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Abstract

We report the discovery of a warm Neptuneand a hot sub-Neptune transiting TOI-421(BD-14 1137, TIC 94986319), a
bright (V= 9.9) G9 dwarf star in a visual binary system observed by the Transiting Exoplanet Survey Satellite(TESS)
space mission in Sectors 5 and 6. We performed ground-based follow-up observations—comprised of Las Cumbres
Observatory Global Telescope transit photometry, NIRC2 adaptive optics imaging, and FIbre-fed Echellé Spectrograph,
CORALIE, High Accuracy Radial velocityPlanet Searcher, High Resolution Échelle Spectrometer, and Planet Finder
Spectrograph high-precision Doppler measurements—and con� rmed the planetary nature of the 16 day transiting
candidate announced by the TESS team. We discovered an additional radial velocity signal with a period of� ve days
induced by the presence of a second planet in the system, which we also found to transit its host star. We found
that the inner mini-Neptune, TOI-421 b, has an orbital period ofPb= 5.19672± 0.00049days, a mass of
Mb= 7.17± 0.66M⊕, and a radius ofRb=  -

+2.68 0.18
0.19R⊕, whereas the outer warm Neptune, TOI-421 c, has a period of

Pc= 16.06819± 0.00035days, a mass ofMc=  -
+16.42 1.04

1.06M⊕, a radius ofRc=  -
+5.09 0.15

0.16R⊕, and a density ofρc=

-
+0.685 0.072

0.080 g cm−3. With its characteristics, the outer planet(ρc=  -
+0.685 0.072

0.080 g cm−3) is placed in the intriguing class of
the super-puffy mini-Neptunes. TOI-421 b and TOI-421 c arefound to be well-suited for atmospheric characterization.
Our atmospheric simulations predict signi� cant Lyα transit absorption, due to strong hydrogen escape in both planets, as
well as the presence of detectable CH4 in the atmosphere of TOI-421 c if equilibrium chemistry is assumed.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy(486); Exoplanet systems(484); Exoplanets(498);
Mini Neptunes(1063); Hot Neptunes(754); Fundamental parameters of stars(555); High resolution spectroscopy
(2096); Transit photometry(1709); Radial velocity(1332)

1. Introduction

The Transiting Exoplanet Survey Satellite(TESS; Ricker et al.
2014) mission’s primary scienti� c driver is to measure masses for
transiting planets smaller than 4R⊕around bright stars, in order
to explore the transition from sub-Neptunes(with extended
envelopes) to rocky planets(with compact atmospheres), that

occurs at about 1.8R⊕. The Kepler mission revealed that small
planets(especially in the super-Earth and sub-Neptune regime), in
compact coplanar multiplanet systems, are very common(Latham
et al.2011; Lissauer et al.2011, 2014; Rowe et al.2014). While
most of the Kepler stars are distant and faint, making radial velocity
(RV) follow-up very dif� cult, the TESS mission is focused on the
nearest and brightest stars, so that an intensive follow-up, as well as
atmospheric characterization, can more easily be achieved. Those
prospects are rather important, for example, for future space-based
observations with James Webb Space Telescope(JWST).
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Since 2018 July, TESS has been scanning the sky and
performing a photometric search for planets transiting bright
stars. In its primary mission, this survey will cover 26 sectors,
each of them monitored for∼27 days, with candidate alerts
released almost every month. TESS is expected to detect
∼10,000 transiting exoplanets(Sullivan et al.2015; Barclay
et al. 2018; Huang et al.2018b). More than 1000 planet
candidates have been revealed, with dozens of con� rmed
planets so far(e.g., Brahm et al.2019; Esposito et al.2019;
Díaz et al. 2020; Lendl et al. 2020), some of which are
multiplanet systems(e.g., Gandol� et al. 2018, 2019; Huang
et al.2018a; Dragomir et al.2019; Günther et al.2019; Quinn
et al.2019).

Multiplanet systems are prime targets for testing planetary
formation and evolution theories. Orbiting the same star, they
offer an opportunity to simplify the assumptions of initial
conditions and compare planets with different sizes and
compositions in the same system. Such systems are also
interesting for transmission spectroscopy, which allows us to
characterize planetary atmospheres and compare them at
different levels of incident stellar� ux.

In the present paper, we report on the discovery and
characterization of a sub-Neptune(TOI-421 b) and a Neptune
(TOI-421 c) transiting the bright star BD-14 1137(TOI-421, TIC
94986319), observed by TESS in Sectors 5 and 6. The work
presented here is part of the RV follow-up project carried out by
theKESPRINT collaboration.76 (e.g., Grziwa et al.2016; Van
Eylen et al.2016; Gandol� et al. 2017; Nowak et al.2017;
Barragán et al.2018; Korth et al.2019; Persson et al.2019),
which aims to con� rm and characterize planet candidates from
the K2 and TESS space missions.

This paper is organized as follows. In Section2, we describe
the observations carried out with different space- and ground-
based facilities. These include TESS photometry, AO imaging,
ground-based photometry, and high-resolution spectroscopy. In
Section 3, we derive the stellar parameters of TOI-421.
Section 4 reports the TESS photometry analysis with the
detection of the transit signals. Section6 presents the High
Accuracy RV Planet Searcher(HARPS) frequency analysis to
con� rm the planetary nature of the transiting companions and
investigate additional signals associated with the stellar
activity. Sections7 and8 present a preliminary RV modeling
and a joint analysis of TESS light-curve and RV data,
respectively. We discuss our results in Section9, including
the simulations of possible atmospheric signals in different
wavelength bands and of the atmospheric evolution of both
planets. Finally, we draw our conclusion in Section10.

2. Observations

2.1. TESS Photometry

TOI-421 (TIC 94986319)—whose identi� ers, coordinates,
proper motion, optical and infrared magnitudes, and funda-
mental parameters are listed in Table1—was monitored in
Sectors 5 and 6 of the TESS mission between 2018 November
15 and 2019 January 7. The target was imaged on CCD 3 of
camera 2 in Sector 5, and on CCD 4 of camera 2 in Sector 6. A
total of 34,622 photometric data points were collected, each
with an exposure time of 2 minutes. The target light curves
were processed by the Science Processing Operations Center

(SPOC; Jenkins et al.2016) data reduction pipeline. The
Simple Aperture Photometry(SAP) was used in the SPOC
pipeline to produce the light curves(Twicken et al.2010;
Morris et al. 2017), and the Presearch Data Conditioning
(PDCSAP) algorithm was used to remove known instrumental
systematics(Smith et al.2012; Stumpe et al.2012, 2014). For
the transit detection and analysis presented in this work
(Section4), we downloaded TOI-421’s PDCSAP light curves,
which are publicly available at the Mikulski Archive for Space
Telescopes web-page.77

Table 1
Main Identi� ers, Equatorial Coordinates, Proper Motion, Parallax, Optical and

Infrared Magnitudes, and Fundamental Parameters of TOI-421

Parameter Value Source

Main identi� ers

TIC 94986319 ExoFOPa

BD −14 1137 ExoFOP
TYC 5344-01206-1 ExoFOP
2MASS J05272482-1416370 ExoFOP
Gaia DR2 2984582227215748864 Gaia DR2b

Equatorial coordinates, parallax, and proper motion

R.A. (J2000.0) 05h27m24 83 Gaia DR2
Dec. (J2000.0) −14°16′37 05 Gaia DR2
π (mas) 13.3407± 0.0361 Gaia DR2
μα (mas yr−1) −35.687± 0.046 Gaia DR2
μδ (mas yr−1) 50.450± 0.064 Gaia DR2

Optical and near-infrared photometry

TESS 9.2711± 0.006 TIC v8c

G 9.7778± 0.0002 Gaia DR2
Bp 10.2034± 0.0012 Gaia DR2
Rp 9.2265± 0.0012 Gaia DR2
B 10.735± 0.076 TIC v8
V 9.931± 0.006 TIC v8
J 8.547± 0.020 2MASSd

H 8.219± 0.033 2MASS
Ks 8.071± 0.018 2MASS
W1 8.058± 0.023 AllWISEe

W2 8.110± 0.020 AllWISE
W3 8.060± 0.021 AllWISE
W4 7.809± 0.168 AllWISE

Fundamental parameters

v sin iå( km s−1) 1.8± 1.0 This work
Teff (K) -

+5325 58
78 This work

log gå (cgs) -
+4.486 0.018

0.025 This work
[Fe/ H] (dex) −0.02± 0.05 This work
Må (Me) -

+0.852 0.021
0.029 This work

Rå (Re) 0.871± 0.012 This work
Age (Gyr) -

+9.4 3.1
2.4 This work

Distance(pc) 74.94± 0.58 This work
AV (mag) -

+0.11 0.08
0.12 This work

Notes.
a https:// exofop.ipac.caltech.edu/ .
b Gaia Collaboration et al.(2018).
c Stassun et al.(2018).
d Cutri et al.(2003).
e Cutri (2013).

