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Abstract

For solar-type stars, spots and their associated magnetic regions induce radial velocity perturbations through the
Doppler rotation signal and the suppression of convective blueshift, collectively known as rotation modulation. We
developed the Rotation—Convection (RC) model: a method of detrending and characterizing rotation modulation
using only cross—correlation functions or one-dimensional spectra without the need for continuous high-cadence
measurements. The RC method uses a simple model for the anomalous radial velocity induced by an active region
and has two inputs: stellar flux (or a flux proxy) and the relative radial velocity between strongly and weakly
absorbed wavelengths (analogous to the bisector—inverse slope). On NEID solar data (3 month baseline), the RC
model lowers the amplitude of rotationally modulated stellar activity to below the meter—per—second level. For the
standard star HD 26965, the RC model detrends the activity signal to the meter—per—second level for HARPS,
EXPRES, and NEID observations, even though the temporal density and time span of the observations differ by an
order of magnitude between the three data sets. In addition to detrending, the RC model also characterizes the
rotation—-modulation signal. From comparison with the Solar Dynamics Observatory, we confirmed that the model
accurately recovers and separates the rotation and convection radial velocity components. We also mapped the
amplitude of the rotation and convection perturbations as a function of height within the stellar atmosphere.
Probing stellar atmospheres with our revised spot model will fuel future innovations in stellar activity mitigation,
enabling robust exoplanet detection.

Unified Astronomy Thesaurus concepts: Exoplanet detection methods (489); Radial velocity (1332); Stellar

activity (1580)

1. Introduction

The radial velocity (RV) method has proved invaluable in
the discovery and characterization of extrasolar planets (Mayor
& Queloz 1995; Butler et al. 1996; Mayor et al. 2011). In
addition to white noise from photon-limited uncertainties, the
noise floor for RV measurements is set by instrumental
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systematic errors, telluric contamination, and the stellar
variability of the host stars (see Isaacson & Fischer 2010; Luhn
et al. 2020). The current and next generation of extreme-
precision spectrographs are lowering the instrumental systema-
tics noise floor to at or well below the meter-per-second level:
HARPS (Mayor et al. 2003), HARPS-N (Cosentino et al.
2012), ESPRESSO (Mégevand et al. 2014), KPF (Gibson et al.
2016), EXPRES (Jurgenson et al. 2016), NEID (Schwab et al.
2016), and Maroon-X (Seifahrt et al. 2018). The discovery and
characterization of extrasolar planets using RV measurements
is now primarily limited by noise sources from stellar
variability.

Multiple physical processes contribute to stellar variability.
From the shortest to longest variation timescales, the relevant
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activity mechanisms are: (i) expansion and contraction of the
stellar surface from pressure-mode (p-mode) oscillations
(period of 5 minutes and amplitude of order ~0.5ms ' for
the Sun, Strassmeier et al. 2018), (ii) changing granulation
patterns (periods of minutes to days and amplitudes on the
ms ! level for the Sun, Rieutord & Rincon 2010), (iii) rotation
modulation as spots and their associated magnetic regions
move across the stellar disk (period of 25 days and amplitude at
the ms ' level for the Sun, Al Moulla et al. 2023), and (iv)
long-term activity from changes in the spot fraction on
multiyear timescales. See the introduction section of de Beurs
et al. (2022) for an in-depth review.

Significant effort has gone into understanding and mitigating
each of these anomalous RV signals. The signatures of p-
modes and granulation can be approximately averaged out with
longer exposure times and multiple observations per night
(Dumusque et al. 2011). Targeted observing strategies can
reduce the residual p-mode variations to 10 cm s~ for the Sun
(Chaplin et al. 2019); however, granulation induces RV
variations on timescales ranging from hours to days (Rincon
& Rieutord 2018), limiting the effectiveness of averaging. With
a characteristic timescale of the stellar rotation period, rotation
modulation cannot be easily mitigated by observing strategy
alone. Rotation modulation originates from the RV perturba-
tions induced by spots and their associated magnetic regions.
Spots and magnetic regions generate RV perturbations through
two effects: (i) the darkness (brightness) of the spot (faculae)
relative to the unspotted photosphere induces a flux imbalance
between the rotationally red- and blueshifted hemispheres and
(i) the magnetic region locally suppresses convective blueshift
(see Aigrain et al. 2012).

Rotation modulation is a significant barrier to planet
detection and characterization with RVs. The RV perturbations
are typically larger than the systematic noise floor for current
and next-generation spectrographs, and the variations can be
mistaken for Keplerian due to their quasiperiodic nature. Past
data-driven attempts to mitigate rotation modulation include
linear regression to an activity indicator (e.g., strength of the
Call lines, width of the cross-correlation function, or broad-
band photometry), Gaussian process regression (e.g., Haywood
et al. 2014; Dai et al. 2017; Jones et al. 2022), spectral line
decomposition (e.g., Collier Cameron et al. 2021; Zhao et al.
2022a), machine learning (e.g., de Beurs et al. 2022; Liang
et al. 2024), and optimized observation scheduling (Gupta &
Bedell 2024). While the landscape of activity mitigation has
grown rapidly, anomalous RV signals from stellar variability
remain a barrier to exoplanet detection and characterization.
Zhao et al. (2022b) applied 22 different methods to EXPRES
observations of four low-to-moderate activity stars and found
no method consistently reduced the activity perturbations to
below the meter-per-second level. Activity mitigation methods
can also suffer from overfitting (e.g., Blunt et al. 2023).

