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ABSTRACT

HD 191939 (TOI-1339) is a nearby (d =54 pc), bright (V =9 mag), and inactive Sun-like star (G9 V) known to host a multi-planet
transiting system. Ground-based spectroscopic observations confirmed the planetary nature of the three transiting sub-Neptunes
(HD 191939b, ¢, and d) originally detected by TESS and were used to measure the masses for planets b and ¢ with 30 precision.
These previous observations also reported the discovery of an additional Saturn-mass planet (HD 191939 e) and evidence for a fur-
ther, very long-period companion (HD 191939 f). Here, we report the discovery of a new non-transiting planet in the system and a
refined mass determination of HD 191939 d. The new planet, HD 191939 g, has a minimum mass of 13.5+2.0 M and a period of
about 280 days. This period places the planet within the conservative habitable zone of the host star, and near a 1:3 resonance with
HD 191939 e. The compilation of 362 radial velocity measurements with a baseline of 677 days from four different high-resolution
spectrographs also allowed us to refine the properties of the previously known planets, including a 4.60- mass determination for planet
d, for which only a 20 upper limit had been set until now. We confirm the previously suspected low density of HD 191939 d, which
makes it an attractive target for attempting atmospheric characterisation. Overall, the planetary system consists of three sub-Neptunes
interior to a Saturn-mass and a Uranus-mass planet plus a high-mass long-period companion. This particular configuration has no
counterpart in the literature and makes HD 191939 an exceptional multi-planet transiting system with an unusual planet demographic

worthy of future observation.

Key words. stars: individual: HD 191939 — planets and satellites: individual: HD 191939 g — techniques: photometric —
planets and satellites: individual: HD 191939 d — techniques: radial velocities

1. Introduction

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015) is a NASA-sponsored space telescope whose original mis-
sion was a 2-yr full-sky survey searching for transiting planets.
One of TESS main scientific goals is to look for small plan-
ets (Rp < 4 Rg) around bright stars suitable for radial velocity
(RV) follow up and atmospheric characterisation. Since the
beginning of operations in 2018, TESS has discovered sev-
eral multi-planetary transiting systems around bright host stars
(e.g. Dragomir et al. 2019; Giinther et al. 2019; Quinn et al.
2019; Luque et al. 2021). This type of system is an excel-
lent laboratory for planetary astrophysics. Multi-planet systems
share the same initial conditions (e.g. protoplanetary disc),
allowing for comparison between sibling planets, and also
the testing of planet formation and evolution processes and
theories.

Here, we focus on the HD 191939 system, one of those
multi-planetary transiting systems with small planets discov-
ered by TESS. HD 191939 is a bright (V=9mag), nearby
(d =54 pc), inactive solar-like star (G9 V). Badenas-Agusti et al.
(2020, hereafter BA20) confirmed the presence of three tran-
siting sub-Neptune-sized planets, HD 191939 b, c, and d, with
periods of 8.88, 28.58, and 38.35 days, respectively. Their radii
are very similar, ranging 3.16-3.42 Rg. The brightness of the

host star made long-term RV monitoring campaigns with dif-
ferent high-resolution spectroscopy facilities feasible, allowing
the determination of the planetary masses. The physical proper-
ties of the planetary system were studied by Lubin et al. (2022,
hereafter L22), finding masses of 10.4+0.9 Mg and 7.2+1.4 Mg
for planets b and c, respectively. L22 only presented an upper
limit of 5.8 Mg (20 confidence) for planet d. Furthermore, L22
found evidence for two extra planets via RV measurements: plan-
ets e and f. HD 191939 e has a period of 101 days and a minimum
mass of 108+3 Mg. The long-term trend showed by the RVs
was related to the presence of HD 1919391, a high-mass planet
with an unconstrained period of between 1700 and 7200 days. In
Table 1, we compile a comprehensive list of HD 191939 stellar
properties from the literature.

In this work, we combined the previously published
RV observations with new time series obtained with the
CARMENES and HARPS-N spectrographs, and with the exist-
ing TESS photometric data for this target. In particular, the
combination of four RV datasets allowed us to refine the physical
properties of the system and all the planetary masses. Further-
more, the significant increase in the number of observations and
its baseline permitted a check for extra planetary signals beyond
the period of planet e. This is also the case for the newly discov-
ered HD 191939 g: a Uranus-mass planet in the habitable zone
with an orbital period of ~300 days.
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Table 1. Stellar parameters of HD 191939.

Parameter Value Reference
Name HD 191939 HD
TIC 269701147 TESS
TOI-1339 TOI
HIP 99175 HIP
Coordinates and spectral type
a (J2000) 20"08™05755 Gaia
6 (J2000) +66°51027077 Guaia
Spectral type GV L22
Parallax and kinematics
o (masyr™') 150.256 + 0.044 Gaia
s (masyr™') —63.909 + 0.047 Gaia
Parallax (mas) 18.706 + 0.071 Gaia
Distance (pc) 53.48 +-0.20 BA20
V; (kms™) -9.266 +0.002 Gaia
Magnitudes
B (mag) 9.720 £ 0.038 TYC
V (mag) 8.97+0.03 HIP
G (mag) 8.7748 + 0.0002 Guaia
T (mag) 8.292 + 0.006 TESS
J (mag) 7.597 +0.029 2MASS
H (mag) 7.215+0.023 2MASS
K (mag) 7.180 £ 0.021 2MASS
Stellar parameters
Radius R, (Ro) 0.94+0.02 BA20, L22
Mass M, (M) 0.92 +0.06 BA20
0.81 +0.04 L22
Px (gecm™) 1.56 +0.15 BA20
1.37£0.11 L22
Ly (L) 0.69 +0.01 BA20
0.65+ 0.02 L22
Ter (K) 5427 + 50 BA20
5348 + 100 L22
log(g (cms™2)) 43+0.1 L.22
Metallicity (Fe/H) -0.15+0.06 L22
Age (Gyr) 7+3 BA20
log(Ri;) -5.11+0.05 L22
v sini (kms™!) 0.6+0.5 BA20
<2.0 L22

Reference. HD: Cannon & Pickering (1993); TESS: Stassun et al.
(2018); TOI: Guerrero et al. (2021); HIP: van Leeuwen (2007); Gaia:
Gaia Collaboration (2018), Soubiran et al. (2018); L22: Lubin et al.
(2022); BA20: Badenas-Agusti et al. (2020); TYC: Hgg et al. (2000);
2MASS: Cutri et al. (2003). Parallax is corrected for a systematic offset
of +0.082+0.033 mas, as described in Stassun & Torres (2018).

2. Observations
2.1. TESS photometry

Listed as TIC 269701147 in the TESS Input Catalog (TIC;
Stassun et al. 2018), HD 191939 was observed by TESS in
two-minute short-cadence integrations in Sectors 15-19 from
15 August 2019 to 24 December 2019, Sectors 21-22 from 21
January 2020 to 18 March 2020, Sectors 24-25 from 16 April
2020 to 8 June 2020, Sector 41 from 23 July 2021 to 20 August
2021, and Sector 48 from 28 January 2022 to 26 February 2022.
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In this work, we made use of the Presearch Data
Conditioning-corrected simple aperture photometry (PDC-SAP;
Smith et al. 2012; Stumpe et al. 2012, 2014; Morris et al. 2017)
reduced by the Science Processing Operations Center (SPOC;
Jenkins et al. 2016) at the NASA Ames Research Center and
publicly available at the Mikulski Archive for Space Telescopes
(MAST?).

