter] - [Vcenter - Vbottom]~ To search for
variations in the spectral line shape, we selected unblended
spectral feature with high flux level leaved iodine absorption
region: V1 6039.722 A. We carried out GLS period analyses
of the bisectors as shown in the Figure 2(f). No significant
peak is seen, as in earlier work (Lee et al. 2017).

In the second panel in Figure 2, another significant peak
appears around 210 d. However, it appears to be a weak sig-
nal (FAP ~ 10%) in periodogram of the residual RVs after
subtracting two strong peaks [Figure 2(c)], thus, may be dis-
regarded. We could not find third periodic signal in the RV
residuals.
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Figure 2. (a) GLS periodogram for RVs of HD 36384 (b) The same
periodogram for the residual RVs after subtracting the strong peak of
586 d (c) periodogram of the residual RVs after subtracting two strong
peaks (d) Periodogram of our time sampling (window function) e)
periodogram of the HIPPARCOS photometric data (f) periodograms
of the line bisector span (BVS) and the line bisector curvature (BVC),
and (g) H line EW variations. The vertical dashed lines indicate
orbital periods of 490 d and 586 d. The horizontal lines in each panel
correspond to a 0.1% FAP.

Regarding prominent two peaks at 586 d and 490 d in the
RV power spectrum, we computed a preliminary FAP lower
than the 1 x 1077% level on the periodogram of the RVs.
We then used RVI2CELL (Han et al. 2007) for the best fit
to yield the orbital parameters. The bootstrap randomization
method (Kiirster et al. 1999) tool was used to calculate the
uncertainty of the orbital parameters. We calculated the highest
peak in 200,000 trials in this study. The derived two orbital
parameters of the HD 36384 system are as an orbital period of
586 +4 d, a semi-amplitude outcome of 206 + 12 ms~ !, and
eccentricity of 0.2 + 0.1 and an orbital period of 490 + 3 d, a
semi-amplitude outcome of 156 + 14 ms~!, and eccentricity
of 0.2 + 0.1.
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4. Stellar Origin

The long period RV variations seen in HD 36384 can be orig-
inated from rotational modulation, pulsation, and/or orbiting
companions. To determine the origin of these periodic RV
variations, it is necessary to analyze additional diagnostic in-
dicators such as surface activity (Cam H line and H lines vari-
ations), bisector variations, and photometric variations. We
have obtained additional data, and reanalyzed these diagnostic
indicators.

The Ca line is sensitive to chromospheric activity, and
manifests the activity though emission lines. The Ca1 line of
HD 36384 shows no noticeable emission feature at the core
of the line, as shown in Figure 10 of Lee et al. (2017). We
additionally used H lines, which are also useful when assess-
ing chromospheric activity. It is important to avoid nearby
blending lines and weak telluric lines. We measured the H line
EWSs using a band pass value of +1.0 A centered at the core of
the H lines. The rms in the H,, and the Hg EWs correspond to
less than 0.1% variation. The GLS periodograms of the H line
EW variations are shown in Figure 2(g). There is a significant
power at the period of 582 d, close to the period of 586 d seen
in RV variations.

M-type giants such as HD 36384 show changes in bright-
ness mainly due to changes in the intensity of cool points.
The HIPPARCOS photometric data were obtained between
December of 1989 and March of 1993, and these represent
177 observations for HD 36384. The data has rms scatter as
large as 0.19 mag, indicating considerable scatter. GLS pe-
riodogram analyses of the photometric data indicate a strong
peak at 580 d. The total range of the photometric variations is
greater than two tenths of the magnitude.

In general, giants reveal pulsation periods of a few days in
the form of radial pulsation. Using the scaling relation Equa-
tion (7) from Kjeldsen & Bedding (1995) with a luminosity
and a mass of HD 36384, the radial pulsation period and the
expected amplitudes can be estimated (Table 3). The periods
are far too short to be an explanation for the observed RV varia-
tions. The dispersion of the RV residuals is 67 ms~!, which is
significantly higher than the rms scatter of the RV standard star
(7ms~ 1) and the typical RV measurements error (~17 m s7h.
We thus can propose that the large scattering of the residuals
can be attributed to unresolved oscillations.

5. Discussion

Generally, most giant stars have intrinsic RV variations, pul-
sations and/or surface activities, which can produce RV varia-
tions similar to those from orbiting planets. In order to deter-
mine the nature of the RV variabilities, we should undertake
all relevant analyses comprehensively that can identify the real
origin of the RV variations.