Physically motivated activity mitigation offers an alternative
to the data-driven methods enumerated above. Models that
leverage our knowledge of stellar activity can be less flexible,
less vulnerable to overfitting, and more readily interpretable.
The simplified picture of rotation modulation (i.e., the
anomalous RV signal arises from the flux imbalance between
the rotationally red- and blueshifted hemispheres and the
suppression of convective blueshift) inspired the FF' method
(Aigrain et al. 2012); this method uses the simplified spot
model to express the anomalous RV signal induced by an
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active region in terms of the host star’s flux and the first-time
derivative of flux. The FF' method is currently limited to data
sets where photometry—or a flux proxy (e.g., Rajpaul et al.
2015; Giguere et al. 2016)—is available and the temporal
sampling is great enough for calculation of the first-time
derivative of flux.

The motivation for the work described in this paper was to
(1) increase the applicability of the spot model—i.e., relax the
FF’ method’s requirement on high-cadence observations—and
(i1) explore the physics of stellar activity. Investigations of
stellar activity often rely upon spectrum-averaged RV mea-
surements. For example, cross correlation of the observed
spectrum against a template of rest-frame spectral lines yields
the cross-correlation function (CCF), i.e., the spectrum-
averaged line profile (Baranne et al. 1996). The spectrum-
averaged (“bulk”) RV motion is then measured by locating the
CCF’s peak. However, the rotation-modulation RV signal is
known to be wavelength dependent. Prior studies established
that the rotation-modulation signal varies between shallow and
deep spectral lines (Cretignier et al. 2020) and between
strongly and weakly absorbed wavelengths (Al Moulla et al.
2022). These trends imply the rotation-modulation signal varies
with altitude in the stellar atmosphere; wavelengths subjected
to relatively high levels of absorption trace higher altitudes in
the stellar atmosphere than wavelengths with comparatively
lower levels of absorption (Gray 2009; Al Moulla et al. 2022;
see Section 4.1). By considering how the rotation-modulation
signal varies within the stellar atmosphere, we have developed
a method of both detrending and characterizing stellar activity-
induced RVs.

This paper is organized as follows. In Sections 2 and 3, we
describe the observations used in our study and our methods of
extracting RV measurements, respectively. We introduce our
revised spot model in Section 4 and apply it in Section 5. Our
discussion and conclusions are presented in Sections 6 and 7.

2. Observations

We studied two stars: the Sun and the well-studied RV
standard star HD 26965. Solar observations have high signal-
to-noise ratios (SNR) and enable comparison between disk-
integrated RVs and spatially resolved images of the Sun.
HD 26965 is part of the NEID Earth Twin Survey (NETS,
Gupta et al. 2021) and has been observed by several
spectrographs over the last few decades. As a moderately
active star with an extensive history of RV observations,
HD 26965 is a valuable testbed for activity mitigation strategies
due to its inherent brightness (V~4.4) and clear rotation
modulation (Diaz et al. 2018; Ma et al. 2018; Zhao et al. 2022b;
Laliotis et al. 2023; Burrows et al. 2024). Stellar parameters
and selected observations are summarized in Table 1.

For the Sun, we investigated 3 months of NEID observations
from 2022 February 25 to June 3. A wildfire in Arizona in the
summer of 2022 halted observatory operations and required an
emergency shutdown of the NEID spectrometer. Routine
operations began again in 2022 November. Of observations
prior to the fire and instrument shutdown, this time span offers
the longest continuous baseline with a detectable rotation-
modulation RV signal. To limit the effects of differential
extinction (the spurious RV signal induced by the extinction
gradient over the solar disk, Deming et al. 1987; Collier
Cameron et al. 2021), we restricted ourselves to observations
made within 1.5 hr of solar noon, i.e., a 3 hr wide window.
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Table 1
Summary of Targets, Instruments, and Observations
Target M Tets log g [Fe/H] log R'uk Instrument N Start Baseline rms
(M) (K) (BJD) (days) mshH
Sun 1 5770 4.0 0.0 —4.91 NEID 9081 2459636.2 98.0 2.05
HD 26965 0.76 5151 4.54 -0.3 —4.99 HARPS 248 2452939.8 1776.1 2.79
EXPRES 176 2458716.0 908.6 2.75
NEID 63 2459504.0 147.6 243

Note. For both stars, we adopt vy = 0.85 km s~ and vp,. = 3.98 km s~! (Valenti & Fischer 2005). The properties of HD 26965 are from Diaz et al. (2018). The
log R'yk activity indices are quoted from Mamajek & Hillenbrand (2008) and Jenkins et al. (2011) for the Sun and HD 26965, respectively. The number of
observations is after filtering (see Section 2). The reported rms are from the spectrum-averaged line-by-line RVs; for the solar data, the rms of the spectrum-averaged

CCF RVs is 221 ms™ .

Each observation had an exposure time of 55 s and a readout
time of 28 s, resulting in a cadence of 83 s. The median pixel-
level SNR was 415. To discard observations with biased RVs
—e.g., from clouds or instrument systematics—spectra were
rejected if SNR <350 and filtered by 4o clipping of the data
reduction pipeline (DRP) RVs against a sinusoid plus a linear
trend; the model was constructed to trace the rotation-
modulation RV signal and constrained via regression to the
DRP RVs, yielding a best-fit sinusoid period of 24.3 days
(consistent with the Sun’s equatorial rotation period). Days
with <30 retained observations were discarded. After all filters,
84% of observations were retained (9081 observations from 81
days). Prior to RV extraction, the solar spectra were binned by
day, effectively removing the impact of p-modes and averaging
down granulation noise on multihour timescales. Throughout
this study, we used the binned solar spectra, rather than the
individual spectra.