To remove some additional variability present in the PDC-
SAP and to save computational time fitting the 11 TESS sectors,
we detrended the PDC-SAP light curves, with the planetary tran-
sits masked, performing a Gaussian process (GP) regression
model using a Matern kernel 3/2 from celerite (Foreman-
Mackey et al. 2017). The model only considered a relative flux
offset and a jitter term, and two GP hyperparameters, which are
shared between the different TESS sectors. The priors and pos-
teriors from the detrended process are shown in Table A.1. We
obtained the detrending model by evaluating the GP component
at each time point, which includes the transit times. Finally, we
divided the PDC-SAP light curve by the detrending model.

2.2. High-resolution spectroscopy follow up
2.2.1. High-resolution spectroscopy with CARMENES

HD 191939 was observed with the Calar Alto high-Resolution
search for M dwarfs with Exoearths with Near-infrared and
optical Echelle Spectrographs (CARMENES; Quirrenbach et al.
2014, 2020) located at the Calar Alto Observatory, Almeria,
Spain. CARMENES has two spectral channels: the optical chan-
nel (VIS), which covers the wavelength range from 0.52 to
0.96 um with a resolving power of R=94600, and the near-
infrared (NIR) channel, which goes from 0.96 to 1.71 um with
a resolving power of R=80400. The star was monitored from
6 November 2019 to 4 September 2021. During this time, we
obtained 138 high-resolution spectra.

The observations were carried out as part of observing pro-
grams F19-3.5-014, S20-3.5-011 (PI: Nowak), and F20-3.5-013
(PI: Luque). The exposure times were set to 900 s, leading to
a signal-to-noise ratio (S/N) per pixel of 41-188 at 7370 A.
The observations were reduced using the CARMENES pipeline
caracal (Caballero et al. 2016) and we processed the VIS and
NIR spectra with serval? (Zechmeister et al. 2018), which
is the standard CARMENES pipeline to derive relative RVs
and several activity indicators using template matching: chro-
matic RV index (CRX), differential line width (dLW), and
Ha, NaD1 and NaD2, and CallIRT line indices. We also
used the RACCOON code® (Lafarga et al. 2020) to measure the
CCF_FWHM, CCF_CTR, and CCF_BIS spectral activity indi-
cators via cross-correlation. In the analysis presented here, we
used the activity indicators from VIS and NIR extracted with
serval and RACOON, and the RVs measured from CARMENES
VIS spectra with serval. Because the precision in the RVs
obtained from the VIS is higher than that obtained with the NIR,
we only used the CARMENES VIS RVs, which have smaller
error bars. CARMENES VIS RVs are corrected using measured
nightly zero-point corrections as discussed in Trifonov et al.
(2020; shown in Fig. 1).

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

2 https://github.com/mzechmeister/serval

3 https://github.com/mlafarga/raccoon
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Fig. 1. Time series of RV measurements taken by APF (blue circles), HIRES (green up triangles), CARMENES (red squares), and HARPS-N

(orange down triangles).

2.2.2. High-resolution spectroscopy with HARPS-N

HD 191939 was observed with the High Accuracy Radial
velocity Planet Searcher for the Northern hemisphere (HARPS-
N; Cosentino et al. 2012) mounted on the 3.6 m Telescopio
Nazionale Galileo (TNG) in Roque de los Muchachos Obser-
vatory, La Palma. The star was monitored from 30 May 2020
to 13 September 2021. During this time, we obtained 42 high-
resolution (R =115 000) spectra.

The observations were carried out as part of observing
programs CATI19A_162 program (PI: Nowak), ITP19_1 (PI:
Pall¢) and CAT21A_119 (PI: Nowak). The exposure times var-
ied from 284 to 1800s, depending on weather conditions and
scheduling constraints, leading to a S/N per pixel of 27-134
at 5500 A. The spectra were extracted using the off-line ver-
sion 3.7 of the HARPS-N DRS pipeline (Cosentino et al. 2014).
Doppler measurements (absolute RVs) and spectral activity indi-
cators (CCF_FWHM, CCF_CTR, CCF_BIS, and Mount-Wilson
S-index) were measured using an online version of the DRS, the
YABI tool*, by cross-correlating the extracted spectra with a G2
mask (Baranne et al. 1996). We also used the serval code to
measure relative RVs by template matching, CRX, dLW, and Ha
and sodium Na D1 and NaD2 indexes. The uncertainties of the
RVs measured with serval are in the range of 0.5-3.1 ms~!,
with a mean value of 1.07 ms~!. In the analysis presented here,
we used the relative RVs measured from HARPS-N spectra with
serval (shown in Fig. 1).

2.2.3. High-resolution spectroscopy with APF and HIRES

L22 also performed a ground-based follow-up campaign with
two different high-resolution spectrographs. They obtained
73 RV measurements with HIRES and 107 RV measurements
with the Automated Planet Finder (APF, Vogt et al. 2014) tele-
scope. In total, these observations covered a baseline of 415 days,
and their details are explained in Sect.2.2 of L22. The time
series of APF and HIRES are displayed in Fig. | along with the
CARMENES and HARPS-N RVs.

3. Analysis and results
3.1. Stellar rotation and activity indicators

BA20 and L22 reported that HD 191939 is a slow rotator star
with low or null stellar and chromospherical activity. BA20

4 Available at http://ia2-harps.oats.inaf.it:8000

derived a P/ sini=79+66 days, where the large uncertainties
come from the large error on the v sini.

We searched for modulations in the different activity indices
derived from CARMENES and HARPS-N spectra using the
generalised Lomb-Scargle (GLS; Zechmeister & Kiirster 2009)
periodogram’. We computed the theoretical false-alarm proba-
bility (FAP) as it is described in Zechmeister & Kiirster (2009).
The GLS periodograms of the activity indices are shown in
Fig. A.1. None of the indices present a significant peak at either
the periodicities of the known planets or at the ~300 days sig-
nal, attributed to HD 191939 g. As is expected for a low-activity
star, the GLS periodograms remain below the 10% level of sig-
nificance. Only some CARMENES indices show a broad peak
near 400 days that is not detected in the HARPS-N indices, and
CARMENES Ca11IRT; and HARPS-N Ha display significant
periodicities near 100 days and 200 days, respectively. However,
none of those peaks have a counterpart in the RVs periodogram
analyses.

3.2. Radlial velocity analysis

The analyses presented in this work combine the APF and
HIRES RVs from L22 with those obtained with CARMENES
and HARPS-N. With a total of 362 RVs covering a baseline of
677 days (Fig. 1), we were able to improve the planetary mass
determination but also look for the presence of planets with
periods between those of planets e (101 days) and f (>1700 days).

