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ABSTRACT

We present radial-velocity (RV) measurements for the K giant ν Oph (= HIP 88048, HD 163917, HR 6698), which reveal two brown
dwarf companions with a period ratio close to 6:1. For our orbital analysis we use 150 precise RV measurements taken at the Lick
Observatory between 2000 and 2011, and we combine them with RV data for this star available in the literature. Using a stellar mass
of M = 2.7 M for ν Oph and applying a self-consistent N-body model we estimate the minimum dynamical companion masses to be
m1 sin i ≈ 22.2 MJup and m2 sin i ≈ 24.7 MJup , with orbital periods P1 ≈ 530 d and P2 ≈ 3185 d. We study a large set of potential orbital
configurations for this system, employing a bootstrap analysis and a systematic χ2ν grid-search coupled with our dynamical fitting
model, and we examine their long-term stability. We find that the system is indeed locked in a 6:1 mean motion resonance (MMR),
with ∆ω and all six resonance angles θ1 –θ6 librating around 0◦ . We also test a large set of coplanar inclined configurations, and we
find that the system will remain in a stable resonance for most of these configurations. The ν Oph system is important for probing
planetary formation and evolution scenarios. It seems very likely that the two brown dwarf companions of ν Oph formed like planets
in a circumstellar disk around the star and have been trapped in an MMR by smooth migration capture.
Key words. techniques: radial velocities – planets and satellites: detection – planets and satellites: dynamical evolution and stability
– brown dwarfs – planetary systems

1. Introduction
The generally accepted concept of planet formation suggests that
orbital mean motion resonances (MMRs) among planetary systems are most likely established during the early stages of planet
formation. This is possible since the newly formed proto-planets
will undergo considerable gravitational interactions with the circumstellar disk from which they have formed. These planet–disk
interactions lead to differential planet migration inward or outward from their birthplaces (Bryden et al. 2000; Kley 2000;
Lee & Peale 2002) until the disk dissipates and planets reach
their final orbital configurations. Such a scenario allows planets with mutually widely separated orbits to approach each other
until their orbits are slowly synchronized and trapped into an
MMR with a period ratio close to a ratio of small integers.
During the past two decades of Doppler exoplanet surveys1
a significant number of MMR pair candidates have been found.
?
Based on observations collected at Lick Observatory, University
of California and on observations collected at the European Southern Observatory, Chile, under program IDs 088.D-0132, 089.D-0186,
090.D-0155, and 091.D-0365.
??
Table A1 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/624/A18
1 Main sequence: Mayor & Queloz (1995), Butler et al. (1997), Fischer
et al. (2007) etc., Sub-giants: Johnson et al. (2006) etc., and Giants:
Frink et al. (2001), Setiawan et al. (2003), Sato et al. (2003), Niedzielski
et al. (2007), Reffert et al. (2015) etc.

The diversity of period ratios in extrasolar multi-planet systems
covers many possible configurations; these systems are found
with MMR close to 2:1 (Marcy et al. 2001; Trifonov et al. 2014),
3:2 (Correia et al. 2009), 3:1 (Desort et al. 2008) and even
5:1 (Correia et al. 2005). From these Doppler surveys it was
inferred early on that brown dwarfs (i.e., objects with minimum
masses between the deuterium burning limit at ∼13 MJup and the
hydrogen burning limit at ∼70 MJup ) are not very abundant as
companions to solar-type stars (Marcy & Butler 2000; Grether &
Lineweaver 2006; Sahlmann et al. 2011). However, massive planets and brown dwarfs are rather common companions to giant
stars, many of which have masses considerably larger than 1 M
(Sato et al. 2012; Mitchell et al. 2013; Reffert et al. 2015).
Brown dwarf companions to solar-type and more massive
stars may form through two distinct channels: one potential formation mechanism is gravitational collapse inside the molecular
cloud; in this case, the star-brown dwarf pair may be regarded as
a stellar binary with extreme mass ratio. Alternatively, brown
dwarfs could be formed in a massive circumstellar disk, in a
manner similar to the most massive gas giant planets. (We may
of course also observe a mix of objects formed in either way.)
We argue that a brown dwarf system locked in an MMR presents
a strong argument in favor of the notion that brown dwarfs can
actually be formed in a proto-planetary disk and thus be regarded
as “Super Jupiter” planets.
In this paper, we introduce our Doppler measurements for the
double-brown dwarf system orbiting around the intermediate-
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2. ν Oph and its companions
2.1. Stellar parameters

ν Oph (= HIP 88048, HD 163917, HR 6698) is a bright
(V = 3.32 mag) photometrically stable K0III giant star
(variability ≤ 3 mmag) at a distance of 46.2 ± 0.6 pc
(van Leeuwen 2007). Stellar parameters for this star were
estimated following Reffert et al. (2015) and Stock et al. (2018):
knowing the position of ν Oph in the Hertzsprung–Russell (HR)
diagram from H IPPARCOS data, we constructed theoretical
evolutionary tracks and isochrones (Girardi et al. 2000). (For
the very bright star ν Oph, the H IPPARCOS parallax is more
precise than that from Gaia DR2.) However, since the positions of the evolutionary tracks and stellar isochrones in the
HR diagram also depend on the primordial stellar chemical
abundance, we include the stellar metallicity as an additional
parameter in the trilinear model interpolation. Considering the
values of color (B − V = 0.987 ± 0.035), absolute magnitude
(MV = −0.19 ± 0.04), and metallicity ([Fe/H] = 0.06 ± 0.1;
Hekker & Meléndez 2007) measured for ν Oph, we generated
10 000 positions in the HR diagram consistent with the obtained
uncertainties on these quantities and for each position we
estimated effective temperature T eff , stellar mass M, luminosity
L, radius R, and surface gravity log g. From these estimates we
determined the most probable stellar parameters and their uncertainties, along with the probability of ν Oph being on the red
giant branch (RGB) or the horizontal branch (HB), respectively.
We find that ν Oph is most likely an intermediate-mass
HB star with an age of 0.65 ± 0.17 Gyr, stellar mass M =
2.7 ± 0.2 M , luminosity of L = 109.3 ± 3.1 L , radius of
R = 14.62 ± 0.32 R , and an effective temperature of T eff =
4886 ± 42 K. Stellar parameters for HB and RGB models of
ν Oph are summarized in Table 1, while additional physical
parameter estimates for this star are given in Reffert et al. (2015)
and Stock et al. (2018).
2.2. Radial velocity data

We extensively monitored ν Oph for Doppler variations at
UCO Lick Observatory between November 2000 and November 2011. We collected a total of 150 precise stellar RV
measurements using the Iodine cell method (Valenti et al. 1995;
A18, page 2 of 17

Table 1. Stellar properties for HB and RGB models of ν Oph.

Parameter

HB

Probability
Mass (M )
Luminosity (L )
Radius (R )
Age (Gyr)
T eff (K)
log g (cm s−2 )

RGB

>99%
2.7 ± 0.2
109.3 ± 3.1
14.6 ± 0.3
0.65 ± 0.17
4886 ± 42
2.56 ± 0.04

<1%
3.0 ± 0.2
109.0 ± 3.9
14.3 ± 0.6
0.39 ± 0.10
4936 ± 95
2.63 ± 0.07

OAO

40

Lick

µσ = 4.2 m/s

35

µσ = 5.6 m/s

30
percentage

mass K giant star ν Oph. This star is accompanied by two brown
dwarfs with orbital period ratio very close to 6:1. Here for the
first time we introduce a detailed orbital analysis of the ν Oph
system, and we study its resonance configuration. To our knowledge this “super-planet” resonant system is the first of its kind
and represents an important clue in the scenario of planet and
brown dwarf formation within a disk
We structure the paper as follows: in Sect. 2, we give a brief
description of what is already known in the literature for ν Oph
and its sub-stellar companions and we present our full set of
precise radial velocities (RVs) taken at the Lick Observatory. In
Sect. 3, we describe our data-analysis strategy and introduce our
coplanar and inclined N-body dynamical models to the available
Doppler data from Lick and from Sato et al. (2012). We discuss our best-fit parameter-error-estimation techniques in Sect. 4,
while in Sect. 5 we study the dynamical and statistical properties
of the ν Oph system in the orbital phase space around the best
fit based on a systematic χ2ν grid-search analysis. In Sect. 6, we
discuss the implications of our findings in the context of formation scenarios for planets and brown dwarfs. Finally, in Sect. 7
we summarize our results.
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Fig. 1. Distribution of the uncertainties for the OAO and Lick RVs. The
OAO data set has only 44 RVs, but they are slightly more precise than
the 150 RVs from Lick.