76 www.kesprint.science 77 https:// archive.stsci.edu/ tess/
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2.2. Ground-based Photometry

2.2.1. LCOGT

We observed TOI-421 in Pan-STARSSY-band on UT 2019
February 5 using the South Africa Astronomical Observatory
node of the Las Cumbres Observatory Global Telescope
(LCOGT) 1 m network(Brown et al.2013). We used theTESS
Transit Finder, which is a customized version of the
Tapir software package(Jensen2013), to schedule our transit
observation. The 1 m telescopes are equipped with 4096×
4096 LCO SINISTRO cameras, which an image scale of
0 389 pixel−1, resulting in a 26′× 26′ � eld of view. The
images were calibrated using the standard LCOGT BANZAI
pipeline(McCully et al.2018) and the photometric data were
extracted using theAstroImageJ (AIJ) software package
(Collins et al.2017). The images have a mean stellar point-
spread function full width at half maximum(FWHM) of 1 78.
The optimum target star photometric aperture used to extract
the data for the analyses in this work had a radius of 15 pixels
(5 8). Furthermore, the transit was detected in apertures as
small as 5 pixels(1 9) with higher model residuals.

2.2.2. WASP-South

The � eld of TOI-421 was also observed by WASP-South
each year from 2008 to 2015, covering a span of∼120 nights
per year. WASP-South was an array of eight cameras located
in Sutherland, South Africa, being the Southern station of the
WASP project (Pollacco et al.2006). Until 2012, it used
200 mm,f/ 1.8 lenses, observing� elds with a typical cadence
of 10 minutes, and accumulated 14 800 photometric data points
on TOI-421. It then switched to 85 mm,f/ 1.2 lenses using an
Sloan Digital Sky Survey-r � lter, and accumulated another
77,000 observations of TOI-421. We did not� nd any signi� cant
periodicity.

2.3. AO Imaging

High-resolution adaptive optics(AO) imaging observations
of TOI-421 were made with NIRC2 on Keck II(http:// www2.
keck.hawaii.edu/ inst/ nirc2/ ) on 2019 March 25 UT. Weather
was dry and stable, but clouds affected the observations
throughout the night. Extinction due to clouds was estimated to
be between 1.2 and 3 mag. TOI-421 was observed at an
airmass of 1.5. Observations were made in natural guide star,
narrow camera(0 009942 pixel−1) mode, and used the full
1024″ × 1024″ � eld of view. A standard three-point dither
pattern was used to avoid the noisy lower left quadrant of the
detector. Each pointing was done with a 3″ nod to� nd any off-
axis bright sources. Observations were made in theK-band for
a total integration time of 180 s once all pointings were co-
added. The AO observations of TOI-421 resulted in a spatial
resolution of 0053 (FWHM) in theK band(Figure3).

2.4. Ground-based Spectroscopy

We carried out spectroscopic follow-up observations of
TOI-421 using different facilities—as described in the subsections
below—to spectroscopically con� rm the planetary nature of the
transit signals detected in theTESS light curve and determine the
masses of the two transiting planets.

2.4.1. FIES

We started the RV follow-up of TOI-421 in 2019 February
using the FIbre-fed Echellé Spectrograph(FIES; Frandsen &
Lindberg 1999; Telting et al.2014) mounted at the 2.56 m
Nordic Optical Telescope(NOT) of Roque de los Muchachos
Observatory(La Palma, Spain). FIES is mounted inside an
insulated building where the temperature is kept constant
within 0.02°C and fed with octagonal� bres to improve the RV
stability of the spectrograph(Stürmer et al.2018). We
employed the intermediate-resolution� ber, which provides a
resolving power ofR= 45,000 over the wavelength range
3660–9275Å, and acquired 10 spectra between 2019 February
2 and March 13. We used the same observing strategy as in
Buchhave et al.(2010) and Gandol� et al.(2013), i.e., we split
the observations into three subexposures to remove cosmic-ray
hits, and bracketed the three exposures with long-exposed
(Texp≈80 s) ThAr spectra to trace the instrument drift and
improve the wavelength solution. We reduced the data using
IRAF and IDL standard procedures and extracted relative RV
measurements by cross-correlating the observed Echellé
spectra with the� rst epoch spectrum(Table2).

2.4.2. CORALIE

We also took seven high-resolution spectra(R≈60,000) of
TOI-421 using the CORALIE Echellé spectrograph on the
Swiss 1.2 m Euler telescope at La Silla Observatories, Chile
(Queloz et al.2001). We extracted the RV measurements by
cross-correlating the CORALIE Echellé spectra with a binary
G2 mask(Pepe et al.2002). The Doppler measurements show
no signi� cant RV variation at a level of∼8 m s−1 and exclude
that TOI-421 is an eclipsing binary mimicking planetary
transits.

2.4.3. HARPS

We acquired 105 high-resolution(R= 115,000) spectra of TOI-
421 using the HARPS(Mayor et al.2003) spectrograph mounted
at the ESO-3.6 m telescope ofLa Silla Observatory, Chile.
Installed in a pressure- and temperature-controlled enclosure and
fed with octagonal� bres, HARPS has demonstrated a long-term
precision at the 1 m s−1 level and below(Lovis et al.2006). Our
HARPS observations were performed over two observing seasons
between 2019 February and 2020 January, as part of the observing
programs 1102.C-0923, 0103.C-0874, 0103.C-0759, 0103.C-0442,

Table 2
FIES RV Measurements of TOI-421

BJDTDB
a RV σ Texp S/ Nb

−2450000 ( km s−1) ( km s−1) (s)

8517.532619 0.0000 0.0064 1800 65
8522.486513 −0.0070 0.0042 2400 88
8523.431757 −0.0078 0.0046 2400 84
8524.489067 −0.0126 0.0046 2400 82
8539.420470 −0.0054 0.0042 2400 89
8540.437340 −0.0146 0.0028 2700 120
8541.423092 −0.0140 0.0035 2400 94
8554.407973 −0.0064 0.0043 2400 88
8556.406509 −0.0152 0.0042 2700 87

Notes.
a Barycentric Julian dates are given in barycentric dynamical time.
b S/ N ratio per pixel at 550 nm.
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and 60.A-9709. We used the second� ber of the instrument to
monitor the sky background and set the exposure time to
900–2100 s, depending on sky conditions and constraints of the
observing schedule. We reduced the data using the dedicated
HARPS Data Reduction Software(DRS) and computed the
RVs by cross-correlating the Échelle spectra with a G2
numerical mask(Baranne et al.1996; Pepe et al.2002; Lovis
& Pepe2007). We also used the DRS to extract the line pro� le
asymmetry indicators—namely, the FWHM and the bisector
inverse slope(BIS) of the cross-correlation function(CCF), and
the CaII H and K lines activity indicator78 ¢Rlog HK. We report
the HARPS RV measurements and their uncertainties, along
with the FWHM, BIS, ¢Rlog HK, exposure time, and signal-to-
noise(S/ N) ratio per pixel at 550 nm in Table3.

2.4.4. HIRES

Between 2019 September 17 and 2020 March 3, we obtained
28 spectra(R= 55,000) of TOI-421 over 27 nights using the
High Resolution Échelle Spectrometer(HIRES; Vogt et al.
1994) on the 10 m Keck I telescope. The spectra were collected
using an iodine cell for wavelength reference. The median
exposure time was 680 s, which allowed us to achieve a S/ N
ratio of 200 per reduced pixel at 5500Å. We also obtained a
high S/ N ratio template spectrum without the iodine cell,
which was used as input for the standard forward-modeling
procedures of the California Planet Search(Howard et al.
2010). We report the RVs and uncertainties based on the
weighted mean and weighted error in the mean of the∼700
individual spectral chunks in Table4.

2.4.5. PFS

TOI-421 was also selected as a high-priority target by the
Warm gIaNts with tEss(WINE) collaboration, which aims at
systematically characterizing long-period transiting giant and
Neptune-size planets from the TESS mission(see, e.g., Brahm
et al.2019; Jordán et al.2020). In this context, we monitored
TOI-421 with the Planet Finder Spectrograph(PFS; Crane et al.
2006, 2008, 2010) mounted on the 6.5 m Magellan II Clay
Telescope at Las Campanas Observatory(LCO) in Chile. The
observations were performed on nine different nights, between
2019 February 18 and October 11. For these observations, we
used the 03× 2 5 slit, which delivers high-resolution spectra
with a resolving power ofR= 130,000. The observing strategy
consisted of obtaining two consecutive 1200 s spectra per night
of TOI-421 in order to increase the total S/ N ratio per epoch
and also to average out the stellar and instrumental jitter. These
observations were performed with the use of an iodine cell for
determining the RV of the star. The PFS data were processed
with a custom IDL pipeline that is capable of delivering RVs
with a precision less than 1 m s−1(Butler et al. 1996).
Additionally, three consecutive 1200 s iodine-free exposures
of TOI-421 were obtained to construct a stellar spectral
template for computing the RVs. The PFS RVs are listed in
Table5.

