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ABSTRACT

Much remains to be understood about the nature of exoplanets smaller than Neptune, most of which have been discovered in compact
multi-planet systems. With its inner ultra-short period planet b aligned with the star and two larger outer planets d-c on polar orbits, the
multi-planet system HD 3167 features a peculiar architecture and offers the possibility to investigate both dynamical and atmospheric
evolution processes. To this purpose we combined multiple datasets of transit photometry and radial velocimetry (RV) to revise the
properties of the system and inform models of its planets. This effort was spearheaded by CHEOPS observations of HD 3167b, which
appear inconsistent with a purely rocky composition despite its extreme irradiation. Overall the precision on the planetary orbital
periods are improved by an order of magnitude, and the uncertainties on the densities of the transiting planets b and ¢ are decreased by
a factor of 3. Internal structure and atmospheric simulations draw a contrasting picture between HD 3167d, likely a rocky super-Earth
that lost its atmosphere through photo-evaporation, and HD 3167c¢, a mini-Neptune that kept a substantial primordial gaseous envelope.
We detect a fourth, more massive planet on a larger orbit, likely coplanar with HD 3167d-c. Dynamical simulations indeed show that
the outer planetary system d-c-e was tilted, as a whole, early in the system history, when HD 3167b was still dominated by the star
influence and maintained its aligned orbit. RV data and direct imaging rule out that the companion that could be responsible for the
present-day architecture is still bound to the HD 3167 system. Similar global studies of multi-planet systems will tell how many share

the peculiar properties of the HD 3167 system, which remains a target of choice for follow-up observations and simulations.

Key words. planets and satellites: individual: HD 3167 — planets and satellites: dynamical evolution and stability —
planets and satellites: physical evolution — techniques: photometric — techniques: radial velocities — planet-star interactions

1. Introduction

Precise knowledge of a planet mass and radius is essential
to infer its internal structure and the presence of an atmo-
sphere. This is especially relevant for small exoplanets (below
~3 Rg), which could encompass a wide range of compositions
from mini-Neptunes with volatile H/He envelopes, to ocean
planets with water mantle and steam atmospheres, to ultra-
hot rocky planets with molten lava-rich surfaces and heavy-
weight envelopes (e.g., Winn et al. 2018; Otegi et al. 2020).

* Radial velocity and photometry data of HD 3167 are only avail-
able at the CDS via anonymous ftp to cdsarc.cds.unistra.fr
(130.79.128.5) or via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/668/A31

** This article uses data from CHEOPS program CH_PR100008.

*** STFC Ernest Rutherford Fellow.

In that respect the HD 3167 system is of particular inter-
est, as it hosts three known planets (Vanderburg et al. 2016;

Christiansen et al. 2017; Gandolfi et al. 2017): HD 3167b (P =

0.96d, R, = 1.70 “0:13 R, M, =5.02 +0.38 M), HD 3167d (P =

8.51d, M, sini=6.90 +0.71Mg), and HD 3167¢ (P =29.84 days,

R,=3.01 0 Re, M,=9.80 139 Mg). Planets b and ¢ are

transiting their nearby (47pc) and bright (V=9) KOV star,
allowing for detailed measurements of their radius and atmo-
spheric properties. The intermediate planet d is not transiting,
but is nonetheless expected to have a low mutual inclination
with planet ¢ based on dynamical calculations (Dalal et al.
2019). The orbital architecture of the HD 3167 system is par-
ticularly intriguing, because the orbital plane of its innermost
planet b is close to the stellar equatorial plane and perpen-
dicular to the orbital planes of the outer planets d and c, on
polar orbits around the star (Dalal et al. 2019; Bourrier et al.
2021).
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HD 3167 c is a mini-Neptune, that is an exoplanet smaller
than Neptune still harboring a substantial volatile envelope of
hydrogen and helium, or possibly a large fraction of water (e.g.,
Mousis et al. 2020). Transit observations in the near-IR with
the Wide Field Camera 3 (WFC3) onboard the Hubble Space
Telescope (HST), combined with broadband transit measure-
ments with Kepler/K2 and Spitzer/IRAC, revealed molecular
absorption in the atmosphere of HD 3167 ¢ (Guilluy et al. 2021;
Mikal-Evans et al. 2021).

HD 3167 b belongs to the population of ultra-short period
planets (USPs, R < 2Rg; P < 1d). These exotic worlds receive
so much energy from their parent star, via irradiation, tides, or
even electromagnetic induction (Kislyakova et al. 2017, 2018)
that they cannot retain a volatile atmosphere (e.g., Lopez 2017,
Winn et al. 2018). The planetary lithosphere is further expected
to weaken and melt, leading to the formation of magma oceans
and potential volcanic activity, particularly on the irradiated day
side (e.g. Schaefer & Fegley 2009; Barnes et al. 2010; Gelman
et al. 2011; Léger et al. 2011; Elkins-Tanton 2012). When plan-
etary equilibrium temperatures exceed ~1000 K, outgassing can
release massive amounts of dust and metals effluents and sus-
tain a secondary atmosphere around the planet (Rappaport et al.
2012, 2014; Tto et al. 2015). Guenther & Kislyakova (2020)
used high-resolution spectroscopy with UVES to search for the
absorption lines of a metal-rich envelope during the transit of
HD 3167 b. While they were only able to set upper limits on
tracers of this envelope (such as sodium and oxygen, Miguel
et al. 2011), this does not preclude the possibility that their sig-
natures vary over time (like 55 Cnc e, Ridden-Harper et al. 2016)
or that the planet is surrounded by an envelope whose refrac-
tory content has a broadband optical signature. Measuring with
high precision the radius of HD 3167b, and of USPs in general,
in combination with their mass is thus essential to investigate
the presence of such exotic atmospheres and gain further insights
into their mysterious nature.

The CHEOPS satellite (Benz et al. 2021) was used to char-
acterize, with a high precision, the transits of the ultra-short
period planet HD 3167b. We combined these observations with
published transit photometry of HD 3167b and c, and with both
published and new radial velocity (RV) data of the system
(Sect. 2), to perform a global analysis of all data available on
the system (Sect. 3), and obtain a complete and refined view of
its planets bulk properties (Sect. 4). These properties are used
to constrain the internal structures of the two transiting planets
in the system in Sect. 5, and to simulate their past dynamical
(Sect. 6) and atmospheric (Sect. 7) evolution.

2. Observations and data reduction
2.1. CHEOPS photometry

Transits of HD 3167b were observed with CHEOPS within the
frame of the Guaranteed Time Observation (GTO), as part of
a sub-program dedicated to measuring with high precision the
radius of USPs and better constrain their internal structure.
Twelve visits were obtained between 2 August and 14 Novem-
ber 2020. We scheduled three CHEOPS orbits per visit, so that
one orbit would cover the transit and two orbits would cover
the pre-transit and post-transit phases, allowing us to measure
the baseline stellar flux and detrend the light curve. We set
an exposure time of 36.5s with which we expected to reach a
precision of about 7% on the transit depth in one visit. We even-
tually obtained an average precision of 15% per visit due to a
higher noise level than anticipated, which we partly attributed
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to the presence of new hot pixels in the photometric aperture.
We note that no transit of planet ¢ was caught by the CHEOPS
observations.

Observations were processed with the CHEOPS DRP (Data
Reduction Pipeline, version 13.1.0; Hoyer et al. 2020), which
performs aperture photometry and provides four light curves
extracted with four different aperture radii. The so-called default
aperture, with a radius of 25 pixels, had a consistent lowest rms
noise level throughout all visits and we selected this data set for
our analysis.

2.2. K2 photometry

During the 80-day long campaign 8 of its K2 mission (3 January
to 23 March 2016), the Kepler space telescope acquired 30-min
cadence photometry of the star HD 3167, from which Vanderburg
et al. (2016) discovered the transiting planets b and c.

In addition to the simple aperture photometry (SAP) and
the Pre-search Data Conditioning SAP (PDCSAP), the MAST
archive! provides several high-level science data products
(HLSP) based on different photometric extraction techniques.
We compared them all and identified the ones leading to light
curves with the lowest noise levels: K2SC (Aigrain et al. 2016)
and K2SFF (Vanderburg & Johnson 2014). We selected the light
curve provided by K2SFF as it preserves the photometric vari-
ability in the data. We fitted the data with a joint model of this
variability and of the transit light curves, to properly propagate
uncertainties throughout all parameters. K2SFF proposes a best
solution between photometry for different aperture shapes and
sizes. We compared them one by one, confirmed that the pro-
posed best aperture has the highest signal-to-noise ratio, and
subsequently used it for our analysis. K2SFF does not provide
uncertainties on the photometric points. We thus investigated
the error values generated by the other extraction methods and
selected the most conservative (largest) ones for our data set,
which were computed by K2SC_SAP.

We used the Gaia DR2 catalogue (Gaia Collaboration 2016,
2018) to check for contamination by nearby stars in the aperture.
We only considered objects with G-band magnitude differences
smaller than nine with HD 3167, and found none within the
aperture.

2.3. Spitzer/IRAC photometry

We used Spitzer data from the General Observing (GO) pro-
gram 13052 (PI: M. Werner) that contain four observations of
the HD 3167 system at 4.5 pm (channel 2). These observations
covered three transits of planet b (AORs 61072896, 61072640,
68163072) on 22 and 25 October 2016 and 16 October 2018,
and one transit of planet ¢ (AOR 61070592) between 31 Octo-
ber and 1 November 2016. The transit of planet ¢ was analyzed
in Mikal-Evans et al. (2021).

The data were downloaded from the Spitzer Heritage
Archive?. We extracted and pre-processed the photometry fol-
lowing a method described in Demory et al. (2016), which relies
on the modeling of intra-pixel sensitivity of the IRAC instrument
(Ingalls et al. 2016) using the bilinearly-interpolated subpixel
sensitivity (BLISS) mapping technique (Stevenson et al. 2012).
Our method also includes a correction as a linear function of
the full-width at half-maximum (FWHM) of the pixel response
function (PRF). An additional log® ramp as a function of time
was added for the pre-processing of the transit of planet c. The

I https://archive.stsci.edu/k2
2 https://sha.ipac.caltech.edu
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uncertainties associated with these corrections were propagated
to the error bars of the resulting data points. The four resulting
de-trended time series were sampled at a cadence of 27 s and we
measured a negligible red noise.