Butler et al. 1996) in conjunction with the Hamilton spectrograph (R ≈ 60 000; Vogt 1987) and the 0.6 m Coudé Auxiliary
Telescope (CAT). Since ν Oph is a bright star the typical exposure times with the CAT were about 300 s, which results in an
S/N of ∼120−140. Our precise velocities are obtained in the
wavelength region between 5000 and 5800 Å where most of the
calibration iodine lines are superimposed onto the stellar spectra.
For ν Oph we achieved a typical velocity precision of 4–9 m s−1 ,
with an estimated mean precision of 5.6 m s−1 (see Fig. 1). All
RVs from Lick and their estimated formal errors are given in
Table A.1.
The observations of ν Oph were taken as part of our Lick
Doppler survey of 373 very bright (V ≤ 6 mag) G and K giants
(Frink et al. 2001). Our primary program objective is to investigate the planet occurrence and evolution around intermediatemass stars as a function of stellar mass, metallicity, and evolutionary stage of the stars. Our targets were selected from the
H IPPARCOS Catalogue (ESA 1997) with the condition to be photometrically constant single stars with estimated stellar masses
of between 1 and 5 M . The program and star selection criteria are described in more details in Frink et al. (2001), while
planetary companions from our survey were published in Frink
et al. (2002), Reffert et al. (2006), Quirrenbach et al. (2011),
Mitchell et al. (2013), Trifonov et al. (2014), and Ortiz et al.
(2016). Results from the planet occurrence rate from our G and
K giant sample have been published in Reffert et al. (2015).
Based on the initial RV data from our survey, Mitchell et al.
(2003) reported the discovery of a brown dwarf companion
around ν Oph with m1 sin i ≈ 22.2 MJup and an orbital period
of P1 ≈ 530 d. Follow-up observations at Lick showed that a
single Keplerian fit cannot explain the data well. By mid-2010
the Lick RV data set clearly revealed the presence of a second
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longer-period sub-stellar companion with a minimum mass consistent with a brown dwarf object. Based on 135 Lick RVs, the
two-brown-dwarf system was announced in Quirrenbach et al.
(2011), who gave orbital parameters of P1 ≈ 530 d, m1 sin i ≈
22.3 MJup , e1 ≈ 0.13 and P2 ≈ 3170 d, m2 sin i ≈ 24.5 MJup , and
e2 ≈ 0.18, respectively. (In this paper we use the label “1” for
the inner companion ν Oph b, and “2” for the outer companion ν Oph c.) To our knowledge Quirrenbach et al. (2011) was
the first reported case of a star orbited by two brown dwarfs.
Even more remarkably, the reported period ratio between the
two orbits appears to be very close to 6:1, which suggests that
the system might be locked in an MMR.
A year later the ν Oph system was confirmed by Sato et al.
(2012) based on 44 precise RVs from the Okayama Astrophysical Observatory (OAO), Japan, collected between February 2002
and July 2011. Similar to our Lick program, the OAO observations were carried out with an iodine absorption cell mounted on
the HIDES Spectrograph (R ≈ 67 000; Izumiura 1999) at a largeraperture 1.88-m telescope. The OAO data have slightly better
precision than our Lick data with mean precision of 4.2 m s−1 ;
most likely as a result of a higher S/N reached for the HIDES
spectra (S /N ∼ 200, see Sato et al. 2012). A comparison of the
formal precision of the data sets from Lick and OAO is shown
in Fig. 1. The Keplerian spectroscopic orbital parameters for
the ν Oph system reported in Sato et al. (2012) are in general
agreement with those from Quirrenbach et al. (2011). However,
Sato et al. (2012) adopted a larger stellar mass for ν Oph equal to
M = 3.04 M , and thus they derived slightly higher masses for
the companions, with minimum masses of m1 sin i ≈ 24.0 MJup
and m2 sin i ≈ 27.0 MJup , respectively.
In addition to the velocities from Lick and OAO obtained at
optical wavelengths, we collected a total of ten near-IR absolute RVs with the CRIRES spectrograph at the VLT between
2011 and 2013 (Trifonov et al. 2015). The aim of this test was to
confirm or disprove the planetary origin of the RV signals for 20
of our Lick stars, including ν Oph.
The CRIRES data cannot be used to further constrain the
orbital configuration. This is mostly because of the very limited

6800

Fig. 2. Radial velocities for ν Oph along with their error
bars measured at Lick Observatory are shown with blue
circles covering more than 11 yr from July 2000 to October 2011. Green triangles denote the velocities from OAO,
while the VLT near-IR data are plotted with red diamonds. The solid line illustrates the best dynamical model
applied to the combined optical data from Lick and OAO.
The near-IR data from VLT is only superimposed on the
dynamical model with the only fitting parameter being
an RV offset for the whole data set. The two wavelength
domains are clearly consistent with each other. Bottom
panel: residuals around the best fit.

phase coverage of the CRIRES data compared to the OAO and
Lick data sets, the lack of temporal overlap between the data sets
in two wavelength domains, and the relatively low near-IR velocity precision (∼25 m s−1 ) when compared with the optical data.
However, despite the incomplete phase coverage, using the nearIR data alone we were able to construct one full period of the
inner companion (see Fig. 2). We find that the near-IR data are
fully consistent with the best-fit prediction based on the optical
data, and therefore there can be little doubt on the companion
hypothesis for ν Oph.
2.3. Stellar jitter

From our full Lick RV data set, we estimate the additional astrophysical RV noise around the best fit to be ∼7.5 m s−1 . In this
paper, we adopt this short-term velocity scatter as stellar “jitter”
(Wright 2005; Hekker et al. 2006). In fact, the same jitter level
was estimated by Sato et al. (2012) using their OAO data set.
This stellar jitter amplitude for ν Oph is typical for other late
G and early K giants and is most likely due to rapid solarlike p-mode oscillations (Barban et al. 2004; De Ridder et al.
2006; Zechmeister et al. 2008), which appear as RV noise in our
data. Based on the physical properties of ν Oph and the scaling
relation from Kjeldsen & Bedding (1995), we estimate a scatter velocity of ∼9 m s−1 and period of 0.27 d, which agrees well
with our result from the RV data. In a more complete analysis,
we could have left the jitter as a free parameter and estimated
it together with the other system parameters, but as we are not
interested in the exact value and an error estimate for the jitter
term, we keep it fixed for simplicity. This is not expected to have
a significant influence on any of the other results, as a reduced
χ2ν ≈ 1 would be the preferred outcome in any case.

3. Best fits
To model the orbital configuration of ν Oph we adopted a stellar
mass of M = 2.7 M and we used all the available optical RV
A18, page 3 of 17
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data for ν Oph. We combined our Lick RVs with those published
in Sato et al. (2012), resulting in a total of 194 precise RVs with
typical uncertainties of the order of 3–9 m s−1 . For both data sets
we quadratically added the estimated RV jitter of 7.5 m s−1 into
the total error budget, and hence we considered the astrophysical stellar noise as an additional RV uncertainty. We analyzed
the combined RV data by adopting the methodology described
in Tan et al. (2013). We applied a Levenberg–Marquardt
(LM)-based χ2 minimization technique coupled with two models, namely a double-Keplerian model and a self-consistent
dynamical model with the equations of motion integrated using
the Gragg–Bulirsch–Stoer integration method (Press et al. 1992).
For both two-planet models the fitted parameters are the spectroscopic elements: RV semi-amplitude K, orbital period P,
eccentricity e, argument of periastron ω, mean anomaly M0 , and
the RV data offset RVoff for each data set. All orbital parameters (including the derived semi-major axes a1 , a2 and minimum
masses m1 sin i, m2 sin i) are obtained in the Jacobi frame (e.g.,
Lee & Peale 2003) and are valid for the first observational epoch,
which in our case is always JD 2451853.595 (the first Lick data
point).
We further test our models for long-term dynamical stability using the SyMBA symplectic integrator (Duncan et al. 1998).
The SyMBA integrator was modified to work directly with the
obtained Jacobi elements as an input and we were able to simultaneously monitor the evolution of the orbital elements over
time. Since we were aware that the companions period ratio is
close to 6:1 we additionally monitored the evolution of the secular apsidal angle ∆ω = ω1 − ω2 and the evolution of all six
resonance angles, defined as:
θ1
θ2
θ3
θ4
θ5
θ6

= λ1 − 6λ2 + 5$1 ,
= λ1 − 6λ2 + 4$1 + $2 ,
= λ1 − 6λ2 + 3$1 + 2$2 ,
= λ1 − 6λ2 + 2$1 + 3$2 ,
= λ1 − 6λ2 + $1 + 4$2 ,
= λ1 − 6λ2 + 5$2 ,

(1)
(2)
(3)
(4)
(5)
(6)

where $1,2 = Ω1,2 + ω1,2 is the longitude of periastron and λ1,2 =
M1,2 + $1,2 is the mean longitude of the inner and outer companion, respectively. Clearly, θ1...6 are not independent and can
be derived from the evolution of one of the resonance angles and
∆$. The expansion of all possible resonance angles, however,
helps to identify the resonance angle θn with the lowest libration
amplitude, which is an important dynamical characteristic of the
system.
We start each orbital integration from JD = 2 451 853.595,
and we collected orbital output from the simulations for every
10 yr of integration. The simulations were interrupted only in
cases of mutual collisions between the companions and the
star, or if one of the companions was ejected from the system.
We defined an ejection as a case where one of the companions’ semimajor axes exceeds 10 AU during the integration time,
and we defined a collision with the star as a case where the
semimajor axis of one of the planets goes down to 0.1 AU.
Since the age of the system is estimated to be ∼0.65 Gyr, we
integrate the individual best dynamical fits for a maximum of
1 Gyr, which gave us more than enough time to study the longterm stability of the system. For our stability test we adopted a
time step equal to 2 days leading to about ∼260 steps per complete orbit of the inner companion. We find that the selected time
step was adequate to assure the precise simulation of the ν Oph
system.
A18, page 4 of 17

Table 2. Best coplanar fits for the combined data sets of ν Oph.