3. Stellar Parameters

The fundamental stellar parameters of TOI-421 were
independently determined by three different methods—one

based on spectral synthesis, one on template matching, and one
using different sets of isochrones, as described in the
paragraphs below. For this purpose, we utilized the co-added
HARPS spectrum, which has an S/ N ratio of∼700 per pixel at
5500Å.
Method 1. We derived the effective temperatureTeff, surface

gravity loggå, iron abundance[Fe/ H], and projected rotational
velocity v sin iå with the spectral analysis package Spectrosc-
opy Made Easy(SME,version 5.2.2; Valenti & Piskunov1996;
Piskunov & Valenti2017). We used theATLAS12 model
spectra(Kurucz 2013) and the line lists from the Vienna
Atomic Line Database.79 (Ryabchikova et al.2015) to model
the co-added HARPS spectrum. Following the modeling
procedure detailed in Fridlund et al.(2017) and Persson et al.
(2018), we measuredTeff from the wings of H-α line, and
loggå from the line wings of the Ca and Mg triplets around
6100Å and 5100Å, respectively. We derivedv siniå and[Fe/
H] from narrow unblended iron lines between 6000 and
6600Å. The micro- and macro-turbulent velocities,vmic and
vmac, were kept� xed using the Bruntt et al.(2010) and Doyle
et al. (2014) calibration equations for Sun-like stars to
0.9 km s−1 and 2.5 km s−1, respectively. The� nal best-� tting
model spectrum was checked using the Na doublet at 5888 and
5895Å. We foundTeff = 5194± 60 K, loggå = 4.45± 0.05(cgs),
[Fe/ H] = −0.04± 0.06(dex), and v siniå = 1.8± 1.0 km s−1.
The uncertainties are internal error bars that do not account for
the systematic uncertainties of the atmospheric models.

We measured the visual interstellar extinction(AV) along the line
of sight to TOI-421 following the method described in Gandol�
et al. (2008). Brie� y, we built the spectral energy distribution
(SED) of the star from the broadband photometry listed in Table1,
and � tted the SED using synthetic magnitudes computed from a
low-resolution BT-NextGen model spectrum(Allard et al.2012)
with the same spectroscopic parameter as the star. We adopted the
Cardelli et al. (1989) extinction law and assumed a total-to-
selective extinction ratio ofRV= (AV)/ E(B−V )= 3.1. We
found that the interstellar extinction along the line of sight is
consistent with zero(AV= 0.03± 0.03), as expected given the
relatively short distance to the star(∼75 pc).

In order to compute the stellar mass, radius, and age we
employed the BayesianPARAM 1.3.80 model tool tracks(da
Silva et al.2006) with thePARSEC isochrones(Bressan et al.
2012). Input parameters areTeffand [Fe/ H]from SME, the
apparent visual magnitude, and the parallax(Table1). We added
0.1 mas in quadrature to the parallax uncertainty of 0.0361 mas to
account for systematic errors of Gaia’s astrometry(Luri et al.
2018). The resulting stellar parameters areMå = 0.86± 0.02Me,
Rå = 0.86± 0.02Re, loggå = 4.48± 0.02 (cgs), and an age of
9.2± 2.3 Gyr. We note that the derived loggå is in very good
agreement with the spectroscopic value.
Method 2. We usedSpecMatch-Emp (Yee et al.2017) to

analyze the co-added HARPS spectrum via comparison with a
spectroscopic library of well-characterized stars, enabling empiri-
cal estimates of the effective temperature, stellar radius, and
photospheric iron content. Following the procedure described
in Hirano et al.(2018) to adapt the HARPS spectrum for use with
SpecMatch-Emp, we obtainedTeff= 5337± 110 K, Rå=
0.972± 0.100Re, and[Fe/ H]= 0.05± 0.09 dex.

78 We adopted aB − V color index of 0.710, as listed in the APASS catalog
(Henden et al.2015).

79 http:// vald.astro.uu.se
80 http:// stev.oapd.inaf.it/ cgi-bin/ param_1.3
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Table 3
HARPS RV Measurements of TOI-421

BJDTDB
a RV σRV BIS FWHM ¢Rlog HK σ ¢Rlog HK Texp S/ Nb

−2450000 ( km s−1) ( km s−1) ( km s−1) ( km s−1) (s)

8528.596454 79.5473 0.0011 −0.0181 6.7449 −4.948 0.019 1200 69
8529.643890 79.5417 0.0013 −0.0198 6.7420 −4.842 0.018 1200 61
8530.589677 79.5415 0.0011 −0.0257 6.7420 −4.978 0.019 1200 73
8540.601897 79.5363 0.0010 −0.0224 6.7489 −5.001 0.022 1200 83
8578.531222 79.5516 0.0023 −0.0220 6.7481 −5.016 0.061 900 41
8580.540429 79.5490 0.0014 −0.0238 6.7417 −4.942 0.033 900 64
8581.569558 79.5492 0.0015 −0.0219 6.7370 −5.045 0.049 900 62
8709.911463 79.5529 0.0007 −0.0221 6.7564 −4.879 0.007 1800 104
8711.894944 79.5463 0.0010 −0.0279 6.7561 −4.920 0.011 1800 83
8713.921013 79.5440 0.0010 −0.0258 6.7547 −4.893 0.011 1700 81
8714.911893 79.5458 0.0010 −0.0191 6.7591 −4.883 0.011 1800 82
8715.921283 79.5436 0.0012 −0.0228 6.7568 −4.870 0.013 1800 67
8716.915892 79.5401 0.0011 −0.0198 6.7504 −4.877 0.012 1600 72
8717.927169 79.5408 0.0008 −0.0235 6.7513 −4.871 0.008 1800 97
8718.883686 79.5417 0.0009 −0.0262 6.7578 −4.912 0.010 1800 87
8721.904488 79.5465 0.0010 −0.0214 6.7569 −4.911 0.012 1800 81
8723.878421 79.5460 0.0008 −0.0231 6.7494 −4.916 0.009 1800 92
8724.913234 79.5496 0.0014 −0.0303 6.7434 −4.956 0.021 1500 58
8725.875540 79.5514 0.0014 −0.0309 6.7440 −4.919 0.019 1800 58
8726.862398 79.5498 0.0012 −0.0285 6.7390 −4.970 0.018 1200 67
8734.857658 79.5470 0.0009 −0.0235 6.7571 −4.868 0.010 2100 84
8736.885722 79.5499 0.0010 −0.0246 6.7596 −4.892 0.011 2100 81
8737.873716 79.5403 0.0013 −0.0185 6.7641 −4.954 0.021 1800 61
8738.871421 79.5412 0.0011 −0.0172 6.7524 −4.897 0.013 1800 74
8740.862468 79.5464 0.0012 −0.0214 6.7562 −4.889 0.016 1800 66
8741.837012 79.5468 0.0009 −0.0200 6.7482 −4.895 0.011 1800 84
8744.821435 79.5414 0.0010 −0.0254 6.7488 −4.909 0.012 1800 79
8745.817358 79.5393 0.0016 −0.0231 6.7471 −5.004 0.031 1800 52
8746.804032 79.5414 0.0012 −0.0261 6.7438 −4.990 0.020 1800 67
8747.835235 79.5389 0.0013 −0.0233 6.7452 −4.916 0.018 1800 63
8748.860025 79.5376 0.0009 −0.0264 6.7440 −4.928 0.011 1800 84
8750.820767 79.5414 0.0010 −0.0311 6.7503 −4.924 0.012 1800 76
8752.867278 79.5418 0.0011 −0.0203 6.7542 −4.920 0.013 1800 73
8753.779744 79.5395 0.0018 −0.0233 6.7559 −5.010 0.034 1800 49
8754.812264 79.5417 0.0011 −0.0278 6.7501 −4.892 0.011 1800 75
8755.830524 79.5492 0.0008 −0.0256 6.7512 −4.908 0.008 1620 101
8756.882374 79.5524 0.0008 −0.0249 6.7509 −4.900 0.009 1800 94
8757.807038 79.5465 0.0019 −0.0316 6.7564 −4.968 0.036 1800 46
8760.807608 79.5425 0.0013 −0.0232 6.7515 −4.931 0.018 1800 62
8761.806384 79.5452 0.0009 −0.0256 6.7525 −4.884 0.009 1800 90
8762.847560 79.5450 0.0009 −0.0279 6.7565 −4.895 0.011 1800 84
8763.827086 79.5402 0.0009 −0.0232 6.7547 −4.903 0.010 1800 84
8766.857081 79.5479 0.0009 −0.0195 6.7589 −4.895 0.011 1800 85
8767.723508 79.5481 0.0011 −0.0254 6.7614 −4.889 0.014 1800 72
8767.743659 79.5491 0.0012 −0.0248 6.7619 −4.864 0.013 1800 69
8780.805190 79.5336 0.0008 −0.0271 6.7448 −4.924 0.010 1800 96
8781.847532 79.5365 0.0009 −0.0299 6.7484 −4.942 0.012 1800 90
8782.800562 79.5381 0.0017 −0.0305 6.7489 −4.925 0.023 1800 51
8784.840817 79.5395 0.0013 −0.0303 6.7384 −5.043 0.023 1800 61
8785.732151 79.5386 0.0014 −0.0322 6.7431 −4.947 0.019 1800 57
8785.863860 79.5420 0.0016 −0.0373 6.7482 −4.916 0.021 1800 50
8791.866359 79.5440 0.0010 −0.0291 6.7541 −4.908 0.013 1800 79
8792.789899 79.5466 0.0009 −0.0231 6.7469 −4.920 0.010 1800 90
8793.813558 79.5425 0.0014 −0.0241 6.7486 −4.965 0.019 1800 60
8794.779193 79.5371 0.0013 −0.0228 6.7494 −4.934 0.018 1800 61
8795.703042 79.5318 0.0014 −0.0265 6.7443 −4.943 0.019 1800 58
8796.819006 79.5386 0.0017 −0.0264 6.7501 −4.992 0.029 1800 50
8797.761303 79.5437 0.0019 −0.0324 6.7361 −4.961 0.029 1800 46
8798.828187 79.5355 0.0021 −0.0316 6.7468 −4.967 0.033 1800 42
8798.849647 79.5430 0.0020 −0.0302 6.7529 −4.982 0.033 1800 45
8799.804743 79.5415 0.0016 −0.0213 6.7485 −4.935 0.022 1800 52
8802.684679 79.5488 0.0007 −0.0260 6.7498 −4.880 0.006 1800 111
8803.723755 79.5537 0.0008 −0.0257 6.7537 −4.873 0.007 1800 101
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Method 3. We also computed a set of uniformly inferred stellar
parameters usingisochrones (Morton2015) andMIST (Choi
et al.2016) to � t Two Micron All Sky Survey(2MASS) JHKs
photometry(Skrutskie et al.2006) and Gaia Data Release 2
(DR2) parallax(Gaia Collaboration et al.2016, 2018), adding
0.1 mas of uncertainty in quadrature to account for systematics
(Luri et al.2018). We assumed priors onTeff and[Fe/ H] based
on the spectroscopic results fromSME, using a more conservative
prior width of 100 K forTeff to account for systematic errors,
and we sampled the posterior usingMULTINEST (Feroz et al.
2019). We obtained the following parameter estimates:Teff=

