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ABSTRACT

In order to understand the observed physical and orbital diversity of extrasolar planetary systems, a full investigation of these objects
and of their host stars is necessary. Within this �eld, one of the main purposes of the GAPS observing project with HARPS-N at
TNG is to provide a more detailed characterization of already known systems. In this framework we monitored the star, hosting two
giant planets, HD 108874, with HARPS-N for three years in order to re�ne the orbits, to improve the dynamical study and to search
for additional low-mass planets in close orbits. We subtracted the radial velocity (RV) signal due to the known outer planets, �nding
a clear modulation of 40.2 d period. We analysed the correlation between RV residuals and the activity indicators and modelled the
magnetic activity with a dedicated code. Our analysis suggests that the 40.2 d periodicity is a signature of the rotation period of the
star. A re�ned orbital solution is provided, revealing that the system is close to a mean motion resonance of about 9:2, in a stable
con�guration over 1 Gyr. Stable orbits for low-mass planets are limited to regions very close to the star or far from it. Our data exclude
super-Earths withM sini & 5 M� within 0.4 AU and objects withM sini & 2 M� with orbital periods of a few days. Finally we put
constraints on the habitable zone of the system, assuming the presence of an exomoon orbiting the inner giant planet.

Key words. stars: individual: HD 108874 – techniques: radial velocities – stars: activity – planetary systems

1. Introduction

One of the emerging scenarios of the exoplanets population,
as revealed from the observations, is that planets are prefer-
ably organized in multiple systems (see e.g. Mayor et al. 2011;
Latham et al. 2011). Nevertheless, no evidence of a strict ana-
log of our solar system has been found so far, but hundreds
of systems with a large variety of architectures (Fabrycky et al.
2014). The study of the planet distribution in multiple systems
allows us to put constraints on theories for their complex for-
mation, dynamics and evolution. Radial velocity (RV) surveys
can play a crucial role in this framework for several reasons. The

? Based on observations made with the Italian Telescopio Nazionale
Galileo (TNG) operated on the island of La Palma by the Fundación
Galileo Galilei of the INAF at the Spanish Observatorio del Roque
de los Muchachos of the IAC in the frame of the programme Global
Architecture of Planetary Systems (GAPS).
?? Table A.1 is also available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5 ) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/599/A90

availability of new generation instruments, able to push down
the minimum-mass detection limit, allows nowadays to search
for additional low-mass companions in systems already known
to host giant planets. This provides a more complete view of their
architecture as well as indications on the frequency of systems
similar to the solar one. A full characterization of multiplanet
systems requires great observational e� ort, as the number of
components increase. In addition, several sources of astrophys-
ical noise a� ect the RV (stellar oscillations, granulation and ac-
tivity) and could impact on the measurements, either mimicking
the presence of a planetary companion or tangling the interpre-
tation of the signal (Dumusque et al. 2011). Since August 2012
the GAPS (Global Architecture of Planetary Systems, see e.g.
Covino et al. 2013) observing programme started its operations
thanks to the high performances of the HARPS-N spectrograph
(Cosentino et al. 2012), mounted at the Italian telescope TNG in
La Palma, Canary Islands. Within GAPS we studied the G9V
star HD 108874 in the framework of a dedicated sub-programme
focused on the characterization of systems with already known
planets. Butler et al. (2003) claimed the presence of a giant
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planet (M sini = 1:71 MJ) with a period of 397:5 � 4:0 days
(d), while Vogt et al. (2005) found an additional companion on a
wider orbit (M sini = 1:02 � 0:3 MJ, Porb = 1605:8 � 88:0 d)
through the analysis of� 70 spectra from HIRES (Keck tele-
scope). The presence of these planets was subsequently con-
�rmed by other authors (Wright et al. 2009, hereafter Wr09, and
Wittenmyer et al. 2009, hereafter Wi09), while further studies
(Goździewski et al. 2006; Libert & Henrard 2007; Veras & Ford
2010) analysed the dynamics of this system in the presence
of a 4:1 mean motion resonance between them. The planet
HD 108874 b is probably located in the habitable zone of its
host star and this stimulated Schwarz et al. (2007) to investigate
possible stable regions for Earth-like Trojan planets around it.
Here we present an updated analysis of the HD 108874 system
based on a three-year intensive monitoring with HARPS-N: we
describe the observations, the data reduction and the derivation
of stellar parameters in Sects. 2 and 3; we present our RV and
stellar activity analysis in Sects. 4 and 5; a new orbital solution is
shown in Sect. 6; the dynamical analysis is described in Sect. 7;
a discussion on the detection limits, the system architecture and
its habitability is provided in Sect. 8.