Keplerian
Orb. param.

ν Oph b

−1

K (m s )
P (d)
e
ω (◦ )
M0 (◦ )
RVoff. Lick (m s−1 )
RVoff. OAO (m s−1 )
a (AU)
m sin i (MJup )
rms (m s−1 )
χ2ν

ν Oph c

288.27 ± 0.98
176.78 ± 1.30
530.02 ± 0.11
3183.02 ± 5.89
0.124 ± 0.003
0.180 ± 0.006
9.88 ± 1.50
8.57 ± 1.97
235.78 ± 1.52
222.75 ± 1.92
−49.32 ± 1.83
0.34 ± 1.74
1.789
5.929
22.204
24.674
9.21
1.0456

N-body (i = 90◦ , ∆Ω = 0◦ )
Orb. param.

ν Oph b

−1

K (m s )
P (d)
e
ω (◦ )
M0 (◦ )
RVoff. Lick (m s−1 )
RVoff. OAO (m s−1 )
a (AU)
m (MJup )
rms (m s−1 )
χ2ν

ν Oph c

288.26 ± 0.99
176.73 ± 1.24
530.21 ± 0.10
3184.83 ± 5.93
0.124 ± 0.003
0.180 ± 0.006
9.93 ± 1.49
8.27 ± 1.98
235.69 ± 1.52
223.02 ± 1.92
−48.63 ± 0.95
0.33 ± 1.74
1.790
5.931
22.206
24.662
9.18
1.0414

N-body (i = 16◦ , ∆Ω = 0◦ )
Orb. param.
−1

K (m s )
P (d)
e
ω (◦ )
M0 (◦ )
RVoff. Lick (m s−1 )
RVoff. OAO (m s−1 )
a (AU)
m (MJup )
rms (m s−1 )
χ2ν

ν Oph b

ν Oph c

288.21 ± 0.97
175.23 ± 1.20
530.73 ± 0.10
3188.95 ± 6.26
0.124 ± 0.003
0.178 ± 0.006
7.59 ± 1.99
9.74 ± 2.13
235.56 ± 1.50
223.64 ± 1.92
−49.26 ± 0.92
0.30 ± 1.74
1.803
6.022
81.691
91.977
9.15
1.0367

3.1. Coplanar edge-on fit

The best Keplerian fit to the full optical data set has χ2ν =
1.046 and is clearly consistent with two massive companions in the brown dwarf regime with m1 sin i = 22.2 MJup
and m2 sin i = 24.7 MJup . The orbits are noncircular with e1 =
0.124 ± 0.003 and e2 = 0.180 ± 0.006, respectively. The inner
companion has an orbital period of P1 = 530.0 ± 0.1 d, while
the outer companion has P2 = 3183.0 ± 5.9 d, consistent with
the earlier findings by Quirrenbach et al. (2011) and Sato
et al. (2012). Orbital parameters and uncertainties estimated
from the covariance matrix for our best Keplerian fit are given
in Table 2.

A. Quirrenbach et al.: Two brown dwarfs in 6:1 mean motion resonance

We use the best Keplerian model as a good initial guess
for our dynamical fitting. The available RV data cover a bit
more than one full period of the outer companion, and thus any
mutual perturbations between the companions should be barely
noticeable in the data. Indeed, despite both companions having
large masses in the brown dwarf regime, they are too far separated in space to mutually influence their orbits strongly on
short timescales. We thus find the difference between a double Keplerian and self-consistent two-planet edge-on dynamical
model to be minor and insignificant. As can be seen from Table 2
both edge-on models mutually agree within the estimated errors,
and therefore we conclude that there is little advantage to using
an N-body model over the simpler double Keplerian. However,
since our goal in this paper is to explore the long-term dynamical orbital evolution of the ν Oph system for coplanar edge-on
and inclined configurations, we present results based on the
dynamical model.
The best coplanar edge-on dynamical fit to the combined Doppler data has χ2ν = 1.042 and leads to orbital elements of P1 = 530.21 ± 0.10 d, P2 = 3184.83 ± 5.93 d, e1 =
0.124 ± 0.003, and e2 = 0.180 ± 0.006, and estimated masses
of m1 = 22.2 MJup and m2 = 24.7 MJup . This fit also suggests
that the ν Oph system is in an aligned orbital configuration with
well constrained arguments of periastron ω1 = 9.9◦ ± 1.5◦ and
ω2 = 8.3◦ ± 2.0◦ . The other orbital elements and their estimated
parameter errors for this fit are listed in Table 2.
An illustration of the best coplanar edge-on dynamical fit to
the ν Oph RV data sets is given in Fig. 2. Both data sets cover
more than 11 yr of observations, which is slightly more than 1.25
orbital periods of the outer companion. In addition, the nearIR RVs from CRIRES taken by Trifonov et al. (2015) at later
epochs are shown in Fig. 2 with red diamonds. The near-IR data
points were superimposed on the best fit from the visible-light
data, fitting only an RV offset for the whole near-IR data set. We
use these data only to demonstrate the consistency between the
two wavelength domains, but we did not use them in the orbital
analysis.
The long-term dynamical simulation of the edge-on N-body
fit shows that the system is stable and is indeed locked in a
6:1 MMR with all six resonant angles θ1 –θ6 librating around
0◦ . Figure 3 shows a 50 kyr zoom from the 1 Gyr dynamical
evolution of the best coplanar edge-on dynamical fit. The left
panel from top to bottom illustrates the evolution of the semimajor axes (a1 , a2 ), eccentricities (e1 , e2 ), and the secular apsidal
angle ∆ω = ω1 − ω2 of the brown dwarfs. Clearly, the semimajor
axes do not exhibit any notable variations for 50 kyr and we find
that this is also the case for the complete orbital simulation time
of 1 Gyr. During the orbital evolution the semimajor axes oscillate with very low and regular amplitude around a1 ≈ 1.8 AU
and a2 ≈ 5.9 AU, while the orbital eccentricities oscillate in an
off-phase fashion. The inner brown dwarf has a mean orbital
eccentricity of e1 ≈ 0.11, varying between 0.09 and 0.13, while
the outer exhibits a lower eccentricity amplitude between 0.18
and 0.19 with a mean of e2 ≈ 0.185. The secular resonance
angle ∆ω clearly librates around 0◦ with a semiamplitude of
about 20◦ , showing that the system remains in an aligned configuration during the dynamical test. The middle and the right
panels of Fig. 3 show the evolution of the resonant angles θ1 ,
θ2 , θ3 (from top to bottom) and θ4 , θ5 , θ6 , respectively. For the
best dynamical fit the largest semi-amplitude has ∆θ1 = 105.3◦ ,
followed by ∆θ2 = 86.0◦ , ∆θ3 = 66.8◦ , ∆θ4 = 47.6◦ , and the
smallest libration semi-amplitude is at ∆θ5 = 28.9◦ . The last
resonant angle ∆θ6 librates with a semi-amplitude of 37.3◦ , out
of phase with respect to θ1 –θ5 . The resonant libration period of

the eccentricities and all resonance angles is about ∼7 kyr, while
these also exhibit lower amplitude and very regular short-period
variations.
We note that the pattern depicted in Fig. 3, with θ5 having
the smallest libration amplitude of all resonance angles, and a
phase reversal between θ5 and θ6 , is observed robustly over the
parameter space that we have investigated. This behavior therefore provides a constraint on the resonance capture mechanism,
which must be reproduced by models of the early evolution of
the system.
3.2. Coplanar inclined configurations

