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for atmospheric characterization studies(García Muñoz et al.
2020, 2021).

Accurate planetary masses and radii are important for
exoplanet studies. True planet masses are needed for under-
standing the architecture of exoplanets and for dynamical
studies. Accurate bulk densities are essential for constraining
the internal composition of the planet. In the case of� Men c,
the measured RV amplitude(and thus mass) was based on
archival data taken with the HARPS spectrograph. The
observing strategy consisted of sparse observations spread
over a relatively long time and thus was not geared to detect
small, short-period planets. The corresponding error in the
mass,� 20%, made it dif� cult to distinguish between interior
models consisting mostly of water, or having a signi� cant
fraction(� 50%) of silicates(Gandol� et al.2018).

The � Men system has received heightened interest because
astrometric studies have determined the orbital inclination of
the outer planet. Xuan & Wyatt(2020), De Rosa et al.(2020),
and Damasso et al.(2020) combined the long time series of RV
measurements for this star with Hipparcos and Gaia astrometric
measurements to determine an orbital inclination ofib � 50°.
Not only does this pin down the true planet mass as
Mb � 14MJup, but, more importantly, it establishes that the
inner and outer planetary orbits are misaligned.� Men joins�
Andromedae(McArthur et al. 2010), Kepler-108 (Mills &
Fabrycky2017), and possibly 14 Her(Bardalez Gagliuf� et al.
2021) as stars hosting planets with large mutually inclined
orbits. The� Men system is thus important for constraining
planet formation theories and studying the dynamical evolution
of planetary systems.

In order to measure a more precise mass for� Men c, we
included observations of the host star as part of our ESO
HARPS large program of spectroscopic follow-up of transiting
planet candidates found by TESS. The purpose of these RV
measurements was twofold. First, we wished to improve on the
error in the planet mass to constrain better compositional
models. An accurate mass is also needed to estimate the
atmospheric pressure scale height needed for planning
observations to detect atmospheric features. Second, we wished
to study the architecture of this system by searching for
additional planetary companions. This is especially important

given the recent discovery of the mutual inclination of the
orbits between the inner and outer planets.

� Men was also intensively observed by the newly
commissioned ESPRESSO spectrograph on the ESO’s Very
Large Telescope, which yielded aK amplitude of
1.5± 0.2 m s� 1 for the inner transiting planet� Men c
(Damasso et al.2020). This result offered us a chance to
compare the performance of two state-of-the-art spectrographs
designed for precise RV work, one a venerable instrument,
HARPS(Mayor et al.2003), mounted on a 3.6 m telescope and
in use for almost 20 yr, and a more modern one, ESPRESSO,
mounted on an 8.2 m telescope(Pepe et al.2014). The star is
bright, so high signal-to-noise ratio(S/ N) data can be obtained
on both instruments with relatively short exposure times. In the
future, considerable telescope resources will be invested in the
RV follow-up of transiting small planets found by the PLATO
mission (Rauer et al.2014), so it is useful to compare the
performance of both instruments using contemporaneous
observations on the same target.

In this work, we adopted the most recent stellar parameters
derived by Damasso et al.(2020). The only exception is the
stellar radius. For the sake of completeness, they are listed in
Table 1, along with the equatorial coordinates,V-band
magnitude, parallax, distance, and proper motion of the star.

2. The Radial Velocity Data

Our RV data consist of archival and new measurements from
our ESO’s HARPS large follow-up program. A total of 77 RV
measurements come from the UCLES spectrograph mounted
on the 3.9 m telescope of the Anglo Australian Telescope
(AAT). These can be found in Butler et al.(2006) or in
Gandol� et al.(2018). R. Wittenmyer kindly provided us with
the more recent measurements used by Huang et al.(2018).
Archival HARPS data consisting of 145 RV measurements(51
nightly averaged) were also taken from the public archive of
the European Southern Observatory(ESO). We also included
275 RV measurements(37 nightly averaged) taken with the
ESPRESSO spectrograph(Damasso et al.2020).

The new data for� Men were taken as part of our ESO
observing programs 0101.C-0829, 1102.C-0923, and
106.21TJ.001(PI: Gandol� ) and during technical nights

Table 1
Equatorial Coordinates, Proper Motion, Parallax, Distance,V-band Magnitude, and Fundamental Parameters of� Men

Parameter Value Source

Equatorial coordinates andV-band magnitude
R.A. (hh:mm:ss, J2000) 05:37:09.885 Gaia Collaboration et al.(2018)
R.A. (dd:mm:ss, J2000) � 80:28:08.831 Gaia Collaboration et al.(2018)
V 5.65± 0.01 Mermilliod(1987)