2. Observations and data reduction

The GAPS observations of HD 108874 with HARPS-N at TNG
lasted three seasons, from December 2012 to July 2015. During
the �rst half of the observations the spectrograph was a� ected
by a small defocus, evident in the time series of some param-
eters (FWHM and contrast of the Cross-Correlation Function,
CCF) but negligible for others, like the bisector or the RVs, only
causing a small increase in the estimated errors. The problem
was successfully �xed in March 2014. The total number of col-
lected spectra is 94, spread over 82 nights. The simultaneous Th-
Ar calibration was used to obtain the required RV precision, and
the median of the instrumental drift, monitored through the sec-
ond �ber of HARPS-N, was 0.39 m s� 1, with a rms of the total
time series of 0.76 m s� 1. The spectra were obtained with 900s
integration time and the average value of the signal-to-noise ra-
tio (S/N) is 110 per pixel on the extracted spectrum at 5500 Å.
The data reduction and the RV measurements were performed by
means of the data reduction software of HARPS-N (Pepe et al.
2002). Through the method of the CCF of the acquired spectrum
by using a mask that depicts spectral features of a G2 star, we
obtained the RV measurements listed in Table A.1. The median
of the internal errors is� RV = 0:7 m s� 1.

3. Stellar parameters

The atmospheric parameters of HD 108874 are measured as
in Biazzo et al. (2011), based on the line equivalent widths
measurements, by using the 2013 version of the MOOG code
(Sneden 1973) and the line list in Biazzo et al. (2012). The anal-
ysis is performed on a merged spectrum, obtained by coadding
the available spectra of the target after the correction of the cor-
responding radial velocity shift, showing a S/N of � 1200 at
5500 Å. A summary of the extracted parameters is presented
in Table 1. We used the web interface PARAM1 (da Silva et al.
2006) which is based on isochrones by Bressan et al. (2012) for
the estimation of the stellar mass, radius, and age. Besides the
e� ective temperature and the metallicity, we also included the
parallax (15.97� 1.07 mas, van Leeuwen 2007) and theV mag

1 http://stev.oapd.inaf.it/cgi-bin/param

Table 1.Stellar parameters of HD 108874.

Parameter Value

Extracted (this work)
Te� (K) 5585� 20
logg (cm s� 2) 4:39� 0:12
[FeI/H] (dex) 0:19� 0:07
[FeII/H] (dex) 0:19� 0:10
Microturbulence (km s� 1) 1:04� 0:02
vsini (km s� 1) 1:36� 0:26
Estimated with PARAM
Mass (M� ) 0:996� 0:032
Radius (R� ) 1:062� 0:070
Age (Gyr) 6:48� 3:47
logR0

HK –5:050� 0:027
Prot (d) 40:20� 0:15

Table 2.Summary of the datasets.

Instrument No. Time span RVerr Ref.
Epochs [d] [m s� 1]

HIRES (Keck-10 m) 55 3172 1:58 Wr09
HRS (HET-9.2 m) 40 820 6:53 Wi09
HARPS-N
(TNG-3.6 m)

94 943 0:79 –

of the star (8.76� 0.02, Yoss & Gri� n 1997) as input quantities.
A general agreement with the literature is found for all of our es-
timates (e.g. Valenti & Fischer 2005, Wi09, Torres et al. 2010).
The spectral analysis yields a value ofvsini = 1:6 � 0:5 km s� 1

(see D'Orazi et al. 2011). A calibration of the FWHM of the
CCF, using stars with transiting planets with known photometric
rotation periods observed with HARPS-N, provides a value of
vsini = 1:36 � 0:26 km s� 1, which we adopt in the following.
The average value of the activity index logR0

HK , provided by the
HARPS-N pipeline (see Sect. 5.1), is equal to –5.05 and indi-
cates that HD 108874 is less active than the Sun. The rotation
period measured in this work is also reported (see the following
sections).