For our coplanar inclined fitting we always fixed ∆Ω = 0◦ and
set i1 = i2 = i. In this way, we keep the orbits in the same plane,
and mutually inclined configurations are not allowed to occur.
While fitting we only alter the line of sight inclination i of the
system, together with all other Keplerian parameters (P, K, e, ω,
M0 ). We obtained a best fit around i = 16◦ , which has a slightly
lower χ2ν value when compared to the edge-on case, but we also
estimated very large inclination uncertainties for this fit. This
shows that there are only small, barely significant differences
between coplanar edge-on and inclined dynamical fits, and we
cannot constrain the orientation of the orbits from the current RV
data. Thus, in our analysis we did not simply allow i to vary as a
free parameter, but we tested a set of coplanar fits as a function
of inclination. We started with our best edge-on dynamical fit at
i = 90◦ (see Fig. 2 and Table 2) and for the sequence of fits we
adopted a step of ∆i = −1◦ . The minimum coplanar inclination
we tested was at i = 3◦ , since a lower inclination leads to very
massive companions approaching low-mass MS stars and above.
Moreover, we find that N-body models with very low inclinations have large χν values (over 3σ from the best fit), so there
was no reason to study inclinations lower than i < 3◦ .
Figure 4 illustrates the results from the coplanar inclined test.
The red dots represent the dynamical models obtained from the
combined data set and their χ2ν values plotted versus the inclination i. The red dashed lines represent 1σ, 2σ, and 3σ levels
obtained from ∆χ2 confidence values of 1.0, 4.0, and 9.0 larger
than the χ2 minimum and scaled accordingly by the number of
the degrees of freedom (d.o.f.) to match the χ2ν levels in Fig. 4.
Clearly, this test reveals that there is no significant χ2ν minimum,
although slightly better fits can be obtained between i ∼ 10◦ and
30◦ . All these fits, however, are within 1σ from the coplanar
edge-on fit and as such the improvement can be considered to
be insignificant. Inclinations lower than i ∼ 10◦ lead to models with rapidly increasing χ2ν values, and these are generally
not consistent with the data. We conclude that the dynamical fitting to the combined data is not sensitive to inclinations
larger than i = 5◦ (at 3σ), but such nearly face-on configurations are statistically strongly disfavored. The global minimum
appears to be at i = 16◦ , consistent with the best fit where we
allowed the system’s line of sight inclination to be a free parameter. The obtained orbital parameters and their errors from the
best coplanar inclined fit to the combined RV data are given in
Table 2.
Despite the large companion masses obtained at i = 16◦ ,
this fit is stable for 1 Gyr and it has a similar 6:1 resonant
orbital evolution to the coplanar edge-on case shown in Fig. 2.
The difference in this case, however, is that all resonant angles
evolve with higher frequency and larger libration amplitudes
around 0◦ . The secular apsidal angle for this fit librates with
a semi-amplitude of 34.9◦ , and the resonant angles’ libration
semi-amplitudes are as follows: ∆θ1 = 169.1◦ , followed by
A18, page 5 of 17
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Fig. 3. Best coplanar edge-on orbital evolution shown for 50 kyr from the numerical simulation. Left panel, from top to bottom: orbital evolution of
the companions’ semimajor axes, eccentricities, and the secular apsidal angle ∆ω. Clearly no change in a1 and a2 can be seen, while e1 and e2 are
librating in opposite phase with small amplitudes. Other panels: resonance angles θ1,2,3 and θ4,5,6 , which are clearly librating around 0◦ indicating
the resonant nature of the system. See text for more details.
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Fig. 4. Resulting
for coplanar dynamical fits as a function of inclination separately for Lick (blue) and OAO data (green), and for the
combined data sets (red). The test starts at i = 90◦ and goes down to
i = 3◦ with a step size of −1◦ . Black lines are the 1 D χ2 curves interpolated from the individual fits and applied to individual data sets. The
dashed lines represent 1σ, 2σ, and 3σ levels obtained from ∆χ2 confidence values of 1.0, 4.0, and 9.0 larger than the χ2 minimum achieved
for each data set. For the Lick data, the minimum at i = 7◦ is statistically
significant at the 2σ level, indicating that an inclined solution is slightly
preferred, while the OAO data has its minimum at i = 90◦ , showing that
near edge-on configurations are preferred. For the combined data the
minimum is around i = 16◦ , but is within 1σ from the coplanar edge-on
fit.

∆θ2 = 134.4◦ , ∆θ3 = 99.7◦ , ∆θ4 = 65.0◦ , ∆θ5 = 32.2◦ , and
∆θ6 = 49.2◦ .
Seeing that no confident constraints on the line of sight
inclination can be made based on the combined data, we were
motivated to repeat the same test, but using Lick and OAO data,
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separately. The idea was to see if the individual data sets contain any information that can help us to define the inclination,
and whether these sets are mutually consistent. Figure 4 illustrates the same test applied to the Lick data in blue, and in green
results from the OAO data. Individual dynamical models on both
Lick and OAO data have different quality in terms of χ2 as they
have a different overall velocity precision (see Fig. 1). Thus, in
Fig. 4 their χ2ν curves and ∆χ2 confidence levels are above (OAO
data) and below (Lick data) the statistics from the combined data
set. For the Lick data the minimum at i = 7◦ is significant at the
2σ level indicating that an inclined solution is slightly preferred,
while the OAO data are not sensitive to inclination in the range
i = 20◦ –90◦ .
In summary, we conclude that the slight preference for a
rather low inclination (near i = 16◦ ) is not statistically significant. The implied companion masses near or even above the
hydrogen burning limit would in fact make the system even more
perplexing, as discussed in Sect. 6.2.

4. Error estimation
4.1. χ2 statistics

Error estimation plays an essential role in our orbital analysis, since it helps to judge the reliability of the best-fit orbital
parameters and to reveal the orbital configurations that agree
with the data within the statistical significance limits. The
individual best-fit parameter errors for ν Oph in Table 2 are
obtained
directly from the χ2 fitting using the covariance matrix
√
( Cii ). These estimates represent symmetric 1σ uncertainties
of the best-fit parameters. As can be seen from Table 2, the
ν Oph system is very well constrained with estimated orbital
uncertainties usually below 1%. As discussed in Sect. 3 we fit
only the spectroscopic elements, and therefore the errors in physical parameters such as semimajor axes (a1,2 ) and companion
masses (m1,2 ) must be obtained through additional error propagation. No errors in i1,2 and ∆Ω are obtained since our dynamical
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model to the RV data was unable to provide an adequate constraint for these orbital parameters. Instead, while fitting we
always keep i1,2 and ∆Ω fixed.
Another method to estimate the orbital uncertainties from
the RV data is based on constant ∆χ2 boundaries. This method
allows to explore the χ2 surface as a function of the fitting
parameters, and as a result an overall χ2 confidence statistics
can be obtained (see Ford 2005). The constant ∆χ2 boundaries method is not practicable for models with a large number
of free parameters (e.g., two-planet models), due to the large
computational resources needed to evaluate a smooth χ2 surface in the multi-dimensional parameter space. However, if there
are only one or two parameters of interest, the ∆χ2 technique
can be a fast and valuable tool for estimating the parameter
uncertainties.
For example, when there is only one free parameter, the values of ∆χ2 = 1.0, 4.0, 9.0 larger than the global χ2ν minimum
will correspond to the 1σ, 2σ, and 3σ confidence levels, while
if there are two parameters, the ∆χ2 values will be 2.3, 6.2, and
11.8. As demonstrated in Sect. 3.2 and Fig. 4, the ∆χ2 boundaries
technique can be used effectively to constrain the significance of
the line of sight inclination i for our dynamical models. In Fig. 4
for each studied data set with d.o.f., we draw the 1σ, 2σ, and 3σ
levels, which correspond to ∆χ2ν confidence values of 1.0/d.o.f.,
4.0/d.o.f., and 9.0/d.o.f. larger than the χ2ν minimum. We note
that these ∆χ2 boundaries provide the correct statistics only if the
applied model results in a minimum χ2ν = χ2 /d.o.f. = 1. None
of our χ2ν extrema for the three cases shown in Fig. 4 are actually exactly at unity, but they are close enough to consider the
confidence levels as valid.
4.2. Bootstrap sampling

Apart from the covariance matrix and the ∆χ2 statistics, it is possible to carry out an independent error estimation and to validate
the uncertainties of the orbital elements by applying a bootstrap
resampling of the original RV data. This method uses synthetic
data sets, each of which can be fitted with a Keplerian or dynamical model, so that an overall statistical distribution of the fitted
parameters can be obtained.
We followed the bootstrap prescription described in Press
et al. (1992) and Tan et al. (2013). Briefly, for each data set
containing N data points, we generated 5000 synthetic samples
containing N data points, chosen randomly from the original
data set with replacement. The OAO and Lick data sets were
re-sampled separately and then combined. To each alternative
combined data set we fitted a two-planet dynamical model and
tested for stability as defined in Sect. 3. The sampling distribution of the fitted orbital parameters obtained with the bootstrap
method for the edge-on coplanar configuration are illustrated in
Fig. 5. We also show the distribution of the derived semimajor axes (a1 , a2 ) and the companion masses (m1 , m2 ). Since all
simulated fits appeared to be stable (tmax = 10 Myr), Fig. 5 also
shows the distribution of the libration semi-amplitudes for all six
resonance angles (θ1 –θ6 ).
In Fig. 5, we also provide a comparison between the errors
estimated from the covariance matrix of the best fit to the original data, and the 1σ confidence interval from the bootstrap
distribution. In all plots, blue dots represent the best-fit values obtained from the best dynamical fit, while red error bars
are the estimated uncertainties from the covariance matrix (see
Table 2). We find that all best-fit parameters and their errors are
consistent with the bootstrap distribution peak and the 68.3%
confidence level (vertical dashed lines on Fig. 5). The bootstrap

distribution is very symmetrical for all fitted parameters, and can
be approximated well with a normal distribution.