2.4. HST photometry

We used five transit observations of HD 3167c collected with
HST/WFC3 using the G141 grism configuration (wavelength
range 1.1-1.7 um). These observations are part of the GO pro-
gram 15333 (PI: I. Crossfield) and they were acquired on 22 May
2018, 20 July 2018, 14 June 2019, 12 August 2019, and S July
2020. Each of the five visits covers seven HST orbits.

We used the broadband photometric light curves presented in
Mikal-Evans et al. (2021) that we obatined as a three-column file
with the time of observation in JD_UTC, the normalized flux,
and the normalized uncertainty. The light curves were extracted
from the sum of all spectra across the full wavelength range. The
resulting data set is made of 69.6-s exposures at a cadence of
111 s. We also downloaded the raw data from the MAST archive?
to have access to the housekeeping parameters.

We converted the time from JD UTC to BJD _TDB
(barycentric Julian date in barycentric dynamical time) using the
Python package astropy (Astropy Collaboration 2013, 2018)
and assuming that the HST spacecraft is located at the cen-
ter of the Earth. This approximation leads to a timing error of
+23.08 ms, which we considered negligible. The correction from
JD_UTC to BJD_TDB is significant as it leads to correction of
up to nearly 10 min.

The light curves feature strong systematics that are typical of
HST/WFC3 observations, with one ramp repeatable as a func-
tion of HST orbital phase, and one global ramp as a function
of time. The flux level also jumps every two points due to the
switching from forward to backward scanning of the HST detec-
tor between two consecutive exposures. This results in having
two mean flux levels that have to be fitted independently with
two offsets.

In addition, we carefully checked for the possibility of
HD 3167b transiting during these observations and found out that
such a double event occurs in visits 3 and 4, and was not reported
in previous analysis of these data sets. We therefore included
planet b in the analysis of our HST time series.

2.5. Radial velocity data

The RV data analyzed in this work are coming from several
instruments. We used data from HARPS programs 097.C-0948
and 098.C-0860, as published in Gandolfi et al. (2017), data
from APF/Levy and Keck/HIRES, as published in Christiansen
et al. (2017), and data from the HARPS-N GTO programme
(Cosentino et al. 2012), as well as from programs A33TAC_15
(PI: D. Gandolfi), CAT16B_61 (PI: H. J. Deeg), A34DDT?2 and
A36DDT2 (PI: G. Hébrard). The HARPS-N data were partly
published in Christiansen et al. (2017), Gandolfi et al. (2017) and
Dalal et al. (2019), but we publish here 42 new RV points from
the HARPS-N GTO programme.

The HARPS-N RV data were extracted from the instrument
raw frames using the latest version of the ESPRESSO data
reduction software (DRS, version 2.3.5). Following the work
described in Dumusque et al. (2021), the ESPRESSO pipeline
has been optimized to work with HARPS-N data. Compared
to the HARPS-N DRS version 3.8, the new version of the

3 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html

reduction pipeline, along with the performed optimizations, pro-
vide smaller night-to-night variations, estimated to be 0.5 m s~
rms compared to 0.8 ms™', and a better stability of the RVs on
the long-term, due to a careful selection of Thorium lines used
for calibrating the instrument. The new pipeline further extracts
RVs from cross-correlation functions computed with improved
binary masks (here the G9 mask closer in type to HD 3167), built
with weights more representative of the RV information content
of each spectral line (Bourrier et al. 2021). We rejected the
observation ‘2018-01-08T20-30-55.308" because it was not pos-
sible to correct for the color effect induced by Earth atmospheric
diffusion. We removed observation ‘2017-11-14T21-32-32.784’
as well, because the corresponding RV was clearly an outlier of
the RV time series, and all stars observed during the same night
showed outliers as well. Finally, we removed all observations
that were taken at an airmass larger than 1.7, to prevent color
dependencies in the RV time series (the ADC corrects for
atmospheric extinction up to an airmass of 2.0). This selection
gives us a total of 213 HARPN-N RV measurements to analyze.

Merging the data from all four instruments, we obtain a
time series of 434 RV data points. To prevent biases induced
by the Rossiter-McLaughlin signals from the planets b and c
(Dalal et al. 2019; Bourrier et al. 2021), we discarded the
111 data points observed during their transits. The filtered RV
data set that we included in our analysis represents a total
of 323 data points (39 HARPS points, 102 APF/Levy points,
55 Keck/HIRES points, and 127 HARPS-N points) covering
more than 5.3 yr (~1940 days).

In addition to the RV signals, the HARPS and HARPS-N
data sets included several stellar activity indicators. The HARPS
data included the bisector inverse slope span (‘BIS SPAN’)
of the cross-correlation function (CCF), the full-width at half
maximum (FWHM) of the CCF, and the logR};,. The activ-
ity indicators provided with the HARPS-N data were the ‘BIS
SPAN’ of the CCF, the FWHM of the CCF, the contrast, the
Smw-index (Lovis et al. 2011), the Ha-index (Gomes da Silva
et al. 2011), the Nal lines (Diaz et al. 2007), and the CalI lines.

3. Global analysis of the system
3.1. Stellar properties

We derived the stellar atmospheric parameters (T.g, logg,
microturbulence, [Fe/H]) using ARES+MOOG, following the
same methodology described in Santos et al. (2013); Sousa
(2014); Sousa et al. (2021). We used the latest version of ARES*
(Sousa et al. 2007, 2015) to measure the equivalent widths
(EW) of iron lines on the combined HARPS-N spectrum of
HD 3167. We used a minimization process to find ionization and
excitation equilibrium and converge to the best set of spectro-
scopic parameters. This process makes use of a grid of Kurucz
model atmospheres (Kurucz 1993) and the radiative transfer
code MOOG (Sneden 1973). The same method was also applied
to a combined spectrum from HARPS observations, providing
a completely compatible set of parameters. The stellar abun-
dances [Mg/H] = 0.07 + 0.03 dex and [Si/H] = 0.00 + 0.04
dex were derived using the classical curve-of-growth analy-
sis method assuming local thermodynamic equilibrium (e.g.,
Adibekyan et al. 2012, 2015). The same codes and models were
used for the abundance determinations.

We determine the radius of HD 3167 using the infrared flux
method (IRFM; Blackwell & Shallis 1977) in a Markov-chain

4 The last version, ARES v2, can be downloaded athttps://github.
com/sousasag/ARES
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Table 1. HD 3167: stellar parameters.

Parameter Value Method
Tet [K] 5300 =73 Spectroscopy
logg [cgs] 447 +0.12 Spectroscopy
[Fe/H] [dex] 0.037 +£0.048 Spectroscopy
[Mg/H] [dex] 0.07 £ 0.03 Spectroscopy
[Si/H] [dex] 0.00 = 0.04 Spectroscopy
d [pc] 4739+ 0.04  Gaia parallax @
0 [mas] 0.172 +0.001 IRFM
R, [Ro] 0.871 = 0.006 IRFM
M, [Ms] 0.852f8:8%g Isochrones
s [Gyr] 10.23:3 Isochrones
L, [Lo] 0.537 £0.031 From R, and Teg
Px [po] 1.289 £ 0.041 From R, and M,

Notes. “Correction from Lindegren et al. (2021) applied.

Monte Carlo (MCMC) approach (Schanche et al. 2020). We con-
structed spectral energy distributions (SEDs) from stellar atmo-
spheric models using the stellar parameters that were derived
via the spectral analysis detailed above as priors. These fluxes
are compared to observed broadband photometry to derive the
apparent bolometric flux, and hence the stellar angular diam-
eter and effective temperature of HD 3167. To achieve this we
retrieve data taken from the most recent data releases for the fol-
lowing bandpasses; Gaia G, Ggp, and Grp, 2MASS J, H, and
K, and WISE W1 and W2 (Skrutskie et al. 2006; Wright et al.
2010; Gaia Collaboration 2021) and use stellar atmospheric mod-
els from the ATLAS Catalogues (Castelli & Kurucz 2003). The
stellar angular diameter is converted to the stellar radius using
the offset corrected Gaia EDR3 parallax (Lindegren et al. 2021)
from which we obtain R, = 0.871 + 0.006 R.

Stellar mass M, and age t, were derived from isochrones
starting from Teg, [Fe/H], and R,. To make our final estimates
more robust we adopted two different stellar evolutionary
models, namely PARSEC? v1.2S (Marigo et al. 2017) and CLES
(Code Liégeois d’Evolution Stellaire, Scuflaire et al. 2008).
In detail, we inferred a first pair of mass and age values by
interpolating the input values within pre-computed grids of
PARSEC isochrones and tracks through the isochrone placement
technique presented in Bonfanti et al. (2015, 2016). To further
improve the convergence we also inputted vsini = 2.41 + 0.37
kms™! (Bourrier et al. 2021) into the code to benefit of the
synergy between isochrones and gyrochronology as described in
Bonfanti et al. (2016). The second pair of mass and age, instead,
was inferred by injecting the stellar input values into the CLES
code, which retrieves the best-fit output values following the
Levenberg-Marquardt minimization scheme (see Salmon et al.
2021, for the details). As thoroughly described in Bonfanti et al.
(2021a), we finally merged the two respective pairs of outcomes
after carefully checking their mutual consistency through a

y>-based criterion and we obtained M, = 0.852f8:8%2 Mg and

te = 10.23:481 Gyr. Relevant stellar parameters are summarized
in Table 1.

3.2. Joint photometry — velocimetry analysis

We performed a joint fit combining all the photometry and
velocimetry datasets described in Sect. 2. In the following

5 PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd
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subsections, we detail how we modeled the planetary signals
(transits and RV) consistently in every time series (Sect. 3.2.1),
and how we corrected the systematics related to each instrument
in the CHEOPS, K2, Spitzer, HST and RV data sets (Sect. 3.2.2
to 3.2.6). Our approach consisted in first performing an analysis
of each data set separately to better identify their specificity, and
then jointly fitting all the data together (Sect. 3.2.7).