We analysed the planetary signals in the RVs comput-
ing the GLS periodogram and modelling the detected signals
with juliet® (Espinoza et al. 2019). This python library is
based on other public packages for transit light curve (batman,
Kreidberg 2015), RV (radvel, Fulton et al. 2018), and GP
(george, Ambikasaran et al. 2015; celerite, Foreman-Mackey
et al. 2017) modelling. Juliet uses nested sampling algo-
rithms (dynesty, Speagle 2020; MultiNest, Feroz et al. 2009;
Buchner et al. 2014) to explore all the parameter space and
compute the Bayesian model log-evidence (In Z), which allows
us to compare models with different numbers of free param-
eters. If the difference between two models, for example M1
and M2, is AlInZ = InZyp — InZy; > 5, then the M2 model is
strongly preferred statistically over the M1 model (Trotta 2008).
If AlnZ < 1, the two models are statistically indistinguishable

5 https://github.com/mzechmeister/GLS
¢ https://juliet.readthedocs.io/en/latest/index.html
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Fig. 2. GLS periodograms of the time series of APF, HIRES,
CARMENES, and HARPS-N RV measurements and the residuals after
subtraction of different models. All the models include quadratic and
linear terms to account for the long-term trend detected in the RV time
series. (@) GLS periodogram of RVs after removing the long-term trend.
(b) GLS periodogram of the RV residuals after fitting the 101 days sig-
nal (vertical magenta line). (¢) GLS periodogram of the RV residuals
after simultaneously fitting the 8.8 days (vertical red line) and 101 days
signals. (d) GLS periodogram of the RV residuals after simultaneously
fitting the 8.8 days, 28.6 days (vertical green line), and 101 days signals.
(e) GLS periodogram of the RV residuals after simultaneously fitting
the 8.8 days, 28.6 days, 38 days (vertical cyan line), and 101 days sig-
nals. (f) GLS periodogram of the RV residuals after simultaneously
fitting the 8.8 days, 28.6 days, 38 days, 101 days, and 300 days (vertical
orange line) signals. In all panels, the 10%, 1%, and 0.1% FAP levels
are indicated by dotted, dash-dotted, and dashed grey horizontal lines,
respectively. The vertical black dotted line indicates the dataset base-
line. We highlight the different scale of the y axis in each panel.

and the preferred one is the simplest model with the least free
parameters. We consider that M2 has moderate evidence over
M1 for intermediate cases (AInZ ~ 2.5).

Because the main purpose of this preliminary study is to
look for additional signals, we considered circular orbits for sim-
plicity. Eccentric models are explored during the joint fit (see
Sect. 3.3) after exploring the signals present in the data. For this
RV-only analysis, we fixed the period (P) and the central time of
transit (7o) for the three transiting planets based on a photometric-
only analysis. The precision derived for P and 7y from the light
curves is significantly higher than from the RVs alone. Fix-
ing these two parameters saves computational time without an
impact on the RV modeling. For the signals with no counterpart
in the photometry, we set normal priors for P and uniform priors

A40, page 4 of 20

for 7y and we set uninformative priors for the semi-amplitude (K)
of the fitted signals. For each spectrograph, we also included an
instrumental jitter term (o-) and a systemic velocity (y) term. The
procedure described below to fit the periodicities detected in the
periodograms is illustrated in Fig.2. The following points also
refer to the panels of Fig. 2.

(a) As in L22 and to save computational time, we mod-
elled and subtracted the long-term RV trend detected by the
four instruments with a linear (y) term and a quadratic () term.
The linear and quadratic term model is statistically preferred
(AInZ > 5) over an only linear or only quadratic term model.
The conspicuous signal at 101 days due to planet e dominates the
RV periodogram.

(b) After fitting planet e model, the planet b periodicity is
clearly seen in the periodogram of the residuals.

(c) When planet b is removed, the planet c signal is the most
significant peak in the periodogram.

(d) After fitting planet c, all periodicities in the periodogram
of the residuals remain well below the 10% level of significance,
except for a peak at ~300days (FAP <1%). As in Fig.1 from
L22, the signature of planet d at 38.35 days is not detected or
significant in the RVs.

(e) When all the previously known planets are removed,
the periodogram of the residuals is still dominated by the sig-
nal at ~300days which slightly increased its significance until
FAP ~0.1%. The ~300 days peak is already visible and signifi-
cant after removing planet e.

(f) The periodogram after fitting the ~300 days signal is flat
without significant peaks. We refer to the ~300 days signal as
HD 191939 g. We analyse this signal in detail below.

To crosscheck our results, we also analysed the RV dataset
using Exo-Striker’ (Trifonov 2019), obtaining similar results.
After fitting the transiting planets b, ¢, and d as well as plan-
ets e and f, the GLS periodogram only showed a peak around
~300 days, which is the signal we named HD 191939 g. Further-
more, the signal at 17.7 days found by L22 (Sect. 8 therein) is
observed in the residuals in Fig. 2 but at a very low significance
level (FAP>10%). Our RV dataset does not support the sce-
nario of a non-transiting planet with a period between transiting
planets ¢ and d.

We repeated the analysis presented above only with the APF
and HIRES datasets, obtaining similar results to L.22; that is,
there is no statistically significant evidence (FAP>10%) for an
additional signal at ~300 days (see Fig. A.3). The non-detection
of that signal in L22 may be due to the lower number of RVs
used and the shorter baseline of those observations. The baseline
of the 180 APF and HIRES RVs is 415 days, which is less than
1.5 periods of the ~300 days signal. Here, we used 362 RVs with
a baseline of 677 days, which cover two complete periods.

To unveil the nature of the ~300 days signal, we computed a
set of models that simultaneously fit the known planets and also
account for the additional signal with two different strategies: fit-
ting the signal by adding a GP term or with a Keplerian orbit. We
considered three different GP kernels: exponential (GPexponential )»
Matern 3/2 (GPypgeern), and quasi-periodic (GPg,). When fitting
the signal with a Keplerian orbit or with a GP, kernel, we tested
two different priors for the period parameter or rotational hyper-
parameter: an uninformative prior and a normal prior centred
at 300 days. The priors and posteriors of the hyperparameters
used in the GP models are shown in Table A.2. Table 2 presents
the Bayesian log-evidence for the explored models and the mea-
sured K for each of the fitted signals. The derived Ks for the

7 https://github.com/3fon3fonov/exostriker
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Table 2. Comparative between Bayesian log-evidences (A In Z) and planet semi-amplitudes (K,) for the different explored models.

Model AlnZ K, (P=28.8days) K. (P=28.6days) Kgq(P=38days) K.(P=101days) K, (P =~ 300days)
4 planets 0.0 3.66+0.25 1.75+0.25 0.57+0.24 17.7+0.3 -
GPexponential 3.1 3.62+0.30 1.76+0.30 0.58+0.28 17.8+0.3 -
GPMatern 4.2 3.58+0.25 1.93+0.32 0.67+0.33 17.8+0.5 -

GPy, @ 9.2 3.55+0.26 1.96+0.34 0.70+0.35 17.8+0.5 -

5 planets @ 7.7 3.56+0.25 1.91+0.26 0.61+0.25 17.6+0.3 1.3+0.3
GPy, ®) 10.0 3.54+0.26 1.96+0.33 0.72+0.35 17.8+0.5 -

5 planets © 94 3.55+0.25 1.91+0.26 0.61+0.25 17.6+0.3 1.3+0.3

Joint fit 3.56+0.24 1.93+0.24 0.61+0.13 17.75+0.15 1.53+0.23

Notes. We used the InZ from the four-planet model as a reference. The adopted model used in the joint fit is marked in boldface (see Sect. 3.2
for details about the selection of the final model). The last row shows the K|, from the joint fit in Sect. 3.3 for illustrative purposes. “’Using an
uninformative prior for the periodic parameter. ®Using a normal prior for the periodic parameter centred at 300 days.

different models are consistent within errors, ensuring that the
planet mass is not model-dependent or affected by the ~300 days
signal.

The five-planet model and the GPy, model are statistically
preferred over the four-planet model, the GPeyponentiat model, and
the GPpaern model. The AlnZ between the five-planet model
and its analogous GPg, model is less than 2. Therefore, the
GPg, model is moderately preferred over the five-planet model.
However, the GPy, model has one free parameter more than
the five-planet model. Moreover, closer inspection of the pos-
terior distributions of the GPgy, hyperparameters shows that the
Py is not constrained (see Fig. A.2). In the uninformative GPg,
model, the P, posterior distribution is mainly flat. When we
used a normal prior for Py, the posterior distribution is equal
to the input prior, which is in contrast to the period of the
additional signal, which is well determined in both five-planet
models.