5. Dynamical analysis
The statistical and dynamical properties of the fits within the statistically permitted region of the parameter space around the best
fit can be obtained using a systematic χ2ν grid-search technique
coupled with dynamical fitting, as was previously demonstrated
in Lee et al. (2006), Tan et al. (2013), and Trifonov et al. (2014).
To study the possible orbital configurations for the ν Oph system, we select pairs of parameters and construct high-density
2D grids consisting of 50 × 50 points for each of them. For each
point on the grid, we keep these two parameters fixed, and perform a χ2ν minimization with a dynamical model, allowing all
other parameters to vary. By performing 50 × 50 dynamical fits,
we thus obtain χ2ν contours in the plane of the two chosen grid
parameters. From these, we derive 1σ, 2σ, and 3σ confidence
levels based on the ∆χ2 statistics. As a final step, we integrate
these fits for 10 Myr with SyMBA to study their stability and
dynamical evolution.
5.1. Coplanar configurations

In an attempt to better understand the resonant nature of the
ν Oph system, and to see if the resonance configuration of the
system is preserved across the orbital phase space allowed by χ2ν ,
we constructed three different 2D coplanar edge-on grid combinations. We start with a grid, where we fix the period ratio P2 /P1
and the period of the inner planet P1 , and then we construct grids
of P2 versus e2 and ω2 versus e2 . For the first, we systematically
vary P1 in the range between 526 and 534 d, while varying P2 in
such a way that for each P1 the resulting P2 /P1 increases from
5.95 to 6.05 with a constant step of 0.002. We test the P2 , e2
grid for P2 = 3130–3240 d and the ω2 , e2 grid for ω2 = 0◦ –50◦ ;
for both grids e2 was varied in the range e2 = 0.15–0.23. For
all grids we examine the statistical properties around the best
achieved fit, the stability and orbital evolution, and we record the
distribution of all orbital elements and the libration amplitudes.
Results from the P2 /P1 , P1 grid are shown in Fig. 6, while
results from the P2 , e2 and e2 , ω2 grids are shown in Figs. 7
and 8, respectively. These figures show the achieved χ2ν and
the RV rms surface from these tests, along with the dynamical
properties around the best fit in terms of the derived libration
semi-amplitudes for ∆ω and all six resonant angles θ1 –θ6 . We
marked the best fit in the grid with a star, while red contours
trace the 1σ, 2σ, and 3σ significance levels in the grid obtained
from ∆χ2 statistics. We note that in all cases the chosen parameter ranges are sufficiently large for the grids to encompass the
full 3σ contours.
We find that all studied combinations lead to similar conclusions; we summarize these as follows. All studied fits are
stable for 10 Myr, and therefore no stability borders exist on these
grids. The best fits found on the individual grids (black star symbol) are near the 6:1 period ratio and exhibit very similar orbital
parameters and evolution when compared with the best coplanar
edge-on dynamical fit shown in Table 2. Small differences occur
in the fixed parameters, but that is expected given the finite resolution of the examined grids. We conclude that the best fits for all
three grids are associated with the best coplanar edge-on fit for
ν Oph and no other local χ2ν minima exists on the studied grids.
The RV rms contours are consistent with the χ2ν surface. We see
lower rms values around the best fit, and the rms level smoothly
increases between the best fit and the 3σ level. From these grids
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Fig. 5. First two columns: sampling distribution of all fitting parameters (K, P, e, ω, M) for a coplanar and edge-on configuration constructed from
5000 bootstrap samples. All bootstrap samples are stable for 10 Myr. Third and fourth columns: derived distribution of companion masses (m) and
semimajor axes (a), and the libration semi-amplitudes of the resonance angles (θ1 –θ6 ). The blue dots are the location of the best dynamical fit in
phase space for both companions. The red error bars are the uncertainties estimated from the covariance matrix, while the errors in a and m are
obtained through error propagation from these uncertainties. Clearly, for all orbital elements the best-fit values and their errors from the covariance
matrix are consistent with the bootstrap distribution peak and the corresponding 68.3% confidence level (vertical dashed lines).

we find that all the 6:1 MMR resonance angles librate within the
3σ level and beyond, meaning that all significant fits in these
grids are in 6:1 MMR. Figures 6–8 show that the resonance
angle semi-amplitudes at the best fit are in very good agreement
with those derived from the orbital evolution of the best coplanar edge-on fit illustrated in Fig. 3. It is clear, however, that all
resonance angles have a minimum in libration amplitude (red
symbol on the figure subplots) different form the best fit. This
amplitude minimum appears to be on the exact 6:1 period ratio,
but over 3σ away from our best fit. This means that a deeper
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resonance state does exist for this system, but is not consistent
with the data.
For many fits in the outer regions of the grids, all resonance
angles circulate, and thus these fits are not associated with a
MMR behavior. Nevertheless, looking at the subplots for ∆ω in
all three grid combinations, one can see that ∆ω actually almost
never circulates, and the system remains in an aligned geometry. This result suggests that these phase-space regions are not
random, but the system is involved in secular interactions where
∆ω librates around 0◦ . We find that the libration amplitude of ∆ω

A. Quirrenbach et al.: Two brown dwarfs in 6:1 mean motion resonance

Fig. 6. Results from the P2 /P1 vs. P1 grid constructed from coplanar edge-on dynamical fits. The separate panels are self-explanatory: Top-left
panel: χ2ν grid surfaces, where the red contours denote the 1σ, 2σ, and 3σ levels from the grid’s best fit. The best fit itself is found near the 6:1
period ratio and is marked with a black star symbol in all panels. The RV rms contour levels show consistency with the χ2ν surface, with lower rms
values found around the best fit. Other panels: all the 6:1 MMR resonance angles (the secular ∆ω and θ1 –θ6 ), and their libration semi-amplitudes
on the grid. The red symbol marks the minimum libration amplitude for each resonant angle. These plots show that almost all fits within the
formal 3σ confidence level exhibit resonance behavior with all six 6:1 MMR angles librating. See text for details.

depends on the initial ∆ω from which we start the numerical integrations. In the case of P2 /P1 , P1 and P2 , e2 grids, ω1 and ω2 are
floating, and usually the best fit suggests nearly aligned orbital
geometry. In the case of the e2 , ω2 grid, ω2 is fixed between 0◦
and 50◦ , and the initial ∆ω can reach &30◦ . For such initial values
we find that ∆ω circulates.
However, the grid regions where all the resonance angles
circulate have very large χ2ν values, and thus such fits are statistically very unlikely to explain the ν Oph RV data. It is
nevertheless interesting to investigate whether these fits are longterm stable over ∼1 Gyr. We test a number of these cases for
each grid in the region where the χ2ν is larger (usually at the grid
corners), and we find that even non-MMR orbital configurations
are stable for 1 Gyr. We conclude that a large region of parameter space around the best fit contains only stable configurations,
meaning that no stability constraints on the possible orbital
configurations can be obtained for edge-on and coplanar orbits.
We repeated the P2 /P1 versus P1 , P2 versus e2 , and e2 versus ω2 grids for inclined coplanar configuration where we set
i = 30◦ . In this way, we obtained approximately a factor of two
times more massive companions for each fit. We find, however,
that doubling the companion masses has little influence on χ2ν ,

and the RV rms grid contours resemble those for i = 90◦ . This
result is not very surprising given the results presented in Fig. 4.
Similar to the edge-on case the χ2ν minimum on all grids matches
with the best fit for i = 30◦ from the coplanar inclined test
performed in Sect. 3.2.
The main goal for this test was to examine the resonance state
of the ν Oph system assuming more massive bodies in orbit. We
find that the test carried out for i = 30◦ is almost identical with
the edge-on case. All grid points led to stable solutions, and the
fits within the 3σ confidence contours are all in 6:1 MMR. The
resonant regions on the grids had somewhat smaller surface area
when compared to the edge-on case, but they exhibit similar
libration amplitudes, while the libration frequency is higher as
can be expected for more massive interacting bodies.
These results show that the ν Oph system is deeply trapped in
a 6:1 MMR, and that this configuration is dynamically possible
for a relatively large range of companion masses.
5.2. Mutually inclined configurations

We investigated the H IPPARCOS Intermediate Astrometric Data
for ν Oph in an attempt to set constraints on the inclinations
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Fig. 7. Results from the P2 vs. e2 grid constructed from coplanar edge-on dynamical fits. The nine panels show contours for the same quantities as
those in Fig. 6.

and the ascending nodes of the system as was demonstrated in
Reffert & Quirrenbach (2011). We found that all but the lowest
inclinations (down to about i1,2 = 5◦ ) for both companions are
consistent with the H IPPARCOS data, while Ω1 and Ω2 are practically unconstrained. Therefore, no meaningful constraints on
the orbital configuration could be derived from the H IPPARCOS
astrometry.
Although our dynamical fits to the RV data are also unable
to constrain the orbital orientation, we test a large number of
mutually inclined configurations by constructing grids of i1 versus i2 . These grids are made in the range i1,2 = 5–175◦ , meaning
that each step corresponds to δi1,2 = 3.4◦ . The mutual inclination, however, depends also on the difference between the orbital
ascending nodes ∆Ω = Ω1 − Ω2 :
cos ∆i = cos i1 cos i2 + sin i1 sin i2 cos ∆Ω.

