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ABSTRACT

We report precise radial velocity (RV) observations of HD 212657 (= K24167), a star shown by K2 to host a transiting sub-
Neptune-sized planet in a 10 day orbit. Using Transiting ExoplanetSurvey Satellite (TESS) photometry, we refined the planet
parameters, especially the orbital period. We collected 74 précise RV's with the HARPS-N spectrograph between August 2015
and October 2016. Although this planet was first found to transit’in 2015 and validated in 2018, excess RV scatter originally
limited mass measurements. Here, we measure a mass®by taking advantage of reductions in scatter from updates to the HARPS-
N Data Reduction System (2.3.5) and our new activity mitigation method called CCF Activity Linear Model (CALM), which
uses activity-induced line shape changes in thespeetra without requiring timing information. Using the CALM framework, we
performed a joint fit with RVs and transits using EXOFASTV2 and find M), = 6.3* Mg and R, = 2.33*0.17 R, which places
K2-167 b at the upper edge of the radius valley: We also find hints of a secondary companion at a ~ 22 day period, but confirmation
requires additional RVs. Although characterizing lower-mass planets like K2-167 b is often impeded by stellar variability, these
systems especially help probe the formation.physics (i.e. photoevaporation, core-powered mass loss) of the radius valley. In the
future, CALM or similar techniques could be widely applied to FGK-type stars, help characterize a population of exoplanets
surrounding the radius valley, and further our understanding of their formation.

Key words: exoplanets< techhiques: radial velocities — planets and satellites : terrestrial planets — stars : activity — methods :
statistical

1 INTRODUCTION
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The study of exoplanets has the ultimate goal of understanding the
formation and evolution of planets. In our own solar system, we have
* \Corresponding author email: zdebeurs @mit.edu a class of dense smaller rocky planets with iron cores and a class

© The Author(s) 2024. Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-7564-6047
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0002-9165-6245
https://orcid.org/0000-0001-8812-0565
https://orcid.org/0000-0002-9332-2011
https://orcid.org/0000-0001-7254-4363
https://orcid.org/0000-0002-6492-2085
https://orcid.org/0000-0003-1605-5666
https://orcid.org/0000-0002-7585-9974
https://orcid.org/0000-0003-0562-6750
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0002-4881-3620
https://orcid.org/0000-0001-9140-3574
https://orcid.org/0000-0001-9911-7388
https://orcid.org/0000-0003-3204-8183
https://orcid.org/0000-0003-4920-738X

2 Z. L. de Beurs et al.

of large gas giants that have extended H/He envelopes. However,
the HARPS spectrograph (Mayor et al. 2003) and Kepler mission
(Borucki et al. 2010) found hundreds of planets (Mayor et al. 2011;
Batalha et al. 2013) that fall between these two categories and with
it brought many new questions: What is the composition of these in-
between planets? Does liquid water exist on their surface? Do they
have gaseous envelopes? If so, do their envelopes mainly consist of
H/He? How did this class of planets form and evolve? And why do
we not see any examples of them in our own solar system? To an-
swer these questions, we need to characterize these types of systems
and constrain their possible compositions through precise radius and
mass measurements.

Precise radial velocity (RV) observations revealed that transit-
ing planets larger than 1.6 Rg are typically inconsistent with rocky
compositions (Rogers 2015), so these intermediate planets are often
sub-divided into two classes: super-Earths (1 Rg < Rp < 1.6 Rg)
and sub-Neptunes (1.6 Rg < Rp < 4 Rg). A gap in the occurrence
of planets with radii between these two populations was predicted by
several researchers based on the effect of photoevaporation (Lopez
& Fortney 2013; Owen & Wu 2013; Jin et al. 2014). This gap is
often described as the “radius valley” or “radius gap” and describes
a paucity of planets between 1.5 to 2 Rg. This bimodality in the
occurence rates of small planets has been detected (Fulton et al.
2017) and further refined and characterized using parallax and aster-
oseismic measururements (Berger et al. 2018; Van Eylen et al. 2018;
Petigura 2020).

Recently, Petigura et al. (2022) investigated the location of the
radius gap as a function of stellar mass, metallicity, age, and orbital
period and found that the radius gap location follows R, o P™
where m = —0.10 £ 0.03. Dattilo et al. (2023) also found that the
location of the radius gap varies depending on stellar type for FGK
stars. However, the exact underlying physics that explains the origins
of the radius gap is still somewhat debated (e.g. Ginzburg et al. 2018;
Gupta & Schlichting 2020; Lee et al. 2022) and determining which
mechanism is primarily responsible requires precise characterization
of a larger population of exoplanets (Rogers et al. 2021). Precise
radius and mass measurements of planets at the boundaries of the
radius valley can especially help refine our understanding of the
physics by constraining the bulk planetary composition and inferring
either the presence or absence of a thick volatile envelope.

Unfortunately, the difficulty of modeling stellar variability in RV
observations has limited the study of these importantisystems. In
particular, spurious RV shifts due to stellar activity signals can mask
or mimic planetary signals. In the past decade;stellar-activity has
been identified as the limiting factor in RV precision across the
HR diagram (National Academies of Seiences, Erngineering, and
Medicine and others 2018; Haywood et al. 2020)¢'but it is especially
problematic for young stellar hosts{lincluding those where planets
might still be undergoing photoevaporation. Finding new ways to
mitigate stellar activity is critical formeur understanding of planetary
composition and evolution:

Stellar activity mitigation.methods have traditionally focused on
using indicators of the level of stellar activity, which can either be
focused on measuring the level of magnetic activity on a star (Boisse
et al. 2009; Dumusqueyet al. 2011; Bonlfils et al. 2007; Robertson
et al. 2014) or, focused on detecting the presence (or lack thereof)
of spotssand plagues on the surface (Figueira et al. 2013; Milbourne
et al..2021; Wise et al. 2022). The activity indicators that correlate
with magnetic activity include spectral features such as the emission
in'the core of Ca Il H&K lines (Saar et al. 1998; Meunier & Lagrange
2013; Saar & Fischer 2000), the H,, line (Bonfils et al. 2007; Robert-
son et al. 2014), and the Ca infrared triplet. Recently, photospheric

unsigned magnetic flux has been shown to be strongly correlated with
RV perturbations caused by solar surface activity (Haywood et al.
2022) and new methods for deriving proxies for magnetic flux using
least squares deconvolution similarly show some of the strongest cor-
relations among activity indicators (Lienhard et al. 2023). Beyond
these types of activity indicators, properties in cross-correlation func-
tion (CCFs) have been used to decorrelate stellar activity from RVs.
CCFs are computed by cross-correlating the spectra with a binary
mask which contains delta functions at the location of spectral lines.
Conceptually, a CCF represents an average of all line shapes in a
star’s spectrum and is therefore sensitive to line shape changes that
persist in most stellar lines. The line shape changes introduced by
stellar activity that cause asymmetry in the CCF are commonly mea-
sured using a CCF Bisector Inverse Span (e.g. Queloz et al. 2001;
Lovis et al. 2011) or the FWHM of the CCF (e.g. Queloz et al. 2009;
Hébrard et al. 2010). Although the bisector and FWHM have the
advantage that they can easily be computed and providesonly ‘two
free parameters in RV models, much of the information present in
the CCF is lost by only using these metrics to measure line shape
changes. In addition, these traditional stellar activity indicators have
been insufficient to reach the sub ms~! RV measurément precision
necessary to detect earth-twins.

There have been recent developments in using advanced flexi-
ble models like Gaussian Process (GP).fegression to model quasi-
periodic stellar activity signals and reveal.planet signals (Haywood
et al. 2014; Rajpaul et al. 2015; Jones et al. 2017; Delisle et al. 2018;
Barragén et al. 2019; Gilbertson et al. 2020; Nicholson & Aigrain
2022; Barragan et al. 2023; Tran et al. 2023). However, even with
the current state-of-thezart stellar variability mitigation techniques
(Zhao et al. 2022); our RV measurement precision must still improve
by an order of magnitude to detect the 10 cm s1 signals induced by
Earth-mass“e€xoplanets in the habitable zones of Sun-like stars. To
work towards achieving this goal, we can first focus on precise mass
meastrements of slightly more massive planets like super-Earths and
sub-Neptunes. This requires us to continue developing new methods
to mitigate the impact of stellar activity on exoplanet mass measure-
ments:

Inspired by the successful implementation of a neural network
stellar activity mitigation technique on solar observations (de Beurs
et al. 2022) and other uses of machine and deep learning meth-
ods for modeling stellar activity (Perger et al. 2023; Colwell et al.
2023), we designed a simplified method called CCF Activity Linear
Model (CALM), which can be applied to other stars with smaller
RV datasets observed at nighttime. Our method focuses on exploit-
ing the information content present in the CCFs and traces the line
shape changes introduced by stellar activity to separate Doppler re-
flex motion from signals from the star. We have already successfully
applied this method to RV for four stars observed with the EXPRES
spectrograph and reduced the scatter by about a factor of two for the
more active stars (Zhao et al. 2022). In this paper, we apply this same
method to one star observed by HARPS-N: K2-167.