3.2.1. Planetary signals

The transits of planets b and ¢ were modeled using the python
package batman (Kreidberg 2015). We selected the quadratic
law to describe the effect of the stellar limb darkening, and
defined a set of two free coefficients for each of the four instru-
ment passbands. We reduced the number of free parameters by
one by using the third Kepler’s law and by fitting for the stel-
lar density p, instead of the normalized semi-major axes a/R,.
With this approach, the planetary properties are fitted while
accounting for the stellar unicity. We took advantage of exploit-
ing photometry from four instruments to perform broadband
transmission spectroscopy, letting the planet-to-star radii ratios
of both transiting planets vary between each passband.

We modeled the RV planetary signals with Keplerian func-
tions, and performed the joint fit of all planets while fitting for
the following parameters: the time of inferior conjunction 7Y,
the orbital period P, the combinations of the eccentricity and
the argument of periastron e cos w and e sin w, and the RV semi-
amplitude K. The systemic velocity v, was fitted independently
for each instrument (see Sect. 3.2.6). Additional free parameters
were used for the two transiting planets: the planet-to-star radii
ratio k, the orbital inclination i, and a common stellar density p,.
This represents a total of five free parameters per planet, with
five more for the transit light curves. We made use of a normal
prior on the stellar density p, ~ 1.289 +0.048 p,, that we derived
from the stellar properties (see Sect. 3.1).

3.2.2. CHEOPS photometry

We discarded 69 out of 3496 (1.97%) CHEOPS data points
flagged by the DRP (DRP ‘EVENT’ flag >0). Among the
remaining 3427 data points, we identified 48 (1.40%) outliers
by performing a 3o-clipping visit by visit, and also flagged 121
(3.53%) points with background levels higher than 4.1 x 10
electrons beyond which correlations with the flux start to appear
(e.g., Fig. 2 of Deline et al. 2022).

After validating that planet ¢ never transits during the several
CHEOPS observations, we included a transit model for planet b
only using the batman python package (Kreidberg 2015). Sec-
tion 3.2.1 describes in details the joint modeling of planetary
signals. We de-trended each visit with a Gaussian process (GP)
as a function of the spacecraft roll angle using a Matérn-3/2
kernel from the celerite2 package (Foreman-Mackey et al.
2017; Foreman-Mackey 2018). The hyper-parameter values were
the same for all visits, but each visit was fitted indepen-
dently. We also included a slope in our model for some visits
(no. 2,3,6,7,8,10, 12) showing a significant linear trend. We
quadratically added a jitter term to the error bars of each visit
in order to account for underestimation of uncertainties. This
leads to a total number of 33 free parameters for the correction of
CHEOPS-related systematics, with one flux mean level per visit,
one jitter term per visit, a slope for seven visits, and two hyper-
parameters for the GP model. The de-trended CHEOPS transit
of planet b obtained after the joint-fit are shown in Fig. 1 and the
individual light curves are in Fig. A.1.


http://stev.oapd.inaf.it/cgi-bin/cmd
http://stev.oapd.inaf.it/cgi-bin/cmd

V. Bourrier et al.: The HD 3167 system reassessed

1.00050 4
x
= 1.00025
=

ouquuﬂﬂﬁpﬁnjfhl

.."0'“’09?"":

S 1.00000 ¢
(2]

Fhie et
++ ”uo,o 0,4.0'”.0“.0? o.
S 0.99975 1

£
5 0.99950
=z

0.99925

500

2501 73 A . Aafe -l
0 .’+,.w!f'rf",oo.'.o.‘!".oaid..i-?"'isO'z&*;-z'-“\f?n°o.+ tHeete it

~250 : e gLy ¥l ol

-500

Residuals
[ppm]

3 -2 -1 0 1 2 3

Time since inferior conjunction [hours]
Fig. 1. CHEOPS phase-folded transit of HD 3167b. Top panel: de-
trended transit data points (blue) and the binned data (black) obtained
from the joint fit. A sample of 100 transit light curves drawn from
the posterior distribution is represented in orange. Lower panel: best-
fit residuals.

3.2.3. K2 photometry

We performed a preliminary minimization fit to remove the tran-
sits of planets b and ¢ (modeled with the batman package) and
the long-term photometric variability (modeled with celerite2
GP and a Matérn-3/2 kernel) in order to identify outlying data
points from the residuals. We used a 6.50-clipping criterion on
the residuals to discard 23 outliers out of the 3448 data points
(0.67%). The choice of 6.50 was motivated as a good trade-off
between efficient clipping and avoiding cutting off non-outliers
in the noisiest parts of the time series.

From the residuals, we spotted by eye some significant
changes in the spread of data points indicating differences in
the noise level over the 80-day long observations. We identified
three time ranges with the middle one having the lowest apparent
noise level (see Fig. 2). We investigated the cause of this phe-
nomenon and found that it correlates well with the frequency at
which K2’s thrusters are firing to correct the pointing drift of the
spacecraft. We identified precisely the times at which the noise
level changes by selecting the times providing the best likeli-
hood among several minimization fits of the light curve. Each
fit was performed using the model described before (GP and
transit models for planets b and c) and allocating an individual
jitter term per time range. We computed the best-fit likelihood for
several pairs of times and selected the time pairs with the max-
imimum best-fit likelihood. The final jump timings were fixed at
BJD1pg times of 2457 406.95 and 2 457 436.07, respectively. By
considering these three time ranges separately and using individ-
ual jitter terms, we aimed at limiting the bias induced by noisy
regions due the underestimation of error bars, and at maximising
the precision obtained from the low-noise middle region.

For the final fit of K2 time series, we used the same
model as for the preliminary fit (batman transit models and
Matérn-3/2 GP kernel). The transit models are oversampled with
respect to the data cadence by a factor 30 (oversampled cadence
of about 1 min), and binned down to the sampling rate of the
light curve. This technique allows one to account for distor-
tion effects due to long integration times (e.g., Kipping 2010)
with strong effect during ingress and egress especially. The GP
model fits for the correlated noise in the data that corresponds
to both instrumental systematics and stellar activity. Gandolfi
et al. (2017) pointed out the presence of the latter in the K2 data
with a significant peak in the periodogram matching the stel-
lar rotation period at ~ 24 days. We placed normal priors on
both GP hyper-parameters to help convergence of the fit based
on the values obtained when analysing the K2 time series alone.
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Fig. 2. Noise level time ranges in the K2 time series. Top panel: nor-
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obtained from minimization. Mid-panel: residuals data after removing
best-fit model. Bottom panel: flag indicating when the K2 spacecraft is
firing its thrusters to correct pointing drifts. In all three panels, the ver-
tical dotted black lines show the noise jump timings providing the best
likelihood.

The prior values are N'(370,70) ppm for the GP amlitude ogp,
and N (10, 0.5) days for the GP correlation time scale pgp, where
N(u, o) represents a normal prior of mean y and variance 0.

Figure 3 shows the best joint-fit de-trended K2 transits of
planets b and c. The V-shaped transit of HD 3167 b is due to the
long cadence of the observations that averages the sharp ingress
and egress with the flat regions outside and inside the transit
(e.g., Kipping 2010).

3.2.4. Spitzer photometry

The Spitzer photometry was pre-processed prior to the joint
analysis to correct for instrumental systematics (see Sect. 2.3).
During the joint fit, the Spitzer observations were fitted with
a transit model of planets b and c, and two additional free
parameters per observation to account for the flux offset and the
underestimation of uncertainties (white noise jitter term). The
resulting transit light curves obtained with Spitzer are shown in
Fig. 4.

3.2.5. HST photometry

We started by manually flagging one obvious outlier in the fourth
orbit of the fifth transit observation. We also discarded 126 out
of 722 (17.45%) points that correspond to the first orbit of every
visit, and to the first point of every orbit, following standard
approach (e.g., Mikal-Evans et al. 2021).

Given the periodicity of the systematic ramp every HST
orbit, we decided to adopt an approach similar to the one typ-
ically used with CHEOPS, that is a GP detrending as a function
of the spacecraft orbital phase. To properly determine the phase
of each data point, we computed a precise orbital period for HST
from the housekeeping parameters. We used the spacecraft lat-
itude stored in the jitter files (¥jit.fits files) and, for each visit,
we fitted the latitude variations with a sine wave. We combined
the outcome of the fits and computed a precise orbital period of
PHST = 95230t88$g min.

The GP correction as a function of the orbital phase was
performed using a Matérn-3/2 kernel with a single set of hyper-
parameters for all visits, but each visit was fitted individually.
We let free the period of HST, while using a strong Gaussian
prior N'(95.23,0.02) min based on the previously derived value.
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Fig. 4. Spitzer phase-folded transits of planets b (fop) and c (bottom).
Blue and black points are the de-trended and binned data, respectively.
The orange shaded area is made of samples drawn from the posterior
distribution.

The orbital phase of each data point was therefore computed at
each iteration as a function of the HST period value and the
JD_UTC time. For each visit, we also included two flux mean
values (forward and backward scans) and a jitter term to account
for underestimation of error bars. We found that the addition of
a linear trend as a function of time was necessary for all vis-
its, whereas the addition of a quadratic trend was required for
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Fig. 5. HST phase-folded transits of planets b (fop) and c (bottom). De-

trended data corrected for the strong periodic instrumental systematics

are shown in blue. Binned data points are represented in black. The

orange curves are samples from the posterior distribution of the joint
analysis.

visits 2 and 3 only. This leads to a total of 25 parameters for the
correction of HST systematics in the data.

We mentioned in Sect. 2.4 that our careful analysis of the
HST data lead to the discovery of serendipitous transits of
planet b during visits 3 and 4. Therefore, we added a batman
transit model accounting for both planets b and ¢ and the best-fit
models derived from the joint analysis are represented in Fig. 5.
The data of each individual visit are shown in Fig. B.1.