Therefore, we chose the five-planet model over the GPg,
model due to its more physical plausibility. The complete RV
model includes quadratic and linear terms, planets HD 191939 b,
¢, d, and e, and the new planet HD 191939 g.

3.3. Joint fit

We simultaneously modeled the detrended two-minute cadence
TESS photometry and the APF, HIRES, CARMENES, and
HARPS-N RVs using juliet to refine the parameters for the
HD 191939 system. For the joint fit, we considered transits for
the planets b, ¢, and d, and we adopted a five-planet model with
a quadratic and linear trend for the RVs.

We adopted a quadratic limb-darkening law for the TESS
light curve. The limb-darkening coefficients were parame-
terised with the uniform sampling prior (g,q,) introduced by
Kipping (2013). Additionally, rather than directly fitting the
impact parameter of the orbit (b) and the planet-to-star radius
ratio (p =R,/R,), we considered the uninformative sample (71,
) parameterization introduced in Espinoza (2018). The parame-
ters r; and r, ensure a full exploration of the physically plausible
values of p and b, with uniform priors sampling. We used the
value and uncertainties of the stellar density (p,) from L22 in
Table 1 to set a normal prior for p,. We fixed the dilution factor
to 1 based on BA20 and we added a relative flux offset («) and a
jitter term (o) to TESS data.

Systems with multiple transiting planets, such as HD 191939,
normally present low eccentricities, but not necessarily zero
(Van Eylen & Albrecht 2015; Xie et al. 2016; Hadden & Lithwick
2017). We therefore considered Keplerian orbits for the five plan-
ets with a beta prior distribution with @ =1.52 and =29 for
the orbital eccentricity ecc (Van Eylen & Albrecht 2015; Van
Eylen et al. 2019). We also computed a joint fit with circular
orbits. However, the eccentric joint-fit model is statistically pre-
ferred over the non-eccentric one (AInZ=1InZ..c —In Zy ecc > 8)
and the results from both models are coincident within their
uncertainties.

The priors used in the joint fit are listed in Table A.3. The
posterior distributions and the derived parameters for the plan-
etary system are reported in Table3. As is shown in Table 2,
the semi-amplitudes obtained from the joint fit are consistent
with the RV-only models explored in Sect.3.2. The stellar den-
sity is consistent with those derived by L22 and by BA20
within 1o. The adopted stellar properties used to derive the
planetary parameters are the ones from L22 (see Table 1) for a
better comparison with the results presented there. The best-fit
models for phase-folded light curves and phase-folded RVs are
shown in Figs. 3 and 4, respectively. Photometric and RV time
series along with the best-fit models are shown in Figs. A.4—A.6,
respectively.

We checked for transit-like events in the TESS PDC-SAP
and SAP for the non-transiting planets with no results. We esti-
mated the flux decrease (AF = (R, /R,)?) and transit duration
tr of planets e and g with their predicted radii (see Sect.4.1).
HD 191939e would produce a flux decrease of ~1.6% over
~8h. According to the derived ephemeris, a transit of planet e
was expected during Sector 16 (see Fig. A.4) and is clearly not
detected. Because the predicted radius for HD 191939 g is sim-
ilar to that of the inner planets, the flux decrease for planet g
would be similar (~1300 ppm). However, the transit would span
~12h due to its large period. Planet g was expected to transit at
some point in Sectors 18 and 19 (see Fig. A.4). Although there is
no clear evidence of a complete transit, ingress, or egress dur-
ing these sectors, the 1o~ uncertainty for the transit midpoint
(~16 days) comprises observing gaps where the transit could
have happened. These observing gaps represent 18% of the + 1o
expected transit time region. Upcoming TESS sectors will allow
us to confirm whether we were unlucky or HD 191939 g does not
transit, as in HD 191939e.
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Table 3. Parameters and 1o uncertainties for the juliet joint fit model for HD 191939 planetary system.

Parameter Planet b Planet ¢ Planet d Planet e Planet g Planet f
P (days) 8.8803256 (47) 28.579743 (45)  38.353037(60)  101.12+0.13 284+10 >2200
fo@ 2443.54236709002  2440.5491*09011 2433.906*0000;  2348.12+0.50  2385*}3 -
K (ms™) 3.56f§%}i0 1.93f%%%4 0.61 1(2).3138 17.73f§:0}(‘)6‘8 1.53f%:%§25 >36
ecc 0.031281011 0.034’:8:2%13 0.031:;8:012 O.OSljolg(l)6 0.030%5017 -

+ + + +
w (deg) 5735 -90735 1576 1307 ¢ 18+65 -
r 0.033197 50017 0.03118% 5 joo3s  0.029167 7057 - - -

Derived parameters
P =Ry/Ry 0.03319+0:90032 0.03118+0:00027° (),02916+0-00034 - - -

-0.00017 ~0.00034 ~0.00021
b = (a/Ry) cos i 0.610+002> 0.630+0.030 0.440+0.050 - - -
a/Ry 18.36+039 40.0*)1 48.7+)3 92,9123 186.0139 730
ip (deg) 88.10*01 89.10*90¢ 89.49*00° - - -
tr (h) 2.939+0.03% 4162102 5.36%019 - - -
R, (Rg) 3.410+0.075 3.195+0.075 2.995+0.070 - - -
M, (Mg) ®) 10.00+0.70 8.0+1.0 2.80+0.60 >112.2+4.0 >13.5+£2.0 >660
pp (gem™) 1.4070-3 1.35+0.20 0.57+0.13 - - -
gp (ms™2) 8.4%0% 770 3.1+0.7 - - -
ap (AU) 0.0804+00023 01752100055 02132100065 (040740012  0.812+0.028  >3.2
Teq (K)© 880+20 60013 540+11 390+8 278+6 <125
S (Se) 100+7 21.0+1.4 14.3£1.0 3.9+0.3 0.99+0.08 -

Model parameters

Stellar density
px (kgm™) 1485+120

Photometry parameters

HTESs (ppm) -26.2+1.0
oress (ppm) 152233
q1,TESS 0.304*60%5
42.TESS 0.4%015

RV parameters

. ~1 4-1 0.0022
Slope y (ms™ d™') 0.19027 0655
Curve ¥ (ms~' d?) —2.27’:8:8; x 107
yapr (ms™) —6.1*14¢
oapr (ms™) 3481033
Yrres (ms™) ~L4*1d
oures (ms™) 1957018
YcarMENEs (ms™h) 45+1.4
ocARMENES (ms™!) 4.24+033
YHarps—N (ms™") -5.0"}%
oHArpPs-N (ms™!) 176703

Notes. Priors and description for each parameter are presented in Table A.3. The adopted stellar properties used to derive the planetary param-
eters are the ones from L.22 in Table 1. The model to estimate planet f limits is explained in Sect.3.4. PCentral time of transit (fy) units are
BJD - 2457 000. ®The masses for planets e, g, and f are a lower limit (M, sini,) because they are only detected in the RV data. ’Equilibrium
temperatures were calculated assuming zero Bond albedo.