To contextualize the NEID solar data, we also used
observations from the Helioseismic and Magnetic Imager
(HMI) on board the Solar Dynamics Observatory (SDO). HMI
observes the Sun near the magnetically sensitive 6173.3 A Fel
line at high spatial resolution (Pesnell et al. 2012; Scherrer et al.
2012). Maps of continuum intensity, line-of-sight longitudinal
magnetic field strength, and radial velocity are publicly
available via SunPy (SunPy Community et al. 2020). We
used solaster to convert the spatially resolved HMI data
into “Sun-as-a-star” disk-integrated RVs (Haywood et al. 2016;
Ervin et al. 2022). Solaster calculates the rotation-
modulation RV signal expected from the HMI maps of limb-
darkening-corrected intensity and magnetic field strength. The
solaster RVs were calibrated to the NEID bandpass via
linear regression (Ervin et al. 2022). In Section 5.3, we use the
solaster “Sun-as-a-star” RVs to validate the performance of
our rotation-modulation detrending model.

For HD 26965, we considered HARPS, EXPRES, and NEID
observations. Of the publicly available HARPS observations,”’
we selected all observations made prior to 2009 May—i.e., the
longest continuous baseline prior to the fiber change on 2015
June 1. We considered all EXPRES and NEID observations
made prior to 2022 June. NEID data were collected as part of
the NEID NETS program (Gupta et al. 2021). The observations
were filtered for air mass <1.75. After the filter, 248 /307, 176/
187, and 63/63 observations were retained from HARPS,
EXPRES, and NEID, respectively. The HD 26965 spectra were
not binned.

2 https://dace.unige.ch

To measure the RV from a given observation, we primarily
relied on the one-dimensional spectra; for validation, spectrum-
averaged CCFs were also considered for the NEID solar data.
The NEID data products were derived from the standard NEID
DRP (version 1.2).** The spectrum-averaged CCFs were
computed by combining the order-by-order CCFs provided in
the NEID L2 files; the CCFs were calculated using the
ESPRESSO G2 mask.” Individual order CCFs were coadded
using the weights specified in the NEID L2 FITS header
(CCFWTNNN in the ‘CCFS’ extension, where NNN is the
diffraction order number). For EXPRES, the one-dimensional
spectra were produced by the EXPRES DRP (Petersburg et al.
2020). These reductions include a polynomial-based wave-
length solution and a nonparametric, hierarchical wavelength
calibration generated using excalibur (Zhao et al. 2021).
We adopted the excalibur wavelengths, which cover a
narrower spectral range (approximately 5000-7000 A, the
wavelengths covered by the EXPRES laser frequency comb)
but show less instrumental scatter. For HARPS, we adopted the
one-dimensional spectra produced by the DRP pipeline.**

3. Radial Velocity Extraction

We used three methods for extracting RVs from stellar
spectra: (i) line-by-line template matching, (ii) pixel-by-pixel
template matching, and (iii) cross correlation against a
dictionary of spectral lines (i.e., CCFs). As described below,
the line-by-line method was used to measure spectrum-
averaged (“bulk”) RVs; the pixel-by-pixel method was used
to calculate RVs for different “slices” of a spectrum (i.e., all
pixels within a range of continuum normalized depths); the
cross-correlation method was used as a soundness check and to
ensure generality.

3.1. Line by Line

Line-by-line RVs were measured using the pipeline of Siegel
et al. (2022); Dumusque (2018) introduced the line-by-line
method. The line-by-line pipeline consists of three steps: (i)
construct a reference spectrum; (ii) generate a spectral line list
from the reference spectrum; (iii) perform template matching
against the reference spectrum for each spectral line in each
spectrum. The line-by-line method was used to calculate the

2 https://neid.ipac.caltech.edu/docs /NEID-DRP/
= https: //www.eso.org/sci/software /pipelines /espresso/espresso-pipe-
recipes.html

24 https: //www.eso.org/sci/facilities /lasilla/instruments /harps /doc /
DRS.pdf
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spectrum-averaged RVs, instead of the different instruments’
DRPs, to ensure the data sets were processed with a single
pipeline.

For each combination of target and instrument, the reference
spectrum was constructed by coadding all spectra in the data set
(shifted into a common rest frame). The line list was generated
from the reference spectrum following Appendix A of
Cretignier et al. (2020), as described briefly below. Lines were
first identified in terms of local minima and maxima in the
reference spectrum. For two neighboring local maxima at \; jes
and A; sighi, With a local minima between them at );, we adopted
a window width of min(\; — Ajiefis Airigne — A;) and a line
center of \;. The lines were then filtered for a minimum width
of 10 pixels, a minimum depth relative to the local continuum
of 5%, and a separation of at least 48 pixels from telluric lines
(relative to a sample TAPAS sky spectrum, Bertaux et al.
2014). Spectral lines were also filtered for line symmetry (see
Table C.1. of Cretignier et al. 2020).

For the ith line of the jth observation, the radial velocity
RV;; was measured by template matching. Following Equation
(2) of Bouchy et al. (2001),

8Si reference A
Si,j(>\) = AI:Si,reference(A) + f@i)\()(S)\:l, (1)

where S; (M) is the jth observed spectrum within the ith line
window, S; reference(A) 1 the reference spectrum over the same
interval, A is the scale-factor offset between the observed and
reference spectra, and 0\ is the wavelength offset between the
two spectra. The free parameters AOA and A were numerically
inferred via least squares regression. The wavelength shift 6\
was converted to a radial velocity via RV,; = ié)\; the
uncertainties in A6A and A from the least squares fit were
propagated to calculate the RV uncertainty ogy ;.