-
+5325 58

78 K, loggå=  -
+4.486 0.018

0.025, [Fe/ H]= −0.02± 0.05 dex,
Må=  -

+0.852 0.021
0.029 M, Rå= 0.871± 0.012Re, age=  -

+9.4 3.1
2.4 Gyr,

distance= 74.94± 0.58 pc, andAV=  -
+0.11 0.08

0.12.

We note that the stellar parameter estimates obtained using
these three independent methods agree well within 1–1.5σ, and
they serve to ensure the accuracy of our results.

Since the derived parameters we� nd using the Method 3
agree more with those found in Method 2, we adopted the
results of Method 2 and list the� nal adopted parameter
estimates in Table1. We do so because Method 1 relies on the
pro� le of the Balmer Hα in order to determine theTeff, and this
method become less accurate for cooler temperatures. The
quoted projected rotational velocityv sin iå has, however, been
derived following Method 1, because Method 2 does not
provide it. The spectroscopic parameters of TOI-421 translate
into a spectral type and luminosity class of G9 V(Pecaut &
Mamajek2013).

Table 3
(Continued)

BJDTDB
a RV σRV BIS FWHM ¢Rlog HK σ ¢Rlog HK Texp S/ Nb

−2450000 ( km s−1) ( km s−1) ( km s−1) ( km s−1) (s)

8805.801094 79.5514 0.0009 −0.0266 6.7587 −4.890 0.011 1800 87
8806.812098 79.5532 0.0009 −0.0205 6.7557 −4.897 0.010 1800 92
8820.826561 79.5478 0.0008 −0.0262 6.7460 −4.954 0.012 1800 102
8821.721745 79.5424 0.0007 −0.0243 6.7479 −4.964 0.010 1800 110
8823.814612 79.5494 0.0008 −0.0267 6.7466 −5.000 0.016 1800 100
8824.842097 79.5463 0.0010 −0.0259 6.7576 −4.948 0.015 1800 86
8826.728971 79.5352 0.0007 −0.0247 6.7491 −4.936 0.008 1800 123
8830.721095 79.5404 0.0008 −0.0259 6.7451 −4.924 0.010 1800 99
8831.736359 79.5368 0.0009 −0.0244 6.7450 −4.943 0.012 1800 90
8832.741251 79.5387 0.0011 −0.0260 6.7508 −4.894 0.014 1800 74
8833.766142 79.5419 0.0009 −0.0248 6.7506 −4.923 0.011 1800 95
8834.754203 79.5460 0.0008 −0.0280 6.7481 −4.896 0.010 1800 97
8835.678212 79.5481 0.0009 −0.0247 6.7447 −4.920 0.012 1800 87
8835.804299 79.5456 0.0007 −0.0245 6.7512 −4.914 0.009 1800 119
8841.709874 79.5455 0.0017 −0.0244 6.7541 −4.941 0.026 1500 50
8843.694063 79.5398 0.0013 −0.0252 6.7475 −4.906 0.018 1500 62
8845.701891 79.5434 0.0009 −0.0212 6.7444 −4.916 0.013 1500 90
8847.726300 79.5392 0.0008 −0.0224 6.7489 −4.923 0.012 1500 97
8856.746648 79.5476 0.0012 −0.0297 6.7456 −4.967 0.022 1800 70
8856.768244 79.5443 0.0014 −0.0242 6.7371 −4.969 0.027 1800 64
8857.687817 79.5417 0.0008 −0.0245 6.7430 −4.947 0.011 1800 107
8857.709216 79.5415 0.0007 −0.0254 6.7424 −4.958 0.011 1800 110
8858.570410 79.5403 0.0010 −0.0234 6.7414 −4.956 0.014 1800 77
8858.689630 79.5424 0.0009 −0.0248 6.7450 −4.933 0.013 1800 93
8859.582685 79.5422 0.0018 −0.0185 6.7456 −4.962 0.033 1800 49
8859.675147 79.5433 0.0011 −0.0281 6.7448 −4.966 0.016 1800 72
8860.603211 79.5408 0.0010 −0.0237 6.7412 −4.948 0.013 1800 85
8860.695071 79.5420 0.0010 −0.0277 6.7480 −4.979 0.017 1800 80
8861.558044 79.5435 0.0011 −0.0266 6.7424 −4.961 0.016 1800 73
8861.720386 79.5431 0.0009 −0.0250 6.7457 −4.939 0.014 1800 90
8862.575813 79.5388 0.0008 −0.0257 6.7449 −4.955 0.011 1800 94
8862.688991 79.5341 0.0009 −0.0294 6.7392 −4.953 0.013 1800 94
8863.592677 79.5362 0.0010 −0.0253 6.7433 −4.959 0.015 1800 87
8863.684930 79.5385 0.0008 −0.0243 6.7416 −4.936 0.012 1800 109
8864.587945 79.5413 0.0010 −0.0257 6.7473 −4.931 0.013 1800 80
8864.681911 79.5418 0.0009 −0.0235 6.7408 −4.926 0.012 1800 90
8865.614228 79.5448 0.0010 −0.0248 6.7429 −4.928 0.013 1800 81
8865.717198 79.5444 0.0010 −0.0180 6.7384 −4.954 0.015 1800 86
8866.667986 79.5441 0.0008 −0.0222 6.7457 −4.935 0.012 1800 100
8868.665966 79.5436 0.0009 −0.0225 6.7426 −4.949 0.013 1650 93
8869.699467 79.5441 0.0007 −0.0246 6.7449 −4.990 0.012 1660 109
8871.661192 79.5486 0.0010 −0.0245 6.7466 −4.967 0.016 1800 78

Notes.
a Barycentric Julian dates are given in barycentric dynamical time.
b S/ N ratio per pixel at 550 nm.
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We also looked for solar-like oscillations(García &
Ballot 2019) using an optimized aperture for asteroseismology
(L. González-Cuesta et al. 2020, in preparation) for both
sectors. While the probability of detection computed following

Scho� eld et al.(2019) is very low for this star, we applied the
A2Z pipeline (Mathur et al.2010) on the concatenated light
curves of Sectors 5 and 6. Some excess of power and
periodicity of the modes(also known as the large frequency
separation) was found around 2000 and 3000μHz but with a
very low con� dence level. The expected frequency of
maximum power being around 3500μHz and the S/ N still
being very low, the seismic analysis is not conclusive.