4. Radial velocity analysis

We extended our RV dataset by considering the data available
in the literature from HIRES atKeck and HRS at HET (see
Table 2), obtaining a total time span of 16 yr. We performed
a two-planets �t, including a zero-point correction of the RVs
(see Sect. 6), obtaining the model overplotted to the three sets
of data in panel a of Fig. 1. Panel b shows only HARPS-N data.
After the subtraction of this �t from the original time series, the
resulting residuals show an rms of 4.1 m s� 1 for HIRES data,
5.9 m s� 1 for HRS (smaller than the typical errors) and 2.8 m s� 1

for HARPS-N. The rms of the residuals for the whole dataset is
4.03 m s� 1. The Lomb-Scargle periodogram of the RV residuals
of HARPS-N (Fig. 2) shows a clear periodicity at� 0.0248 d� 1

with an uncertainity of 1:0 � 10� 4 d� 1 evaluated with the re-
lation in Montgomery & O'Donoghue (1999), corresponding to
40:20� 0:15 d in the domain of periods, with a normalized power
equal to 16.3 (Horne & Baliunas 1986) and a con�dence level
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Fig. 1.Panela): RV dataset for HD 108874. Green dots: HIRES atKeck;
orange dots: HRS at HET; blue dots: HARPS-N at TNG; black solid
line: global �t of the three sets. Panelb): RV time series for HARPS-N
data only. Panelc): residuals after the subtraction of the two planets �t.

Fig. 2. Periodogram of RV residuals of HARPS-N dataset: both fre-
quency and period domains are shown. Horizontal dashed lines rep-
resent the con�dence level of the peaks. Theinsetshows the window
function due to the temporal sampling of the data.

higher than 99.99%, obtained after 100 000 bootstrap random
permutations. The spectral window of the HARPS-N dataset has
been computed (inset of Fig. 2) as in Deeming (1975): the �rst
relevant peak in our region of interest is at 0.0025 d� 1, corre-
sponding to one cycle per year and is due to the visibility of the
star. Many other small peaks are also present between 0.045 d� 1

and 0.065 d� 1 (i.e., 15–22 d), probably due to the scheduling
of the GAPS observing runs. Therefore, it does not seem that
the periodicity of 40.2 d is due to an aliasing e� ect with the
orbital periods of the two planets. Being this periodicity very
robust, we performed a three-planets �t to the data, with the ad-
dition of a further Keplerian function aiming to model the signal
in the RV residuals. The resulting r.m.s of the time series de-
creased from 4.03 to 2.2 m s� 1 and the periodogram does not
show any residual power around 40.2 d. The �t implies a min-
imum mass of about 17M� and a circular orbit for the planet
candidate. A few non-signi�cant peaks are found around 40 d in
the periodogram of residuals for HIRES and HRS, explainable
by sub-optimal temporal sampling, but there is also the possi-
bility that this signal is not driven by Keplerian motion. For this

Fig. 3. Periodogram of HARPS-N RV residuals subdivided into each
observing season. The red solid line marks the location of the 40.2 d
periodicity, while the red dotted lines represent the 1st, 2nd and the 3rd
harmonics of the main peak.

reason we analysed the single observing seasons of HARPS-N
in order to verify the presence of this periodicity from one year
to the next (Fig. 3). In the �gure, the location ofP = 40:2 d is
indicated as a reference, and the second and the third harmonics
of the main peak are also shown (20.1 d, 13.4 d and 10.05 d).
The signal at 40.2 d is present only in the �rst season (panel a,
with a con�dence level of 99.97%), and marginally in the third
one (panel c), together with its harmonics. In the second season
(panel b) the 40.2 d peak is suppressed: we only observe two
large features at 25 and 73 d probably associated to each other.