3.2.6. Radial velocity

We computed the Generalized Lomb-Scargle (GLS -
Ferraz-Mello 1981; Zechmeister & Kiirster 2009) periodogram
of the selected RV data set after removing an offset (median
value of the time series) for each instrument, and we clearly
detected the signals from the three planets (see Fig. 6). We
also have three other significant peaks. Two of them seem to
be induced by the stellar rotation with one peak at the rotation
period (~24 days, also present in the K2 data; Gandolfi et al.
2017) and another at half of this value (see Sect. 4.1 for a
detailed discussion). The last very significant peak spans a range
of possible periods from 70 to 120 days, and it does not match
any of the known objects in the system.

We analyzed the GLS periodograms of the different stellar
indices available for the HARPS and HARPS-N data. We found
significant peaks at ~24 days for the Ho and Nal lines in the
HARPS-N data, and nothing around 100 days in either data sets.
We also looked at possible correlations between the indices and
the RV signals using the Pearson, Kendall and Spearman criteria.
We detected significant correlations of the HARPS data with the
FWHM (p—values < 6 x 1073) and of the HARPS-N data with
the Ha line (p—values < 2 x 1079).

We first designed our RV model using three Keplerian func-
tions for planets b, ¢ and d, and a systemic velocity value for
each of the four instruments (APF/Levy, Keck/HIRES, HARPS
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Fig. 6. Generalized Lomb-Scargle periodogram of the RV data. The
colored triangles at the top represent several periods of interest: orbital
periods of the planets b, ¢ and d, expected rotation period of the star
(~24 days), and one year. The full triangles show the main periods while
the empty ones are the first three harmonics of each period. The hori-
zontal grey lines highlight the False Alarm Probabilities (FAP) of 1073,
10™* and 107.

and HARPS-N). We also included a white-noise term (jitter)
for each instrument to account for uncertainty underestimation.
Based on the correlation analysis, we jointly fitted for linear
functions of the FWHM and the Ha line to correct the HARPS
and HARPS-N data, respectively. This modeling choice was
motivated by the will to minimize the number of free parame-
ters, even though these correlations may not be as strictly linear
as we assume (e.g., Boisse et al. 2011; Santos et al. 2014;
Collier Cameron et al. 2019). We ran a minimization fit and sam-
pled the parameter space with a MCMC approach. We obtained
planetary parameters fully consistent with the values from both
Christiansen et al. (2017) and Gandolfi et al. (2017). We com-
puted the periodogram of the residuals and retrieved the very
significant peak at ~100 days, with a false alarm probability
(FAP) smaller than 10710,

We investigated the possible source of this signal by first
looking at indicators of stellar activity at those periods but found
no significant signatures. We also compared the periodograms
of each spectrograph to search for potential discrepancy that
could mean an instrumental origin for the long-period signal (see
Fig. 7). We found that both HARPS-N and Keck/HIRES data
have power in this regime (FAP < 107*). We note that there is
also a hint of signal in the APF/Levy time series even though
it is less significant. The HARPS data covers only 128 days in
total with a poor sampling over this baseline and thus the indi-
vidual periodogram does not feature any peak around 100 days.
The presence of power in several data sets strongly suggested
that the signal was not induced by instrumental systematics and
might actually have a planetary origin. To further consolidate
this hypothesis, we compared the phases of the long-period sig-
nal measured by each spectrograph by looking at the RV time
series phase-folded on the detected period. Figure 8 shows the
best result of the joint fit performed in this work where one can
visually validate the consistency of the signal phase through all
instruments. In the view of these different outcomes, we rejected
the stellar or instrumental origins to explain the residual sig-
nal and we interpreted it as the RV signature of a fourth planet,
whose presence was suggested by Dalal et al. (2019).

We ran another fit to the data including an additional Keple-
rian model with a uniform prior on the period spanning a large
range from 60 to 200 days. The resulting semi-amplitude of the
Doppler signature produced by the new planet was significant by
more than 90 and the residual periodogram was not featuring
significant peaks anymore. The comparison of the 3-planet and
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Spectral power
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Fig. 7. Generalized Lomb-Scargle periodogram of the RV data for each
instrument. For comparison purposes, each periodogram is normalized
by the power corresponding to a False Alarm Probability (FAP) of 1074,
which is highlighted by the horizontal dotted line.

HD 3167 e

w
.
3
-
-
-

APF
RV [m/s]
o

v
—
LI ——
—
——
-
et
o
=
n
o
=
o
=
b
5

w
L

HARPS
RV [m/s]

HARPS-N
RV [m/s]

HIRES
RV [m/s]
o

|
(S}
-
-
e —

-0.2 0.0 0.2 0.4
Orbital phase

Fig. 8. Radial-velocity signals of the planet e measured by each instru-
ment and phase-folded on the best-fit orbital period (P = 102.09 days).
Binned data are shown in black.

4-planet models using the Bayesian and Akaike Information Cri-
teria (BIC and AIC) clearly favored the inclusion of the new
planet (ABIC < —57 and AAIC < —68). Therefore, the final RV
model used in the joint fit with the photometry included a Kep-
lerian model for each of the three known planets b, ¢ and d, and
another for the new long-period planet e. We fitted the systemic
velocity and a jitter term for each instrument, and added linear
correction of the HARPS and the HARPS-N data as functions of
the FWHM and the Ha line, respectively. We used ten parame-
ters in total to fit the instrument-related effects (offset, noise and
decorrelation).

The extracted planetary signals fitted from the joint analy-
sis are represented in Fig. 9. The gap visible in the RV data
phase-folded on the orbital period of HD 3167 b is due to the
removal of in-transit points to avoid being affected by the
Rossiter-McLaughlin effect.

3.2.7. Joint MCMC fit

We used the MCMC algorithm emcee (Foreman-Mackey et al.
2013) to explore the parameter space simultaneously for all the
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Fig. 9. Phase-folded radial-velocity data of the four planets of the
HD 3167 system. The color code of the data points highlights the
instrument with which they were observed (APF, HARPS, HARPS-N,
HIRES). The black points show the binned data. The multiple black
curves are samples randomly drawn from the posterior distribution.

parameters defining the systematic correction of each instrument
and the planetary properties from the transit light curves and the
radial-velocity signals. We had a total of 120 parameters and, at
each MCMC iteration, we computed the global log-probability
by summing the log-probability obtained with each data set
(CHEOPS, K2, Spitzer, HST, RV).

The MCMC run was initiated by estimating the best-fit
parameters and their uncertainties on each data set indepen-
dently. We used the posterior distribution to generate the first-
guess parameter sets. The 1280 chains of our MCMC joint fit
started with a burn-in phase of 145 000 iterations, and then sam-
pled the parameter space with 260 000 steps. We kept one itera-
tion every 2000 to reduce the effect of the chain autocorrelation.
We checked the convergence of the chains by visually inspect-
ing the trace plots and validated it based on the Gelman-Rubin
criterion (Gelman & Rubin 1992).

4. Revision of the system properties

4.1. Star

The Rossiter-McLaughlin analysis performed by Bourrier et al.
(2021) revealed variations in the contrast of the stellar lines
occulted by HD 3167b and c along their respective transit chords.
The authors could explain these variations through a latitudi-
nal dependence of the stellar line contrast, which allowed them
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Fig. 10. Probability map of the spot latitude attributed to the K2 pho-
tometry and RV modulations as a function of the relative differential
rotation rate. The colorscale represents the y? probability and the dotted
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from Eq. (2) of Balona & Abedigamba (2016).

to constrain the inclination of the star with respect to the line

of sight (i, = 111.6f§j§0 or 68.43_‘?0, the two configurations

being degenerate) and thus the true equatorial velocity (veq =

2.65f8jﬂ kms™'). Assuming that this scenario is correct, we

combined our stellar radius (Sect. 3.1) with the stellar inclina-

tion and projected rotational velocity from Bourrier et al. (2021)

to update the true equatorial period (Peq = 16.633‘(6) d).

In addition to the planetary signals, we observe consistent
peaks in the periodograms of the K2 photometry and RV data
at about ~24 days, which likely trace spots on the rotating stel-
lar surface. The difference between this period, and that derived
independently from Rossiter-McLaughlin analysis for Peq, could
indicate that the star is rotating differentially. During their life-
time, spots would spend on average more time in a region located
at higher latitudes, rotating more slowly than the equator. Under
this hypothesis we can estimate the spot location by assuming a
solar-like law for the stellar differential rotation:

Peq/P(0) = 1 — asin*(6), 6))

with a the relative differential rotation rate between equator
and pole, and 6 the stellar latitude. We computed the value of
P(6) from a Gaussian fit to the periodogram peak in the K2
and RV data sets, yielding Py = 23.4 + 2.2 days and Pry =
24.1 + 1.2 days. The close agreement between these periodic sig-
nals from different datasets give us confidence that they arise
from stellar modulation, rather than instrumental variability.
We then built a y*> map of the stellar latitude as a function
of @, comparing the theoretical P.q/P(f) ratio with the mea-
sured values (Fig. 10). The relative differential rotation rate for
HD 3167 can be estimated independently from Eq. (2) of Balona
& Abedigamba (2016), which is based on photometric modula-
tions in a wide sample of Kepler stars. Using Tegr = 5300 £ 73K
and Q.q = 2m/Peq, we derive a = 0.179 £ 0.028. Within 20,
this value is consistent with the measurements of P, and P(6)
for stellar latitudes >50 deg. Spots on HD 3167 would thus be
located closer to its poles than on the Sun, where spots appear at
latitudes of ~35° at the beginning of a new cycle and converge
toward the equator over 11 yr.
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4.2. Planets

We derived the parameter values and uncertainties from the pos-
terior distribution of the MCMC run. We computed the median
and the 68.3% confidence interval for each of the fitted parame-
ters (see Table 2). We combined the MCMC chains to calculate
the values and uncertainties on a series of useful parameters that
were not fitted directly (Table 3). Some of these derived param-
eters were obtained using the stellar mass or radius, and we
propagated the uncertainties on these parameters by drawing ran-
dom values from normal distributions based on their estimated
values: M, = 0.852 + 0.026 M, and R, = 0.871 + 0.006 R,
(Sect. 3.1).