Proper motion, parallax, and distance
�N �E�Bcos (mas yr� 1) 311.187± 0.127 Gaia Collaboration et al.(2018)
� � (mas yr� 1) 1048.845± 0.136 Gaia Collaboration et al.(2018)
Parallax(mas) 54.7052± 0.0671 Gaia Collaboration et al.(2018)
Distance(pc) 18.280± 0.022 Gaia Collaboration et al.(2018)

Fundamental parameters
Star massMå (Me ) 1.07± 0.04 Damasso et al.(2020)
Star radiusRå (Re ) 1.190± 0.004 Csizmadia et al.(2021, submitted)
Effective remperatureTeff (K) 5998± 62 Damasso et al.(2020)
Iron abundance[Fe/ H] (dex) 0.09± 0.04 Damasso et al.(2020)
Projected rotational velocityv sin iå (km s� 1) 3.34± 0.07 Damasso et al.(2020)
Age (Gyr) ��

��3.92 0.98
1.03 Damasso et al.(2020)
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(program IDs 60.A-9700 and 60.A-9709) on HARPS. These
consisted of 413 RV measurements27 spanning 2018 Septem-
ber to 2020 December(hereafter“HARPS-Large” data set).
The star is bright, so we typically took several observations per
night. Exposure times were 150–300 s, resulting in a median S/
N of � 250 pixel–1 at 550 nm. If one considers only nightly
averages, our program resulted in 177 new measurements taken
at different epochs. In 2015 June the HARPS� ber bundle was
upgraded(Lo Curto et al.2015). This results in a zero-point
offset between the data taken before and after the upgrade. We
therefore treated the complete data as four independent sets
with different zero-point offsets: UCLES, ESPRESSO, and
HARPS before(HARPS-PRE) and after the� ber upgrade
(HARPS-POST; this set also includes HARPS-Large).

We extracted the HARPS spectra using the Data Reduction
Software(DRS; Lovis & Pepe2007). There are a number of
reduction pipelines available for the calculation of RVs: the
DRS, which uses the cross-correlation method with a digital
mask (Pepe et al.2002), the HARPS Template-Enhanced
Radial velocity Re-analysis Application(HARPS-TERRA,
Anglada-Escudé & Butler2012), and the SpEctrum Radial
Velocity AnaLyser (SERVAL) pipeline (Zechmeister et al.
2018). For our� nal analysis we used the RVs calculated with
HARPS-TERRA, as this produced a� nal rms scatter that was
about 4% lower than the other two methods. We emphasize,
however, thatall reduction programs produced consistent
orbital parameters that were well within the uncertainties.

Brie� y, HARPS-TERRA performs a least-squares matching
of each observed spectrum to a high-S/ N template spectrum
produced by co-adding all the observations of the target star
after they have all been placed on the same wavelength scale
and corrected for Earth’s barycentric motion. The RV for each
spectrum is calculated with respect to this master template.

� Men is a high-proper-motion star. The RV data span 17 yr,
so it is important to remove the secular acceleration. The star
has a systemic RV of 10.7317± 0.0003 km s� 1 (as derived
from the analysis of the HARPS-POST DRS RVs), a parallax
of 54.705± 0.067 mas, and proper motion of 311.187±
0.127 mas yr� 1 and 1048.845± 0.136 mas yr� 1 in R.A. and
decl., respectively(Gaia Collaboration et al.2018, see also
Table 1). This results in a secular acceleration of� 0.48
m s� 1 yr� 1. This was removed for all RVs except for those
processed with HARPS-TERRA, which already accounts for
the secular acceleration in its pipeline.

Table 2 lists the data sets used in our RV analysis. We
reiterate that the“HARPS-POST” data contain both the 17
archival HARPS measurements after the upgrade and those
from our large program. The“HARPS-Large” is a subset of
this that only contains our new 404 useful measurements from
the large program. The standard deviation listed is the rms
scatter of the data sets after the removal of all periodic signals
(see below). Table3 lists the new RV measurements from our
ESO large programs.

3. Periodogram Analysis of the RV Data

We � rst performed a frequency(periodogram) analysis on
the RV data in order to con� rm that the signal of the transiting
planet � Men c is indeed present in the data. Furthermore,
identifying all signi� cant signals in the data and modeling these
is important for deriving a precise RV amplitude for the
transiting planet. To� nd weak periodic signals, we� rst had to
remove the large variations due to the outer planet. Since the
UCLES measurements increase the time base of the measure-
ments needed to re� ne the parameters of the outer planet, we
included these in spite of them having poorer RV precision.