3.4. Planet-candidate f constraints at 200 mas or 8.4 mag fainter at 1””. However, the RV time series
present a long-term trend that L.22 cautiously referred to as a

Based on high-angular-resolution imaging, BA20 (Sect.2.5 planetary object, HD 191939 f, because its mass is most likely

therein) did not find companions 5 mag fainter than HD 191939
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Fig. 3. Photometry data phase-folded to the period P and central time of transit #, (shown above each panel, #, units are BJD —2 457 000) derived
from the joint fit model. Two-minute cadence TESS phase-folded photometry for HD 191939b (panel a), c (panel b), and d (panel c) along with
the best-fit model. Orange points show binned photometry for visualisation. The error bars include the photometric jitter term added in quadrature.
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Fig. 4. RV data phase-folded to the period P and central time of transit #, (shown above each panel, #, units are BJD —2 457 000) derived from the
joint-fit model. Here, we show APF (blue circles), HIRES (green up triangles), CARMENES (red squares), and HARPS-N (orange down triangles)
RVs phase-folded for HD 191939 b (panel a), ¢ (panel b), d (panel c), e (panel d), and g (panel ) along with the best-fit model (black line) and the
30 confidence interval (shaded grey area). The error bars include the instrumental jitter term added in quadrature.

below 13 M;. L22 performed a joint RV and astrometric analysis
to impose some limits on the properties of planet-candidate f.
From that analysis, the period should be between 1700 and
7200 days, which is still much longer than the baseline of our
new combined RV dataset.

We also tried to analyse the properties of planet-candidate f
by fitting the RV long-term trend with a Keplerian signal instead
of a quadratic term plus a linear term. Although the RV time

series from this work have a longer base line, they do not show
a peak to peak of HD 191939 f signal that could help to con-
strain its period and mass. Therefore, the values reported for
planet-candidate f (see last column in Table 3) should be con-
sidered as updated upper and lower limits. The best-fit model
for the RVs (Fig. A.7) and the phase-folded RVs for planet-
candidate f (Fig. A.8) also confirm that HD 191939 f properties
are not constrained. The period of >2200 days is in agreement

A40, page 7 of 20



A&A 669, A40 (2023)

® b ® c d ® ¢ g
3
10 §a)
§ l()-—g [ ]
el 3]
S 1 &
s -
[a W
10! E ™Y
10° ——— T — ——a—
10° 10!
b) i
15.0 '
i
__ 1254 \
Z \
= Earth-like composition
100% H,0O
* == 5%H;+95% Earth-like
) -~ 5%H; +95% Water-rich
L e — T T T —TT

10° 10! 10?
Mass [Mg]

Fig. 5. Mass—period (top panel) and mass—radius (bottom panel) dia-
grams for well-characterised planets with masses and radii measured
with a precision better than 30%, from 1 Mg up to 1.5 M; and 1 Rg up
to 1.5 Ry, from the TEPCat database (February 2022; Southworth 2011)
and http://exoplanet.eu. HD 191939 planets are colour coded and
marked with a filled circle with error bars (the radii of HD 191939 ¢
and g are forecasted). Vertical colour bands indicate the +10- mass
regions of HD 191939 g and e. Temperate planets with Tq =250-395 K
are marked by blue squares. The mass—radius panel also shows theoret-
ical composition models at 300 K from Zeng et al. (2019).

with the 1700-7200 days period range, and the semi-amplitude
of 236ms™! is consistent with the previous lower limit of
>23ms~!' from APF and HIRES RVs. The properties of the
planetary candidate HD 191939f are still not well determined,
and therefore further observations of HD 191939 are needed to
sample its long period and better constrain its properties.

4. Discussion

By compiling several RV observations, we detect the signal
of a new, likely non-transiting planet, namely HD 191939 g,
with a period of 284*" days. We derived a minimum mass of
13.5+£2.0 Mg with a precision of 15%. Moreover, we refined the
planet properties of the previously known planets, HD 191939 b,
¢, d, and e. In particular, we were able to determine the semi-
amplitude and planetary mass of HD 191939d with a 4.60
level of significance and confirm the low density of this sub-
Neptune planet. Figure 5 puts in context the different planets of
the HD 191939 system as compared to the known exoplanets
with masses and radii measured with a precision of better than
30%, from 1 Mg up to 1.5 My, and 1 Rg up to 1.5 Ry, along with
theoretical composition models of Zeng et al. (2019)3.

8 https://lweb.cfa.harvard.edu/~1lzeng/planetmodels.
html
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4.1. HD 191939 g: a new planet

With an orbital period of ~280days and a minimum mass of
13.5 Mg, HD 191939 g joins the selected group of exoplanets
that could only be detected thanks to a large number of RV
measurements spanning a relatively wide time interval. Because
the RV method is more sensitive to shorter period planets and
also to the more massive ones, there are only a few long-period
planets with intermediate (~5-20Mg) and well-determined
masses, namely: HD 31527d (P~274days, 16+3 Mg; Mayor
et al. 2011), HD 10180 g (P~602days, 21+3 Mg; Lovis et al.
2011), GJ 3138 d (P=257 days, 10+2 Mg; Astudillo-Defru et al.
2017), Barnard b (P~232days, 3.2+0.4 My; Ribas et al. 2018),
GIJ 273 days (P~414 days, 11+4 M) and e (P~542 days, 9+4 Mg;
Tuomi et al. 2019), and GJ 687 ¢ (P=727 days, 16+4 Mgy; Feng
et al. 2020). The intermediate- and long-period planet group
is also supplemented with some transiting planets discov-
ered by the Kepler space mission (Borucki et al. 2010), as
spectroscopic observations confirmed the planetary nature of
HIP 41378 d (P = 278 days, <4.6 Mg), e (P~369 days, 12+5 My),
and f (P=542 days, 12+3 Mg; Vanderburg et al. 2016; Santerne
et al. 2019). However, the faintness of some of the Kepler
targets complicates RV follow-up campaigns. Finally, transit-
time-variation analyses helped to compute the planetary masses
for Kepler-87 ¢ (P =191 days, 6.4+0.8 Mg; Ofir et al. 2014), KOI-
1783 ¢ (P =284 days, 15.0*37 Ms; Vissapragada et al. 2020), and
Kepler-90 g (P =210days, 15+1 Mg; Cabrera et al. 2014; Liang
et al. 2021).

Because HD 191939¢g and e are only detected in the RV
measurements and TESS photometry does not show evidence of
their transits, we were not able to determine radii. We therefore
marked their positions with vertical bands in the mass—radius
dlagram (Fig. 5 bottom). However, their radii can be forecasted
using empirical mass—radius relations for planets We used
the probabilistic planet mass—radius relation given in Chen &
Kipping (2017) via its python implementation’. The code pre-
dicted planetary radii for planets g and e of 3.7*]3 Re and
12. 9+4 ! o Ra, respectively. From their minimum masses and fore-
casted radlus the expected mean bulk densmes for planets g and
e are 1. 5*%; gcm™ and 0. 30*8 Zg gcm™3, respectively. To cross-
check these forecasted results for planet g, we also estimated
its radius using the mass—radius relation for sub-Neptune-sized
planets of Wolfgang et al. (2016). This method predicts a plane-
tary radius of ~3.4 Rg for planet g, which is consistent with the
above estimation. If we extrapolate this mass—radius relation to
planet e, the predicted radius is about ~17 Rg, also falling within
the uncertainties. However, we stress that these estimated values
are merely illustrative, and should not be considered as the actual
planetary radii and densities.

HD 191939 g is the only planet in the system in the conserva-
tive habitable zone (HZ) of the star; that is, by definition its Tq is
compatible with the presence of liquid water (7" € [273,373] K).
With a semi-major axis of ~0.82 AU, planet g is in the outer edge
of the HZ, which we set at ~0.44-0.84 AU. Figure 6 displays a
face-on view of the HD 191939 system, where the HZ of the
star is marked. However, we stress that despite being in the HZ,
HD 191939 g, being a gaseous planet, cannot be considered as a
habitable planet.