(7)

Therefore, we create a total of 12 i1 , i2 grids with fixed values for ∆Ω = 0◦ , 30◦ , 60◦ , . . . , 330◦ . These grids cover a large
set of mutually inclined configurations in the range ∆i = 0–180◦ ;
from coplanar edge-on to highly inclined and retrograde orbits.
For each set of i1 , i2 and ∆Ω we apply our dynamical fitting routine and collect the χ2ν value and the best-fit orbital elements.
For all fits obtained on these grids we test the long-term orbital
evolution for 1 Myr.
Figure 9 visualizes the results from our i1 , i2 versus ∆Ω grids.
The red contours show the 1σ, 2σ, and 3σ levels measured from
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the global best-fit model on the grids of i1 , i2 versus ∆Ω. The
dashed contours mark the initial mutual inclination, in steps of
∆i = 30◦ , obtained with Eq. (7) from i1 , i2 and the given ∆Ω.
Gray filled regions show the fits stable for at least 1 Myr.
For the grid with ∆Ω fixed at 0◦ , the mutual inclination only
depends on ∆i = |i1 − i2 |, and therefore all coplanar inclined configurations are located on the diagonal with i1 = i2 . The fits
located on this diagonal are a repetition of the test performed
in Sect. 3.2 and shown in Fig. 4 for the combined RV data set.
In agreement with the results presented in Sect. 3.2, the coplanar
inclined fits on this grid are all stable. The same is true for a large
fraction of mutually inclined fits with ∆i . 45◦ . The best stable
fits located within the 1σ confidence region on the grid, however,
are located at i1 . 15◦ or i1 & 165◦ (i.e., sin i1 . 0.26), where
the inner companion is in the low-mass stellar range. This stable region covers a more extended range of mutual inclinations
from configurations with ∆i ≈ 30◦ and large companion masses
to about ∆i ≈ 100◦ , where the outer companion has a mass close
to its minimum, while the inner companion mass is near its maximum on the grid. Additionally, two small stable regions exist
for inclined configurations with ∆i & 150◦ (which is equivalent
to ∆i . 30◦ with retrograde orbits), but these are over 2σ away
from the best fit. The large S-shape stable island for ∆Ω = 0◦
gives a large range of companion masses and mutually inclined
configurations that can explain the ν Oph system rather well.
The case for ∆Ω fixed at 30◦ shows a similar stable region to
the case of ∆Ω = 0◦ , but with χν confidence contours suggesting
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Fig. 8. As in Figs. 6 and 7, but for e2 vs. ω2 . All fits on this grid are stable for at least 10 Myr, and the fits within the formal 3σ confidence level are
in 6:1 MMR with θ1 –θ6 librating around 0◦ . See text for details.

decreasing quality of the fits in the stable region. Only one
well-defined 1σ region is found in this grid, and almost all fits
within it are stable. These fits are located at i1 & 150◦ covering
∆i between 10◦ and 90◦ . All other fits in the stable S-shape
region are more than 1σ away from the best fit.
For ∆Ω = 60◦ , 90◦ , and 120◦ , the grids contain only configurations with high mutual inclinations, some with mostly
prograde, others with mostly retrograde orbits. This has a major
impact on the stable regions and the confidence contours. For
these three grids the stable solutions are mostly located near the
corners, corresponding to high-mass companions with relatively
small prograde or retrograde mutual inclinations. The quality of
these fits indicates that almost all of them are not within the 1σ
region. For ∆Ω = 60◦ , the 1σ contours are rather similar to those
at ∆Ω = 30◦ , but the central part of this grid has only a few stable
fits, which in fact will most likely turn out to be unstable if tested
for more than 1 Myr. The grids for ∆Ω = 90◦ and ∆Ω = 120◦
consist mostly of nearly perpendicular geometries, and the fits in
the central 2σ regions are nearly all unstable. The large unstable
regions at high mutual inclination in these and the other panels
are most likely due to Kozai–Lidov cycles, which seem to affect
the system stability.
A large stable region begins to emerge at very high mutual
inclinations (∆i & 150◦ ) at ∆Ω = 150◦ . For ∆Ω = 180◦ , this stable region is well defined around the coplanar and retrograde
diagonal at ∆i = 180◦ . The fits at the central part for ∆Ω = 150◦

and 180◦ are close to the 1σ confidence level. Clearly, for retrograde orbits the system is only stable within relatively small
limits of . 30◦ for the mutual inclination (i.e., ∆i & 150◦ ).
The panels in Fig. 9 for ∆Ω = 210◦ –330◦ are very similar to
those for ∆Ω = 30◦ –150◦ (in reverse order). This is expected,
as the transformation (i1,2 → 180◦ − i1,2 , ∆Ω → −∆Ω) leads
to a system that is observationally indistinguishable and has
the same stability properties. The small differences between the
corresponding panels are due to numerical noise.
If the ν Oph system has indeed mutually inclined orbits, then
most likely the system exists with relatively low mutual inclinations in prograde orbits, or even lower mutual inclination in
retrograde orbital motion. Apart from cases in very small areas
of parameter space, mutual inclinations with ∆i between 60◦
and 150◦ lead to instability on very short timescales, due to the
Kozai–Lidov effect. We caution, however, that the apparently
stable regions might become smaller if longer integrations are
carried out for the stability tests.

6. Discussion
6.1. The nature of the brown dwarf desert

In 2003 the Working Group on Extrasolar Planets of the International Astronomical Union adopted a working definition according to which a substellar companion to a star is to be referred to
A18, page 11 of 17
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Fig. 9. Mutually inclined grids for different ∆Ω. The red contours illustrate the 1σ, 2σ, and 3σ confidence levels, while the black dashed lines
delineate constant values of the initial mutual inclination ∆i. The stability of the best-fit solution for each grid point is tested for 1 Myr, and gray
filled contours show the grid areas where the orbits are stable. See text for details.

as a planet if its mass is less than 13 MJup , and as a brown dwarf
if its mass is higher (Boss et al. 2007). The main purpose of this
distinction is the introduction of an unambiguous nomenclature
A18, page 12 of 17

that is closely linked to an observable quantity, although in
the case of RV measurements the sin i ambiguity remains. The
boundary at 13 MJup is motivated by the deuterium burning limit,
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but from the point of view of companion formation mechanisms
it is completely arbitrary.
Nevertheless, the distinction between planets and brown
dwarf companions took on a second meaning with the realization that very few ∼1 M main sequence stars harbor companions in the range 5–80 MJup , with orbital periods up to a few
years (Marcy & Butler 2000). This brown dwarf desert can be
understood as a deep minimum in the companion mass function between the planetary and stellar mass ranges (Grether &
Lineweaver 2006), related to different formation mechanisms:
whereas binary stars form in a cloud fragmentation process
favoring pairs with nearly equal masses and thus a companion
mass function with a positive slope, planets form in circumstellar disks, with a mass function with negative slope over the
range considered here (gas giants with m & 1 MJup ). In this
picture, the location of the minimum between the two companion mass functions in the range between the deuterium and
hydrogen mass-burning limits is coincidental, but it provides a
tentative connection between the mass-based nomenclature and
the putative formation channels.
The large RV exoplanet surveys carried out during the
past few decades have also discovered a fair number of companions with m sin i in the brown dwarf range (e.g., Nidever
et al. 2002; Patel et al. 2007; Sahlmann et al. 2011; Wilson
et al. 2016). For some of these objects it has been possible
to detect the astrometric signature of the orbital motion in
the intermediate data of the H IPPARCOS mission, and thus to
measure sin i. In most cases, this has led to the realization
that the secondaries are low-mass stars in nearly face-on orbits
(e.g., Halbwachs et al. 2000; Sahlmann et al. 2011; Wilson
et al. 2016), but a few true brown dwarf companions have
also been confirmed in this way (Sozzetti & Desidera 2010;
Reffert & Quirrenbach 2011). RV follow-up of transiting Jupitersized objects is an alternative way to firmly establish brown
dwarf companions, as in the case of CoRoT-3 b (Deleuil et al.
2008).
Brown dwarf candidates have also been discovered in orbits
around late G and K giants (e.g., Liu et al. 2008; Mitchell et al.
2013; Reffert et al. 2015), in addition to the two objects that are
the subject of this paper. As the giant star surveys probe stellar
masses up to ∼4 M , they may help to answer questions about
the properties of the brown dwarf desert. One might for instance
suspect that the characteristic mass of the desert (i.e., the mass
at which the planetary and stellar-companion mass functions
intersect) increases with the mass of the host star. This would
be expected if the masses of planet-forming circumstellar disks
increase with the stellar mass (e.g., Pascucci et al. 2016), and if
the occurrence rate of stellar binaries depends on the mass ratio
q rather than the absolute mass of the secondary (Chabrier et al.
2014; see also the region a ≤ 5 AU of Fig. 2 in Jumper & Fisher
2013).
The mass dependence of the brown dwarf desert seems to
be borne out by comparing the numbers of brown dwarfs in
RV surveys of main sequence stars and of giants. For example, the Keck-HIRES data on 1624 F to M dwarf stars tabulated
by Butler et al. (2017) contain only two companions with m sin i
in the brown dwarf range (HD 16760 b with m sin i = 13.1 MJup
and M = 0.78 M , and HD 214823 b with m sin i = 19.2 MJup
and M = 1.22 M ). In contrast, our survey sample of 373 giant
stars contains four brown dwarfs (see Table 3). Taking these
numbers at face value, the rate of incidence of brown dwarfs
is nearly a factor of ten higher in the latter sample. The fact that
all four companions have masses of roughly 20 MJup and orbit
host stars of ∼2 M or higher further supports the hypothesis

Table 3. Brown dwarf companions in the Lick giant star survey sample.