Leeetal. (2017) found a RV period of 535 d in HD 36384,
though their study did not show any obvious evidence of RV
variations caused by a rotational modulation of the surface
features in the H line EW variations or line bisector mea-
surements of HD 36384. However, it was suspected that the

Table 3. Radial pulsation modes for HD 36384.

Mode Units Value
Fundamental period day 19
Pulsation period day 6
Pulsation RV amplitude ms~! 80

Table 4. Preliminary orbital solutions of HD 36384 b.

Parameter Units Value
P day 490 + 3
K ms~! 156 + 14
e — 0.2+0.1
Tperiastron ID 2455982.8 +29.8
w deg 197.6 + 34.6
m sin i My 6.6 +0.5
a AU 1.3+£0.1
Slope ms~! yr_] 15%x1073
Nobs - 43
rms ms~! 67

HIPPARCOS photometric period of 580 d was related to the
RV period. Also, in order to detect transient periodic fluc-
tuations or changes, Lee et al. (2017) conducted a weighted
wavelet Z-transformation (WWZ; Foster 1996) analysis. The
WWZ analysis provides clue with regard to a secular decrease
in the amplitude of RV variations over long-time periods. They
showed that the maxima period scarcely changed over the ob-
servation periods. However, the amplitude of the RV variation
decreased by more than 30%, suggesting that RV variations are
unlikely to be caused by a companion. WWZ testing may not
have been appropriate at the time because it did not take into
account multiple cycles. Thus, Lee et al. (2017) interpreted the
RV variations in HD 36384, which as those from a pulsations
rather than those by a planet.

Through follow-up and reinterpretation, we now find two
significant periods of 586 d and 490 d, rather than a single pe-
riod of 535 d. A prominent periodic signal of 586 d is shown to
be close to photometric measurements and the H, line EWs.
First, it is necessary to check the correlation between the HIP-
PARCOS photometric data and the period of the RV signal. In
the discovered multi-mode from RV analysis, one may occur
from the rotation modulations of the star and the other from a
companion. The presence of large inhomogeneities of surface
brightness is expected due to the surface rotational modula-
tion by the produced spot. The GLS periodogram analysis for
the HIPPARCOS photometric data shows a significant peak at
around 580 d. This coincides with the RV period of 586 d
and appears to be due to rotational modulation. Second, the
H, EWs variations were found to be 582 d close to the RV
period. This also suggests the possibility of being affected by
a pulsation.

Exploration of planets orbiting bright giants with rela-
tively large radii, such as HD 36384, requires further experi-
ments. The possibility of the long secondary periods (LSP),
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which are believed to be caused by large-scale stellar spot
activity due to irregularities in the chromatography and light
curves of red giants, should be considered. (Wood et al. 2004;
Saio et al. 2015). The velocity amplitude of the LSP variable
studied so far is a few kms~! (Hinkle et al. 2002; Wood et al.
2004). The second component in the LSP stars is most likely a
brown dwarf. The period is 200 to 1500 days and has a V band
amplitude of up to one magnitude. However, in the case of
HD 36384, the amplitude is 156 ms~! and the variable light
is only 0.19 magnitude, so there seems to be no association of
LSP.

In addition, stars with large radii (or large luminosities)
and long periods are highly challenging targets for planetary
exploration. Ddéllinger & Hartmann (2021) performed sanity
tests on planets around evolved stars. That is, they propose a
radius-period plot as a tool to determine the validity of plan-
etary companions around more demanding host stars to rule
out intrinsic stellar variability. A giant star with a radius of
less than 21 R shows a wide range of orbital periods, while
no planets have relatively short (300 days) and long (800 days)
periods around larger stars. In other words, it is presumed to
mean a new phenomenon occurring in stars with radii greater
than ~21 Rg. The period of M giant HD 36384 with a radius
of 38.4 Ry is 490 days, which corresponds to the proposed
range (300 days < P < 800 days).

In summary, RV monitoring of HD 36384, which was
discontinued in 2017, was resumed in 2019 to better investi-
gate these long-term variations. After follow-up observations
and new analysis, we found two significant peaks in the RV
signals. Of the two, one stemmed from rotation modulations
and/or pulsations and the other is due to a planet. The best
Keplerian fit to HD 36384 yields the following orbital param-
eters: an orbital period of 490 + 3 d, a semi-amplitude value
of 156 + 14 ms™!, and eccentricity of 0.2 + 0.1. By adopting
a stellar mass of 1.14 + 0.15 M, for HD 36384, we obtain a
minimum companion mass of 6.6 + 0.5 My and a semi-major
axis of 1.3 + 0.1 AU.
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