Long-period, intermediate-mass planets are located in a
lonely region of the mass—period diagram, with HD 191939 g at
the centre of this group (see Fig. 5). These objects have the com-
monality that they are outer planets in their respective planetary

9 https://github.com/chenjj2/forecaster
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Fig. 6. Diagram of the planetary system HD 191939. Planetary orbits
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mass. The shaded area marks the region of T.q =273-373 K. HD 191939
is marked at the centre with a black star. A diagram including planet f
is shown in Fig. A.9.

systems and their orbits are in or near the HZ of the host star. In
the mass—radius diagram, planets with masses of ~13.5 Mg are
above the Earth-like composition line, supporting the idea that
HD 191939 g is likely a gaseous planet. Moreover, its 1o~ mass
uncertainty overlaps with Kepler-90g and HIP 41378 f mass
determinations (see Fig.5). These planets are two of the low-
est density (puffy) planets known, with p, =0.15+0.05 gcm™
(Liang et al. 2021) and ,op=0.0910.02gcm’3 (Santerne et al.
2019), respectively.

4.2. HD 191939 d: a puffy planet

L22 already noted that HD 191939d was probably a low-
density planet. Here, we derived a bulk planetary density of
0a=0.57+0.13 gcm™3, confirming this previous result with bet-
ter uncertainty. With such low density, planet d is at the edge of
the planetary mass—radius distribution (Fig. 5 bottom). Thermal
expansion of the atmosphere is a possible mechanism to explain
planet inflation leading to puffy atmospheres, such as in the case
of ultra-hot Jupiters. However, given the relatively cold equilib-
rium temperature of HD 191939 d (T4 ~ 540 K), this explanation
is unlikely.

The nearest planet to HD 191939d in the mass—radius
diagram is Kepler-79e (KOI-152e; Jontof-Hutter et al.
2014), which has very similar properties (3.49+0.14 Rg,
pp=0.53£0.15gcm™, T.q~480K). The most relevant char-
acteristic of the Kepler-79 system is the low density of its
planets, whose masses were calculated from transit-time varia-
tions. Their densities range between p, =0.09 and 1.43 gcem™3
and the densest planet is the innermost one. This similarity with
the HD 191939 transiting planets reinforces the hypothesis that
the non-transiting planets of the system are also of a gaseous-like
composition.

The brightness (J =7.6 mag) and low level of stellar activity
of the host star offer an excellent opportunity to inspect and study
the atmosphere of a puffy planet. To quantify the viability of
these observations, we computed the transmission spectroscopy
metric (TSM) proposed by Kempton et al. (2018). The estimated
TSM value for HD 191939d is 227, which is well above the
threshold of 90 indicated by Kempton et al. (2018) and planets
b and ¢ (TSMy, =153; TSM, = 107). Moreover, HD 191939d has
a much better TSM value than other known puffy planets such
as HIP 41378 d (TSM =71), HIP 41378 e (TSM =57), Kepler-79
planets (TSM =7-60), or Kepler-90 g (TSM =27). We note that
the TSM is simply proportional to the expected transmission
spectroscopy S/N, assuming standardised planetary atmosphere
models (e.g. clear atmosphere with solar composition). Obser-
vational surveys do not support a strong correlation between
expected transmission spectroscopy S/N and actual atmospheric
detectability (Tsiaras et al. 2018).

We searched for planets with a radius of ~3 Rs and/or
a Teq~500-600K in the database of exoplanet atmospheric
observations of ExoAtmospheres'®. Only the warm sub-
Neptune GJ1214b (2.74+0.05 Rg, Teq =596 K; Cloutier et al.
2021) fitted our conditions, although it is a denser planet
(pp=2.20£0.17¢ cm™3). For GJ 1214 b (TSM =440), only a ten-
tative detection of Hel could be set recently (Orell-Miquel
et al. 2022) after many non-detection results (Bean et al. 2010;
Kreidberg et al. 2014; Petit dit de la Roche et al. 2020; Kasper
et al. 2020). When we looked for puffy planet observations, we
found that the atmosphere of HIP 41378 f was analysed via trans-
mission spectroscopy at low resolution with the Hubble Space
Telescope (HST). However, HIP 41378 f, with a higher TSM
(=342) than HD 191939 d, showed a featureless NIR spectrum
with a median precision of 84 ppm (Alam et al. 2022).

We explored the potential of HD 191939 d for transmission
spectroscopy with the James Webb Space Telescope (JWST)
through spectral simulations for a range of atmospheric scenar-
ios. We adopted TauREx 3 (Al-Refaie et al. 2021) to compute
our set of model atmospheres using the atmospheric chemical
equilibrium (ACE) module (Agtndez et al. 2012), including col-
lisionally induced absorption by H,-—H; and H,-—He (Abel et al.
2011, 2012; Fletcher et al. 2018), and Rayleigh scattering. The
benchmark model assumes a clear atmosphere with solar com-
position, which displays the largest spectral features. The other
models include the dampening effects on the transmission spec-
trum due to enhanced metallicity or haze in the HD 191939d
atmosphere. The haze was modelled with TauREx 3 using a Mie
scattering contribution with the formalism of Lee et al. (2013).
A super-solar metallicity is indeed predicted for low-mass, low-
density planets such as HD 191939 d based on the core accretion
theory of planet formation (Fortney et al. 2013; Thorngren et al.
2016). The equilibrium temperature of 540 K also favours the for-
mation of high-altitude photochemical haze in the HD 191939d
atmosphere (Gao & Zhang 2020; Ohno & Tanaka 2021; Yu et al.
2021).

We used ExoTETHyS (Morello et al. 2021) to simulate the
corresponding JWST spectra, as observed with the NIRISS-
SOSS (0.6-2.8 um), NIRSpec-G395M (2.88-5.20 pm), and
MIRI-LRS (5-12 um) instrumental modes. The procedure to
select the spectral bins and estimate the error bars was identi-
cal to that of previous papers (e.g. Espinoza et al. 2022; Luque
et al. 2022). In particular, we obtained error bars of 10-12 ppm
per spectral point for the NIRISS-SOSS and NIRSpec-G395M

10 http://research.iac.es/proyecto/exoatmospheres/
index.php
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Table 4. Transmission spectroscopy amplitudes at low resolution (R
wavelength ranges of HST and JWST instrumental modes.

configurations.

~ 170) for various models of the HD 191939d atmosphere and nominal

Haze Met. Spectroscopic amplitudes (ppm)
([M/H]g) 11-1.7@ 0.6-2.8® 288-520© 5-12@um

Clear 1 460 664 860 774
Clear 10 490 665 670 643
Clear 100 195 348 294 219
Clear 1000 38 77 59 37

a =0.05 1 201 400 658 597

a =0.05 100 144 213 276 206
a=0.10 1 174 693 380 400
a=0.10 100 57 181 250 190

Notes. These include clear or hazy atmospheres with scaled solar metallicities. We adopted the formalisms of Lee et al. (2013) for the hazy models,

where « denotes the particle size in pm, the mixing ratio is y.=10"
the synthetic spectra shown in Fig. 7. Nominal wavelength ranges of )
NIRSpec-G395M mode, and “JWST MIRI-LRS mode.

modes at median resolving power of R ~ 50, and of 27 ppm for
the MIRI-LRS bins with sizes of 0.1-0.2 um. We note that the
predicted error bars in the NIR spectrum of HD 191939d are
seven times smaller than those reported for HIP 41378 f by Alam
et al. (2022).