All the fitted and derived parameter values are consistent
with the ones reported by Christiansen et al. (2017) and Gandolfi
et al. (2017). The inclusion of the CHEOPS, HST and Spitzer
data sets allows us to improve significantly the precision on the
orbital periods of planets b, c, and d by factors of ~40, > 50
and ~17, respectively. We obtain a better precision on HD 3167 b
and c planet-to-star radii ratios in the K2 passband analyzed
in Christiansen et al. (2017) and Gandolfi et al. (2017), and we
improve by more than a factor two the absolute planetary size
thanks to the smaller uncertainty on the stellar radius. We also
reduce the errors on the absolute and minimum masses of b, ¢
and d thanks to the improved RVs reduction and additional data-
points. These improvements on the planets mass and radius lead
to an overall reduction of the uncertainty on the bulk densities of
HD 3167 b and c by more than a factor three (see Fig. 11).

We detect the fourth planet HD 3167 e with a semi-amplitude
significance >80 and a minimum mass of 9.73f}:{; Mg This
planet was hinted in the RV data previously available to Dalal
etal. (2019), as a0.03 M, outer companion with an orbital period
of 78 days that could explain the peculiar orbital architecture of
the system. The order of magnitude of both the mass and the
period we derive matches well their original estimates. We note
that the orbital period of this new planet has a very peculiar
marginalized posterior distribution. Indeed, the uncertainty of
about 0.5 days listed in Table 2 is dominated by the main mode of
the distribution. However, the MCMC solution does also explore
other possible orbital periods that are less likely but neverthe-
less span a large range from 79 to 125 days (see Fig. 12). We
explain this distribution and its invariance with respect to the
time of inferior conjunction Ty . by the fact that the data are
strongly unevenly sampled. Most of the data points (94%) were
taken during the first year of observation (over about 200 days)
and the remaining 6% are HARPS-N data spread over four years.
Therefore, Ty . is strongly constrained by the bulk distribution
of the first year that lasts less than two periods of planet e. The
multi-modal distribution of P, reflects the uneven sampling of
the RV time series by highlighting the periods that best match
the scattered data. The other orbital parameters of HD 3167 e are
well defined and not correlated with P,.

The orbits of the four planets are fully consistent with circu-
lar configurations with upper limits (99.73% confidence) on their
eccentricities of e, < 0.11, e, < 0.15, e; < 0.45 and e, < 0.61
for planets b, c, d and e, respectively.

We provide average transit depths and planetary radii
for planets b and c, obtained from the merged distributions
over the four available instrumental passbands (CHEOPS, K2,
HST/WFC3/G141, Spitzer/IRAC/Ch2). To further characterize
the system, we allowed the radii of the two transiting planets
to vary independently in those passbands. We measure consis-
tent radii for the inner planet b, which is expected from an
USP planet unable to retain any volatile atmosphere. However,

we note a significant difference (>3.507) between the radius
obtained for planet ¢ in the HST/WFC3/G141 (1~ 1.4 um) and
the Spitzer/IRAC/Ch2 (1 ~ 4.5 um) passbands (see Fig. 13). This
difference could arise from broadband variations in the optical
depth of the planet atmosphere linked to its chemical compo-
sition and physical structure (Guilluy et al. 2021; Mikal-Evans
et al. 2021).

4.3. Stellar companions

In order to check for stellar companions lying within the envi-
ronment of HD 3167, high angular resolution optical speckle
interferometric imaging was performed. HD 3167 was observed
on 2021 June 28 UT using the ‘Alopeke speckle instrument on
Gemini North (Scott et al. 2021). ‘Alopeke provides simulta-
neous speckle imaging in two narrow bands (562 and 832 nm)
with output data products including a reconstructed image and
robust contrast limits on companion detections (Howell et al.
2011, 2016). The night had clear skies and good seeing (<1.0 arc-
sec) during the observations. As shown in Fig. 14, we detect no
stellar companions which are brighter than two delta-magnitudes
within 0.1” and no companions brighter than five to 8.5 magni-
tudes within the angular separation limits of 0.1”’—1.2"”. Using a
distance of d = 47 pc for HD 3167, these angular and luminosity
limits on stellar companions correspond to main sequence stellar
types of K6V (at 0.94 au) and M2.5V to M4.5V between 4.7 and
56.4 au.

5. Planetary internal structures

Using the derived stellar and planetary properties (in particu-
lar the mass and average transit depths reported in Table 3),
we computed the internal structure of both transiting planets
using a Bayesian analysis, and following the method described
in Leleu et al. (2021). We recall here the two main elements in
this method: the assumed priors and the forward model.

Our forward model computes the radius of planets as a func-
tion of some hidden parameters: mass of the solid Fe/S core,
fraction of Fe in the core, mass of the silicate mantle and its
composition (Si, Mg and Fe molar ratios), mass of the water
layer, mass of the gas envelope (composed in this model of pure
H/He), equilibrium temperature of the planet, and age (which is
supposed to be the same as the age of the star). We assume in
our model that the Si/Mg/Fe ratio in the bulk planet is the same
as in the star (Dorn et al. 2015, Thiabaud et al. 2015). Note that
recently, Adibekyan et al. (2021) have shown that these ratio are
indeed correlated but may not follow a 1-to-1 correlation. Includ-
ing this in the model is the subject of future work. Regarding the
priors, the core, mantle and water mass fraction (relative to the
non-gas part) follow a uniform prior (subject to the constraint
that they add up to one), whereas the mass fraction of the H/He
layer follows a prior which is uniform in log. We finally note that
the gaseous (H/He) part of the planet does not influence, in our
model, the ‘non-gas’ part of the planet (core, mantle and water
layer). This means that the innermost layers of the planet are
not modified by the potential compression and thermal isolation
effect from the gas envelope.

Figure 15 shows the resulting internal structure of both plan-
ets presented as corner plots and summarized in Table 4. Planet ¢
hosts a substantial gaseous envelope, weighing a little less than
0.2 Mg, whereas its fraction of water is unconstrained. We
emphasize that this result depends on the assumed priors. In par-
ticular, the resulting planetary model would be more gas rich and
less water-rich if the H/He layer followed a uniform prior. One
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Table 2. Fitted stellar and planetary parameters of the HD 3167 system.

Fitted parameters Symbols Values Priors Units
Planet b
Time of inferior conjunction To.» 2457394.3742175500%¢ - BJDrpg
Orbital period P, 0.959654280 00000039 - days
Planet-to-star radii ratios
CHEOPS passband KSHEOPS 0.01765 + 0.00036 - -
K2 passband k&2 0.01657*)5003 - -
HST/WFC3/G141 passband kST 0.01687*) 000 - -
. Spitzer .
Spitzer/IRAC/Ch2 passband k" 0.01789*)500% - -
All passbands ky 0.017127 00088 - -
Orbital inclination iy 87.591152 U(0,90) deg
_0.015+0,022 _ _
Eccentricity / argument of periastron Z: Z?r? f:: 0.030 f:(;%g%} B B
RV semi-amplitude Ky 3.425%017¢ - ms™!
Planet ¢
Time of inferior conjunction Ty, 2457394.97778 )00 - BJDrps
Orbital period P, 29.846494870.500017 - days
Planet-to-star radii ratios
K2 passband kK2 0.03073*0 00047 - -
HST/WFC3/G141 passband KHIST 0.03176 + 0.00028 - -
Spitzer/TRAC/Ch2 passband ke 0.02967+000%8 - -
All passbands ke 0.03075*5501% - -
Orbital inclination i 89.421% 003 U(0,90) deg
- , €c COS W, -0.0077003) - -
Eccentricity/argument of periastron e, sin, ~0.014 tg%%% B B
RV semi-amplitude K, 24617015 - ms™!
Planet d
Time of inferior conjunction Toa 2457585.20 = 0.22 - BJD1pp
Orbital period P, 8.4783 + 0.0025 - days
o ) _0.0234-0,084 _ _
Eccentricity/argument of periastron eej CS?;Z: 0.120 tg)}%?g - -
RV semi-amplitude Ky 1.79370:165 - ms™!
Planet e
Time of inferior conjunction To. 2457 643.6f§:g - BJDpp
Orbital period " P,® 102.09*932 - days
. 0.012+O.] 13 _ _
Eccentricity / argument of periastron eee Z: f:: 0,08 ;ﬁ?iz ~ ~
RV semi-amplitude K, 1.536%0 150 - ms™!
Star
Stellar density Px 1.2847008 N(1.289,0.048) Do
Limb-darkening coefficients:
4 CHEOPS 02760235 _ _
CHEOPS passband u;cmaops 0.44 tggg ~ ~
uf? 051370203 - -
K2 band 1 -0.208
passban u2K2 0.1 ltgo%éso _ _
uttsT 0.203%; - -
HST/WFC3/G141 band ! Rt
passban 0.306:120 - -
pitzer +0.159
u 0.143 - -
Spitzer/IRAC/Ch2 band Soitcer oo
pitzer! passban ui" e 004970163 B B

Notes. Uniform priors between a and b are represented by U(a, b). normal priors with mean u and variance o? are represented by N(u, o). The
limb-darkening coefficients correspond to the quadratic model (Manduca et al. 1977): I(u) /Ip = 1 —uy (1 — p) —up (1 — p)z, where u = V1 — x? and
x is the normalized radial coordinate on the stellar disk (x = O at the center, x = 1 at the limb). ("Note that the marginalized posterior distribution
of P, has several modes spanning a large range from 79 to 125 days, and that the error bars of ~0.5 days are dominated by the main mode around
102 days.
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Table 3. Derived planetary parameters of the HD 3167 system.