K2-167 b is a planet located just above the radius valley and
this transiting sub-Neptune was first found by the K2 mission (Van-
derburg et al. 2016; Mayo et al. 2018). The planetary signal was
re-detected (Ikwut-Ukwa et al. 2020) by the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2015), and later again in its first
extened mission (Thygesen et al. 2023). HARPS-N observations of
K2-167, arelatively active, yet slowly rotating F7-type star, began in
late 2015, but in the intervening years, stellar activity had prevented
a confident detection of the planet’s mass. Recently, Bonomo et al.
(2023) analyzed the K2-167 system as part of a larger sample and

reported a mass of 6.5J:11'65 Mg. Here, we perform a more in-depth
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analysis of the RV time series than this previous work (which was
included as part of a catalog paper). Using our CALM framework, we
performed a joint fit of the transits and RVs, constraining the radius
and mass, and enabling future studies of its composition which may
provide insight into its formation.

Our paper is organized as follows. In Section 2, we describe the
the spectroscopic observations from HARPS-N and the photomet-
ric observations from K2 and TESS. In Section 3, we describe our
development of the CALM stellar activity mitigation method, how
we prevent overfitting on our data, and introduce a new metric to
measure RV scatter. In Section 4, we describe the transit, spectro-
scopic, and radial velocity analysis and resulting system parameters
of K2-167. In Section 5, we discuss the implications of these results
and we conclude in Section 6.

2 DATA
2.1 HARPS-N Spectroscopy

K2-167 was observed with the HARPS-N Spectrograph on the
3.58m Telescopio Nazionale Galileo (TNG). Designed specifically to
yield precise radial velocity measurements, HARPS-N is a vacuum-
enclosed cross-dispersed echelle spectrograph with temperature and
pressure stabilization (Cosentino et al. 2012). We collected 76 pre-
cise radial velocity observations of K2-167 (Table A.1) with typical
integration times of 15 minutes! with the HARPS-N spectrograph
between August 2015 and October 2016. For the first season of ob-
servations (20 August 2015 to 27 December 2015), a ThAr lamp
served as a calibration source. For the second season (20 June 2016
to 12 October 2016), a stabilized Fabry Perot was used as the cali-
bration source. Most of the time, we obtained only one observation
per night, but between July and November 2016, we often obtained
two spectra per night, separated by a few hours, in order to average
radial velocity variations due to granulation.

The 15 minute exposures of K2-167 yielded typical formal mea-
surement uncertainties of 1.4 ms~!. For a bright star like K2-167
(my, = 8.24), we expect this uncertainty to be a combination of in-
strumental systematics and the photon-limited uncertainty. We pér-
formed our analysis on an older version of the HARPS-N pip€line
(DRS 3.7) and the latest version of the pipeline (DRS 2.3%5) (Du-
musque et al. 2021) and found significantly larger scatterfor the oldér
DRS pipeline, which we discuss extensively in Section 3. Therewere
numerous improvements between this older and new DRS to’correct
for systematics and instrumental effects. In addition, in the new DRS,
different stellar masks were used that focus on spectral lines that are
less sensitive to stellar activity and to more ¢losely match the stellar
type of the targets. In the case of K2-167(F7-type star), DRS 3.7 uses
a KS5-type binary mask and the DRS, 2.3.5 uses a G9-type binary
mask. For both of these pipeline _versions, the data reduction was
carried out by cross-correlating the observations with one of these
binary masks. For the DRS 37, this produces a 161 element cross-
correlation function (CCF), Whereas for the newer 2.3.5 DRS, the
sampling was reducedvand\the pipelines yields a 49 element CCF.
These resulting/CCFs. are”used as an input representation for our
CALM method to track the activity-induced line shape changes in the
spectra. The DRS measures the radial velocities of each observation
by fitting the CCF with a Gaussian function. However, a Gaussian

1 "All observations had 15 minute integration times except for one 20 minute
exposure on 26 September 2016 and two 30-minute observations on 28
November 2015 and 9 July 2016 respectively.
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Old DRS (3.7)
¢ New DRS (2.3.5)

EN J[\ i
2 .'Tl L
g )
—5 W l
\'||
-101 ) b)
7500 8000 8500 9000 9500 0 10
Time (BJD-2450000) Count

Figure 1. RVs from the HARPS-N old DRS (3.7) in blue and the new DRS
(2.3.5) in orange. a) The RVs are plotted over time. There appears¢to be a
slight upward trend toward the end of the time series. b) Histogram'of the old
and new DRS. The new DRS has less scatter than the old DRS!

is simple and symmetric and therefore unable/to model-the small
CCF shape changes introduced by stellar activity. Thus, these radial
velocities will include contributions from both Keplerian shifts and
stellar activity signals. The full HARPS-N'RV _time series from the
new DRS is shown in Figure 1.

2.2 Photometry
2.2.1 K2

K2-167 b was observed by K2, Kepler’s extended mission which
achieved similar precision to the original Kepler mission after ap-
plying systematic corrections (Vanderburg et al. 2016). K2-167 was
observed during K2 Campaign 3 from 2014 November 17 to 2015
January 23'in K2’s long cadence mode (29.4 minute exposure times).
We used the light curve produced by Mayo et al. (2018). In brief, they
extracted'the light curve for K2-167 from the target pixel files, which
were accessed through the Mikulski Archive for Space Telescopes
(MAST)2. The light curves were reprocessed to simultaneously fit
the known planet transit, remove mechanical K2 systematics, and fit
stellar variability by using the methods described in Vanderburg &
Johnson (2014a) and Vanderburg et al. (2016). Due to the unusual
brightness of the host star, Mayo et al. (2018) used larger photometric
apertures than their standard analysis for this star. These apertures
did not require dilution corrections because K2-167 is sufficiently
isolated from other stars or background objects (Ligi et al. 2018). To
remove high-frequency variability, we divided the simultaneous-fit
light curve by the best-fit spline component. The K2 phase-folded
transit light curves are shown in the top panel of Figure 2. For com-
putational efficiency, we trimmed the light curve away from transit
for our global fit, and only included a baseline of one transit duration
on either side of the full transit (See Section 4.2).

2.2.2 TESS

K?2-167 was pre-selected for two-minute cadence observations by the
TESS mission (Ricker et al. 2015) and observed by Camera 1 during
TESS Sector 2 from 2018 August 22 to September 20, Sector 28 from
2020 July 31 to 2020 August 25, and Sector 42, from 2021 August
20 to 2021 September 16. The TESS light curve was generated by

2 mast.stsci.edu/portal/Mashup/Clients/Mast/Portal . html
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Figure 2. K2 (top) and TESS (bottom) light curves phase-folded on the period and centered at mid-transit from K2 Campaign 3‘and TESS.Sectors 2, 28, 42 . The
purple lines shows the best fitting transit models.
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Figure 3. Schematic of our. CALM pipeline. We use the changing shape of spectral features (measured by the change in the cross-correlation function or CCF)
to predict and remove stellaractivity signals. We use a linear regression model with 5-25 indexes from the CCF residuals used as inputs. We also simultaneously
fit Keplerians alongwith the activity corrections to predict the overall RV signal. The data shown in (b) and (d) are ACCFs and the RVs of K2-167 respectively
for the old DRS (3.7).

NASA’s,Science Processing Operations Center (SPOC) pipeline us-
ingthelLightkurve package (Lightkurve Collaboration et al. 2018).
SPOC received raw data and processed the images to remove sys-
tematic.€rros and extract photometry (Jenkins et al. 2016). Using the
SPOC Transiting Planet Search (Jenkins 2002), the light curves are

searched for transit events. The Pre-search Data Conditioned Simple
Aperture Photometry (PDCSAP) flux uses the optimal TESS aperture
to extract the flux, corrects for systematics using PDC, and produces
the light curves (Stumpe et al. 2012, 2014; Smith et al. 2012). From
these light curves we remove low frequency trends that correspond
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to astrophysical variability and remove remaining systematics based
on the out-of-transit photometry using keplerspline? (Vanderburg
& Johnson 2014b; Shallue & Vanderburg 2018). The TESS phase-
folded transit light curves are shown in the bottom panel of Figure
2.

2.2.3 Spitzer

To perform follow up observations on the K2 transits, one transit
of K2-167 b was observed with the Spitzer InfraRed Array Camera
(IRAC; Fazio et al. 2004) on March 1st 2016 as part of a larger K2
follow-up program (Program ID: 11026; PI Michael Werner). The
observations lasted for 10.16 hours and were taken with 0.4 second
exposures using channel 2 on IRAC (2-4 um). The observations are
further described in detail in Duck et al. (2021) who found that the
complete egress was missing due to the uncertainty in scheduling of
the observations. Nonetheless, we reduced the data using BiLinearly
Interpolated Subpixel Sensitivity (BLISS) mapping (Stevenson et al.
2012) and Pixel Level Decorrelation (Deming et al. 2015; Garhart
et al. 2020) and saw a feature consistent with a partial transit, but
with low enough SNR that it was not constraining to our model. We
therefore exclude the Spizter observations from our final analysis.