Figure 7 shows the synthetic transmission spectra for three
selected atmospheric configurations, one of which with sim-
ulated JWST observations overplotted. These spectra exhibit
strong absorption features due to H,O and CH4, which are an
order of magnitude larger than the predicted error bars. Table 4
reports the amplitudes of spectral modulations at low resolution
(R~ 170) for the full set of synthetic spectra within the nomi-
nal wavelength ranges of HST and JWST instrumental modes.
Higher metallicities lead to smaller absorption features over
the entire spectral range, as they increase the mean molecular
weight, thereby reducing the atmospheric scale height. The haze
mostly affects the visible and NIR portion of the spectrum, flat-
tening the absorption features and introducing a possible slope.
The mid-IR spectrum is less severely affected by haze, but also
depends on its physical properties. Based on the predicted spec-
troscopic amplitudes, even a clear atmosphere with 1000x solar
metallicity or a hazy one with 100x solar metallicity surround-
ing HD 191939 d would be detectable with a single JWST visit.
Multiple instruments can break the degeneracy between haze or
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12 and the extinction coefficient is Qy=40. Lines in bold correspond to
HST WFC3-G141 scanning mode, ®JWST NIRISS-SOSS mode, ©JWST

clouds and metallicity effects. Similar considerations could also
apply to other puffy planets with a flat near-infrared spectrum
observed with HST WFC3-G141 (Alam et al. 2022; Chachan
et al. 2020; Libby-Roberts et al. 2020), albeit with quantitative
differences.

4.3. Architecture of the planetary system

BA20 and L22 already noted that the transiting planets are close
to a near mean motion resonance of 1:3:4 (P, = 8.88 days,
P. = 28.58 days, P4 = 38.35days). HD 191939 e, with a much
longer period, seems disconnected from that resonance chain.
However, the discovery of HD 191939 g reveals that the non-
transiting planets of the system appear to be in a period ratio
of 1:3 (P, =101 days, Pg ~280days). There are other cases of
multi-planetary systems where inner planets are gathered in a
different resonance chain from the outer ones: Kepler-90 planets
(Cabrera et al. 2014) are in 2:3:4 and 4:5 periods, and HIP 41378
planets (Vanderburg et al. 2016; Santerne et al. 2019) are in
1:2:4 and 3:4:6 periods. Furthermore, L22 noted that planetary
systems hosting puffy planets tend to have their planets in res-
onance (e.g. Kepler-79, Jontof-Hutter et al. 2014; Kepler-51,
Masuda 2014; Kepler-87, Ofir et al. 2014), which seems to also
be the case for HD 191939.
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Fig. 8. Planet mass distribution across planets for HD 191939 (blue
circles), KOI-94 (orange squares), Kepler-65 (green down triangles),
Kepler-68 (red up triangles), and the Solar System (purple stars) sys-
tems. Masses are scaled to HD 191939 e minimum mass, and semi-major
axes are scaled to that of the massive planet for each system.

L22 searched in the literature for planetary systems similar
to that described in their work; their best match was Kepler-68.
Mills et al. (2019) described this system as two sub-Neptunes
interior to a 634d period Jovian planet, and with strong evi-
dence for an object with >0.6 M} in a very long-period orbit
(>>3000days). Another similar system analysed in Mills et al.
(2019) is Kepler-65: three sub-Neptunes near orbital resonance
of 1:3:4 interior to a non-transiting planet with a mass of
212 Mg and a period of 259 days. However, the detection of
a Uranus-mass planet between the warm Saturn and the mas-
sive long-period planet makes the HD 191939 system more
exceptional.

We performed a new search in the NASA Exoplanet
Archive!! database looking for systems with 2—4 intermedi-
ate planets (2-25 Mg or 2-8 Rg) interior to a gas-giant planet
(>50 Mg or >8 Rg) plus a planet with comparable properties to
those of the inner ones. Although a system with three intermedi-
ate planets interior to a gas giant plus another intermediate planet
was not found, our search returned one system that suited our
initial conditions: KOI-94 (Weiss et al. 2013).

KOI-94 has two inner planets with masses of 10.5+4.6 Mg
and <21.3 Mg, and then a warm Saturn-like planet (10611 Mg,
11.2+1.1 Rg) and an outer planet slightly more massive than
the inner ones (35%)8 Ms, 6.6£0.6 Rg), but without evidence
for a long-period companion like HD 191939 f. KOI-94 plan-
ets are gaseous with low densities ranging between ~0.35 and
1gem™ (except for KOI-94 b; 10.1+5.5 gcm™), and the mass
of KOI-94d is consistent with the minimum mass derived for
HD 191939 €. KOI-94 b, c, and d are close to a mean motion res-
onance of 1:3:6 (P, =3.7days, P.=10.4days, Pq=22.3 days),
with the giant planet also close to 5:2 with the outermost
planet KOI-94 e (P, = 54 days). In both systems, a more massive
planet divides the planets with similar masses (and likely similar
characteristics). This mass distribution across the planets is illus-
trated in Fig. 8. Although the KOI-94 system is more compact
than HD 191939, the semi-major axis (a) scaled to the semi-
major axis of the most massive known planet (KOI-94d and
HD 191939 e, respectively) shows that the a of the outer planet
(KOI-94 e and HD 191939 g, respectively) is approximately twice
that of the massive one and the a of the inner planets are ~0.5
that of the massive one. The planets in these systems present res-
onances between periods with the massive planet linked to the
outer one.

Moreover, in addition to the spectral type of the host star,
the HD 191939 system presents some similarities (excluding

I https://exoplanetarchive.ipac.caltech.edu/

planet f) to our own Solar System. The smaller planets are inte-
rior to the massive planet and the intermediate-mass planets are
further out relative to the massive one. Still, the planetary system
HD 191939 is more compact, with all the constrained planets
in the system confined within ~0.82au (HD 191939 g semi-
major axis), which is comparable to the Venus orbital distance
of 0.72 au.

5. Conclusions

The multi-planetary system around HD 191939 was previously
known to host three transiting sub-Neptunes with very similar
radii (HD 1919390, c, and d) and a non-transiting Saturn-mass
planet (HD 191939 e), and also showed evidence for an external
long-period planet (HD 191939 f). In this paper, we revisited the
system using new RV data from CARMENES and HARPS-N
spectrographs in addition to archival data from APF and HIRES.
The combined dataset, containing 362 RV measurements span-
ning over ~2yr, allowed the detection of a new non-transiting
planetary signal (HD 191939 g) with a period of ~280 days and
a minimum mass of M, sini=13.5+2.0 Mg. The planet-to-star
distance of HD 191939 g places this new planet in the conserva-
tive HZ around the host star. However, our measurements suggest
HD 191939 g is likely a gaseous planet.

We also present refined mass and bulk properties for planets
HD 191939b, c, and e. Additionally, we improve the mass deter-
mination of HD 191939d at the 4.60 level of significance, for
which only an upper limit was known.

We determine a mass for HD 191939d of 2.80+0.60 My,
leading to a mean bulk density of pg =0.57 gcm™>. Due to its
low density and host-star brightness, HD 191939d is one of the
best puffy targets for atmospheric exploration via transmission
spectroscopy. Although the detection of spectral features in puffy
atmospheres seems to be challenging, JWST may be capable of
detecting the atmosphere of HD 191939 d based on the predicted
spectroscopic amplitudes. In particular, our simulations suggest
that JWST instruments may break the degeneracy between hazes,
clouds, and metallicity effects with a single visit.