Derived parameters Symbols Values Units
Planet b
Optimal time of inferior conjunction T, 2458269.57891705502  BIDrpg
Impact parameter by, 0.181715 R,
Transit duration Tiap 1609220172 h
Eccentricity e, <0.10M
S ap/Ry 445070933 -
Semi-major axis a, 0.01802 + 0.00025 AU
Mass M, 473528 My
Radii
CHEOPS passband RCHECPS 1.677 +0.036 Re
K2 passband RK? 1.575%502 Re
HST/WFC3/G141 passband RIST 16024003 R
Spitzer/TRAC/Ch2 passband R 1.700*5078 Re
All passbands Ry 1.62770.983 Re
Bulk densities
CHEOPS passband pSHEOPS 550932 gcm™
K2 passband pr2 6.641032 gem™
HST/WFC3/G141 pisT 6.30*0%! gcm™
Spitzer/TRAC/Ch2 passband o 5.28%0% gem™
Equilibrium temperature ® Teq»® 1777 +27® K
Planet c
Optimal time of inferior conjunction T&p: 2458 439.6058?6:’8:888{12 BJDrpg
078
Impact parameter b, 0.451 ﬁg‘ 12 R,
Transit duration Tiac 4.8697 0> h
Eccentricity () e, <0.15® -
Semi-major axis ac/Rs 4401753, -
! a. 0.1783 £ 0.0025 AU
Mass M, 10.6770% M,
Radii
K2 passband RX2 2.919%09% Rs
HST/WFC3/G141 passband RUST 3.017709% Re
Spitzer/IRAC/Ch2 passband R 2.819100% Re
All passbands R, 2.923+09% Rs
Bulk densities
K2 passband oK 23502 gcm™
HST/WFC3/G141 oISt 21339187 gem™
Spitzer/IRAC/Ch2 passband Spitzer 2.6110% gem™
Equilibrium temperature ® Teqc® 565.0%55® K
Planet d
Optimal time of inferior conjunction Tgf; 2457797.16 £ 0.21 BIDps
Eccentricity eq® <0.44® -
Semi-major axis %l Ry 19.02 +0.23 "
! aq 0.07703+0:9106 AU
Minimum mass M, siniy 5.03 £0.50 My
Equilibrium temperature Teqa® 859.5735® K
Planet e
Eccentricity e, <0.60 -
S /Ry 99.93*155 -
Semi-major axis a 0.4048 tggg;z AU
Minimum mass M, sini, 9.74+123 Mg
Equilibrium temperature Teg,e ® 374.8*71® K

Notes. VUpper limits on the orbital eccentricities are computed with a confidence probability of 99.73%. ®Equilibrium temperatures are derived
from the equation T.q = T/ V2a/R,, which assumes black-body emissions for both the planet and the star, a Bond albedo Ap = 0, and a perfect
heat redistribution in the planetary atmosphere (uniform temperature).
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Fig. 11. Mass-radius diagram. The grey point represent all the exo-
planets from the Extrasolar Planets Encyclopaedia (http://www.
exoplanet.eu/) as of 1 March?2022, with masses and radii known
with a precision better than 30%. HD 3167b and c are represented in
the different instrument passbands analyzed in this work (CHEOPS,
K2, HST/WFC3/G141 and Spitzer/IRAC/Ch2). The black dash-dotted
lines indicate two iso-density profiles matching the planets b and c. The
colored solid and dashed lines are indicative chemical compositions as
computed by Zeng et al. (2019).

Pe

€ COS We

€eSiNn We

Ke

AN NN s ¢
% %06 0 s %6%%% 8% %% % D % 0"
‘

T T T T f T T T T T T T T f T T T T T T T T T
VLS P \,0(" ()9 &,&’ NN /0@10?’0%?’0%?’ N
+2456600

To, e Pe €cCOSWe €SN We Ke
Fig. 12. Corner plot of the posterior distribution of the planetary param-
eters of HD 3167 e. The orbital period shows a very peculiar distribution

that is not significantly correlated to any other parameter.
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Fig. 13. Posterior distributions of the planet-to-star radii ratios of plan-
ets b and ¢ measured in the four instrument passbands.
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Fig. 14. 50 contrast curves of HD 3167 from Gemini North/‘Alopeke
at 562 nm (blue) and 832 nm (red). The insert shows our reconstructed
832 nm speckle image.

of our main findings is that planet b mass and radius seem to be
inconsistent with a pure iron-core and silicate-mantle structure
whose composition would reflect the Fe/Si/Mg ratio in the star.
Indeed, the density of the planet is smaller than what would be
expected for such a model. Since our model assumes the inner
layers of the planet to be unaffected by the influence of the gas
envelope, for planet b we underestimate the temperature of the
‘non-gas’ part of the planet. If we increase the temperature of the
core and mantle layers in our model, we do observe an increase
in radius of up to 2% for pure iron-core and silicate-mantle struc-
tures matching the Fe/Si/Mg ratio of the star. However, this effect
alone is not enough to explain the observed radius of the planet.
We hence conclude that a light element must be present in the
planet.

Our fit converges toward a negligible mass fraction of gas,
which is expected considering that the intense irradiation of this
USP would lead a H/He atmosphere to be lost extremely fast.
However, the mass fraction of water for our model of HD 3167 b
is quite well constrained and non zero. With an equilibrium tem-
perature in excess of 1600 K (Table 3) any water layer would be
made of steam, which has been shown to be much more resilient
to atmospheric loss (e.g., Lopez et al. 2012). It should be kept
in mind that our model assumes a fully differentiated planet. It
is possible that water is mixed with a magma ocean covering
HD 3167b, in which case its actual mass fraction of water would
be reduced compared to the one we derive (see Dorn & Licht-
enberg 2021). More detailed internal structure model accounting
for this mixing, and for the existence of a dust- and metal-rich
envelope, are required to better constrain the true nature of this
planet.

6. Dynamical evolution

With planet b aligned with its host star (Bourrier et al. 2021)
and the distant planet ¢ on a polar transit (Dalal et al. 2019), the
HD 3167 system is particularly rich and interesting for dynami-
cal studies. Its planets have wide orbital separations and are far
from mean motion resonances, so that their dynamics is fully
secular. Moreover the age of the system suggests that its orbital
configuration is dynamically stable.

The dynamical analysis by Dalal et al. (2019) suggested that
planet b could have stayed aligned with the equatorial plane
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Fig. 15. Corner plot showing the results on the interior composition models of HD 3167b (left) and HD 3167c, (right). The vertical dashed lines
and the ‘error bars’ given at the top of each column represent the 5 and 95% percentiles. The internal structure parameters are the mass fraction
of the core and the water layer with respect to the solid planet, the molar fraction of Si and Mg in the mantle, the molar fraction of Fe in the inner

core and the logarithm of the gas mass in Earth masses.

Table 4. Interior structure properties of planets b and c.

Property (unit) Values

HD 3167b HD 3167c
Moo/ Mo 0.177012 0.147013
Mwater/Mtotal 0.1 ng }g 0.25 tg%%
log(Ms) -9.387297  -0.8170%
Fecorc Ogoiggg 090t88§
Simante 0. 39ﬁ8;8§ 0.39f8:8§
Mg mante 0.46j8;{(1) 0.46j8:}(1)

Notes. The errors correspond to the 5 and 95% percentiles.

of the star, which has since been confirmed by Bourrier et al.
(2021). They further showed that planets ¢ and d have a low
mutual inclination, and that the three planets known at that time
could not, by themselves, have caused the polar orbit of planet c.
Dalal et al. (2019) thus proposed that the orbits of planets ¢ and
d could have been tilted with respect to the star due to a mas-
sive outer companion, whose existence we have confirmed in the
present study (Sect. 4.2). It is thus natural to investigate whether
this planet e could indeed explain the polar orbit of planet c.

To gain some insights onto the dynamics of the system, we
consider an analytical framework describing the precession of
the orbits (Boué & Laskar 2006). Following Boué & Fabrycky
(2014), we compute the characteristic frequencies v*// that rep-
resents the relative influence of the body k over the direction of
the angular momentum of body j. We refer to Dalal et al. (2019,
Sect. 5.2.) for a more precise description of the model used here.
To summarize, if v¥// < v//¥, the angular momentum direction of
j is almost constant while the angular momentum of k precesses
around.

Table 5. Characteristic precession frequencies for different interactions
in the system for the current configuration as well as during the system
formation.

Old star Young star
Py 18d 3d
ko 0.018 0.18
WS (radyr™!)  3.94%x1075 1.26x 1072
v (radyr!) 228x107% 129x10™*
V214 (rad yr~1) 1.04 x 107
V4P (rad yr‘l) 2.33x 107
v (rad yr1) 1.45x 107
v/ (rad yr1) 451 %10
ve/¢ (rad yr1) 1.30x 107
vele (rad yr1) 9.26 x 107

Notes. The typical relative uncertainty is 10%.

We study the dynamics of the system at two different epochs.
First, in its current configuration, with a stellar rotation period
of about 17 d. Second, right after the system’s formation, when
the star was rotating fast and its spin had a stronger influence
onto planet b. The different characteristic frequencies® in these
two configurations are summarized in Table 5. While the pre-
cession frequencies ruling the planet interactions are the same
in both settings, there is a significant change for the interaction
between the star’s spin and the planets as we can see on the fre-
quencies v*/S and v5/%. The change is not only due to the shorter
rotation period of the star early on, but also because the second

6 A similar analysis was performed by Dalal et al. (2019) but we found
a typo in the code computing the frequencies. The main conclusions of
Dalal et al. (2019) are unchanged but the planet-planet interactions were
underestimated which means that planet b is not as strongly coupled to
the star as stated in the paper.
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Fig. 16. Inclination evolution in the current system configuration,
assuming the planets c, d and e are close to coplanar.

fluid Love number k; can be significantly larger for a fast rotating
star (Becker et al. 2020). We adopt a value of k, = 0.18 for the
fast rotating star, an order of magnitude larger than the expected
value for HD 3167 today.