4. TESS Photometric Analysis and Planet Detection

The detection of a 16 day transit signal was issued by the
TESS Science Of� ce QLP pipeline in Sector 5, and was
subsequently identi� ed in the SPOC pipeline(Twicken et al.
2018) in the Sector 6 data set. The SPOC Data Validation
difference image centroid offsets for TOI-421 in the multi-sector
run indicated that the source of the transit signature was within
1 4 of the proper motion–corrected location of the target star.
The detection was then released as a planetary candidate via the
TOI releases portal81 on 2019 February 8. We independently
performed transit searches on the PDCSAP light curve using
theDST algorithm(Cabrera et al.2012). The variability in the
light curve was� ltered using the Savitzky–Golay method
(Savitzky & Golay1964; Press et al.2002), and a transit model
described by a parabolic function was used for transit searches.
The algorithm recovered the detection of TOI-421 c where the
transit signal has a period of 16.069± 0.002 days, a transit
depth of 2735.90± 76.04 ppm, and a duration of 2.72±
0.05hr.

The detection of a 5.2 day signal in the follow-up RV data(see
Section6) prompted further analysis of the TESS light curve. The
DST algorithm further detected a transit signal with a period of
5.197± 0.003 days, a depth of 654.21± 88.70 ppm, and a
duration of 1.23± 0.14 hr. The detection of both transit signals
were also con� rmed with the software packageEXOTRANS
(Grziwa & Pätzold2016), which applies the box-� tting least
squares algorithm(Kovács et al.2002) for transit searches.
Figure1 shows the PDCSAP light curve of TOI-421 along with
the detection of the two planets.

5. Contamination from Possible Stellar Companions

In order to check whether the 5.2 and 16 day transit signals
could arise from another source, as well as to assess the dilution
level of TOI-421, we visually inspected archival images and
compared the positions of Gaia DR2(Gaia Collaboration et al.
2018) sources with the SPOC photometric apertures from
Sectors 5 and 6. We used the coordinates of TOI-421 from the
TESS Input Catalog82 (Stassun et al.2018) to retrieve Gaia
DR2 sources and a 3′ × 3′ image from DSS2.83 Following the
procedures described in Gandol� et al.(2019), we computed a
photometric dilution level of 1.8± 0.4% for TOI-421, which is
a little smaller than the SPOC contamination ratios of 0.028
and 0.024 in Sectors 5 and 6, respectively. This small
difference is most likely due to the fact that the SPOC target
star is affected by an artifact in the 2MASS catalog caused by a
diffraction spike from the 2MASS telescope secondary spider.
In our speci� c case, this creates a TICv8 neighbor 69 north of
the target star, which does not exist. We note that our dilution

Table 4
HIRES RV Measurements of TOI-421

BJDTDB
a RV σ Texp S/ Nb

−2450000 ( km s−1) ( km s−1) (s)

8744.056124 −0.0047 0.0011 770 218
8777.027485 0.0047 0.0011 592 218
8788.071425 0.0061 0.0011 680 221
8794.976150 −0.0076 0.0009 716 220
8796.022921 −0.0090 0.0011 774 221
8797.052515 −0.0061 0.0010 900 212
8798.104180 −0.0030 0.0010 706 218
8798.917940 −0.0062 0.0013 900 186
8802.899539 0.0038 0.0010 537 219
8809.050906 0.0086 0.0012 650 218
8815.908118 −0.0055 0.0012 808 216
8819.967016 0.0069 0.0010 900 214
8827.942590 −0.0138 0.0011 595 218
8832.964946 −0.0009 0.0012 877 221
8833.929016 0.0011 0.0012 582 220
8844.885674 −0.0048 0.0011 634 219
8845.918812 −0.0050 0.0011 651 217
8852.868230 0.0035 0.0012 633 220
8855.804440 0.0072 0.0012 900 197
8856.831220 0.0043 0.0011 900 182
8857.840778 −0.0011 0.0011 824 220
8869.855111 0.0026 0.0011 774 219
8870.880081 0.0055 0.0011 762 219
8878.833553 −0.0047 0.0011 567 219
8879.783275 −0.0060 0.0011 865 220
8880.810664 −0.0012 0.0011 582 219
8884.813904 0.0038 0.0011 512 219
8885.935404 0.0021 0.0015 899 164
8903.828998 0.0020 0.0012 900 174
8905.785063 −0.0007 0.0010 631 218
8906.756423 −0.0017 0.0011 670 218
8907.751496 −0.0039 0.0012 900 187
8911.799720 −0.0028 0.0010 668 216

Notes.
a Barycentric Julian dates are given in barycentric dynamical time.
b S/ N ratio per pixel at 550 nm.

Table 5
PFS RV Measurements of TOI-421

BJDTDB
a RV σ Texp S/ Nb

−2450000 ( km s−1) ( km s−1) (s)

8592.508995 −0.0006 0.0009 2400 73
8708.926166 0.0059 0.0009 1200 61
8717.901009 −0.0017 0.0010 1200 50
8738.854892 −0.0002 0.0012 1200 51
8739.858020 −0.0007 0.0010 1200 57
8763.842388 −0.0023 0.0008 1200 66
8764.859431 0.0011 0.0007 1200 71
8767.887884 0.0057 0.0007 1200 77
8768.852571 0.0042 0.0009 900 55

Notes.
a Barycentric Julian dates are given in barycentric dynamical time.
b S/ N ratio per pixel at 550 nm.

81 https:// tess.mit.edu/ toi-releases/
82 Availableathttps:// mast.stsci.edu/ portal/ Mashup/ Clients/ Mast/ Portal.html.
83 https:// skyview.gsfc.nasa.gov/ current/ cgi/ titlepage.pl
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calculation is not affected by this issue because it is based on
Gaia DR2.

We discovered that the nearby fainter star, spatially located
at ∼29 4 NW of TOI-421(Gaia ID 2984582227215748224,
ΔG= 4.8, indicated by an orange circle in Figure2), has a
parallax and GaiaG-band extinction that are consistent within
the error bars with those of TOI-421, and that the two stars
have similar proper motions. We concluded that the pair very
likely form a visual binary and TOI-421 is the primary
component. According to Gaia DR2 effective temperature
(Teff=  -

+3676 385
376 K), the secondary component is an M dwarf.

The angular separation and parallax imply a separation between
the two stars of about 2200 au.

The Keck AO observations show no additional stellar
companions were detected to within a resolution∼0 053
FWHM (Figure3). The sensitivities of the� nal combined AO
image were determined by injecting simulated sources azimuth-
ally around the primary target every 45° at separations of integer
multiples of the central source’s FWHM (Furlan et al.2017).

The brightness of each injected source was scaled until standard
aperture photometry detected it with 5σ signi� cance. The
resulting brightness of the injected sources relative to the target
set the contrast limits at that injection location. The� nal 5σ limit
at each separation was determined from the average of all of the
determined limits at that separation; the uncertainty on the 5σ
limit was set by the rms dispersion of the azimuthal slices at a
given radial distance. The sensitivity curve is shown in Figure3
along with an inset image zoomed to the primary target, showing
no other companion stars.

We also� tted the FIES, HARPS, HIRES, and PFS measure-
ments using the same RV models presented in Table6 (Section7),
including an RV linear trend to account for the presence of a
potential outer companion. We found an acceleration consistent
with zero within less than 1σ.

6. Frequency Analysis of the HARPS Data and Stellar
Activity

In order to search for the Doppler re� ex motion induced by the
16 day transiting planet candidate and unveil the presence of
possible additional signals induced by other orbiting planets and/
or stellar activity, we performed a frequency analysis of the RV
measurements, as well as of the CaII activity index( ¢Rlog HK) and
CCF asymmetry indicators(FWHM and BIS). Toward this aim,
we used only the HARPS measurements, as they form the largest
homogeneous data set among our spectroscopic data, and we
analyzed only the 98 HARPS measurements collected between
2019 August and 2020 January, in order to avoid the presence of
spurious peaks associated withthe 1 yr sampling in the power
spectrum of the HARPS time series.