With a period of 101 days, HD 191939 e was disconnected
from the near resonance chain of the three inner transiting plan-
ets (1:3:4). However, the detection of HD 191939 g in a 280-day
orbit indicates that these two outer non-transiting planets (e
and g) are in a separate relation, close to a 1:3 period reso-
nance. HD 191939 does not seem to be unique in this respect, as
there are other multi-planetary systems in the literature where the
inner and outer planets are in different resonance chains. More-
over, puffy planets tend to be in resonant orbits, which reinforces
the hypothesis of a low mean density for planets e and g.

The singular system architecture of three sub-Neptunes inte-
rior to a Saturn-mass planet and a Uranus-mass planet, together
with the existence of a very long-period massive companion,
makes the HD 191929 system unique. The diversity of plan-
ets around this star makes this system a prime target for more
follow-up observations.
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Appendix A: Additional figures and tables

Table A.l:

Prior and posterior distributions for PDC-SAP

detrending fit. Prior labels 7, N, and J represent fixed, normal,
and Jeffrey’s distributions, respectively.

Parameter Prior Posterior
Drgss F(1) -
Hress (ppm) N(,0.1) 20%150
oress (ppm)  J(1076,10%)  135%)
aer (ppm)  J(1075,109)  970%3
pcp [d] J(1073,10%) 10.2+0.5

Table A.2: Prior and posterior distributions for the RV GP mod-
els explored in Sect.3.2. Prior labels U, N, and J represent
uniform, normal, and Jeffrey’s distributions, respectively. Corner
plots for the quasi-periodic model hyperparameters are shown in

Fig. A.2.
Hyperparameter Prior Posterior
Exponential model
o [ms™] U0, 100) 3.3f81§
7 [d] J(0,10%) 1.3f8;§
Matern model
o [ms™] U0,100) 17793
pld] JO10) 157
Quasi-periodic models
B [ms™'] U0, 100) 4'02?:471
C[ms™'] J(1073,10) 0.1 f(l):ﬁ
L [d] J(0.1,10%) 13 f}gl
Prot [d] N(300,50) 297+44
B [ms™!] U0, 100) 4.2ﬁ:§
C[ms™!] J1073,10)  0.15 f%ﬂ
L [d] J(0.1,10%) 11 f;o
Prot [d] U(150,600) 390fﬁg
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Fig. A.1: Generalised Lomb-Scargle periodograms of the activity indices from CARMENES (leff) and HARPS-N (right), and S-
index (bottom right) from APF, HIRES, and HARPS-N. In all panels, the broken vertical lines indicate the planetary signals at 8.9
(red), 28.6 (green), 38.4 (cyan), 101 (magenta), and 280 (orange) days. In all panels, the 10%, 1%, and 0.1% FAP levels are indicated
by dotted, dash-dotted, and dashed grey lines, respectively. The vertical black dotted line marks the baseline for each dataset. We
highlight the different scale in the y axis in each panel.
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Fig. A.2: Posterior distribution of hyperparameters from the uninformative (left) and constrained (right) GPy, models used in
Sect. 3.2. Prior distributions are in Table A.2.
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Table A.3: Priors for each parameter used in the juliet joint fit model for HD 191939 planetary system. Prior labels F, U, N,
B, and g represent fixed, uniform, normal, beta and Jeffrey’s distributions, respectively. The parametrization for (p, b) using (ry, )
(Espinoza 2018) and (g1, g») quadratic limb darkening (Kipping 2013) are both explained in Section 3.3.

Parameter Planet b Planet ¢ Planet d Planet e Planet g
P [d] N(8.8803,0.0005) N(28.5795,0.0005) N(38.3531,0.0005) N(101.0,2.0) N(300.0,20.0)
to @ N(2443.5414,0.005) N (2440.5455,0.005) AN (2433.9098,0.005) N(2347.5,2.0) N(2400.0,50.0)
K [ms™!] U(0,25) U(0,25) U(0,25) U(0,25) U(0,25)
ecc B(1.52,29) B(1.52,29) B(1.52,29) B(1.52,29) B(1.52,29)
w (deg) U(-180, 180) U(-180, 180) U(-180, 180) U-180,180)  U(-180, 180)
r1 uo, 1 UO, 1) UQ,1) - -
r UO, 1) U©O, 1) U©O, 1) - -
Model Parameters

Stellar density

s [kgm™] N(1370, 150)
Photometry parameters

Drgss F (1)
HrEss (ppm) N(0,0.1)
oress (ppm) J(0.1,1000)
q1.7ESS U©, 1
q2,TESS U©, 1

RV parameters
Intercept y [ms™!] F(-300)
Slope 7 [ms~!d™'] U-1,1)
Curve ¥ [ms~!d2] U-0.1,0.1)
yapr [ms™'] U(-10,10)
oapr [ms™'] J(0.1,10)
Yures [ms™'] U-10,10)
omres [ms™'] J(0.1,10)
Ycarmenes [ms™'] U(-10,10)
ocarRMENES [ms™'] J(0.1,10)
Ynarps-N [ms™'] U-10,10)
ouarps-N [ms™'] J(0.1,10)

Notes. @ Central time of transit (#,) units are BJD —2 457 000.
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Fig. A.3: Reproduction of the RV analyses presented in Fig. 1
from L22. All the models include quadratic and linear terms to
account for the long-term trend. (@) GLS periodogram of APF
and HIRES datasets. (b) GLS periodogram of the RV residu-
als after fitting the 101 d signal (vertical magenta line). (c¢) GLS
periodogram of the RV residuals after simultaneously fitting the
8.8 d (vertical red line) and 101 d signals. (d) GLS periodogram
of the RV residuals after simultaneously fitting the 8.8 d, 28.6d
(vertical green line), and 101 d signals. (¢) GLS periodogram of
the RV residuals after simultaneously fitting the 8.8d, 28.6d,
38 d (vertical cyan line), and 101 d signals. In all panels, the 10%,
1%, and 0.1% FAP levels are indicated by dotted, dash-dotted,
and dashed grey horizontal lines, respectively. The vertical black
dotted line indicates the dataset baseline. We highlight the dif-
ferent scale in the y axis in each panel.
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Fig. A.4: TESS photometry from Sectors 15-19, 21, 22, 24, and 25 along with the best-fit model (see Fig. A.5 for Sectors 41 and 48).
Upward-pointing triangles mark the transits for HD 191939 b (red), c (cyan), and d (green). Downward-pointing triangles with error
bars mark the expected #, and + 1o uncertainty for the non-transiting planets HD 191939 e (magenta) and g (orange).
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Fig. A.5: Asin Fig. A.4 but for Sectors 41 and 48.
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Fig. A.6: RV results from the joint fit model. Detrended RV time series (fop panel) of APF (blue circles), HIRES (green up triangles),
CARMENES (red squares), and HARPS-N (orange down triangles) along with the best-fit Keplerian model (black line) and the 30
confidence interval (shaded grey area). The error bars include the instrumental jitter term added in quadrature.
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Fig. A.7: As in Fig. A.6 but considering a Keplerian signal for planet f (see Sect. 3.4).
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Fig. A.8: RVs phase-folded to the P and 7y (shown above the
panel, P units are days and #y units are BID—2 457 000) for planet
f along with the best-fit model (black line) and the 1o, 207, and
30 confidence intervals (shaded grey areas).
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Fig. A.9: Asin Fig. 6 but including planet f. Planet f parameters
are from Table 3.
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