As a low-order proxy for changes in line shape, we also
extracted the depth (relative to the local continuum) of each
spectral line for each observation. For the ith line of the jth
spectrum, the line’s depth is defined as

dij =1 — min[S;;(MN)]/Ci,, @

where min[S; ;(\)] is the minimum flux within the line window
for the jth spectrum (calculated via cubic-spline interpolation)
and C;; is the local continuum for the ith line (the average of
the leftmost and rightmost pixel fluxes in the line’s window).
For the Sun and HD 26965, approximately 50% of spectral
lines are shallower than 0.5, and 10% of spectral lines are
deeper than 0.9.

After RV extraction, spectral lines were filtered via 40
clipping on RV;j, orv,j, dij, and 0Ogepm,;; (motivated by
Dumusque 2018). For lines found in multiple spectral orders,
the spectral order where the line had the lowest mean RV
uncertainty was considered. After applying all the filters
described above, the solar data set included approximately
3700 spectral lines. The HD 26965 data sets included
approximately 2700, 1300, and 4000 lines for HARPS,
EXPRES, and NEID, respectively; the lower number of
spectral lines in the EXPRES data set is consistent with the
narrower spectral range of the excalibur wavelength
solutions.

For a given spectrum, the line-by-line RV measurements
were combined into a spectrum-averaged RV via a weighted
average (with weights 1 / O'ZRVJJ). For the solar data set, the
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average bulk RV uncertainty was only 2 cm s~!; however, the
solar spectra were daily binned prior to RV extraction, and the
quoted RV uncertainty only reflects the propagated uncertain-
ties from the template-matching process, which neglects daily
RV scatter induced by instrumental systematics or intrinsic
variability in the stellar spectrum (e.g., granulation). For the
HD 26965 data sets, the mean bulk RV uncertainties—again
only photon limited—for HARPS, EXPRES, and NEID were
52,37, and 16 cms ™', respectively.

The above procedure considers each data set independently.
This is advantageous given the different optical paths of
HARPS, EXPRES, and NEID, e.g., a spectral line near the
center of a spectral order in one instrument may fall near the
edge of a spectral order in another.

3.2. Pixel by Pixel

In addition to measuring spectrum-averaged RVs, we also
measured RVs for different “slices” of the one-dimensional
spectrum. The slices were defined as ranges of continuum
normalized depths (i.e., absorption strength); this procedure is
analogous to the measurement of a CCF’s bisector. Throughout
this study, we either divided the spectrum into two large slices
or six narrow slices (diagrammed in Figure 1).

Within the ith line window, the continuum normalized depth
at the wavelength )\ is defined

dl()\) =1- Si,reference()\)/Ci,reference (3)

where S reference() 18 the reference spectrum flux at A and
Cireference 15 the local continuum flux for the ith line. Unlike
Equation (2), which defines the depth of a spectral line,
Equation (3) applies to individual pixels within the line window.
The pixel-level depths di(\) were calculated from the reference
spectrum, i.e., they do not vary from observation to observation.
To visualize the definition of di)), Figure 1 plots continuum
normalized depth as a function of wavelength for a mock
spectrum.

To measure the RV for a given spectral slice, we employed
pixel-by-pixel RVs. While template matching nominally has
two free parameters, the method can be extended to individual
pixels if A (the scale-factor term) is held fixed—e.g., from a fit
to the entire spectral line—and 6\ is solved for independently.
For each pixel within an individual spectral line, 6\ and o,
were calculated by fixing A and o4 to the best-fit values derived
from fitting the entire line. The RV of a slice was then
measured by coadding the pixel-by-pixel RVs for all pixels
within the given range of depths.

3.3. Cross Correlation

Lastly, we measured RVs from spectrum-averaged CCFs.
We used CCFs to validate the line-by-line and pixel-by-pixel
methods; CCFs are also a common data product of many
instruments’ DRPs, so considering CCFs ensures the methods
presented below are widely applicable. For simplicity, we only
considered CCFs for the NEID solar data.

As described in Section 2, we adopted spectrum-averaged
CCFs from the NEID DRP. For a given observation, we
measured the RV via a least squares regression between the
spectrum-averaged CCF and a Gaussian plus a linear trend. We
also measured the RV for the top 40% and bottom 40% of each
CCF (analogous to bisector inverse slope); diagrammed in
Figure 1.
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Diagrams of spectrum/CCF
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"slices"

Option A Option B
(1D spectrum) (1D spectrum)

0.0 T ﬂ T m T T \j T
£ 0.0} L RV Y|
3
9 0.4F - RV2 1L
CI[\.]) RV3
= RV,
©0.6F L 4 1L
£ RVs
o
Z 0.8F RV, 1F eref- B

10 1 1 1 1 1 1 1 1 1

Wavelength A

Wavelength A

Velocity

Figure 1. Throughout this study, we measured RVs from different “slices” of a one-dimensional spectrum (or CCF). For one-dimensional spectra, we either
considered two large slices or six narrow slices (leftmost and central panels). We only considered the simpler case of two large slices (rightmost panel) for CCFs.

Regions not included in a slice are shaded gray.

Unless otherwise stated, the spectrum-averaged RVs were
measured from the line-by-line method and the RVs for
spectral slices were measured from the pixel-by-pixel method.
The CCF-derived RVs were only used for validation. The line-
by-line and CCF RVs are compared in Figure 2 (for the NEID
solar data).

4. Revisiting the Simplified Spot Model

A spot and its associated magnetic region induce RV
perturbations through two effects: (i) introduction of a flux
imbalance between the rotationally red- and blueshifted
hemispheres of the stellar disk and (ii) suppression of
convective blueshift within the magnetized area. Assuming
the active region is small relative to the star’s radius and
neglecting differential rotation and limb darkening, the
anomalous RV signature can be represented by two simple
equations; see Aigrain et al. (2012) for a complete derivation.