The generalized Lomb–Scargle periodogram(Zechmeister &
Kürster2009) displays a signi� cant peak at the frequency of
the transit signal reported by the TESS QLP pipeline
( fc≈0.062 days−1, Pc≈16.1 days). Following the bootstrap
method(Murdoch et al.1993; Hatzes2016), we assessed its
false alarm probability(FAP) by computing the GLS period-
ogram of 105 mock time-series obtained by randomly shuf� ing
the Doppler measurements and their uncertainties, while
keeping the time stamps� xed. We found that the peak atfc
has an FAP=0.1%. No signi� cant peak atfc (Figure 4,
fourth, � fth, and sixth panels) appears in the periodogram of
the Ca II activity index ¢Rlog HK nor those of the CCF
asymmetry indicators(FWHM and BIS), providing strong
evidence that this Doppler signal is due to the stellar re� ex

Figure 1. TESS PDCSAP light curve of TOI-421 is denoted by black points. Orange line shows the variability� lter applied by the transit search algorithm. Detected
transits of the 16.1 day planet and the 5.2 day planet are shown in red and cyan, respectively.

Figure 2. The 3′× 3′ DSS2(red� lter) image with the Sectors 5 and 6 SPOC
photometric apertures overplotted in blue. Colored circles denote the positions
of Gaia DR2 sources within 2′ of TOI-421: red circle is TOI-421
(2984582227215748864), orange circle is a likely bound M dwarf companion
(2984582227215748224), and other sources are in green. We computed the
contamination from the companion and other stars contributing� ux to the
aperture, but it is insigni� cant at 1.8± 0.4% (and consistent with the TIC
contamination ratio of 0.024605; see Section2).
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motion induced by the transiting planet TOI-421 c detected in
the TESS light curve.

The periodogram of the 98 HARPS RVs also shows a
signi� cant peak(FAP< 0.1%) at fb≈0.193 days−1 (Pb=
5.2 days) whose power increases once the Doppler signal of
TOI-421 c is removed84 (Figure4; � rst and second panel). This
second peak has no counterpart in the periodograms of

¢Rlog HK, FWHM, and BIS, indicating that it is not due to
stellar activity. A reanalysis of the TESS light curve unveils the
presence of a transit signal at 5.2 days, as described in
Section4, con� rming that the Doppler signal discovered in
the RV time series is associated with a second transiting planet
(TOI-421 b).

The periodogram of the RV residuals following the
subtraction of the Doppler signal induced by TOI-421 c
(Figure 4; second panel) shows also a second signi� cant
peak85 (FAP< 0.1%) at frot= 0.024± 0.003 days−1, corresp-
onding to a period ofProt=  -

+42 5
6 d and an RV semi-amplitude

variation of∼2.4 m s−1, whose power becomes stronger once
the Doppler signal of TOI-421 b is also removed(third panel).

This peak is also signi� cantly detected in the GLS periodogram
of ¢Rlog HK (FAP< 0.1%; fourth panel). It is also found in the
periodogram of the FWHM(� fth panel), although with a higher
FAP≈0.2%. This suggests that the rotation period of the star
is close to∼42 days and that the third Doppler signal atfrot is
induced by intrinsic stellar variability associated with the
presence of active regions rotating on and off the visible stellar
disk. We note that the periodograms of ¢Rlog HK and FWHM
(Figure4, fourth and� fth panels) also display a peak at the� rst
harmonic of the rotation period(2frot), which is likely due to the
presence of active regions at opposite stellar longitudes.

In order to further investigate the nature of the∼42 day
signal, we searched the WASP-South data(Section2.2.2) for
any rotational modulation using the methods from Maxted et al.
(2011). We found no signi� cant periodicity, with a 95%
con� dence upper limit on the amplitude of 1 mmag. We did
� nd a signi� cant periodicity compatible with the lunar cycle,

Figure 3.Companion sensitivity for the Keck AO imaging. Black points represent
5σ limits and are separated in steps of 1 FWHM(∼0 053); purple shading
represents the azimuthal dispersion(1σ) of the contrast determinations(see text).
Inset image is of the primary target, showing no additional companions to within
3″ of the target.

Table 6
RV Model Selection

Model AICc BIC Nfree Ndata rmsa ln b

2eS 587.83 633.88 19 123 2.25 −260.96
2cS 591.48 629.18 15 123 2.38 −268.33
2eGP 596.78 644.79 20 123 1.57 −267.24
2cGP 601.06 640.92 16 123 1.69 −275.19
2c 630.25 661.16 12 123 2.78 −282.70
2e 634.49 674.36 16 123 2.71 −279.66

Notes.
a Root mean square of the data minus the model.
b Log-likelihood of the data given the model.

Figure 4. Generalized Lomb–Scargle periodogram of the 98 HARPS
measurements acquired between 2019 August and 2020 January(upper panel),
along with RV residuals, following the subtraction of the Doppler signals of
planet c(second panel) and planets b and c(third panel). Periodogram of the
Ca II H and K lines activity indicator ¢Rlog HK, of the FWHM and BIS, as
well as of the window function, are shown in the last four panels. Horizontal
dashed lines mark the FAP at 0.1%. Orbital frequencies of planet b( fb≈
0.193 days−1) and c ( fc≈0.062 days−1), as well as the stellar rotation
frequency( frot≈0.024 days−1) and its� rst harmonic(2frot≈0.047 days−1),
are marked with vertical dashed lines.

84 We removed the Doppler signal of TOI-421 c from the HARPS RVs by
� tting a circular model, as well as� xing the period and time of� rst transit to
the TESS ephemeris, while allowing for the systemic velocity and RV semi-
amplitude to vary.
85 We estimated the uncertainty from the width of the peak by� tting a
Gaussian function.
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but this was seen only in the data from the 85 mm lenses, which
are more vulnerable to moonlight, and not in the 200 mm data;
furthermore, in the 85 mm data, the same signal was also seen
in adjacent� eld stars, so we concluded that it is not intrinsic to
TOI-421.

With a mean ¢Rlog HK of −4.93± 0.04(Table3), TOI-421 is
a relatively quiet star. The lack of signi� cant rotational
modulation in the WASP-South light curve might be explained
if the spot-induced variability of TOI-421 is too low to produce
a photometric signal with an amplitude higher than the WASP-
South photometric precision. We further investigated this
scenario with the codeSOAP2.0 (Dumusque et al.2014),
which simulates stellar activity using a� ne grid to model the
photosphere of a spotted rotating star. For each grid cell,
SOAP2.0 simulates the local CCF using as a reference the
solar HARPS CCF, and it accounts for the contribution of spots
and plages using the HARPS CCF of a solar active region. The
adoption of of the solar CCF is an advantage for our test,
because TOI-421 is a G9 star, meaning that it is more likely to
behave like our Sun. For a given set of stellar parameters and
spots/ plages distribution, size, and temperature,SOAP2.0 can
estimate the photometric and Doppler signals induced by active
regions, accounting for the inhibition of the convective
blueshift and limb darkening/ brightening effects.

For TOI-421, we used the effective temperatureTeff and
stellar radiusRå listed in Table1, and we assumed a rotation
period ofProt= 42days. To account for the wavelength range
covered by the HARPS spectra, we adopted the linear and
quadratic limb darkening coef� cients of the Sun(q1= 0.29
and q2= 0.34; Claret & Bloemen2011). Assuming a
simpli� ed model with one single spot, we found that the
∼2.4 m s−1 RV semi-amplitude variation induced by stellar
activity could be accounted for by a typical sunspot, with a
temperature contrast with respect to the quiet photosphere of
ΔT= 663 K (Meunier et al.2010), a radius of 0.10Rå, and
placed at a latitude of 30°, which is the average active latitude
for the Sun(Donati & Landstreet2009; Strassmeier2009). The
corresponding photometric variation would have an amplitude
of 5000 ppm, equivalent to∼5 mmag, which is higher than the
1 mmag upper limit of the WASP-South time series of TOI-
421. We performed a similar test by replacing the spot with a
plage. We assumed a temperature contrast ofΔT= 251 K
(typical plage contrast for the Sun; see Meunier et al.(2010))
and a radius of 0.12Rå, while we kept latitude identical to that
of the spot(30°). While the resulting RV semi-amplitude is
∼2.4 m s−1, the photometric variation is 500 ppm, which
corresponds to∼0.5 mmag, i.e., lower than the 1 mmag upper
limit on the amplitude observed in the WASP-South photo-
metry. In Figure5, we show the results of our simulations. The
upper panel displays the effect of the simulated spot on both the
RV and the photometric signal, whereas the bottom panel
shows the same for a plage. The photometric effect induced by
a plage is thus one order of magnitude smaller than that caused
by a spot. These results agree with those reported in Dumusque
et al. (2014) and more recently by Shapiro et al.(2016) and
Milbourne et al.(2019)

To understand if the Doppler signal of TOI-421 is spot- or
plage-dominated, we produced an average contour map of the
HARPS CCF residuals(after the division for the average CCF),
plotted versus RV and stellar rotation phase. The results are
displayed in Figure6. Positive deviations(i.e., cool star spots) are
shown in red, while negative deviations(hot spots) are shown in

blue. These can account for the RV variation due to stellar
activity, if we consider their associated perturbation to be
ΔRV;2× FWHM× ΔI× f;14× f, whereΔI∼0.004 is
the intensity range andf�1 the� lling factor(Carleo et al.2020).
The contours show that the activity of the star is dominated by
plages, though some spots are also evident.