5. Stellar activity

5.1. log R'HK and H�

The chromospheric emission from CaII H and K lines of
HARPS-N spectra (logR0

HK) is directly provided by the
HARPS-N pipeline (Lovis et al. 2011). We added the S-index
measurements obtained from the HIRES dataset by Wright et al.
(2004) (both datasets are calibrated with the Mt. Wilson activ-
ity survey, so no o� set should be present) and converted into
log R0

HK by using the scaling relations by Noyes et al. (1984).
We perform a tentative sinusoidal �t of the stellar activity cy-
cle with the Levenberg–Marquardt �tting algorithm through the
IDL packageMPFIT2 (Fig. 7, a). According to the parameters
of our �t, the length of this cycle is� 19 yr, but the huge gap
in the data between 2003 and 2012 and an insu� cient temporal
coverage does not ensure the goodness of the �t. Since the long
term correction does not lead to di� erent results, we show the re-
sults only for the uncorrected time series. The upper left panel of
Fig. 4 shows the periodogram of the logR0

HK . The periodicity at
40.2 d detected in the periodogram of the RV residuals is shown,
located very close to one of the strongest peaks in the plot, hav-
ing a statistical signi�cance of 99.75%. Its third harmonics could
be the responsible for the largest periodicity in the periodogram,
around 10 d. In the lower left panel we compare the RV resid-
uals with the values of logR0

HK : they show a moderate positive
correlation with Spearman and Pearson coe� cients of� 0.3 (see
Table 3 for a summary of correlation coe� cients), slightly lower

2 https://www.physics.wisc.edu/~craigm/idl/fitting.
html
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Fig. 4. Upper panels: periodograms of the logR0
HK (with S=N > 20)

and of the H� indices for HARPS-N data. The red solid line indicates
the 40.2 d period, the red dotted lines represent its 1st, 2nd and the 3rd
harmonics; the blue dotted line indicates the period of planet b.Lower
panels: correlation with the RV residuals.

than the values obtained by Lanza et al. (2016) in the solar case,
0.35 and 0.38, respectively. This is a remarkable indication of the
physical origin of the 40.2 d periodicity, leading us to identify it
with the rotation period,Prot, of the star. Furthermore, following
Mamajek & Hillenbrand (2008) the expected rotation period for
our target is 39.9 d, derived from the mean value of logR0

HK and
the B � V (0.738). This value, considering the stellar radius de-
rived in Sect. 3, is also consistent with the adoptedvsini for an
edge-on inclination: largervsini yields unphysical values for the
inclination. We also analysed the periodograms of the logR0

HK
measurements for separate seasons (Table 3). As in the case of
the RVs residuals, the periodicity at 40.2 d is clearly present only
in the �rst season while we only observe a periodicity of� 20 d
(�rst harmonic of Prot) in the third one, also present in the RV
residuals.

The HARPS-N spectra of HD 108874 were also anal-
ysed to extract the time series of the H� index (following
Gomes da Silva et al. 2011): the periodogram analysis reveals an
excess of power distributed in a narrow envelope of peaks around
40 d, in agreement with the adoptedProt (upper right panel of
Fig. 4). No signi�cant correlation is found with the RV residuals
(see Table 3). Despite the periodograms of the H� and logR0

HK
indices show similar periodicities, a very weak correlation is
found between these two quantities (CP = 0:18, p-value= 0.16).
This can be explained by the presence of plages on the stellar
disc, revealed both by the Ca II and H� lines, and �laments able
to modify the emission of the H� and to break the correlation be-
tween the time series, as demonstrated by Meunier & Delfosse
(2009), Gomes da Silva et al. (2014), and by Scandariato et al.
(2017), for early-M dwarfs. When the di� erent timescales of
these phenomena are modulated by the stellar rotation, their pe-
riodograms can actually show periodicities related to it.