3 RV ANALYSIS

We performed an extensive series of analyses to determine the mass
of K2-167 b. The RV time series is shown in Figure 1 where there
appears to be a slight long-term upward trend in the RVs that may
be the result of long-term activity cycles. For our activity analyses,
we first performed a simple RV analysis where we fitted a Keplerian
signal and did not model the stellar variability. We ran Markov Chain
Monte Carlo (MCMC) to sample the parameter space and model
the Keplerian using radvel’s kepler.rv_drive function* (Ful-
ton et al. 2018). We use the differential evolution MCMC package
edmeme? (Vanderburg 2021), which is an implementation of MCMC
that incorporates differential evolution (DE; Ter Braak 2006) to solve
the problem of choosing an appropriate scale and orientation for the
jumping distribution, enabling a significantly faster fitting process:
We computed 5,000 MCMC chains, discard the first 25% as burn-in,
and required that our parameters converged using the Gelman-Rubin
statistic (Gelman & Rubin 1992), where our Gelman-Rubin threshold
< 1.01. In this analysis, we observed that there is alacrge difference
in RV scatter® between the two DRS versions (3:95 ms>! and 3.01
ms™~! for the old and new DRS, respectively) dnd that the uncertain-
ties on the estimated semi-amplitude (K) fot the Keplerian signal are
larger for the old DRS (2.0*%7 ms~!) than thestew DRS (2.0t%-55

ms~!). The expected scatter due todnstrument systematics (photon
noise, drift noise, and wavelenegth calibration errors) for the both
DRS versions is ~ 1 ms~!, which'is significantly less than the scat-
ter that we measured. For this chromospherically active star K2-167
(log R;{K = —4.66), stellarvariability could be causing a part of this
excess scatter (and the relatively large uncertainty in K). Thus, we

3 https://github. con/avanderburg/keplersplinev2

4 We notesthat we accounted for the way that radvel used wp, rather than
w, in its\implementation (Householder & Weiss 2022) and only report w.
in this"paper:

3 [https://github.com/avanderburg/edmemc

% Here we report the remaining RV scatter after removing our modeled
Keplerian signal. In this way, we report only the unmodeled variation in the
RVs as further detailed in Section 3.5.
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sought to develop new methods that could model this stellar variabil-
ity by tracing shape changes in the CCF. For each of our RV analyses,
we performed an independent analysis using only the 3.7 DRS and
an independent analysis using only the 2.3.5 DRS observations. We
included both DRS versions in our RV analyses since we found in-
teresting differences in the effectiveness of our activity mitigation
methods for the two versions as discussed extensively in Section 3.6.

3.1 CALM Method

In order to account for the stellar variability we observe in the RV
measurements of K2-167, we developed a simplified machine learn-
ing model CALM that allows us to separate the stellar activity from
the Doppler reflex motion. This simplified method is inspired by the
previous implementation of a neural network-based stellar activity
mitigation method for solar observations using line shape changes to
predict stellar activity signals (de Beurs et al. 2022). To’extend this
approach to extrasolar observations, a new simplified method was
required for two primary reasons:

(i) RV datasets for other stars rarely have-as manyobservations
as the solar dataset from the HARPS-N Solar Telescope used in de
Beurs et al. (2022), which consisted of~600 days’of observations.

(ii)) We lack a firm “ground-truth”for'the stellar activity signals
of other stars. For the Sun, we can easily_semove the RV contribu-
tions of the known planets in"the Solar System, but this is not as
straighforward for other stars. This iS because there may always be
unmodeled planetary signals thatfall below the detection threshold.
These unmodeled planetary signals may add noise to our estimates
of the stellar variability signal of a given star.

To overcome these,challenges, we made two modifications to our
method. First;we'greatly simplified the machine learning models for
use onwstars other than the Sun. Instead of using complex and flex-
iblesmodels like our convolutional neural networks, we use a linear
regression/model with a significantly smaller input representation. In
particular, the input representation consists of 5-25 CCF activity in-
dicators’ instead of the entire CCF array, which contains 49 elements
for the 2.3.5 DRS and 161 elements for the 3.7 DRS. Essentially, we
have sacrificed some fidelity in our stellar activity corrections in ex-
change for immediate applicability to a much larger sample of stars.
Eventually, it may be possible to train a more complex model on the
entire ensemble of stars observed, but our simplified approach is a
first step towards this goal.

The second modification we made to our technique for use on
stars other than the Sun involves fitting for planet signals simulta-
neously. We cannot a priori remove all planetary signals from the
dataset (since the amplitude and period of such signals are unknown
and/or they may be hidden by stellar activity). Thus, we must fit any
remaining planetary signals simultaneously with the stellar activity
correction. Although this increases the computational difficulty of
our method (because we must test many different possible planetary
signals to discover new planets), the increase in computational dif-
ficulty is offset by the simplicity of our linear regression model. An
overview of our simplified approach is shown in Figure 3.

We can describe this simplified approach as simultaneously fitting
for n Keplerian signal(s) and a linear regression model with m CCF

7 We tested a range of input representation sizes as discussed in Section
3.2.2 and ultimately find that 5 CCF activity indicators to balances the risk
of overfitting and underfitting to the data for the 2.3.5 DRS. For the 3.7 DRS,
we find that 25 CCF indexes balances these concerns.
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Figure 4. Computed residual CCFs (ACCFs) for both the older (3.7) and
newer DRS (2.3.5). ACCFs are computed by subtracting the mean CCF and
highlight differences in features between CCFs. The model predicted stellar
activity contribution to the RVs is indicated by its color (red = redshifted,
blue = blueshifted).

activity indicators for stellar activity. The number of CCF activity
indicators m is determined by finding a balance between optimiz-
ing goodness-of-fit and preventing overfitting. In equation form, our
model is given as:

RV =w|-CCF+wy-CCFy+...4+wp,-CCFy,,
+b1 - Keplery + by - Keplery + ... + b, - Keplery, (1)
= RVactivity + RVKeplerians

where CCFy, is the value of the CCF at index myw,,, is a weight
parameter for CCF,,, Keplery, is the n,j, fitted Keplerian, and b, is
this Keplerian’s weight parameter. This Keplerian weight parameter
by, is equivalent to a planet’s semi-amplitude (K), but parametrizing
the model in this way allows us to do a linear least squares regres-
sion fit where we can simultaneously,model planetary and stellar
variability contributions to’the overall RV signal.

This section describesiournew,CALM method in detail. Section 3.2
describes the pre-pro¢essing we must apply to run our CALM method;
in particular, wefirst must prepare the CCF input representation for
our model by, centeringjthe data and choosing the most information-
rich subset 0f\ther€E€F to feed into the model. Before running our
models,we checkseveral diagnostics to prevent overfitting, which are
describediin Section 3.4. Next, we sample the parameter space using
a differential evolution-based MCMC method described in Section
3.3. Finally, we evaluate our models and compare them with several
traditional activity indicators using a new scatter metric described in
Section 3.5 and describe our RV analysis results in Section 3.6.

3.2 Preparing the CCF Input Representation
3.2.1 Computing and Centering our ACCFs

For our CALM model, we have to pre-process our data products
into a uniform format which makes capturing and learning features
in our data easier. We design the input representation such that the
model becomes sensitive to shape changes due to stellar activity, not
translational shifts caused by true Doppler shifts. Simply put, we
want the CALM model to find the difference between a Gaussian fit
to the CCF and the true center-of-mass velocity shift. In this way, our
model will be able to disentangle stellar activity signals from true
Keplerian shifts.

To frame the problem in this way, we shift every CCF such that
the velocity predicted by the Gaussian fit to the CCF is at the median
velocity across all observations. We note that we took precautions
to prevent improperly centering the CCFs in a way that planetary
reflex motion remains in the input data. This could cause-oyerfitting
and we further describe our precautionary steps in Section 3'4. Next,
we subtract a median CCF from each CCF to compute thejresidual
CCF8 (ACCF), which are visualized in Figure”4,) where they are
color-coded based on how blueshifted or redshifted the RV signals
are. There exists a strong signal in shape changes based on these RV
signals for the old DRS and a hint of a deépendence for the new DRS.
This difference may be explained by'the new DRS using spectral
lines less sensitive to stellar variability and the difference in stellar
type mask used. Overall, we.svant, our CALM model to learn how
these shape changes relate to the'stellar activity contributions to RVs
so that we can model andumitigate the stellar variability using the
ACCFs.