The rotation perturbation is

ARV;oi(t) = —F (1) Veq cos 0 sin ¢ (¢)sin i, 4)
where F(¢) is the fractional change in a star’s flux due to an
active region located at latitude ¢ and longitude ¢(?), Ve, is the
star’s equatorial rotation velocity, and i is the star’s inclination
(the angle between the star’s spin axis and the line of sight). F
(t) depends on both the size and flux contrast (relative to the
unspotted photosphere) of the active region, as well as its
projected area. As the spot crosses the hemisphere facing the
observer, F(t) = f cos 3(t), where f is the relative flux drop
from an active region at the disk center and (3(¢) is the angle
between the line of sight and the spot normal. For notational
convenience, we refer to F(¢) as “flux.”
The convection perturbation is analogously

ARVc(t) = F (1) 6V, k(cos ¢(t)cos § sini + sind cosi), (5)

where 6V, is the strength of convective blueshift suppression by
the spot’s associated magnetized region and & is the ratio of the
magnetized area to the spot’s area; the terms within the
parenthesis equal cos 3 (¢).

As demonstrated by Aigrain et al. (2012), these perturbations
can be conveniently expressed in terms of the star’s flux and
the first-time derivative of flux as

ARV, (1) = —F(O)F'(O)R../f,
ARVc(t) = F2()6V.k /f,

(6)
(N

where R, is the star’s radius; this is commonly known as the
FF’ model. For notational convenience, the parameters
describing the active region—e.g., 8V, x, and f—are written
as constants. In reality, active regions grow and shrink, causing
these parameters to vary with time; as discussed in Section 4.2,
we approximate this variability with linear functions of time.

The FF' framework has enabled physically motivated
detrending of the rotation-modulation signal. The challenges
of obtaining photometry and calculating its first-time derivative
have spurred several alterations. Giguere et al. (2016)
demonstrated that the Ha activity indicator serves as a
photometric proxy and introduced a Gaussian smoothing
kernel to ease the calculation of the flux time derivative; this
version of the model requires high enough observing cadence
to accurately approximate the flux time derivative and includes
an additional free parameter. Rajpaul et al. (2015) adopted a
Gaussian process approach, where the Ca H&K activity
indicator was used as a flux proxy and F’(f) was treated as a
linear combination of Ca H&K and the bisector inverse slope;
this approach bypasses the need to approximate the first-time
derivative of flux but is computationally more expensive.

In this section, we revisit the simplified spot model and
derive a method of both detrending and characterizing the
rotation-modulation RV signal.

4.1. Relative Atmospheric Height

To motivate our proposed model, here we briefly review
how the rotation-modulation signal varies within the stellar
spectrum (e.g., dependencies on wavelength and absorption
strength).

Spectrum-averaged RVs are often desirable for investigating
Keplerian signals; Doppler shifts affect all wavelengths
together, and considering the whole spectral range maximizes
signal-to-noise of the resultant Doppler measurements.
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Figure 2. The RC model successfully detrends the rotation-modulation activity signal in NEID solar RVs. The columns correspond to different methods of applying
the model: either using the one-dimensional spectra (left) or using only the CCFs (right). Top row: spectrum-averaged NEID solar RVs (gray) alongside the best-fit RC
detrending model (purple); the spectrum-averaged RVs were measured either from the one-dimensional spectra by the line-by-line method (left) or from the CCFs
(right). The rms of the observed RVs are reported for each method. For comparison, FF fits are shown in black; the 1o confidence interval is indistinguishable. Second
row: residuals between the spectrum-averaged RVs and the best-fit RC detrending model (gray); the residuals between the observed RVs and the median FF' model
are shown in black. Third row: ARV ,, the relative RV between two slices of the one-dimensional spectrum (left column) or CCF (right column); the slices are shown
in the left- and rightmost panels of Figure 1. Bottom row: the flux proxy, either the depth metric (left) or CCF contrast (right).

However, some spectral lines can be more sensitive to
systematic instrumental errors (Dumusque et al. 2015), while
others are more sensitive to stellar magnetic activity (Thomp-
son et al. 2017; Dumusque 2018; Wise et al. 2018; Cretignier
et al. 2020); this variability motivated the line-by-line approach
(Dumusque 2018). Further complicating matters, the stellar
variability RV signal can vary within a single spectral line.

Photons that originate from a range of heights throughout the
stellar atmosphere contribute to the observed spectrum. At a
given wavelength, the distribution of formation heights under-
lying the emergent flux is characterized by the cumulative
contribution function:

Cmyoc [T dnisme . ®)

where S is the source function and 7, is the optical depth at
wavelength A (Gray 2005; Al Moulla et al. 2022). Approx-
imating the photosphere as a one-dimensional plane-parallel

atmosphere, we can safely assume temperature and optical
depth 7 monotonically decrease with height. Wavelengths
subjected to relatively high levels of absorption are thus more
sensitive to higher altitudes in the stellar atmosphere than
wavelengths with comparatively lower levels of absorption.
Absorption relative to the local continuum is then correlated
with atmospheric height. Wavelength-dependent continuum
opacities slightly complicate this picture; in the optical band,
continuum opacity increases with wavelength (driven by
bound-free absorption of the negative hydrogen ion,
Gray 2005). However, absorption line opacities are consider-
ably stronger than continuum opacities, and continuum opacity
varies on wavelength scales significantly greater than typical
line widths. Absorption relative to the local continuum is
therefore an effective proxy for atmospheric height (see Figure
2 of Al Moulla et al. 2022). It follows that two slices of the one-
dimensional spectrum (i.e., different ranges of continuum
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normalized depths, see Figure 1 for examples) will probe
different average heights in the stellar atmosphere; in
Section 5.4, we quantify the correlation between absorption
strength and atmospheric height using spectral synthesis.