5.2. Asymmetry indicators of the CCF

Stellar activity also results in a deformation of the line pro�le of
the spectral lines, which can be quanti�ed by several asymmetry
indicators. We investigated these quantities that provide an inde-
pendent evaluation of the stellar activity with respect to the chro-
mospheric indices. A measurement of the CCF bisector veloc-
ity span (BVS) is directly provided by the HARPS-N pipeline,

Table 3.Summary of the values of Pearson (CP) and Spearman (� ) cor-
relation coe� cients and correspondingp-values between RV residuals
and all the activity indices investigated in this work.

CP p-value � p-value
logR0

HK 0:30 0:02 0:32 0:01
logR0

HK (season 1) 0:30 0:18 0:28 0:21
logR0

HK (season 2) 0:30 0:06 0:35 0:03
logR0

HK (season 3) 0:44 0:10 0:55 0:04
H� 0:13 0:20 0:06 0:55
BVS –0:01 0:60 –0:02 0:80
� V –0:03 0:75 –0:09 0:41
Vasy(mod) 0:08 0:47 0:14 0:17
FWHMCCF 0:22 0:04 0:17 0:11

Fig. 5. Periodograms of the asymmetry indicators as derived by the
HARPS-N pipeline (BVS) and Lanza et al. (in prep;� V, Vasy(mod)). Red
solid and dotted lines represent the assumedProt and its 1st, 2nd and
the 3rd harmonics, respectively, while the blue dotted line indicates the
period of planet b.

while a procedure presented in Lanza et al. (in prep.) estimates
the values and the errors of� V (representing the RV shift
produced by the asymmetry alone as de�ned in Nardetto et al.
2006 and reconsidered by Figueira et al. 2013) and of the quan-
tity Vasy(mod)

3, a modi�ed version of theVasy as de�ned by
Figueira et al. (2013) but not a� ected by the RV shifts as in the
case of the original de�nition. Periodograms of the asymmetry
indices time series are presented in Fig. 5: all of them show a
moderate amount of power around 40 d. Even in this case, there
is no evidence of a clear correlation between the RV residuals
and line pro�le indicators (Table 3).

Finally we analysed the FWHM of the CCF, initially a� ected
by the HARPS-N defocusing which progressively enlarged it
(left upper panel of Fig. 6). We tried to remove this e� ect by
performing a polynomial �t, shown in the �gure, before the fo-
cus correction. The resulting residuals (left lower panel) produce
the periodogram in the right panel of Fig. 6. Besides a long-
term periodicity close to the period of planet b, we found a peak
around 20 d (Prot=2) and some power close toProt, indicated on
the �gure. The correlation coe� cients between RV residuals and
the corrected FWHM in Table 3 (CP � � � 0:2), show a very
weak linear correlation.

3 https://sites.google.com/a/yale.edu/eprv-posters/
home
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Fig. 6.Left upper panel: original time series of the CCF FWHM, show-
ing the trend due to the defocusing.Left lower panel: residuals of the
CCF FWHM after the subtraction of the �t.Right panel: periodogram
of the residual CCF FWHM. The red solid line represents theProt, the
dotted lines represent its 1st, 2nd and the 3rd harmonics.

5.3. Activity modelling of raw time series

We modelled the contribution of the activity in the full RV
dataset from HIRES, HRS and HARPS-N, following the ap-
proach of Boisse et al. (2011) as recently implemented in the
open-source codePyORBIT4 (see Malavolta et al. 2016 for the
details on the activity model, its implementation and the steps
involved in parameter estimation). Due to the lack of simultane-
ous photometric data, we used the value ofProt from the activity
indexes as prior and constrained it within� 0.5 d. We consid-
ered several combinations of harmonics for each dataset, and in
all cases we found that the harmonics had RV amplitudes consis-
tent with zero, so we decided to use only the sinusoids associated
to Prot in the �nal �t. When including the activity model in the
RV �t, the jitter parameter is reduced by 30% for the HIRES
and HARPS-N datasets, while no improvement is visible in the
(noisier) HRS dataset. The orbital parameters of the two planet
companions are not a� ected by the activity correction since the
RV modulation has a shorter time-scale with respect to their or-
bital periods, so the activity noise is averaged out during the �t-
ting process. In Fig. 7 (panels b, c, d) we show the behaviour of
the activity with time by comparing the �t of the activity cycle
of the star described in Sect. 5.1 (a), the seasonal values of the
RV jitter parameter when the activity model is not included in
the �t (b), and the semi-amplitude and phase of the �tted RV si-
nusoid respectively (c, d). The jitter terms of the HIRES dataset
show a gradual reduction, which may explain the negative slope
of the corresponding activity cycle on the left side of panel a. The
HRS jitter is probably dominated by instrumental errors, while
HARPS-N shows a small amount of jitter, despite the correspon-
dence at the maximum of the activity cycle. The amplitude of
the sinusoid in the �rst season of HARPS-N data (c) is larger
than that in the subsequent two seasons, explaining the excess of
scatter in the logR0