After computing the/ACCFs, we normalize the observations to
ensure the scale of variations across each input parameter is approx-
imately equalA subset of indexes across these normalized ACCFs
are then fed into the CALM model . We choose to only include a
subset of indexes (5 to 259 indexes) rather than the entire normal-
ized ACCFs (49 indexes or 160 indexes for DRS 2.3.5 and DRS 3.7
tespectively) because we only have ~80 RV observations and the en-
tire;normalized ACCFs would provide too many free parameters. We
describe how we select which CCF indexes to use in Section 3.2.2.

3.2.2 Selecting the most significant indexes of the ACCF

To ensure that our number of free parameters is significantly less
than our number of observations (74), we include only a subset of
the CCF rather than the entire 49-element array of the CCF 0. We
choose the subset of the CCF by checking which indexes provide the
most statistically significant contribution in Equation 1. We check
for statistical significance by sampling the parameter space with Dif-
ferential Evolution MCMC (described in Section 3.3) and estimating
uncertainties on the CCF weights (w1, wp, ..., w;;). Commonly, when
including > 30 CCF indexes, the information at these indexes has
degeneracies which dilutes the significance, resulting in the highest
significance indexes only having 1 — 20 significance. This means
that for these indexes the value of the weights for CCF; is one to

8 'We note that subtracting this median is purely for visualization purposes
and not required for the regression algorithm.

9 The exact number is determined by optimizing the fit while preventing
overfitting as described in Section 3.4

10" the entire array of the CCF contains 161 values for the old DRS (3.7). This
was adjusted to 49 in the new DRS (2.3.5) to correct for oversampling of the
CCF.
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Figure 5. Estimated semi-amplitude for various model configurations. (a)
Estimated semi-amplitude (K) as function of number CCF indexes for both
the old DRS (grey) and new DRS (blue). As the number of CCF indexes
included increases, there a slight positive trend in K. (b) Estimated K for
K2-167 b in a two-planet fit model as described in Section 3.7. Generally, the
estimates of K agree within the errors for any of these model configurations.

two times its corresponding uncertainty. We then choose the 5-25
most statistically significant CCF indexes for our final model. This
exact number depends on the DRS version as explained in detail in
Section 3.6.1. When only including those “significant indexes” in our
model, the significance increases to 3 — So. Generally, we find that
the estimated semi-amplitude (K) of the Keplerian signal of K2-167
b is consistent for any of the number of CCF indexes tested (Figure
5).

3.3 Running our RV models with Differential Evolution MCMC

Once we have chosen our CCF indexes and the number of Keplerians
to include in our model, we sample our parameter space using dif-
ferential evolution MCMC implemented in edmemc!! (Vanderburg
2021). We implemented Gaussian priors to the P and ¢ parameters
based on the EXOFASTV2 transit fit results (Table 1), which are dis-
cussed in Section 4.2. We note that without including priors.on, P
and ., we recover the period and time of conjunction in.the RVs.
However, we include the priors in our analysis since they/allow'us to
get the tightest constraints on the mass of K2-167 b.,,We,model the
Keplerian signal of K2-167 b by using radvel’s keplex.rvZdrive
function (Fulton et al. 2018). After performing the MCMC fit, we
determine convergence of the parameters by using the.Gelman-Rubin
statistic (Gelman & Rubin 1992), where our, Gelman-Rubin thresh-
old < 1.01. We computed 5,000 MCMC chains*and discard the first
25% as burn-in before producing our posterior samples. We com-
pute the median and 68.3% confidence‘intervals to derive our final
parameter values. The results of our DE-MCMC analysis of the RVs
are described in Section 3.6.

3.4 Overfitting Diagnostics

Overfitting is a'significant problem in radial velocity analyses and
the state-of the‘art methods that are widely used to model and predict
stellar variability often do not agree within error. The severity of this
problem is'particularly evident in recent work by Zhao et al. (2022)
where 11 teams were invited to use their 22 different methods on ultra

11 https://github.com/avanderburg/edmemc
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precise EXPRES radial velocities of four stars that encompass various
levels of activity. There is a concerning lack of agreement between
these methods across these targets, which perhaps can be attributed to
some of the methods overfitting to noise in the observations. Recently,
(Blunt et al. 2023) demonstrated that Gaussian process regression,
one of the most common and state-of-the-art methods of modeling
stellar variability, can be susceptible to overfitting. We wanted to
prevent overfitting and thus set out to develop various methods to
mitigate the risk of overfitting.

We developed several diagnostic plots as illustrated in Figure 6.
We developed these diagnostics to prevent two common types of
overfitting concerns:

(i) Not properly centering CCFs such that planetary reflex motion
remains in the input data.

(ii) Using too many CCFs indexes such that there are too/many
free parameters compared to number of observations

To address the first concern, we plot the ACCFs in the first,column of
Figure 6 to check whether all translation shifts (i.e. planetary reflex
motion) were removed and the CCFs were properly centered. To
illustrate how this problem appears, we intenitionally did not center
the ACCFs in Figure 6a. We thus observe a sinusoidal-like pattern
for the red ACCFs which correspond to moreiredshifted RVs and the
opposite pattern for more blue ACCFs#*This is a tell-tale sign of a
translation shift still remaining within the ACCFs. We can understand
this shape by reminding ourselves,of the definition of a derivative
where we define the median CCF as f(x) and a redshifted CCF as
f(x — h) and thus can write

flo= ) ZF6)
h

Thus, the shape.expected from the difference between the redshifted
CCF and the median CCF is simply the derivative of a Gaussian. This
is illustrated in Figure A.1 where we simulated a few Gaussian curves
and added white Gaussian noise. We show the expected residuals for
improperly centered and properly centered CCFs in Figures A.la,b
and, A’lc,d respectively. When ACCFs are properly shifted to the
center, this pattern disappears as seen in both the simulated example
in Figure A.lc,d and in the real data in Figure 6d,g.

To address the second concern, we created diagnostic plots that
include the weights for the ACCFs as seen in the second column of
Figure 6. When too many CCF weights are included, we tend to see
structure in these weights plots that is caused by overfitting as one
weight is compensating for its neighboring weight. We illustrate this
in the second row of Figure 6 where we show a case where the ACCFs
are shifted properly but the number of indexes is too large. Although
this result in quite a low RMS of 2.3 ms~!, the large number of free
parameters results in overfitting on the noise in the data. We note
that even when this overfitting occurs, the planetary signal remains
preserved with a semi-amplitude of K ~ 2.2 ms~!.

Finally, we show an example in the third row of Figure 6 where
both the ACCFs are properly centered and the number of indexes
(5) is small enough to not result in overfitting. Both the derivative-
of-a-Gaussian pattern in the ACCFs and the structure in the weights
disappear.

£/(x) = Jim @

3.5 Introducing a new performance metric: unexplained scatter

To measure the original scatter in the data before applying any activity
correction, we compute the raw scatter, oraw, Which is defined as
the sample mean standard deviation of the RVs minus the expected
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Figure 6. Overfitting diagnostics for stellar activity RV analysis using the new DRS (2.3.5) HARPS-N ACCFs. The three columns in this Figure show the ACCFs,
the weight parameters corresponding to the ACCFs, and the phase-folded RV for three scenarios respectively. For each of the Figures in the third column (c, £,
i), we provide a legend which includes the scatter of the radialvelogities from the HARPS-N pipeline (raw rvs, std) in ms~!, the scatter of the activity corrected
radial velocities (corr rvs, std) in m s~!, and the predicted sémi-amplitide of the planet (planet preds, K) in ms~!. The first two rows corresponds to two different
overfitting concerns and the last row demonstrates a case.where.both of these concerns are addressed. In the first row (a, b, ¢), we plot the ACCFs that have not
been shifted to be centered at the median velocity. Without centering the ACCFs, the algorithm will be able to access translational shift (i.e. Doppler shifts)
information and attribute potential planet signals to stellar activity signals, significantly attenuating their amplitude. In the second row(d, e, f), we show a case
where the ACCFs are shifted but the number of indexes is too large. This results in overfitting as seen in the weights plot for the second row. In the third row(g,
h, i), we have only fed in the ACCF indexes that are considered significant (as described in Section 3.2.2) and use the properly shifted ACCFs.

measurement error such that:

3

where o0 measurementds the median estimated RV errors from the DRS
which includes photonmoise, drift noise, and errors in the wavelength
calibration (Dumusque’et al. 2021). Defining the scatter in this way
assumes that we can approximate the source of RV variations as
Gaussian noise and that they can be approximated as independent
scatternBoth of these assumptions are not true but this provides a
sufficient approximation of the noise. We then evaluate the reduction
in RV.scatter using two scatter metrics: the activity corrected scatter

Oraw = \/ SD(R VHARPS)2 = Ur%leasurernent

(0ac) and the unexplained scatter (oys). We define oy as

Tac = \/ (SD(RViarPs — RVsa))? = Teasurement “

where SD is the sample standard deviation, RVgarps are the raw
radial velocities from the HARPS DRS pipeline, RVgp are the stellar
activity contributions to the radial velocities as predicted by the given
activity model. This type of scatter metric 12 s sometimes used to
evaluate and compare stellar activity models, but this metric does