An initial orbital solution was performed using the general
nonlinear least-squares� tting programGauss� t (Jefferys et al.
1987). All orbital parameters were allowed to vary, including
the zero-point offset of each individual data set. The orbit
parameters listed in Table4 represent the� nal ones from our

Table 2
The RV Data Sets

Data Set Time Span(yr) Measurements(Nightly) � (m s� 1)

UCLES 1988.04–2015.9 77 5.88
HARPS-PRE 2004.0–2015.0 31 2.72
HARPS-POST(Archival) 2015.8–2016.2 9 0.83
HARPS-POST(Large) 2018.7–2020.2 177 1.40
ESPRESSO 2018.7–2019.2 37 0.95

Table 3
RV Measurements and Activity Indicators from the ESO HARPS-Large Programs

BJDTDB RV � RV BIS FWHM S-index � S�index

(days) (m s� 1) (m s� 1) (m s� 1) (km s� 1)

2,458,383.896397 10994.6 0.4 8.974 7.6796 0.153485 0.000362
2,458,383.899499 10994.5 0.4 9.763 7.6807 0.153990 0.000368
2,458,384.814003 10998.8 0.4 9.695 7.6768 0.153351 0.000338
2,458,384.817116 11000.3 0.4 8.031 7.6791 0.153506 0.000362
2,458,385.813365 11003.3 0.4 8.265 7.6798 0.153090 0.000287
2,458,385.816513 11003.4 0.4 8.884 7.6788 0.153815 0.000288
2,458,385.898502 11003.7 0.3 8.891 7.6788 0.152502 0.000327

(This table is available in its entirety in machine-readable form.)

27 We excluded seven measurements taken on 2018 November 27 and 28
(UT), which are affected by a poor wavelength solution(see Nielsen et al.
2020). We also rejected two spectra taken on 2019 December 5(UT), due to a
failure of the telescope guiding system. This gives 404 useful HARPS spectra.
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joint � t (see below), which are entirely consistent with the
Gauss� t results. The orbital� t for � Men b is shown in
Figure1. The UCLES measurements have an rms scatter more
than twice that of the HARPS data and will be excluded from
the subsequent analyses.

The generalized Lomb–Scargle(GLS) periodogram(Zech-
meister & Kürster2009) of the residual HARPS-Large RV
data, after removing the orbital frequency of planet b
( f1 = 4.79× 10� 4 day� 1), is shown in the top panel of
Figure 2. We only used the HARPS-Large data for this
analysis for two reasons. First, it provides a much simpler
sampling window. Including the early HARPS-PRE data
results in a very complex window with many more alias
peaks. Second, the HARPS-PRE data start approximately 10 yr
earlier and have much sparser sampling. This means that any
underlying long-term stellar variability, which will be dif� cult
to model, can boost power into an alias frequency, thus
masking the true one that is present.

The highest peak occurs at a frequency off2 = 0.008 day� 1

(P= 125 days), although one can see signi� cant power at the
orbital frequency of the transiting planet( f3 = 0.16 day� 1,

P= 6.27 days). Removingf2 increases the power seen at orbital
frequency of the transiting planet(middle panel of Figure2).
The � nal residuals(bottom panel) result in no additional
signi� cant peaks. A peak is seen atf = 1.56× 10� 3 (P = 640
days), but this has low signi� cance with an estimated false-
alarm probability (FAP) � 2%, which we do not consider
signi� cant.

We assessed the statistical signi� cance of the new� 125 day
period via the bootstrap randomization process, where the RV
values were randomly shuf� ed, keeping the time stamps� xed
(Murdoch et al.1993). In 300,000 realizations of the bootstrap
there was no instance where the random data periodogram
showed power higher than the real data. This implies an
FAP= 3.3× 10� 6. It is highly unlikely that this peak is due to
random noise.

4. The Nature of the 125 Day Period

Before we can adequately model the 125 day signal in our
analysis, it is important to establish its nature. If it is planetary
in origin, it would be an important new member of the� Men
system; however, it can also arise from stellar activity.

Table 4
Orbital Parameters for� Men b and c

Parameter � Men b � Men c

Orbital periodPorb (days) 2088.33± 0.34 6.267852± 0.000016
Time of inf. conj./ � rst transitT0 (BJDTDB–2,450,000 days) 6540.34± 0.75 8519.8068± 0.0003
Orbit eccentricitye 0.6396± 0.0009 0(� xed)
Argument of periastron of stellar orbit� å (deg) 331.03± 0.25 90(� xed)
Radial velocity semiamplitude variationK (m s� 1) 192.99± 0.38 1.21± 0.12
Planetary minimum massMp × sin ip 9.82± 0.24MJup 3.63± 0.38M�

Truea planetary massMp 12.6± 2.0 MJup 3.63± 0.38M�

Note.
a Using ib = �n

�n
�n��

��51 .2 9.8
14.1 for � Men b (Xuan & Wyatt2020) andic = 87°.05± 0°.15 for � Men c (Damasso et al.2020).

Figure 1. Top: the RV time series from UCLES(brown squares), HARPS-PRE(red circles), and HARPS-POST(blue triangles). For clarity we do not plot the
ESPRESSO measurements, as these are contemporaneous with the HARPS-POST data. The curve is the Keplerian orbital solution for� Men b. Bottom: the residuals
after subtracting the orbit of� Men b.
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