Figure 5. Simulated photometric and spectroscopic effects induced by activity
regions with radius 0.12Rå and located at a stellar latitude of 30°. Upper panel
shows the results for a spot withΔT= 663 K with respect of the quiet
photosphere of TOI-421. Lower panel shows the same effects for a plage with
ΔT= 251 K.

Figure 6. Contour map of the CCF residuals of TOI-421 vs. RV and rotational
phase. Color bar indicates relative CCF amplitude with respect to the
mean CCF.
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We conclude that the activity-induced Doppler signal of
TOI-421 can be explained by plages that would also account
for the nondetection of any photometric variability in the
WASP-South time series. Alternatively, the star was photo-
metrically quieter at the time of the WASP-South observations
(2008–2015) and more active during our spectroscopic follow-
up (2019–2020). This is corroborated by the fact that the
contour map of the HARPS CCF also shows the presence of
spots.

We also analyzed the TESS data to look for surface rotation
modulation in the light curve due tothe passage of spots or active
regions on the visible disk. We did the analysis with two different
light curves. The� rst is the one described in Section2.1, and the
second is the one optimized for asteroseismology following
González-Cuesta et al.(2020, in preparation). The optimized
aperture was obtained by selecting larger and larger apertures with
different thresholds in the� ux, starting from the SPOC aperture
(the smaller one) and ranging up to the larger one with a threshold
of 10e-/ s, with increments of 10e-/ s. In the resultant light curve,
only points with a quality� ag equal to zero have been retained.
Missing points have been interpolated using inpainting techniques
as in García et al.(2014b). The light curve has also been corrected
from outliers and stitched together following García et al.(2011).
The optimization is done by comparing the signal measured at the
expected region for the modes(around 3500μHz, Section3) and
the high-frequency noise above 2000μHz. The best aperture
found was the one with a threshold of 80 e-/ s for Sector 5, and the
one with a threshold of 10 e-/ s for Sector 6. For both light curves,
we removed the transits and concatenated them. Then we applied
our rotation pipeline following García et al.(2014a), Mathur et al.
(2014), and Santos et al.(2019). Our methodology consists of
performing a time–frequency analysis with wavelets, computing
the autocorrelation function(ACF) and a composite spectrum
(CS) that is a combination of the� rst two methods(see Ceillier
et al.2017). We found a signal at 45± 3.54 days via the three
methods. The heights of the ACF and CS are above the thresholds
de� ned in Ceillier et al.(2017) to reliably select a rotation period.
However, we usually require that we observe three rotation
periods in order to more reliablyassess the rotation period. With
only 58 days of observations, we cannot not ful� ll this criteria.
However, having this period obtained with these three different
methods and using two different processing of the light curves(in
terms of apertures) suggests that this period could be from stellar
origin and it is independent of the processing of the light curve or
the aperture selected. The HARPS RV analysis also� nds a
rotation period of∼42 days, lending more weight to the
likelihood of it being real, and an analysis of TESS data
complements the spectroscopic analysis. Indeed, with the TESS
photometry alone, we could not be con� dent enough about the
period found, as it could still be a harmonic of a longer periodicity
or even something of instrumental origin.

7. RV Modeling

Motivated by the results of our frequency analysis, we
performed a series of� ts to the RV data in order to enable
model selection and obtain system parameter estimates.
Speci� cally, we usedRadVel.86 (Fulton et al.2018) to test
six different two-planet models: circular orbits(“2c”), eccentric
orbits(“2e”), circular orbits with a Gaussian Process(GP) noise
model (“2cGP”), eccentric orbits with a GP noise model

(“2eGP”), circular orbits with an additional sine curve for the
stellar activity(“2cS”), and eccentric orbits with an additional
sine curve for the stellar activity(“2eS”). We used a GP model
with a quasi-periodic kernel, which has been used extensively
in the literature to model stellar RV signals(see, e.g., Haywood
et al. 2014; Grunblatt et al.2015; Dai et al.2017); to avoid
over� tting, we imposed wide Gaussian priors on the hyper-
parameters loosely informed by our frequency analysis.

To compare the quality of these models, we computed both
the commonly used Bayesian Information Criterion(BIC) and
the Akaike Information Criterion(AICc; corrected for small
sample sizes), which is a second-order estimator of information
loss. The results of these� ts are presented in Table6, sorted in
ascending order of AICc(best to worst). The 2eS model is
strongly favored over the other models by the AICc, suggesting
that the orbits of the two transiting planets are signi� cantly
eccentric and that the stellar activity is described reasonably
well by a sinusoid. We note that the BIC presents a slight
preference for the 2cS model, but the AICc has been suggested
to have practical advantages over the BIC(Burnham &
Anderson2004). We performed a full MCMC exploration of
the parameter space of the 2eS model usingRadVel, yielding
semi-amplitudes of = -

+K 4.33b 0.35
0.37 and = -

+K 3.05c 0.34
0.35 m s−1

for the planetary components, and 2.52± 0.36 m s−1 for the
stellar component; the eccentricities are signi� cant at the∼2σ
level and constrained to = -

+e 0.147b 0.065
0.069 and = -

+e 0.171c 0.086
0.087.

8. Joint Analysis

We performed a global analysis of our RV and transit data
with the open-source codepyaneti87 (Barragán et al.2019).
Brie� y,pyaneti88 creates posterior distributions of the� tted
parameters using a Markov Chain Monte Carlo(MCMC)
sampling approach.

Transits are modeled following a Mandel & Agol(2002)
quadratic limb darkening model, implemented with the
parameterization suggested by Kipping(2013). A preliminary
� t of the light curve shows that the limb darkening coef� cients
are not well-constrained for the LCOGT data(we note that the
limb darkening coef� cients for the TESS data are constrained
by data themselves). Therefore, we used the codeLDTk
(Husser et al.2013; Parviainen & Aigrain2015) to estimate the
limb darkening coef� cients corresponding to a star with the
stellar parameters presented in Table1, as well as the Pan-
STARSSY-band (940–1060 nm). We used a Gaussian prior
with mean given by theLDTk estimation and a conservative
standard deviation of 0.1. We also note that we sampled for the
stellar densityρå and recovera/ Rå for each planet using
Kepler’s third law; for more details, see, e.g., Winn(2010). We
implemented a Gaussian prior on the stellar density using the
stellar mass and radius provided in Section3 to constrain better
the orbit eccentricities(see, e.g., Van Eylen & Albrecht2015).
For the transit analysis, we did not include the potential
contamination of nearby stars because the expected effect is
smaller than the white noise of the light curve(see Section5).
We note that the combination of this transit analysis together
with the RV data provides a stronger constraint on the orbital
eccentricities. The� nal analysis supports the conclusions of
Section7 (see Table7).

86 https:// github.com/ California-Planet-Search/ radvel

87 https:// github.com/ oscaribv/ pyaneti
88 See Footnote 88.
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The RV model was chosen following the results presented in
Section7. We used two Keplerian orbits to model the Doppler
re� ex motion induced by the two transiting planets, as well as
an extra sinusoidal to take into account the activity signal
induced by the star at its rotation period.

We used 500 Markov chains to explore the parameter space.
We stopped the sampling once all chains converged; following
Gelman & Rubin(1992), we de� ne convergence whenR< 1.02
for all parameters. The posterior distribution was created using the
last 2500 converged iterations and the 500 chains, leading to a
posterior of 1,250,000 points per parameter.

Details on the � tted parameters, adopted priors, and
parameter estimates are given in Table7. Inferred parameters
are de� ned as the median and 68% region of the credible
interval of the posterior distributions for each� tted parameter.
Figure 7 shows the RV model time series. The phase-folded
RV and transit plots are shown in Figures8 and9, respectively.
We note that there is an apparent shift of∼20 minutes on the
LCO transit in Figure9. Given that the expected TTVs in the
system are smaller(see Section9.4), it is likely that this effect
is caused by systematics in the ground-based data.