12 Sometimes the convention is to not subtract the measurement errors from
the instrument (O measurement) in calculating this scatter metric.
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Figure 7. Phase-folded RVs before and after applying our activity correction model. From the first to second column, we compare the phase-folded RV for the
old (3.7) and new (2.3.5) DRS. (a) Before applying our linear regression activity correction, the RV scatter is oy = 4.02'm s~ ! and we detect the semi-amplitude
of the planet with 3.0 confidence in the old DRS (3.7) RVS. (b) When we simultaneously fit our CALM, activitysmodel based on shape changes in the CCF
with a Keplerian, the detection significance increases to 4.30. ¢) For the new DRS, the raw scatter is much lower(0ay = 3.01 ms~!) and without applying an
activity model, we get a 4.30 detection. d) With an activity model, the raw scatter decreases to oray'= 2.41 ms~'and the detection significance remains the
same at 4.3 0. For a description of the scatter metrics, oraw and oy, see Section 3.5.

not account for the scatter that can be caused by planet signal(s).
Focusing on just reducing this scatter metric could unintentionally
incentivize removing planet signals rather than preserving them with
these activity correction methods. To partially address this concern,
we introduce a metric that subtracts modeled planet signals so we
primarily evaluate the activity model correction method on_ unex-
plained scatter rather than any scatter. We define the unexplained
scatter (oyg) as

Ous = \/ (S D(R VuArps — RVsa — R Vplanel))2 - Ur%leasurement )

where RVjjaner is the contribution of modeléd planets to the RV
measurements. We note that there can evidently still remain un-
modeled planet signals so this scatter metricidoes not fully address
the concern of incentivizing remoyal of planet signals to reduce
RMS. However, this can be a step towards finding better metrics for
evaluating our RV models.

3.6 MCMC Results

For both the new and old DRS, the MCMC successfully converged
to a solution for the.st¢llar activity model and the planet parameters.

For the old DRS'(3.7), we found that CALM stellar activity mitiga-
tion method yi€lds a significant improvement in both the RV scatter
(from 0w = 4.02 m s~ Lo oyus = 2.04m s_l) and the precision with
which we recover the mass of the transiting planet (improving a 3.00
significance detection into a 4.30 significance detection; see Figure
7a, b). With our MCMC fit, we derive a mass of 6.3t11'1 Mg and

find«that the orbital period and phase of the detection agrees with the
known'9.978543 day period from transit observations.

For the new DRS (2.3.5), we find that the CALM method does
improve the scatter in the RVs from from oyaw =3.01 m s to oys =
2.41ms~!. However, the level of stellar activity is already sufficiently
low in the new DRS that even without an activity model, we can detect
the planet signal at 4.30" significance (Figure 7c,d). When applying
our CALM framework, the detection significance remains at 4.30.
Although this does not provide a notable improvement, this result
does demonstrate that our method effectively preserves planetary
Doppler signals rather than removing them to achieve a lower RV
scatter. We note that after applying our activity mitigation method,
the final unexplained scatter in the new DRS (oys = 2.41m s_l) is
marginally higher than in the old DRS (o = 2.04ms™1). This may
be due to a difference in line lists between the old and new DRS where
less activity sensitive lines were used to derive the CCFs and RVs in
the new DRS. Although this may result in cleaner RVs, this may also
make it more challenging to remove remaining stellar activity signals
with the CCFs in the new DRS. In the future, using custom line lists
that are especially sensitive to stellar activity to compute custom
CCFs may allow us to mitigate the stellar activity more effectively
using CALM.

3.6.1 Results in Fourier Space: Activity Signal Peaks Decrease and
Planetary Signal Emerges

For both the old DRS and new DRS, we investigate the behavior of
raw and stellar activity corrected HARPS RVs in the Fourier domain
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Figure 8. Old DRS (3.7) Periodograms as a function‘of number of CCF indexes used in the stellar activity correction model. HARPS-N Raw (a) and Corrected
(b) RVs in Fourier space for 5 CCF indexes. In each panel, the 1.0% and 10.0% false alarm probabilities (FAP) computed using the bootstrap method are
indicated with green and black dotted lines, respectively! The long-term activity signals in panel (a) decrease in magnitude after applying the activity correction
in panel (b). The suspected rotation period and half the rotation period are indicated in grey. The planet period is indicated in yellow. As we increase the number
of included CCF indexes to N=15 (c) and N=25 (d), the peak corresponding to the star’s rotation period (Pyo) decreases significantly in magnitude after applying

the stellar activity corrections and a\planet signal emerges at 9.978543 days.

to investigate which (quiasi)-periodic signals are being modeled and
removed. To do thiS, we compute the Lomb-Scargle Periodogram
(Lomb 1976; Scargle.1982) of the RVs before and after applying
the CALM activity correction. We used the periodogram functions
in astropy.timeseries (VanderPlas et al. 2012; VanderPlas &
Ivezic¢ 2015) to implement a generalized Lomb-Scargle Periodogram,
wheresthe periodograms are normalized according to the formalism
in'Zechmeister & Kiirster (2009). In the periodograms corresponding
to the old DRS (Figure 8) and the new DRS (Figure 9), we indicate
the expected planet period (9.978543 days) from transits in yellow.

Based on the vsini = 3.8 km s~! derived from the SPC analysis
of HARPS-N spectra, we expect the rotation period of the star to be
~ 15 days and half the rotation period to be at ~ 7.5 days as indicated
by Prot and Pro/2 in grey in Figures 8, 9.

For the old DRS (3.7), we plot Lomb-Scargle Periodograms of the
RVs before and after applying the activity correction models with
increasing number of CCF indexes in Figure 8. As we increase the
number of CCF indexes (N) included in the CALM model from N=5
(Figure 8b), to N = 15 (Figure 8c), and finally to N = 25 (Figure
8d), we see that the peaks corresponding to Prot, Prot/2, and long-
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Figure 9. New DRS (2.3.5) Periodograms for 5 CCF indexes. HARPS-N Raw (a) and Corrected (b) RVs in Fourier space for 5 CCE.indexes. The 1.0% and
10.0% false alarm probabilities (FAP) computed using the bootstrap method are indicated with green and black dotted lines{respectively. The long-term activity
signals in panel (a) decrease in magnitude after applying the activity correction in panel (b). The suspected rotationperiod,and+half the rotation period are
indicated in grey. The planet period is indicated in yellow. From (a) to (b), the peak corresponding to a planet sighal‘at 9.978543 days increases slightly in

magnitude.

2 8

£ Detection

c 6 3.00

e

g 4

[=%

§ 2]

(=)

o

=

o —21

[i*]

5 4]

I

W g 1 m— K2-167 b: K = 1.55 +/-0.51, P = 9.98 d

& _g| Unbinned points, std=2.56 m/s

o © binned RVs

7 o

E o] i@ - i

LIJ _(5)_ + *‘ T [ 4 *‘ '

Q . . : . :
-4 -2 0 2 4

Phase (days)

@ 8
= Detection
= 6 0.70
Lo
s 44
i
0921
2 01
>
g
©,=21
Al
z Y
(7]
v —f{ ==emm Hypothetical Companion: K =1.36 +/-1.98, P=22.01d
Z 4 Unbinned points, std=2.53 m/s
© binned RVs
w
E 5: _______ & L .
= 0 rh T L
Y -54 9
o , . , , .
-10 -5 0 5 10

Phase (days)

Figure 10. Phasefolded two planet fita) The'RV model for K2-167 b is plotted in black and the binned RVs are plotted in yellow. The data is phase-folded on
K2-167 b’s period of 9.978543(days.\b) RV model for a hypothethical outer companion is plotted in blue and the binned RVs are plotted in yellow. The data is

phase-folded on the fitted period of 22101 days.

term stellar actiyity decrease in magnitude. A strong signal emerges
instead at the the expected planet period (9.978543 days). Thus, a
larger number of CCF indexes (25) clearly more effectively separates
stellar.activity signals from Doppler reflex motion and reveals plan-
etary-signals. However, this does not imply that we should infinitely
increase thé number of CCF indexes. As discussed in Section 3.4,
increasing the number of CCF indexes can result in too many free pa-
rameters compared to the number of observations and overfitting on

noise in the data. We explored using 5-40 CCF indexes and find that
~ 25 CCF indexes strikes the balance between preventing overfitting
and still modeling the stellar activity signals effectively.

For the new DRS (2.3.5), we plot periodograms of the RVs before
and after applying the activity correction model with 5 CCF indexes
in Figure 9. We do not include several activity models with increasing
number of CCF indexes since we did not find that increasing the num-
ber of CCF indexes made any notable difference in the periodograms
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for the new DRS. Although we do see the magnitude of the peaks
corresponding to Prot, Prot/2, and long-term stellar activity decrease
marginally in magnitude and a slightly stronger peak corresponding
to the planet period (9.978543 days) emerge in 9b, this effect is much
less pronounced compared to the old DRS. We expect that this is
due to a difference in the use of linelists in the new and old DRS to
compute the CCFs and RVs as discussed in Section 3.6.