Name
τ Gem b
11 Com b
ν Oph b
ν Oph c

m sin i (MJup ) M (M ) (Fe/H) Reference
22.1
15.3
22.2
24.7

2.47
1.89
2.74
2.74

0.14
−0.24
0.06
0.06

Mitchell et al. (2013)
Liu et al. (2008)
This paper
This paper

Notes. The masses are taken from Stock et al. (2018), and the metallicities from Hekker & Meléndez (2007).

that these objects represent the high-mass end of the planetary
mass function, which is shifted towards higher masses for more
massive host stars.
One must caution, however, that this is by no means a conclusive statistical analysis. In addition to the sin i ambiguity, such an
analysis would have to address various selection effects that may
affect the inferred companion rate: (1) for many surveys, there is
no published information about the full underlying target sample.
In those cases it is impossible to convert numbers of detections
into occurrence rates, as additional unpublished companions
may be contained in the full sample. The two examples above
have been chosen because the full information of these surveys is
available. (2) Essentially all large RV surveys have very uneven
temporal sampling across the target stars, as the survey teams
usually allocate additional observations to “promising” or “interesting” targets. This makes the companion-detection thresholds
rather nonuniform. (3) The task of establishing reliable detection
thresholds is further complicated by varying levels of “stellar
noise” due to activity and oscillations, whose amplitudes are
strongly correlated with the stellar parameters, in particular for
evolved stars (e.g., Hekker et al. 2006). (4) To analyze companion occurrence rates as a function of host star mass, these masses
must be determined in the first place. This is not a trivial task in
the case of giant stars (Stock et al. 2018). (5) The occurrence
rate of massive planets depends not only on mass, but also on
metallicity (Fischer & Valenti 2005; Reffert et al. 2015). While
neglecting this dependency may lead to erroneous conclusions,
attempts to determine the occurrence rate of rare objects (such as
brown dwarfs) as a function of both parameters suffer strongly
from low-number statistics.
The resolution of these problems will likely have to wait for
the release of the epoch astrometry data from the Gaia mission. A 10 MJup companion in a 1 AU orbit around a 2 M star
at a distance of 100 pc induces an astrometric motion of the host
star with a 50 µas amplitude, which should be readily detectable
by Gaia. The mission will thus conduct a complete census of
brown dwarf companions to thousands of A and F main sequence
stars. For the time being, the double-brown dwarf system
ν Oph provides additional insights into the link between brown
dwarfs and high-mass planets, as discussed in the following
section.
6.2. The formation of brown dwarf companions

Brown dwarf companions can in principle form through
three different mechanisms: (1) turbulent fragmentation of a
molecular cloud (Bate 2012; Luhman 2012), as in the case of
a binary star with very high mass ratio; (2) fragmentation of
the disk during the formation of the primary (Stamatellos &
Whitworth 2011; Kratter & Lodato 2016); and (3) core accretion, as in Jovian planets. Models of these processes predict
A18, page 13 of 17
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different properties of the companion population, but they could
all contribute to a varying extent in different sections of the
parameter space, which makes it difficult to assess their relative
importance (Marks et al. 2017). It would thus be highly desirable to firmly identify the formation mechanism for individual
well-characterized objects. The ν Oph double-brown dwarf system is particularly suited to addressing this question, because its
unusual properties place constraints on its formation pathway.
First we note that molecular cloud fragmentation into multiple “star”-forming cores is a very unlikely formation process
for the ν Oph system. The finding that the two brown dwarfs
are in a 6:1 MMR configuration is robust across virtually all of
the allowed parameter space, for coplanar as well as mutually
inclined orbits. No similar configuration is known for any multiple stellar system (Tokovinin 2018), whereas orbital resonances
are rather common in planetary systems, and their presence is
best explained by resonance capture during convergent migration of the planets forming in the circumstellar disk (e.g., Lee &
Peale 2002; Kley & Nelson 2012). It is therefore very likely that
the two brown dwarfs formed in the disk of ν Oph when it was a
Herbig Ae star.
This leaves the question open as to whether disk fragmentation or core accretion is the more likely formation process.
Unfortunately, we do not have access to the radii of the brown
dwarfs, and therefore there are no constraints on their composition, which could potentially discriminate between the two scenarios and provide additional information on the disk properties
(Guillot et al. 2014; Humphries & Nayakshin 2018). There is no
agreement in the literature over the importance of gravitational
instabilities in circumstellar disks for planet and brown dwarf
formation. While, for example Chabrier et al. (2014) dismiss
this mechanism as a major contributor to the companion population around single stars, others argue that disk fragmentation is
responsible for most of the companions with high masses and/or
large orbital radii (Stamatellos & Whitworth 2009; Schlaufman
2018; Vorobyov & Elbakyan 2018). In fact, Dodson-Robinson
et al. (2009) investigated core accretion, scattering from the inner
disk, and gravitational instability as potential formation scenarios; they conclude that only the last is a viable mechanism to
form gas giants on stable orbits with semi-major axes &35 AU.
Simulations of self-gravitating disk fragments by Forgan et al.
(2015) produced some systems that bear a remarkable resemblance to ν Oph (see their Fig. 2). This would seem to argue
that ν Oph b and ν Oph c formed by disk fragmentation. One
should caution, however, that these studies considered mostly
host stars with ∼1 M . If the maximum mass of 10 MJup postulated by Schlaufman (2018) for companions formed by core
accretion scales with the host star mass, ν Oph b and ν Oph c may
well fall below this limit.
Maldonado & Villaver (2017) investigate the dependence of
brown dwarf formation on stellar metallicity and suggest that
gravitational instability might be dominant at lower, and core
accretion at higher values of the metallicity. Of the host stars
to brown dwarfs in the Lick giant star survey sample (Table 3),
11 Com has a relatively low metallicity (rank 78/366 of all stars
in Hekker & Meléndez 2007), whereas ν Oph and τ Gem have
relatively high metallicities (rank 318 and 354/366, respectively).
With this small number of objects it is thus not possible to
attribute the occurrence of brown dwarf companions among the
Lick sample to either high or low host star metallicity.
There may be an interesting direct link between the ν Oph
system and planets in wide orbits found by direct imaging.
For example, the HR 8799 system also appears to have formed
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in a massive disk, and it has been suggested that its configuration represents a chain of multiple MMRs (Fabrycky &
Murray-Clay 2010; Goździewski & Migaszewski 2014; Wang
et al. 2018). It thus appears plausible that both systems formed
through fragmentation in the outer regions of the circumstellar
disk (&40–70 AU; Kratter et al. 2010) and subsequent inward
migration and resonance capture. However, in this scenario
one would expect an even larger population of similar objects
with larger companion masses (Kratter et al. 2010; Murray-Clay
2010), which appears not to be the case for either the directly
imaged planets or the companions of giant stars found in RV
surveys.
To settle the question about the origin of ∼20 MJup objects,
better statistics and in particular more multiple systems are
clearly needed. Since the number of giant stars accessible to
RV observations with modest-size telescopes is far larger than
the samples surveyed so far, additional examples may be found
soon. At present, the system most similar to ν Oph in the literature is BD +20 2457, with two companions with masses of
12.5 MJup and 21.4 MJup orbiting at 1.4 and 2 AU, respectively
(Niedzielski et al. 2009). This system can probably not be stable
if it is not in an MMR, but so far attempts to find any such stable
configurations have failed, casting some doubts on the reality
of the companions (Horner et al. 2014; Trifonov et al. 2014).
It would therefore be highly desirable to collect more data on
this star.
Another system that bears some close resemblance to
ν Oph is the 5:1 MMR system HD 202206, which contains a
brown dwarf (m sin i = 16.6 MJup ) and a giant planet (m sin i =
2.2 MJup ) orbiting a 1.0 M star (Correia et al. 2005; Couetdic
et al. 2010). The HD 202206 system can be explained by either
formation of both brown dwarf and planet in a circumstellar disk,
or formation of the star–brown dwarf binary and then formation
of the planet in a circum-binary disk.
As a final remark we note that the true masses of ν Oph b and
ν Oph c could be substantially larger than 20 MJup , perhaps even
above the hydrogen burning limit, as discussed in Sect. 3. This
would not invalidate any of the arguments about the formation
scenarios, but in that case core accretion would not appear plausible, leaving disk fragmentation as the only viable formation
mechanism.