9. Discussion

The innermost planet, TOI-421 b(Pb= 5.2 days), has a
mass ofMb=  -

+16.42 1.04
1.06M⊕ and a radius ofRb=  -

+2.68 0.18
0.19

R⊕, yielding a density ofρb=  -
+2.05 0.41

0.52 g cm−3. The outer
transiting planet, TOI-421 c(Pc≈16.1 days), has a mass
of Mc=  -

+16.42 1.04
1.06M⊕ and a radius ofRc=  -

+5.09 0.15
0.16R⊕

Table 7
TOI-421 Parameters

Parameter Priora Valueb

Model Parameters for TOI-421b
Orbital periodPorb

(days)
 5.1917, 5.2017[ ] 5.19672± 0.00049

Transit epochT0 (BJD
—2450000)

 8441.2335, 8441.3335[ ] -
+8441.2847 0.0018

0.0020

we sin - 1, 1( ) -
+0.27 0.21

0.15

we cos - 1, 1( ) - -
+0.268 0.090

0.117

Scaled planetary radius
Rp/ Rå

 0, 0.1[ ] -
+0.0285 0.0018

0.0019

Impact parameter,b  0, 1.1[ ] -
+0.933 0.024

0.016

RV semi-amplitude
variationK (m s−1)

 0, 50[ ] 2.97± 0.27

Model Parameters for TOI-421c
Orbital periodPorb

(days)
 16.0642, 16.0741[ ] 16.06819± 0.00035

Transit epochT0 (BJD
—2450000)

 8440.0804, 8440.1804[ ] -
+8440.13162 0.00068

0.00070

we sin - 1, 1( ) -
+0.348 0.086

0.065

we cos - 1, 1( ) - -
+0.164 0.078

0.084

Scaled planetary radius
Rp/ Rå

 0, 0.1[ ] -
+0.0542 0.0010

0.0011

Impact parameter,b  0, 1.1[ ] -
+0.738 0.032

0.029

RV semi-amplitude
variationK (m s−1)

 0, 50[ ] 4.66± 0.29

Model Parameters of Activity-induced RV Sinusoidal Signal
PeriodProt (days)  35, 50[ ] -

+43.24 0.55
0.57

EpochT0 (BJD—
2450000)

 8412.2835, 8452.2835[ ] -
+8430.33 4.98

4.77

RV semi-amplitude
variationK (m s−1)

 0, 50[ ] -
+2.36 0.3

0.3

Other System Parameters
Stellar densityρå  1.91, 0.14[ ] 1.93± 0.13
Systemic velocityγ

( km s−1)c
 79.0318, 80.0537[ ] -

+79.54382 0.00025
0.00024

Instrumental systemic
velocity γ ( km s−1)c

- 0.5, 0.5[ ] - -
+0.0169 0.0015

0.0015

Instrumental systemic
velocity γ ( km s−1)c

- 0.5, 0.5[ ] -
+0.00222 0.00093

0.00091

Instrumental systemic
velocity γ ( km s−1)c

- 0.5, 0.5[ ] - -
+0.00096 0.00043

0.00041

RV jitter termσHARPS

( m s−1)
 0, 100[ ] -

+1.88 0.18
0.20

RV jitter termσFIES

( m s−1)
 0, 100[ ] -

+0.85 0.65
1.41

RV jitter termσPFS

( m s−1)
 0, 100[ ] -

+2.44 0.64
1.00

RV jitter termσHIRES

( m s−1)
 0, 100[ ] -

+2.11 0.34
0.40

Limb darkening
q1TESS

 0, 1[ ] -
+0.269 0.083

0.121

Limb darkening
q2TESS

 0, 1[ ] -
+0.65 0.35

0.24

Limb darkeningq1 Pan-
STARSSY-band

 0.24, 0.1[ ] -
+0.164 0.097

0.101

Limb darkeningq2 Pan-
STARSSY-band

 0.36, 0.1[ ] -
+0.348 0.100

0.101

Derived Parameters for TOI-421b
Planet mass(M⊕) L 7.17± 0.66
Planet radius(R⊕) L -

+2.68 0.18
0.19

Planet density(g cm−3) L -
+2.05 0.41

0.52

Semimajor axisa (au) L 0.0560± 0.0018
e L -

+0.163 0.071
0.082

Table 7
(Continued)

Parameter Priora Valueb

ωå (deg) L -
+128.9 27.2

24.9

Orbital inclination
i (deg)

L -
+85.68 0.46

0.36

Transit duration(hr) L -
+1.107 0.063

0.065

Equilibrium temper-
aturedTeq (K )

L -
+981.4 15.8

16.3

InsolationFp (F⊕) L -
+154.57 9.73

10.53

Derived Parameters for TOI-421c
Planet mass(M⊕) L -

+16.42 1.04
1.06

Planet radius(R⊕) L -
+5.09 0.15

0.16

Planet density(g cm−3) L -
+0.685 0.072

0.080

Semimajor axisa (au) L 0.1189± 0.0039
e L 0.152± 0.042
ωå (deg) L -

+114.7 13.3
15.6

Orbital inclination
i (deg)

L -
+88.353 0.084

0.078

Transit duration(hr) L -
+2.71 0.038

0.043

Equilibrium temper-
aturedTeq (K)

L -
+673.6 10.9

11.2

InsolationFp (F⊕) L -
+34.32 2.16

2.34

Notes.
a  a b,[ ] refers to uniform priors betweena andb,  a b,[ ] to Gaussian priors
with mediana and standard deviationb, and a[ ] to a � xed valuea.
b Parameter estimates and corresponding uncertainties are de� ned as the
median and 68.3% credible interval of the posterior distributions.
c HARPS RVs are absolute measurements: the HARPSγ velocity corresponds
to systemic velocity. FIES, PFS, and HIRES RVs are relative measurements.
d Assuming albedo equal to zero.
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resulting in a mean density ofρc=  -
+0.685 0.072

0.080 g cm−3.
Figure 10 shows the position of TOI-421 b and c in the
mass–radius diagram along with the sample of small planets
(Rp�6R⊕) whose masses and radii have been measured with
a precision better than 20%. Given their positions with respect
to theoretical mass–radius relations, both planets are expected
to host an atmosphere dominated by light elements, namely H
and He. We performed a series of simulations—including
hydrogen escape rate(Section 9.1), planetary atmospheric
evolution (Section 9.2), and retrievals of the transmission
spectrum(Section9.3)—which indicate that TOI-421 b and c
are very intriguing planets for atmospheric characterization.
Finally, we compute the helium 10830Å simulation following
the approach in Oklop� i� & Hirata (2018), � nding no
signi� cant helium absorption(0.5% at line center) for either
of the two planets.

9.1. Hydrogen Escape

Atmospheric escape in close-in planets takes place when the
high-energy(X-ray+ EUV; hereafter XUV) stellar photons photo-
ionize and heat up the planetary upper atmospheres(e.g., Murray-
Clay et al.2009). The close distances of TOI-421 b and c to the
star suggest that their atmospheres may be signi� cantly heated by
the stellar high-energy emission and hence are undergoing escape.
Therefore, these two planets are very appealing objects for
studying the effects of mass loss. Interestingly, two other objects
with similar bulk densities, namely K2-18 b(Mp= 8.63M⊕,
Rp= 2.6R⊕, ρp= 2.67 g cm−3; see Benneke et al.(2019)) and
GJ 3470b(Mp= 13.9M⊕, Rp= 4.6R⊕, ρp= 0.80 g cm−3; see
Awiphan et al.(2016)), have shown the presence of atmospheric
escape through the detection of Lyα absorption during transit
(Bourrier et al.2018; dos Santos et al.2020).

Here, we use the 1D hydrodynamic atmospheric escape
model presented in Allan & Vidotto(2019) to predict the
behavior of the planetary atmospheres under the in� uence of
the photoionizing� ux of the host star. With this, we can infer
the current properties of the planetary upper atmospheres,
including the mass-loss rate. For the output of this 1D model,
we study the atmospheric signatures of TOI-421 b and TOI-
421 c for the neutral hydrogen Lyα and H-α lines during
transit. Our model uses as input the XUV stellar luminosity,
which was derived considering the median ¢Rlog HK value
(−4.93± 0.04) from Table 3, � rst by converting it into a
CaII H and K chromospheric emission� ux using the equations

Figure 7. RV time series. HARPS(blue circles), FIES(red diamonds), PFS(green squares), and HIRES(yellow pentagons) data are shown following the subtraction
of the each inferred offset. Inferred full model(i.e., two planet signals plus the activity induced signal) is presented as solid continuous line. Gray error bars account for
the inferred jitter for each instrument.

Figure 8. Phase-folded RV plots with residuals for TOI-421b (top panel),
TOI-421c (middle panel), and activity-induced signal(lower panel). HARPS
(blue circles), FIES(red diamonds), PFS(green squares), and HIRES(yellow
pentagons) data are shown following the subtraction of the each inferred offset
and the other signals. Black solid line shows the inferred model for each case.
Gray error bars account for the inferred jitter for each instrument.
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