3.7 Assessing the possibility of a second planetary companion

In our activity corrected periodograms (bottom panels of Figures 8,
9), we noticed a peak arising at ~ 22 days that could be hinting at a
secondary companion. This period does not correspond to sidereal
day, sidereal year, or lunation period aliases of K2-167 b or the
star’s rotation period and aliases. Thus, we performed a 2 planet
fit with our CCF linear activity model where K2-167 b is modeled
as a Keplerian and the possible companion is modeled as a cosine
function to keep free parameters to a minimum. Although our DE-
MCMC model converged (Gelman Rubin values of < 1.009) and the
fit looks relatively convincing as seen in Figure 10, we do not find
a significant detection for this potential second companion. From
the corner plot showing the distribution of possible periods (P2) in
Figure A.2, we see that multiple periods between 21.6 and 22.8 could
fit the observed data, which may help explain the lack of significant
detection. Additional RV measurements are necessary to constrain
the period and confirm or rule out this companion’s existence.

3.7.1 Comparing CALM to traditional activity indicators

For the old DRS, which shows a larger scatter, we compared our
CCF activity indicators with traditional activity indicators such as
s-index, Ha, NaD, and other CCF metrics such as bisector (BIS),
full-width-half-maximum (FWHM), and contrast. In Figure 11, we
evaluate these methods and compare them with the CCF method by
both examining how well the planet signal is preserved and what the
final remaining scatter in the RV measurements is. We use the scatter
metrics defined in detail in Section 3.5 for this comparison. We find
that using any combination of activity indexes and/or BIS, FWHM
results in a higher final unexplained scatter and a less $ignificant
detection of K2-167 b’s mass. In particular, using onlythe BIS,
FWHM, and contrast results in the highest final unexplained Scatter
of 3.18 m s~ ! with the lowest significance of detection-of 2.920-. The
other activity indicator models perform marginally‘better and yield
detections of 3.160° to 3.250. However,“when we ‘include CCFs,
we see a significant reduction in unexplainediseatter and increased
detection significance. Both the 25¢CCF CALM model and the 25
CCF model with activity indexes (s-index/Ha, NaD) yield a oys =
2.0 ms~!, which is the lowest ousewe find. The 25 CCF CALM
model has the higher detection significance with 4.290- compared to
3.95¢ for the CCF witheactivity.indexes model. Thus, overall the 25
CCF CALM model leads to the lowest oys and the highest detection
significance among these,methods.

3.8 Final RV model

For our final RV model, we use the new DRS (2.3.5) RVs and the
5 C€CF activity indicator CALM activity correction model since this
yields the lowest final unexplained scatter (ovs). The CCF activity
indicators are then used in the global transit, radial velocity, stellar
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Figure 11. Comparison between using CCFs, CCF metrics (FWHM, bisector,
contrast), and activity indexes (s-index, Call, NaD, H, ) asaetivity correction
models for the Old DRS (3.7). On the bottom panel, the corrected scatter
metrics (0, Oys) for each of the activity modelsware plotted. The activity
corrected standard deviation o, measures the scatter in the activity cor-
rected RV measurements. The unexplained scattér (o) measures the scatter
remaining after removing all known contributions (stellar activity, planet
signal, estimated instrumental noiseyphoton noise) to the RV signal. These
scatter metrics are defined in more detail in Section 3.5. In the top panel, we
include the estimated semi-amplitude of K2-167 b for each activity correction
model and the corresponding €rror bars and detection significance to check
how well the planet signal\is preserved for each activity mitigation method.

parameter, fit toydecorrelate the RVs as further described in Sec-
tion4.2. We do not include the possible additional planet that we
investigated as described in Section 3.7 in our final RV model.

4"K2-167 SYSTEM PARAMETERS

In addition to performing the RV activity mitigation analysis, we also
measure the spectroscopic properties and use the CALM activity
indicators to perform a global transit and stellar parameter analysis
to derive the refined K2-167 system parameters as described in this
section.

4.1 Spectroscopic Parameters

Using all 74 of the HARPS-N spectra, we measure the spec-
troscopic properties of K2-167 using three independent methods:
ARES+MOOG!3-14 (Sousa 2014), CCFpams!® (Malavolta et al.
2017), and Stellar Parameter Classification (SPC) (Buchhave et al.
2014).

First, we measured the spectroscopic parameters using
ARES+MOOG, which is a curve-of-growth method that relies on
neutral and ionized iron lines and is further described by Mortier,
etal. (2013). We co-added all the spectra, used ARES2 (Sousa 2014;
Sousa et al. 2015) to measured equivalent widths of iron lines, and

13- ARESV2: http://www.astro.up.pt/ sousasag/ares/
14 MOOG- 2017: http://www.as.utexas.edu/ chris/moog.html
15 https://github.com/LucaMalavolta/CCFpams
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Parameter Units Values
Observed Stellar Parameters

logg .. Spectroscopic surface gravity (cgs). ... 4.10 £ 0.05
Tefr - - - Effective Temperature (K)........ 6083 + 90
[Fe/H] . Metallicity (dex) ............ —-0.34 £ 0.09
vsini.. Projected rotational velocity (kms~!). .. 3.8+0.5
Derived Stellar Parameters

My... Mass (Mo) ... ... 1.109*0:
Ry... Radius (Rg) .. vvvvvenn... 1.554+0:050
Ly... Luminosity (L) ............ 3.0810-"6S
Ox ... Density (cg8).............. 0.419j§5_§§59
Age .. Age (Gyn? .............. 5.6f2212
logg .. Model-derived surface gravity (cgs) ... 4.102’:%'.%5525
uj ... Kepler-band linear limb-darkening coeff . 0.342 + 0.050
uj ... TESS-band linear limb-darkening coeff .. 0.242 +0.030
up ... Kepler-band quadratic limb-darkening coeff 0.31142%»%‘;%
up ... TESS-band quadratic limb-darkening coeff 0.298 +0.029
Planetary Parameters: b

P.. Period (days).............. 9.978543+0.00002%
Mp .. Mass (Mg) oo, .0+17
Rp... Radius (Rg) P oo 2.33j%5¥175

Tc ... Time of conjunction (BJDtpp)© ..... 2456979.9329 + 0.0016
a. Semi-major axis (AU).......... 0.0939+0-0029
i.... Inclination (Degrees) .......... 86.61’:5553
e.... Eccentricity .............. 0.30*:%' 1169

Wi ... Argument of periastron (degrees) .... 99’:‘;‘%

€COS Wy i -0.03+£0-14
esinw.. 0.26*%17

Mp sini Minimum mass (Mg) ......... 6.962’:11'%6523I

Mp /M, Massratio ............... 0.0000173 + 0.0000044
K.... RV semi-amplitude (ms™1) ....... 1.88’:%.‘2%

Teg- .. Equilibrium temperature (K)¥ . 4. . 1203Jj225
Rp/Ry. Radius of planet in stellar radii’>. . .} 0.01444*+0.C0077
a/Ry.. Semi-major axis in stellar radii, /. ..+ 13.01 £ 0.64
d/Ry.. Planet/star separation at mid transit, <. . 9.5“:32'_%

S.... Transit depth in Keplér (R /Rx)” ... 0.0002299+0, 0000086
5.... Transit depth in ZESS, (R /Rx)” € ... 0.0002235*0, 0000097
Ty... Total transit.duration (days) .. ..... 0. 1507t%'.%?(’)%9
b.... Transit Impact parameter ........ 0.60*0: 1%

(F) .. Incident Flux'(10° erg s~! cm=2).. ... 0.425’:%%1‘;

Table 1. Photometric Properties and Median Values and 68%, Confidence Interval for Global EXOFASTv2 Models for the K2-167 system. See Table 3 in

Eastman et al. (2019a) for a detailed description of all parameters.

a) We note that age measurements.derived from isochrones have been found to have large systematic uncertainties (Torres et al. 2010).

b) We note that this is in equatorial earth radii.
¢) Time of conjunction is commonly reported as the "transit time"
d) Assumes no albedo and perfect redistribution.
¢)'The difference in transit depths for Kepler and TESS is is due to limb darkening effects.

used MOOG (Sneden 1973) to.determine atmospheric parameters.
We accounted for systematic effects in ARES+MOOG by using the
surface gravity corrected method from Mortier et al. (2014). Our
systematic errots weréyadded to our precision errors in quadrature.
These precision ecrors are intrinsic to the method. The systematic
errors are 60 K for the the effective temperature, 0.1 dex for the sur-
face gravity,"and 0.04 dex for the metallicity (Sousa et al. 2011). This
analysisyielded an effective temperature Tog MooG = 6115 + 69 K,
surface gravity 1og gcgs, Mo00G = 4.12 £ 0.13, and an iron abundance
[Fe/Hlmoog = —0.32 + 0.04.