6.1. System stability

In the present system configuration we have v*/%,v¥/? x> yS/0 >
vP/S | which indicates that planet b’s orbit precesses around the
angular momentum of the outer planets and that the star plays a
negligible role. Moreover, the stellar spin is dynamically unaf-
fected by the planets. We confirm this hypothesis by running an
N-body simulation using the integrator WHFast (Rein & Tamayo
2015) from the library Rebound (Rein & Liu 2012). We include
relativistic corrections as well as the influence of the stellar J,
using the library Reboundx (Tamayo et al. 2019). The stellar
spin is fixed and along the z-axis. For this particular simula-
tion, the initial orbits are assumed circular, the planets c, d and
e are assumed coplanar. We use an initial condition compatible
with the 3D configuration determined by Bourrier et al. (2021),
ip = 30°, Q, = 100° and i4., = 100°,Q4., = 0°. As a result,
the mutual inclination between planet b and the rest of the sys-
tem is i = 103°. This approximate initialization is sufficient
because we only want to illustrate the typical dynamics at play.
In reality, there is likely a non zero inclination between planet
d, c, and e since planets d and e are not transiting. We integrate
the system over 100 kyr and plot on Fig. 16 the planetary incli-
nations with respect to the star, as well as the mutual inclination
between planet b and c. During this short integration, we observe
no evolution of the eccentricities. We see that the mutual incli-
nation between b and c, as well as the inclination of the outer
planets are almost constant while planet b orbital plane precesses
around the orbital plane of the outer planets. We conclude that,
while planet b is not strongly coupled with the star today, a pri-
mordial misalignment of the outer planets with respect to the
star and planet b leads to a stable configuration, compatible with
the observations. However, early in the history of the system, we
have v3/% > P4 ya/b b/ which means that planet b could have
been coupled with the star instead of the outer planets. If plan-
ets ¢ and d gained their large obliquities early on, planet b would
have stayed close to the stellar equator.

6.2. Spin-orbit misalignment by planet e

We now investigate whether planet e could be the cause of the
polar orbits of planets ¢ and d. The characteristic frequency v¢/¢
is not negligible, which suggests that planet e could tilt planets c
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Fig. 17. Evolution of the inclinations and eccentricities assuming the
current star properties and a planet e initially misaligned with the sys-
tem.

and d if it was originally inclined with respect to the star. Boué
& Fabrycky (2014) have determined that an external companion
can tilt a planetary system as a whole if the coefficient

2
Mcomp | dc dc
BrLdc = o B -

mq aq comp

3
) <1 @

where beomp = dcomp 1= e%omp. However, planet e is too close
to ¢ to tilt the system without triggering Kozai-Lidov oscilla-
tions for planet d and ¢ (Kozai 1962; Lidov 1962). Indeed, we
have Bxr, = 0.88 £ 0.13. As a result, a large mutual inclination
of planet e with respect to ¢ excites the orbital eccentricities,
eventually leading to the system destruction. We run a numerical
simulation starting with the inner planet b, d and ¢ on copla-
nar, circular orbits within the star equatorial plane and a planet
e on an orbit tilted by 80°. The simulation lasts 200 kyr and we
plot on Fig. 17 the eccentricities and inclinations as a function of
time. As expected planets c, d and e enter Kozai-Lidov oscilla-
tions and the eccentricities grow to values close to 0.5, which is
excluded by the observations (at 207, e <0.3 for planets d and e
and e < 0.08 for c) and is enough to trigger the dynamical insta-
bility of the system. Moreover, in that scenario planet b would
remain in the plane of planets d and c, which confirms that the
outer system had to get misaligned early-on when the coupling
between planet b and the star was stronger. Planet e thus cannot
explain the polar orbit of planet c.

6.3. Spin-orbit misalignment by an outer companion

While a misaligned planet e leads to the instability of the system,
we explore whether a more distant companion could explain the
present configuration. Such an hypothetical companion should
lie in a range of masses and semi-major axes that verify the
Kozai-Lidov condition

2
Meomp | Ac de
,BKL,ce = -
m,

c de comp

3
) <1, 3)

while being able to tilt the system as a whole. We plot on Fig. 18
the ratio of the precession frequency v**/P" /yS/Pl: that represents
the relative influence of a companion onto the outer planets with
respect to the influence of the star onto the system as a function
of the semi-minor axis and the mass of a potential companion.
We also plot the levels of Bkrce = 1 and Bgr e = 0.1. A com-
panion can tilt the outer planets if condition (Eq. (3)) is met
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Fig. 18. Range of masses and semi-minor axis that allows a compan-
ion to tilt the outer planets of the system while preserving its mutual
inclinations. The system is not destroyed for companions below the line
BxLce = 1 and tilting is possible for a frequency ratio larger than 1.
The companion has a significant influence on the system if its angular
momentum is larger than the system’s angular momentum. Otherwise,
the companion’s orbit precesses around the system angular momentum
and does not induce large obliquity for the system. The green region is
the 5o limit set by direct imaging constraints. The purple and blue curve
are the 50 limit set by RVs, assuming a circular orbit and inclinations
of 90 and 35°.

and precession frequencies verify v°©/P!' > yS/Pl- - Additionally,
the companion has a significant influence on the inclination of
the system if its angular momentum is larger than the system’s
angular momentum. Otherwise, the system orbital plane remains
unchanged and the companion orbital plane precesses around.
We plot this theoretical constraint in Fig. 18.

We further included in Fig. 18 the constraints derived from
our direct imaging measurements (Sect. 4.3). We converted
luminosity differences with the KOV type star HD 3167 into
spectral types for various separations, and then used Table 5
from Pecaut & Mamajek (2013) to assign mean masses to these
spectral types. We also assumed circular orbits to estimate the
semi-minor axes (which is the most conservative assumption).
While the masses adopted for a given dwarf subtype are tenta-
tive, it provides an approximate upper limit on the companion
mass. The direct imaging constraints impose that it orbits within
~30au from the star and cannot be more massive than about
0.1 solar mass. Finally we included in Fig. 18 the stringent con-
straints from our RV dataset. The constraints change little with
the unknown orbital inclination of the companion unless it is
seen nearly pole-on. The RV constraints rule out most, if not
all, the configurations where an outer companion could lead to
a significant misalignment of the system. We conclude that the
polar orbits of the outer planets are most likely due to an early
misalignment during the system formation that did not rely on a
companion still present in the system. Mechanisms that do not
rely on binary companion or secular interactions have been pro-
posed such as magnetic coupling between the young star and the
disk (Lai et al. 2011; Foucart & Lai 2011; Romanova et al. 2021).

7. Atmospheric evolution

To constrain the atmospheric evolution of the planets in the
HD 3167 system and the stellar rotation history of the host
star, we employed the tool Planetary Atmospheres and Stellar

RoTation RAtes (PASTA; Bonfanti et al. 2021b). PASTA uses the
measured system parameters and the present-day atmospheric
mass fractions determined by the internal structure modeling
(see Sect. 5) to return posterior probability distributions for the
initial atmospheric mass-fraction of each planet, further con-
straining the history of the stellar rotation rate. Because of
the need of an estimate of the present-day atmospheric mass
fraction, or at least of a radius measurement, to constrain the evo-
lution of the planetary atmosphere, this tool in its full capability
can only be employed on the two transiting planets HD 3167 b
and c. Since the present-day stellar rotation rate is not well
defined, we employed a uniform prior ranging between 15 and
20 days.

7.1. Transiting planets HD 3167 b and ¢

Planet HD 3167 b orbits very close to its host star, resulting in
it having being subject to large amounts of X-ray and extreme
ultraviolet (XUV) irradiation, particularly in the early phases
of its evolution. PASTA predicts that this planet has lost its pri-
mary H/He-dominated atmosphere at some point in the past, and
thus the code is unable to constrain the initial atmospheric mass-
fraction, resulting in a uniform posterior distribution (left panel
of Fig. 19).

For planet HD 3167 ¢, PASTA prefers evolutionary tracks for
which atmospheric mass loss did not play a significant role.
This is represented by the posterior distribution of the initial
atmospheric mass fraction that peaks around the present-day
value (right panel of Fig. 19). However, the results also indi-
cate that evolutionary tracks characterized by significant mass
loss, though less likely, are not completely excluded. In case the
host star was a particularly fast rotator when it was young, it
would indeed have emitted a significant amount of XUV radi-
ation (Sanz-Forcada et al. 2011). Therefore, we explored this
possibility more thoroughly. Unfortunately, the characteristics
of HD 3167 c, which is the only transiting planet in the system
still holding its primordial H/He-dominated atmosphere, do not
enable PASTA to constrain the rotation history of the star. This
is represented by a rather flat posterior distribution of the stel-
lar rotation rate after 150 Myr that we use as proxy to illustrate
the evolution of the stellar rotation rate (Fig. 20). The rota-
tion rate distribution of stars with a mass comparable to that
of HD 3167 and member of open clusters with ages of about
150 Myr is bimodal (e.g., Johnstone et al. 2015): one peak rep-
resents fast rotators at a rotation rate close to one day, while the
other peak represents moderate rotators at roughly six days. The
observed distribution is shown in Fig. 20. We have performed
additional runs with PASTA, imposing priors on the stellar rota-
tion rate at 150 Myr corresponding to Gaussian fits to each of
the two peaks of the distribution. Assuming the host star was a
fast rotator when it was young, the relative occurrence of evo-
lutionary tracks presenting some significant atmospheric loss
increases compared to when not constraining the stellar rota-
tion type at all. However, we still obtain a posterior distribution
of the initial atmospheric mass fraction which peaks close to
the present-day atmospheric mass fraction, indicating that most
likely atmospheric loss has not played a major role in the evolu-
tion of this planet independently of the evolutionary history of
the stellar rotation rate.