Below, we consider how the rotation-modulation signal
varies with atmospheric height (i.e., between different slices of
the one-dimensional spectrum).

4.2. Rotation—Convection Model

Observations indicate the RV perturbations induced by an
active region vary with atmospheric height (Gray 2009;
Cretignier et al. 2020; Liebing et al. 2021; Al Moulla et al.
2022; Ellwarth et al. 2023). Under this assumption, RVs drawn
from different heights in the stellar atmosphere will have
different contributions from the rotation and convection
perturbations.

For rotationally modulated RVs, the spectrum-averaged RV
signal can be decomposed as

RV(#) = ARV,ot() + ARVe(?) + ARViise(f) + K (1),

where ARV, (f) and ARV(¢) are the spectrum-averaged
rotation-modulation RV perturbations, K(f) is the Keplerian
signal (if any), and ARV () encapsulates other sources of
RV variability—e.g., p-modes and granulation.

In this work, we assume rotation modulation is the dominant
source of stellar variability. This choice was motivated by Luhn
et al. (2023), in which Gaussian process covariance kernels
were used to predict the RV variability induced by p-modes
and granulation as a function of stellar type and survey design.
We evaluated the Luhn et al. (2023) kernels using the actual
observation times of our data sets, assuming integration times
of 3 hr and 10 minutes for the Sun and HD 26965, respectively.
For the solar data set, the covariance kernels predict jitter levels
of 3.7 and 11.5cm sfl, for oscillation and granulation,
respectively (these values do not include photon-limited RV
uncertainties). For the NEID HD 26965 data set, the expected
jitter levels are 24 and 2lcms ', for oscillation and
granulation, respectively. Based on these estimates, we expect
the rotation-modulation signal to dominate the solar and
HD 26965 RVs. Simultaneously modeling the effects of
granulation and rotation modulation is an important subject
for future work.

If rotation modulation is the dominant source of anomalous
RVs, the measured velocity at a given atmospheric height
RV;(@) is

RVi(t) = AiARVioi(1) + B;ARVc (1) + K (1), ©)

where the coefficients A;, B; reflect the dependence of the
rotation and convection perturbations on height. In practice, we
measured a given RV«(#) from a slice of the one-dimensional
spectrum (i.e., using only pixels within a certain range of
continuum normalized depths); as validation, we also measured
the RVs from different slices of a CCF (analogous to the
bisector).

If we consider two different heights in the stellar atmosphere,
it follows:

RVi(t) — RVa(t) = A2 ARV, () + Bia ARV (1), (10)

where A, =A; —A, and B, =B, — B,; Keplerian motion
affects all wavelengths uniformly, so the K(#) terms cancel.
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In terms of the
ARV, =RV, () — RV,(?) is

simplified spot model,

ARVix(1) = Au[—F(t)F’(t)%] + Blz[FZ(r)‘SV—;“].

(1)
The first-time derivative of flux is then
F'(t) = —[ARVIZ - BIZ‘W—C”FZ(Q]#. (12)
S AR F (1)

Substituting the above equation into the simplified spot model,
we see the rotation-modulation signal is

ARV (1) = [ARVlz - B (WCHFZU)]L, (13)
S App
ARVe(1) = F2(1)8V.k /f. (14)

This formulation does not involve numerically taking the time
derivative of stellar flux; the above model therefore does not
require high-cadence observations, unlike the FF’ method. As
explored below, this formulation also enables novel studies of
the stellar atmosphere. Given its generality, we refer to our
revised spot model as the Rotation—Convection (RC) model;
however, we stress that the general spot model underlying the
RC model is identical to the FF' method of Aigrain et al.
(2012).

The RC model has two inputs: (i) the relative RV between
two different heights in the stellar atmosphere RV () — RV,(¢)
and (ii) stellar flux F(7).

Heavily absorbed wavelengths are more sensitive to higher
altitudes in the stellar atmosphere than wavelengths with
comparatively lower levels of absorption. To compare the RVs
of two different heights in the stellar atmosphere, we therefore
measured the RVs of two different slices of the one-
dimensional spectrum (diagrammed in Figure 1); as a
soundness check, we also measured the relative RV between
the top and bottom of spectrum-averaged CCFs (analogous to
bisector inverse slope).

Complicating matters, the rotation component of rotation
modulation will vary within a spectral line independent of
formation height. For a rotating star, the observed stellar
spectrum is, to first order, a convolution of the disk-integrated
rest-frame spectrum with the rotation profile—the intensity-
weighted distribution of velocities from the observed stellar
surface. In the absence of anP/ surface features, the rotation
profile peaks at RV=0ms™ (ignoring any net convective
blueshift) and monotonically falls with [RV| until it reaches 0 at
+27R, /P,o (see Figure 1 of Di Maio et al. 2024). A small spot
(faculae) at latitude ¢ and longitude ¢ distorts the rotation
profile by changing the relative contribution of RV(4, ¢) to the
intensity-weighted RV distribution—e.g., a spot near the edge
of the stellar disk will perturb the wings of lines, while a spot
near the center of the disk will perturb the cores of lines. These
perturbations will be approximately constant as a function of
depth relative to the line core (modulo any variability in the
relative spot contrast as a function of wavelength). A given
spectral slice (i.e., a range of depths relative to the continuum)
will sample different parts of the rotational profile for each
spectral line. We therefore expect the strength of the rotation
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perturbation to vary between two spectral slices, regardless of
whether ARV (¢) depends on atmospheric height.

This ambiguity does not hinder the performance of the RC
model. By construction, the RC model only assumes RV,(¢)
and RV,(¢r) have different contributions from ARV, (?) and
ARV(7). The model is agnostic to whether those differences
depend on formation height, depth in the line profile, or a
combination of the two.