The CCFpams method (Malavolta et al. 2017), which relies on an

empirical calibration that uses the width of CCFs to determine the
effective temperature, surface gravity, and iron abundance. Using the
same systematic errors for effective temperature, surface gravity, and
metallicity as used for ARES+MOOG from Sousa et al. (2011), this
method computed an effective temperature Tefr, cCFpams = 6092
68 K, surface gravity 10g gcgs,cCFpams = 4.09 £ 0.12, and an iron
abundance [Fe/H]ccppams = —0.34 + 0.05.

We used the Stellar Parameter Classification (SPC) method (Buch-
have et al. 2014), which determines stellar atmospheric parameters
by cross-correlating a stellar spectrum with synthetic spectra from
Kurucz (1992) model atmospheres and then interpolating correla-
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tion peaks to find the effective temperature, surface gravity, and
metallicity. We ran SPC on all our HARPS-N spectra. Using a prior
on gravity of log gcgs,spc = 4.12, we measured a temperature of
Tefr,spc = 6047+49K, a surface gravity of log gces spc = 4.12+0.10,
an iron abundance [Fe/H]spc = —0.37 + 0.08, and the projected
rotational velocity vsinigpc = 3.8 + 0.5km s~ !.

Lastly, we computed the weighted average across all three meth-
ods. The weighted average yields an effective temperature Tef ayg =
6083 = 90K, a surface gravity of log gcgs,avg = 4.10 + 0.05, and an
iron abundance [Fe/H]ayg = —0.34 + 0.09. We adopt these values
and include Teff avg and [Fe/H]ayg as Gaussian priors in our global
transit and stellar parameter analysis.

4.2 Global Transit/Stellar Parameter Analysis

To refine the ephemerides and system parameters of K2-167 b, we
used the fitting software EXOFASTv2 (Eastman et al. 2013; Eastman
2017; Eastman et al. 2019b), which allows us to combine transit
observations from several missions with our spectroscopic parame-
ters and archival photometry. In particular, we simultaneously fit the
TESS, K2 photometry, RVs, and stellar parameters (see Section 2).
In addition to including the RVs, we include the CCF-based activity
indicators derived from the CALM model (described in Section 3.2)
and use these to detrend the RV's in the EXOFASTv2 fit. Since this de-
trending is identical to performing a linear regression, incorporating
the CCF activity indicators in EXOFASTv2 is identical to using our
CALM model for the RVs. In this fit, we constrain the possible mass,
radius, and age of the host star according to the MESA Isochrones
and Stellar Tracks (MIST) and stellar evolution models (Paxton et al.
2011, 2013, 2015; Dotter 2016; Choi et al. 2016).

We required a Gelman-Rubin statistic (Gelman & Rubin 1992) of
less than 1.01 and at least 1000 independent draws in each parameter
to ensure strict convergence criteria. We imposed Gaussian priors
on [Fe/H] and T.g using the weighted averages derived from our
spectroscopic analysis described in Section 4.1. The results of our
fit are shown in Figure 2 and Table 3.7.1. In the EXOFASTV2 fit, we
find M), = 70J:1177 Mg and thus we find close agreement between

the CALM estimate of mass (6.3t11'_‘}‘ Mg) and the mass measured by
Bonomo et al. (2023) (6.51% Mg).

4.3 Stellar variability signatures in the photometry

We examined both the K2 and TESS, light curves to look for stellar
rotation signals. We did not find significant rotation signals in the
TESS data. The K2 light curves have higher photometric precision
and probe a bluer wavelength region compared to TESS and thus
should be able to probermere,stellar variability. For both the TESS
and K2 data, We used the unflattened light curve that is not corrected
for systematics since the,systematic corrections often also remove
stellar variability sighals. We observe less than 0.1% variability in
the K2 light cuvressIn Figure 12, we examine the K2 light curve in
Fourierspace andAind no significant signals at the expected rotation
period (Pror ~ 15 days). We find that the periodogram is dominated
by K2 instrumental systematics. Significant signal loss is expected
for, K2 due to long-term systematic noise (e.g. differential velocity
aberration) for periods greater than 15 days (Van Cleve et al. 2016)
and make it challenging to detect oscillations and rotation signals.

031 K2LC Prot Instrumental
Systematics

5 0.2
£
T

0.1

0.0 T 7 . .

1 2 5 10 20

Period (days)

Figure 12. Periodogram of K2 photometry. In grey, the expected stellar rota-
tion period (Prot) of ~ 15 days is indicated and the instrumental systematics
that dominate signals with P > 20 days are indicated. The instrumental sys-
tematics dominate the Fourier spectrum of the K2 light curve.

5 DISCUSSION

In this work, we have measured the mass of K2-167 b as 6.3t1]'i Mg
by taking advantage of the reduction in scattertesuliing from updates
to the HARPS-N Data Reduction System (2.3.5) and our new stellar
activity mitigation method (CALM). This' measurement agrees within
error with the recently published aass”measurement of Bonomo
et al. (2023) (6.5‘:11'65 Mg), which was part of a larger statistical
sample of exoplanet systems.Together with our radius measurement
(2.33t%1175 Rg), we can use our ‘precise mass measurement to place
constraints on K2-167 b’s composition. We compared our measured
mass and radius to ass-radius relations for planets of different
compositions from Zeng et’al. (2016). In Figure 14, we demonstrate
this newly determined jmass in a mass/radius diagram. The mass
and composition, of K2-167 b is not consistent with an Earth-like
composition (32.5% Iron core, 67.5% silicate mantle). Rather, K2-
167 b'is less dense than earth-like planets and falls closer to the pure
ice.(HpO) mass-radius relation from Zeng et al. (2016).

This leaves several possibilities for the exact composition of K2-
167,b? This planet could be a mixture of rock, iron, and hydro-
gen/helium (H/He). One possibility would be that K2-167 b has an
earth-like iron core and mantle that is surrounded by a volatile enve-
lope, which is believed to be a common composition for super-Earths
and sub-Neptunes (Weiss & Marcy 2014; Rogers 2015; Dressing et al.
2015). Another possibility is that K2-167 b is a planet with a much
smaller iron core than earth and mostly or entirely consists of water
or methane or some other heavy volatiles.

Despite the fact that this planet was originally detected over 8
years ago, only recently has it been possible to make such inferences
about its composition. Like many other low-mass planets, K2-167 b
was first detected using the transit method and was validated several
years ago but stellar activity prevented astronomers from measur-
ing its mass until recently. To ensure the robustness of K2-167 b’s
mass measurement, we performed an extensive RV analysis where
we compared our CALM framework to traditional activity mitigation
methods (H-a, s-index, FWHM, BIS, etc). Instead of using these indi-
cators, our method exploits the activity-induced line shape changes in
the spectra without requiring timing information like Gaussian Pro-
cess regression. We trace these shape changes using CCFs and find
that this method either outperforms or produces comparable results
to traditional methods.

The fact that different data reduction software versions, which use
different linelists, yield radial velocities with significantly distinct
stellar activity characteristics suggests interesting future directions in
terms of mitigating stellar activity. The effectiveness of spectra-based
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Figure 13. Residual CCFs (ACCFs) from the new DRS (2.3.5) for two example stars, K2-2 (Thygeson et al. in prep) and LTT 3780 (Cloutier et al. 2020)»Although
the new DRS (2.3.5) did not show a clear pattern in shape changes for K2-167, we can see that other targets do clearly exhibit shape changes certesponding to
stellar variability and could potentially benefit from our CALM method.

activity mitigation methods has already been shown to be highly by investigating the timescale on which mass loss takes place. Since
dependent on linelists and McWilliam et al. in prep recently found photoevaporation is expected to proceed. on timescales shorter than
that using chromatic CCFs, which are CCFs that use only part of the 100 million years, measuring the compositions of planets younger
spectral orders, add complementary information for stellar activity than this age is of strong interest. Unfortunately, stars this young typ-
mitigation for the Sun. Thus, in the future, we plan to generate our our ically have very high levels of“stellar activity, making their precise
line profiles generated using primarily activity sensitive lines such characterization difficult and makingthem prone to overfitting using
that we can apply CALM to these profiles rather than to CCFs from current state-of-the art techniques like Gaussian Processes (Blunt
the HARPS-N DRS, which may greatly increase the effectiveness of et al. 2023). Applying, CALM_or similar techniques to these young
spectra-based activity mitigation techniques like CALM. stars could open the doorto'measuring more masses and densities for

transiting planets, orbiting bright young stars (i.e. EPIC 247589423

. i (Mann et al.2018), HD 283869 (Vanderburg et al. 2018), V1298 Tau
5.1 Prospects for using CALM on other stars with the new DRS 1y 0.4 (419019, DS Tuc A (Newton et al. 2019; Benatti et al.