7.2. Non-transiting planets HD 3167 d and e

Since HD 3167 d and e are not transiting, it is not possible to esti-
mate their current atmospheric mass fraction, and thus it is not
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Fig. 19. Posterior distributions of the initial atmospheric mass fractions for planets HD 3167 b and c derived by PASTA. The light-blue line represents
the distribution of the estimated present-day atmospheric mass-fraction. The orange horizontal lines indicate the uninformative prior distributions.
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Fig. 20. Posterior distribution (blue line) of the stellar rotation rate of
HD 3167 after 150 Myrs derived by PASTA. The purple area represents
the highest posterior density (HPD) interval of the distribution. The
black line represents the distribution of the stellar rotation rate of young
open cluster stars with mass comparable to that of HD 3167 based on
the collection of data provided by Johnstone et al. (2015).

possible to use PASTA to infer the initial atmospheric mass frac-
tion. To estimate the current atmospheric content of both planets,
we start from assuming that the planets accreted a primordial
H/He-dominated atmosphere of (Mordasini 2020)

Menv 0 Mc > ( a )0'72
~ =0.024| — , 4
b (3] @

® Mg 1AU
where Meyy o is the envelope-mass, M. the core-mass, and a
the planetary orbital separation. We used PASTA to compute the
atmospheric evolution of HD 3167 d and e starting it with the
atmospheric mass fraction given by Eq. (4). The simulations also
require an estimate of the evolution of the rotation rate of the host
star. Since PASTA has been unable to constrain the stellar rota-
tion history using planets b and c, we further assumed a value of
the rotation rate of the host star at 150 Myr of 5.44 days. This
value corresponds to the mean of the distribution of stellar rota-
tion rates of young open cluster stars with mass comparable to
HD 3167 (Fig. 20).

As HD 3167 d orbits quite close to its host star and has a
low mutual inclination with the transiting HD 3167c (Sect. 6),
we assumed the measured lower mass limit M, sin(i) to be a
good approximation of the core mass. Through Eq. (4), we then
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estimate an initial atmospheric mass fraction of 0.029. PASTA’s
evolution simulation predicts for this planet to have lost all of
its primordial H/He-dominated envelope via photo-evaporation.
The atmospheres of planets b and d therefore seem to have had
very similar evolutionary paths.

HD 3167 e on the contrary orbits significantly further away
than HD 3167 c, for which we already determined that hydrody-
namic mass loss was only important if the star would have been a
very fast rotator. Therefore, we assumed for the measured lower
mass limit M, sin(i) to be a good approximation of the initial
total mass of the planet after the dispersion of the protoplanetary
nebula. With these assumptions, Eq. (4) leads to an initial atmo-
spheric mass fraction of 0.147. Using the estimates of the initial
total mass and atmospheric mass fraction, estimates on the core-
mass and envelope-mass after the dispersion of the nebula can
be provided. Assuming an earth-like density for the core, this
results in an estimate of the average density of the planet at the
beginning of its atmospheric evolution. This average density then
changes due to atmospheric loss as the evolution progresses. As
expected, PASTA’s evolution simulation predicts no significant
mass loss for this planet, resulting in a Saturn-like density of
about 0.67 gcm™. This value is however heavily dependent on
Eq. (4), as it estimates the initial atmospheric mass fraction and
therefore the initial core- and envelope-mass.

7.3. Comparison with previous studies

Kubyshkina et al. (2019) applied an earlier version of PASTA and
Bonfanti et al. (2021b) the same version of PASTA used here on
the HD 3167 system considering the system parameters available
at the time. Bonfanti et al. (2021b) focused on the two transiting
planets b and ¢, while Kubyshkina et al. (2019) did also investi-
gate the atmospheric evolution of the non-transiting planet d. For
the two close-in planets b and d the two previous studies agree
with our conclusion that the planets should have lost all of their
primary H/He-dominated envelopes.

Both Kubyshkina et al. (2019) and Bonfanti et al. (2021b)
ran their fits considering the planetary radii, instead of the cur-
rent atmospheric mass fractions, which led them to assume
slightly larger atmospheric mass fractions compared to what was
used here. Furthermore, both studies used significantly longer
present-day stellar rotation rates, with Kubyshkina et al. (2019)
using a prior peaking at roughly 25 days, while Bonfanti et al.
(2021b) used an even larger peak value of about 50 days, based
on gyrochronological considerations. Bonfanti et al. (2021b)
obtained that the star was likely to be a slow rotator, which
might be related to the large value of the current stellar rotation
period they considered. Along the lines of our results, they con-
cluded that planet ¢ has most likely retained most of its primary
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H/He-dominated atmosphere and, therefore, has not undergone
significant mass loss. In contrast, Kubyshkina et al. (2019) con-
cluded that the young star was a moderate-to-fast rotator, in
agreement with our hypothesis.

8. Conclusions

We performed a joint analysis of transit photometry (CHEOPS,
K2, HST/WFC3, Spitzer/IRAC) and radial velocimetry
(HARPS-N, HARPS, APF/Levy, Keck/HIRES) to refine the
bulk and orbital properties of the planets orbiting the bright
and nearby star HD 3167. New CHEOPS photometry and RV
measurements were added to the published datasets, which were
re-analyzed using improved techniques.

We first revised the stellar age, mass and radius. The discrep-
ancy found between the activity signal measured in the K2/RV
data and the equatorial period derived from RM analysis of
HD 3167b and c can be tentatively attributed to stellar differential
rotation (at a rate of ~18%) and spots located at higher latitudes
than 50°.

We confirmed the RV drift measured by Dalal et al. (2019)
as HD 3167e, a fourth non-transiting planet with minimum mass
of ~10 Mg and a 102 day period. This discovery sheds a new
light on the peculiar orbital architecture of the HD 3167 sys-
tem. The present-day system is dynamically stable, with the
orbits of its four planets consistent with circular configurations,
but HD 3167b orbits close to the stellar equatorial plane while
HD 3167d and c are on nearly coplanar, polar orbits. Using an
analytical approach to investigate the secular dynamical history
of the system, we showed that the tilting of the outer planets
must have happened early in the system history or planet b, ini-
tially coupled with the star, would have become coupled with
planets d-c and followed their misalignment. Yet planet e can-
not explain the polar orbits of planets d-c without destroying the
system through Kozai-Lidov oscillations, which further implies
that these three planets have low mutual inclinations. We finally
explored the possibility that an unknown, more distant compan-
ion tilted the outer planetary system. Our analytical estimates,
combined with constraints from velocimetry and direct imaging
data (Gemini North/‘Alopeke), however rule out this possibility
unless the companion is a massive sub-solar body with a highly
inclined orbit, or a star in the birth cluster that later unbound
from the system.

Our revision of the system properties improves the precision
on the transiting planets radii by a factor two. When combined
with the refined planet masses, this allows us to reduce the uncer-
tainty on their density by a factor three, which is of particular
interest to our understanding of their nature. Our internal struc-
ture retrievals show that the low density of HD 3167b cannot
be explained by a pure iron-core and silicate-mantle, suggesting
that the planet contains a substantial fraction of lighter ele-
ments. It could be water, mixed with a magma ocean and/or
in a steam atmosphere resilient to evaporation, or it could be
a more exotic envelope made of dust and metals. In contrast
we find that HD 3167c is a mini-Neptune hosting a substan-
tial volatile envelope, with a gaseous mass fraction of ~0.2 Mg
or larger if the planet is water-poor. The different passbands
used for transit observations allowed us to search for broad-
band spectral variations in these two planet radii. We measure
consistent sizes for HD 3167b, as expected from the absence of
a volatile envelope. In contrast we measure significant spectral
variations in the size of HD 3167¢c, with a smaller radius in the
infrared. These results strengthen the interest and amenability
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Fig. 21. Mass-period (fop panel) and mass-radius (bottom) diagrams of
the exoplanet population in the Earth-Neptune range. HD 3167 planets
are shown as green disks (HD 3167d and e are positioned at their mea-
sured minimum mass).

of HD 3167c for follow-up observations at all wavelengths, to
better determine its atmospheric structure and catalog its chem-
ical content. Transit follow-up at high spectral resolution in the
ultraviolet-optical domains, or phase curve measurements in the
infrared, would also be of interest to disentangle the possible sce-
narios for the interior of HD 3167b. We emphasize that our data
analysis improves the precision on the planetary orbital periods
by more than one order of magnitude, which will greatly help
future transit follow-up.

Finally, we use atmospheric simulations to bring additional
insight into the history and nature of the HD 3167 planets. Due
to its strong irradiation, HD 3167b lost any primordial volatile
envelope shortly after its formation. In contrast, we find that
atmospheric loss did not play a significant role in the evolu-
tion of HD 3167c, regardless of the stellar evolutionary history,
so that its present-day atmosphere may still trace its primordial
composition. With reasonable assumptions on the current atmo-
spheric mass fraction of HD 3167d-c, we further find that planet d
likely lost all of its atmosphere through photo-evaporation
while planet e was unaffected and retains a substantial gaseous
envelope.

To summarize, our revised picture of the HD 3167 system
(Fig. 21) consists in :

— HD3167: an old K-type star, initially a moderate-to-fast
rotator

— HD3167b: a transiting ultra-short period planet with a
heavyweight envelope, initially coupled with the star and thus
still orbiting near the stellar equatorial plane

— HD3167d: a non-transiting super-Earth with no gaseous
envelope, which followed a similar atmospheric evolution as
planet b but a similar dynamical evolution as planet c,e

—HD 3167c: a massive transiting mini-Neptune, which likely
kept its primordial envelope and was tilted its present polar orbit
early in the system history
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— HD 3167e: a non-transiting planet that likely followed the
same atmospheric and dynamical evolution as planet c, which
implies that it orbits in a nearby plane and is similar in mass.

In-depth characterization of the HD 3167 system and com-
parison with other multi-planet systems will shed more light on
its origins and evolution.
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Appendix A: CHEOPS observations

Raw data ——— Best-fit model —— Transit model
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Fig. A.1. CHEOPS observations of HD 3167 b. The raw data extracted by the DRP is shown in blue and the best-fit model is represented by the
orange line. The transit model is shown in green with an offset for better visibility.
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Appendix B: HST observations

e Data —— Best-fit model
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Fig. B.1. HST observations of HD 3167 c. The left column shows the raw data in blue with the best model in orange for the 5 visits. The right
column represents the detrended data with the transit model in orange. Visit 3 and 4 are affected by a serendipitous transit of HD 3167 b.
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