The RC model also requires a flux time series F(f). We
approximated F(¢) by assuming a linear relationship between an
activity indicator and flux (e.g., Giguere et al. 2016). Changes
in line depth were used as the flux proxy. We adopted the depth
metric (coadding the variations of many activity-sensitive
spectral lines, Siegel et al. 2022) as our fiducial flux proxy; as a
soundness check, we also considered CCF contrast (the
difference between the CCF’s peak and the pseudocontinuum).
Since the flux variations are small, we made the approximation:
(F(t) — (F(1)))? ~ (aP(t) + b)*> ~ cP(t), where P(f) is the
flux proxy (normalized such that (P(r)) = 0) and P(r) < P(t).
This simplification limits the number of free parameters and
does not noticeably change the results. With the use of flux
proxies, our revised spot model can be applied using only
standard RV data products: one-dimensional spectra or CCFs.

In Section 5, we explore the applications of the RC model,
including (i) detrending the rotation-modulation signal, (ii)
inferring the underlying ARV (f) and ARV (¢) perturbations,
and (iii) mapping the strength of the rotation and convection
perturbations as a function of relative height in the stellar
atmosphere.

5. Application
5.1. Stellar Activity Detrending

We first present the limiting case where the RC model is
applied solely for stellar activity detrending. In terms of
observables—F(f) and ARV ,(f)—the RC model simplifies to

ARV (1) + ARVe(t) = anaF2(1) + B12ARVia(r),  (15)

where o, =6V, k(1 — B12/A2)/f and 312 = Aj;'. The above
equation hides the physical meaning of the free parameters and
no longer separates ARV, () and ARV (). This simplifica-
tion reduces the number of free parameters and parameter—
parameter degeneracies. The detrending results with the
simplified model are identical to the complete RC method. At
the cost of physical interpretability, the RC model can now be
optimized using least squares regression instead of more
expensive Markov Chain Monte Carlo (MCMC) sampling.

Complicating matters, active regions are not static phenom-
ena. We expect the properties of the active regions—e.g., the
spot fraction f or the strength of convective blueshift
suppression 6V.—to vary with time. Under the assumption
that the active regions vary slowly (relative to the stellar
rotation period), we treated 3, as a constant and «, as a linear
function of time. To account for long-term changes in the
properties of the active regions, we modeled each observing
semester independently. As discussed in Section 6, these
assumptions could be relaxed by treating the free parameters as
Gaussian processes (e.g., Rajpaul et al. 2015).

We applied the simplified RC model to the Sun and
HD 26965; summarized in Figures 2 and 3. For both stars, the
RC model accurately detrends the rotation-modulation signal.

Siegel et al.

For the NEID solar data, we tested the performance of the
RC model using either the one-dimensional spectra or the
spectrum-averaged CCFs. In the first case, spectrum-averaged
RVs were calculated by the line-by-line method, the line-by-
line depth metric was treated as the flux proxy, and ARV ,(¢)
was measured from two large spectral slices (diagrammed in
the leftmost panel of Figure 1). As validation, we repeated the
detrending process using the spectrum-averaged CCFs. Spec-
trum-averaged RVs were measured from Gaussian fits to the
CCFs, CCF contrast was adopted as the flux proxy, and ARV,
was calculated using the top and bottom 40% of the CCFs,
respectively. In both cases, the RC model successfully tracked
the rotation-modulation signal, reducing the rms from 2 to
1 ms~'. For each method, Figure 2 presents the spectrum-
averaged RVs alongside the best-fit RC model; the ingredients
of the model—the flux proxy and ARV ,(f)—are presented as
well. Differences between the line-by-line and CCF methods
are minimal and potentially originate from the different line
lists used.

For the HD 26965 data sets, the RC model reduced the RV
rms to near 1 ms~'. Only the one-dimensional spectra were
considered for simplicity. Figure 3 presents the spectrum-
averaged RVs for each instrument alongside the best-fit RC
model; the inputs to the RC model are included for context.
While the residual rms is similar across the three instruments,
the observing cadence differs by over an order of magnitude;
the median time between observations was 34, 7, and 3 days
for HARPS, EXPRES, and NEID, respectively. The similarity
of the results, despite the range of observing cadences, is a key
benefit of our revised spot model.

For comparison, we also performed “standard” FF’ detrend-
ing—i.e., inferring the first-time derivative of flux via
numerical differentiation. Directly following Giguere et al.
(2016) and Siegel et al. (2022), the photometric proxy was
smoothed with a rolling Gaussian and the first-time derivative
was calculated through cubic-spline interpolation; the Gaus-
sian’s width was treated as a free parameter. The model was
optimized via MCMC sampling with emcee (Foreman-
Mackey et al. 2013); uniform priors were adopted on the free
parameters. Without densely sampled observations, the first-
time derivative of flux cannot be inferred numerically. The FF’
method is therefore only applicable to the solar observations
and the NEID HD 26965 data set. For both the Sun and
HD 26965, the FF' method was applied to the spectrum-
averaged line-by-line RVs, with the depth metric as the flux
proxy. As a soundness check (performed on the solar data), we
also applied the FF' method to the spectrum-averaged CCF
RVs, with CCF contrast as the flux proxy. The FF’ models are
presented in Figures 2 and 3.

The RC and FF' models consistently agree. For the Sun, the
FF’ model achieves residual rms of 1.01 and 1.09 ms ™' using
the one-dimensional spectra and CCFs, respectively. For
HD 26965, the FF' model achieves a residual rms of
0.93ms~'. The residual structure in the detrended RVs is
nearly identical between the RC and FF’ approaches. While the
RC and FF’ models detrend the rotation-modulation signal with
the same quality, the RC method notably lacks the requirement
of high-cadence observations.