HK time series (a).

6. Re�ned orbital solution

To re�ne the orbital parameters of the two known planets
around HD 108874, we modelled both the literature and our new
HARPS-N data with two Keplerians, by including three RV zero
points and three uncorrelated RV jitter terms for each dataset
(HIRES, HRS, and HARPS-N). The jitter terms that account for
possible RV scatter exceeding the nominal error bars were added

4 Available athttps://github.com/LucaMalavolta/PyORBIT

Fig. 7. a) Tentative �t of the stellar activity cycle for HARPS-N and
HIRES data of logR0

HK . Data points (grey dots) are plotted together
with the mean values of each observing season (red dots).b) Fitted RV
jitters for the separate observing seasons of HIRES, HRS and HARPS-
N datasets, when activity model is not included in the data.c) Semi-
amplitude of the �tted RV sinusoid.d) Phase of the �tted RV sinusoid.

in quadrature to the RV uncertainties, regardless of the origin of
the jitter (stellar activity, instrumental e� ects, and/or a combi-
nation thereof). In addition to the o� set and jitter terms, we �t-
ted for the inferior conjunction times, the orbital periods, the RV
semi-amplitudes, the orbital eccentricity, the argument of perias-
tron and

p
esin! and

p
ecos! (Ford 2005) of the two planets.

Therefore, our model has 16 free parameters in total. We deter-
mined the posterior distributions of the model parameters with a
Bayesian di� erential evolution Markov chain Monte Carlo (DE-
MCMC) approach (Ter Braak 2006; Eastman et al. 2013). We
ran 32 chains and used the same criteria as in Bonomo et al.
(2014) and Desidera et al. (2014) for the removal of burn-in
steps, convergence and good mixing of the chains. For all the
parameters we considered uninformative priors. The values of
�tted and derived system parameters and their 1� uncertain-
ties, which were computed as the medians and the 15.86% and
84.14% quantiles of their posterior distributions, are listed in
Table 4. A general agreement is found between the literature and
our results for the orbital parameters, except for the eccentric-
ity of planet b. Our estimate, equal to 0:142� 0:011, is close to
the value reported by Wr09, con�rming that the planet is slightly
more eccentric than the value derived by Wi09 (0:082� 0:021).
A signi�cant di� erence has been found for the orbital period of
planet c: HARPS-N data revealed a larger value of the period that
di� ers by 4� from the value found by Wi09 (Pc = 1620� 24 d),
and by 2� from the one in Wr09 (Pc = 1680� 24 d). Our es-
timates rule out the supposed mean motion resonance (MMR)
of 4:1, revealing that the system is close to a 9:2 MMR. Ra-
dial velocity residuals of the two-planets �t show no evidence
of a long term trend, in agreement with the results presented
in Bryan et al. (2016). The minimum masses of HD 108874 b
and c are 1.255 and 1.094MJ, with semi-major axes of 1.05 and
2.81 AU, respectively.

7. System stability

We have investigated the long term stability of the system (by
using the parameters in Table 4) �rst with a long term nu-
merical integration of the planet orbits, obtaining a “nominal”
solution, and then with a parametric exploration of the phase
space around this solution. The directN-body integration of
the system over 1 Gyr, performed with SyMBA (the Symplec-
tic Massive Body Algorithm; Duncan et al. 1998), con�rms that
it is stable with a quasi-periodic behaviour over that timescale.
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