7. Summary and conclusions
In this paper, we present results of an orbital analysis of the
ν Oph system, which contains an evolved K-giant star with
M = 2.7 M and two brown dwarf companions with minimum masses m1 sin i = 22.2 MJup for the inner companion, and
m2 sin i = 24.7 MJup for the outer. It was previously known that
this system is consistent with orbital periods close to 6:1 in ratio,
and therefore we have performed a detailed study to decide if this
system is indeed trapped in an MMR.
For our analysis we use 150 precise Lick Observatory
Doppler measurements, which we obtained between 2000 and
2011. We combine our RVs with an additional 44 precise RVs
from the OAO Observatory, available in the literature. The total
of 194 data points have a mean precision of ∼5 m s−1 , but we
quadratically added to the RV data uncertainties an additional
estimated stellar jitter velocity of 7.5 m s−1 . Finally, we model
the combined data with self-consistent dynamical fits, which
calculate ν Oph’s spectroscopic reflex motion by taking into
account the mutual gravitational interactions between the bodies
in the system.
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Our best coplanar edge-on model to the combined data suggests that both orbits are aligned with arguments of periastron
ω1 = 9.9◦ ± 1.5◦ and ω2 = 8.3◦ ± 2.0◦ , respectively. A long-term
stability analysis reveals that the coplanar edge-on fit is stable
for at least 1 Gyr, and that the system is deeply trapped in a
6:1 MMR. Our dynamical test reveals a very coherent orbital
evolution, where the brown dwarf eccentricities librate with
moderate amplitudes, while the variations of the semimajor axes
are negligible. Close inspection of the long-term resonant state
of the system shows that all six resonance angles θ1 –θ6 and
the secular ∆ω are librating around 0◦ . We conclude that these
results represent strong evidence for the ν Oph system being in a
resonant configuration.
To verify the best edge-on coplanar model estimates for the
ν Oph system we test a large number of synthetic RV data sets
generated with a bootstrap technique. We find that the achieved
bootstrap distribution of the orbital elements and their confidence levels are fully consistent with our best N-body edge-on
fit and its error estimates. In a final stability test, we find that
all bootstrap fits are stable for at least 10 Myr, and that all are in
resonance.
We have also carried out a large number of coplanar inclined
dynamical fits in the same way as in the edge-on case. The best
inclined fit yields an inclination of i = 16◦ , leading to much
larger companions masses, namely m1 = 82.0 MJup and m2 =
92.0 MJup . The remaining spectroscopic parameters for the best
inclined fit, however, are very similar to those from the coplanar edge-on model and we find that both best-fit solutions agree
within the 1σ uncertainties. Since the improvement in χ2 compared to the edge-on fit is insignificant, we conclude that with
the current combined RV data set it is impossible to constrain
the line of sight orbital inclination using a dynamical model.
Remarkably, all coplanar inclined fits down to i = 5◦ are also
stable and in 6:1 resonance. As expected, with increasing brown
dwarf masses the system becomes more dynamically active: the
resonance angles still librate around 0◦ , but with increasing libration amplitudes and frequencies. In these fits the companions
remain well separated and retain a clear 6:1 period ratio during
the integrations.
Finally, we study the χ2ν and stability of the system as a function of various orbital parameter combinations. We construct
high-density 2D coplanar edge-on grids with P2 /P1 versus P1 ,
P2 versus e2 and ω2 versus e2 as fixed parameters, which were
systematically varied on the grids, while all other orbital parameters were allowed to vary freely. We selected the parameter pairs
in such a way that we could study the fit properties out to at least
a few σ away from the best fit. We find that all fits on these grids
are stable for at least 10 Myr. The vast majority of these configurations are found to be in the 6:1 MMR. We repeat the 2D
grid test for i = 30◦ , where the companion masses are doubled,
and find similar results. Since the two companions are well separated, increasing the companion masses has little influence on
the long-term stability.
We also construct 12 grids with mutually inclined orbits
by adopting different ∆Ω. We conclude that moderate mutual
inclinations in prograde orbits, or small mutual inclinations in
retrograde orbits are stable. Except for a few isolated cases,
mutual inclinations with ∆i between 60◦ and 150◦ lead to instability on very short time scales, most likely due to Kozai-Lidov
effects. We caution, however, that these stability tests were
carried out only for 1 Myr, and that longer integrations might
reduce the sizes of the stable regions.
In summary, we conclude that the K giant star ν Oph is
orbited by two companions with minimum dynamical masses of

m1 sin i = 22.2 MJup and m2 sin i = 24.7 MJup , which are locked
in a 6:1 MMR. This conclusion is robust also if large inclinations
with respect to the line-of-sight or even mutually inclined orbits
are considered. It is very likely that the two brown dwarf companions formed in the disk of ν Oph when the system was young,
but it is not possible at present to decide whether the mechanism
was gravitational instability or core accretion.
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Appendix A: Additional table
Table A.1. Measured velocities for ν Oph and the derived errors.
JD
2451853.595
2451854.601
2451856.598
2452012.028
2452014.001
2452044.920
2452045.972
2452046.949
2452048.896
2452079.895
2452080.876
2452081.891
2452082.900
2452083.801
2452098.860
2452100.846
2452106.874
2452109.844
2452124.806
2452125.794
2452156.675
2452163.736
2452165.692
2452166.657
2452175.668
2452192.623
2452194.646
2452205.607
2452206.610
2452207.592
2452222.586
2452308.077
2452337.079
2452362.961
2452363.987
2452383.993
2452384.979
2452394.967
2452412.826
2452423.900
2452425.901
2452437.870
2452438.821
2452452.913
2452454.847
2452464.877
2452472.845
2452483.816
2452484.767
2452494.830

RV (m s−1 )
−285.8
−281.0
−273.8
185.7
194.5
205.2
203.7
198.4
196.4
140.0
119.0
116.2
111.0
116.9
58.3
56.6
31.9
27.6
−24.1
−22.8
−134.4
−150.1
−166.0
−168.3
−183.9
−227.4
−236.1
−244.0
−240.9
−249.2
−267.9
−302.5
−250.5
−205.4
−197.3
−149.4
−132.9
−113.5
−66.1
−8.7
2.9
22.0
28.1
86.5
101.9
131.8
147.1
217.2
217.3
241.1

σRV (m s−1 )
5.3
5.9
5.5
5.7
6.2
4.9
5.4
5.4
5.8
5.4
5.2
5.4
5.1
4.8
5.1
4.8
5.9
5.0
4.8
4.9
4.5
5.2
5.5
4.6
4.7
4.4
5.7
5.4
5.7
5.8
5.3
5.8
5.7
5.5
5.8
6.0
6.0
6.1
6.3
6.2
6.1
6.2
6.1
6.2
5.9
5.8
5.9
6.0
6.5
6.6

JD
2452495.757
2452496.825
2452505.795
2452517.749
2452519.738
2452529.758
2452530.675
2452531.737
2452532.720
2452533.669
2452541.698
2452542.697
2452543.678
2452560.663
2452571.631
2452572.610
2452573.640
2452590.584
2452707.065
2452718.044
2452720.986
2452765.953
2452800.885
2452803.894
2452837.808
2452861.771
2452862.770
2452863.802
2452879.776
2452898.710
2452900.695
2452932.634
2452934.630
2453093.021
2453168.890
2453232.768
2453265.682
2453267.661
2453286.637
2453291.619
2453293.624
2453401.097
2453443.008
2453445.050
2453493.983
2453578.846
2453613.703
2453649.645
2453654.615
2453788.093

RV (m s−1 )
237.5
244.2
283.8
300.4
299.7
334.9
346.3
345.8
351.8
340.4
356.8
377.1
363.7
348.4
352.0
359.7
346.3
350.6
−5.8
−37.0
−37.2
−102.7
−135.8
−122.1
−111.2
−79.5
−76.9
−71.7
−57.7
−7.7
−12.2
74.0
77.0
482.0
273.0
21.8
−49.8
−70.2
−96.5
−111.3
−111.4
−138.2
−89.6
−79.1
23.1
283.0
296.7
254.2
236.0
−228.3

σRV (m s−1 )
6.1
5.7
5.6
6.4
5.1
6.5
4.3
6.1
5.8
5.7
5.4
6.1
5.9
6.1
5.8
5.7
7.0
6.8
4.7
5.0
4.8
6.5
5.6
5.3
6.7
4.4
5.4
5.5
5.0
5.2
5.7
5.4
4.7
6.4
5.0
4.5
4.6
4.6
4.5
4.1
4.1
5.3
4.7
4.9
5.3
5.9
5.3
5.9
4.8
5.4

JD
2453854.954
2453911.889
2453915.853
2453931.799
2453936.734
2453967.789
2453981.698
2454182.023
2454226.985
2454254.845
2454265.881
2454297.779
2454314.776
2454344.713
2454391.630
2454421.582
2454507.096
2454583.884
2454600.885
2454645.846
2454667.829
2454683.737
2454711.705
2454756.639
2454911.981
2454979.970
2455026.775
2455063.780
2455098.699
2455121.628
2455242.086
2455278.014
2455303.005
2455328.964
2455329.956
2455362.853
2455420.785
2455450.677
2455589.097
2455591.096
2455620.054
2455651.019
2455678.978
2455701.928
2455732.871
2455756.780
2455760.815
2455803.707
2455832.617
2455862.611

RV (m s−1 )
−341.6
−349.2
−345.3
−342.7
−357.1
−273.8
−244.2
136.6
−23.1
−158.0
−197.1
−288.1
−322.6
−396.3
−433.6
−439.4
−307.3
−84.4
−7.1
107.2
130.6
137.9
74.8
−66.5
−401.1
−374.6
−300.7
−200.5
−77.1
−5.2
182.1
70.4
−11.1
−106.4
−114.5
−187.4
−304.7
−312.3
−70.8
−70.5
38.1
167.2
264.8
307.6
375.3
347.2
341.6
237.0
174.0
59.2

σRV (m s−1 )
4.8
6.2
4.5
5.1
8.0
4.7
4.6
4.8
4.9
4.4
4.6
4.7
5.1
4.8
8.8
5.6
5.3
5.4
5.1
5.4
5.6
4.8
4.8
4.5
7.8
7.3
7.2
6.4
6.7
7.3
9.4
7.4
5.4
5.9
5.6
6.5
5.8
6.3
4.9
5.9
7.6
6.1
6.5
5.3
4.8
5.3
6.0
5.1
6.0
6.5
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