In the future, we plan to apply our CALM method to variety of others 2019)) andyprovide insight into the timescales of mass loss for these
stars of different stellar types and different ages. Although the new planets.
DRS (2.3.5) RVs for K2-167 did not require our method to derive
a mass a measurement, this is not the case for other targets. From
preliminary analyses, we have found that CALM can be effective at
predicting and mitigating stellar variability for several stars with data
from the new DRS (2.3.5). In Figure 13, we show two examples of 5.3 Future further characterization of K2-167 b
the residual CCF observations for K2-2 (Thygeson at el. submitted),
a KO-type star, and LTT 3790 (Cloutier et al. 2020), an-M4-type star.
Both these targets have planets confirmed with transits and we find
that CALM can reduce the RV scatter while preservingandincreasing
the signal strength of the planetary reflex motion.

In addition to using CALM to model .magnetic activity, we are
hoping to develop methods to model granulation,-which is especially

In the future, additional RV observations of K2-167 b could allow us
to use a larger portion of the average line spectrum and potentially
improve our modeling of the stellar variability. If timed during transit,
additional RV measurements could allow us to measure the spin-orbit
angle using the Rossiter-McLaughlin (R-M) effect (Rossiter 1924;
McLaughlin 1924). We compute the expected RM radial velocity
deviation ARVR\ using the approximation from Seager & Dotson

relevant for stars with high surface gtavity. The granulation-induced (2010) that

RV variation is anti-correlated with flicker,,which are low-level pho-

tometric variations induced by'\granulation (Bastien et al. 2013). ARVgm = ( Rp )2,/1 — b2ysini 6)
Recently, Lakeland et al. (2023) found that granulation and super- Ry

granulation are some of the main remaining limiting factors in reach- For K2-167 b, the expected RM radial velocity deviation is ARVRry ~
ing tens of cm s~1 levél for solar observations. Thus, it is critical that 20.1 ms~land should be measure-able with precision and high-
we find ways to model and predict granulation and supergranulation, precision spectographs. R-M measurements could provide insight
especially for solar-like,stars. into the angular momentum history and thereby dynamical history

of the K2-167 system.
For future atmospheric target selection studies, we calculated the

5.2 Applyi ALM t lanet t
pplying C 0 young planetary systems Transmission Spectroscopy Metric (TSM; Kempton et al. 2018) and

Indproved activity mitigation methods are especially interesting for the Emission Spectroscopy Metric (ESM; Kempton et al. 2018) for
helping to constrain the mechanisms involved in creating the radius K2-167 b. We find that T7SM = 6.06 and ESM = 4.12, which means
valley. One of the best ways to distinguish the most commonly pro- that K2-167 b is not an ideal target for transmission and a moderately

posed mechanisms, photoevaporation and core-powered mass loss, is favorable target for emission.
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Figure 14. The mass/radius diagram for small exoplanets. Planet masses and radii come from the NASA Exoplanet Archive(Akeson et al. 2013), accessed May
7,2023. The darkness of each of the symbols is directly proportional to the precision of the mass and radii measurements. The ¢olored lines represent theoretical
mass/radius relations for solid planets of various compositions from (Zeng et al. 2016) and for cold hydrogen planets fromr(Seager et al. 2007). The planets in
our solar system are plotted in blue and K2-167 b is plotted in purple with their corresponding uncertainties.

6 CONCLUSION

In this paper, we have developed a new spectral-based activity miti-
gation method called CALM and used it to characterize the K2-167
system, which has a planet at the edge of the radius valley. In-depth
characterization of systems like this can be especially critical in prob-
ing the formation physics of the radius valley. In this paper, we have
specifically obtained the following results:

(1) We performed a detailed RV analysis, where we compared
CALM to various traditional activity indicators, evaluated various
HARPS-N DRS versions, and tested a range of number of CCE
activity indicators within the CALM framework. Across all of thése
analysis choices, we derive a consistent mass within uncertainty and
find that the period agrees with the transit period of P = 9.978543
days. Our final CALM model derives a mass of M, = 6.3t11'i Mg

(2) We find that the effectiveness of CALM at reducing the RV
scatter is highly dependent on the version of the,HARPS-N DRS
used, which suggests that this is highly dependent.on the choice of
linelists. In the future, custom linelists to compute'CCFs may greatly
increase the the effectiveness of spectra based techniques like CALM.

(3) We investigated our RV results in Fourier space using peri-
odograms to understand which periodie,signals were responsible for
the observed decrease in RV scatternUsing CALM, we find that both
stellar rotation signals and“long-term” magnetic activity signals de-
crease in magnitude while preserving the planet signal. This effect
is most prominent in<he old DRS (3.7). In the new DRS (2.3.5), we
do not see the signal strength of activity signals signal decrease sig-
nificantly, but the planet signal is preserved nonetheless. We expect
that this difference, is-the result of the different linelists used in the
different’'DRS versions.

(4).Weperformed a joint fit with the RVs and transit using EXO-
FASTv2: We found consistent mass estimates and refined the radius
OR, = 2.33t%.1175 Rg, which places K2-167 b at the upper edge of
the radius valley. We refined the stellar parameters using three spec-

troscopic parameter estimation methods, and computed the weighted

average across these methods;'which yields an effective temperature
Teff avg = 6083 £ 90K, a surface gravity of 1og gcgs,avg = 4.10£0.05,
and an iron abundance [Fe/H |4y = —0.34 + 0.09.

(5) We investigated the possibility of a secondary companion at
a ~22 day orbital period, but we found degeneracies in the possible
periods and nossignificant detection. Further RV follow-up may help
refine/the period and confirm or rule out a possible companion.

(6)»We introduced a new scatter metric called the unexplained
scatter that accounts for both modelled stellar variability and mod-
elled planetary signals to asses model performance. We introduce
this‘metric since commonly used scatter metrics do not account for
scatter originating from un-modelled planets and sometimes inad-
vertently incentivize removing planet signals rather than preserving
them.

(7) We compared our CALM model to traditional activity indica-
tors (s-index, Ha, NaD, bisector of the CCF, FWHM of the CCF,
contrast of the CCF) and find that our models outperform any com-
bination of these indicators for the old DRS. Our CCF-based CALM
model both reduces the unexplained RV scatter and results in more
significant mass detections.

(8) Combining our mass and radius measurements, we place con-
straints on K2-167 b’s composition and find that it is less dense than
would be expectected for an earth-like composition. This means that
it could have either (i) an earth-like iron core and mantle with a
volatile envelope, or (ii) a much smaller iron core and further consist
of water, methane, or other heavy volatiles.

(9) Furthermore, we demonstrate that although CALM only yields
a more significant mass detection for the old DRS (3.7) and not the
new DRS (2.3.5), this is not the case for several other stars (e.g. K-
type stars K2-2, M-type star LTT 3790) where we do reduce the RV
scatter and increase the mass detection significance using the new
DRS.

In the future, continued development and broad deployment of
stellar activity mitigation algorithms will have wide-ranging appli-
cations in exoplanet science. Methods like these could unlock the

¥20z fienuepr gz uo Jesn weybuiwag 1o AlsiaAiun Aq 8661.8S///0Z9B1S/SEIUW/SE0 L "0 /I0P/a|oNiB-80UBAPE/SEIUW/WOD dNo"oIWapeoe//:sdny WoJj papeojumoq



ability to measure masses of planets orbiting active stars spanning
the HR diagram and pave the way towards precise characterization
of larger exoplanet populations in the super-Earth and sub-Neptune
regime.
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APPENDIX

In this appendix, we include the radial velocity measurements in-
cluded in this analysis (Table A.1). In addition, we provide a sup-
plemental figure that visually explains the CCF shape diagnostics
used to prevent overfitting in the RV analysis (Figure A.1. Lastly, we
provide an MCMC corner plot for the two planet RV fit where the the
period of a hypothethical companion is poorly constrained (Figure
A2).
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Figure A.1. Understanding CCF Shape Diagnostics. a) Simulated CCFs that are red-shifted (red), blue-shifted (blue) and the median CCF (g %.
These CCFs are not shifted to the center. b) The residual CCF (simulated CCFs minus the median CCF) are plotted and are equivalent to thé,derivatives of a
Gaussian. ¢) A red-shifted (red), blue-shifted (blue) and median CCF (grey) are plotted. However, in this case they are all centered at t e and we
simulated some white Gaussian noise as a simple approximation to shape changes induced by stellar activity. d) The residual CCF (si: s minus the
median CCF) are plotted and do not resemble the derivatives of a Gaussian.
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Figure A.2. DE-MCMC corner plot for two planet fit. For K2-167 b the free parameters are semi-amplitude (Amplitude), period (P), Time of periastron passage
(Tp). Eccentricity is frozensat.e=0for this fit. The potential companion is modeled by a cosine curve and thus the free parameters are semi-amplitude (K2),
period (P2), and phaseAphi2). For P2, we can clearly see that the data can be consistent with multiple possible periods.
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