The lingering periodic signals in the detrended RVs are
summarized in the periodograms in Figure 4. In addition to RC
and FF' modeling, the data sets were also detrended via linear
regression against the flux proxy. For each data set, the RC
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Figure 3. Across the three HD 26965 data sets (each of which has a significantly different cadence), the RC model successfully traces the rotation-modulation signal.
The NEID and EXPRES measurements offer high-cadence coverage of multiple stellar rotation periods, while the HARPS data captures the multiyear activity cycle.
Top row: spectrum-averaged line-by-line RVs (gray) alongside the best-fit RC detrending model (purple); the rms of the observed RVs are reported for each data set.
For context, a FF fit to the NEID data is shown in black; the shaded region demarcates the 1o confidence interval. Second row: residuals between the observed RVs
and the best-fit RC detrending model (gray); the residuals between the observed RVs and the median FF’ model are shown in black. Third row: ARV ,, the relative
RV between two slices of the one-dimensional spectrum (i.e., different ranges of continuum normalized depth); the slices are diagrammed in the leftmost panel of

Figure 1. Bottom row: depth metric activity indicator.

model outperforms linear regression and closely matches the
FF’ results. Due to the sparse sampling, the HARPS RVs show
negligible power in the periodograms and are not included for
clarity. The RC and FF' models significantly reduce the power
at the stars’ rotation periods (approximately 27 and 42 days for
the Sun and HD 26965, respectively). For both stars, the
periodograms reveal residual structure in the detrended RVs.
This structure likely originates from our reliance on a flux
proxy. A time lag between flux and the flux proxy and/or the
relationship between flux and the flux proxy varying with time
naturally results in structured residuals (e.g., Burrows et al.
2024); we discuss potential remedies in Section 6.

The RC model closely traces the rotation-modulation RV
signal, with minimal requirements on observing cadence and
computational resources. For both the Sun and standard star
HD 26965, the RC and FF' methods closely match. Given its
success describing the rotation-modulation signal, below we
leverage the model’s interpretability to better characterize
stellar activity and explore stellar atmospheres.

5.2. Keplerian Injection Recovery

To ensure the RC model preserves Keplerian information,
we conducted a series of injection tests. Using the NEID

HD 26965 data set, a planet was injected on a circular orbit
with a semiamplitude of K=1ms '. We considered six
orbital periods between 8 and 42 days and three starting
orbital phases: (ty — tyin)/P = 0.2, 0.5, and 0.8, where f,;,
is the time of the first observation and P is the injected orbital
period. To recover the injected planet signal, the RVs were
detrended with a joint RC and Keplerian model. Figure 5
presents the posteriors on the recovered RV semiamplitude for
each combination of orbital period and phase. Over the
150 day baseline, HD 26965’s rotation-modulation RV signal
is quasi-sinusoidal, with a near-constant amplitude. Since the
amplitude of the rotation-modulation signal is free to vary in
the RC model, planets with orbital periods near the stellar
rotation period (or its harmonics) are difficult to recover.
Since the amplitude and phase of the rotation-modulation
signal changes with time (e.g., from changes in the spot
distribution), the degeneracy between the Keplerian and
stellar activity signals can be suppressed by considering
longer baselines. With the exception of orbital periods near
the stellar rotation period (or its harmonics), the recovered
semiamplitudes are statistically consistent with the injected
value. These experiments confirm the RC model successfully
preserves Keplerian information.
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Figure 4. The RC model greatly mitigates the stellar activity signal for the Sun and HD 26965. We present Lomb-Scargle periodograms of the spectrum-averaged
RVs (gray), the RVs after linear detrending with the flux proxy (green), and the RVs post-RC detrending (purple). The NEID data sets also include FF’ detrending
(dashed) for reference. Periodograms are shown for the NEID solar data, as well as the EXPRES and NEID HD 26965 data (the HARPS data is omitted due to the
coarse sampling); the horizontal lines show the 1% false alarm probabilities. The presented results were all derived from the one-dimensional spectra (not the CCFs).

5.3. Recovering the Rotation and Convection Perturbations

We next task the RC model with inferring the underlying
components of rotation modulation—the rotation ARV, and
convection ARV perturbations—using only one-dimensional
stellar spectra.

The inputs to the RC model are stellar flux and the difference
between the RVs drawn from higher in the stellar atmosphere
and those probing lower in the atmosphere. In practice, we
adopt a flux proxy (e.g., the depth metric, see Siegel et al.
2022) and consider the difference between the RVs of two
spectral slices (i.e., different ranges of continuum normalized
depths, diagrammed in Figure 1). The free parameters of the
RC model are 6V x/f, which describes the properties of the
active regions, and A,, B, which characterize the relative
contributions of ARV, (f) and ARV (?) in the RVs of the two
spectral slices RV (f), RV,(?); the linear relationship between
flux and the flux proxy adds a degree of freedom. Unfortu-
nately, 6V x/f and B, are degenerate. In Section 5.1, this
degeneracy was bypassed by simplifying the RC model to a
linear combination of the observables. To retain the physical
meaning of the free parameters, here we reign in the
degeneracy.

Consider N slices of the one-dimensional spectrum. The RV
of each slice (RVy,..., RVy) will probe a different average
height in the stellar atmosphere. The RC model could be
optimized using any ARV (f)=RV () —RV,(). If the
strengths of the rotation and convection components vary with
height in the stellar atmosphere, the free parameters A;; and
B;—i.e., the relative strengths of the rotation and convection
components between RV,(f) and RV,(r)—will depend on the
particular choice of ARV (f). However, §V.x/f, the spectrum-
averaged properties of the active region(s), by definition is the
same for any choice of ARV(#). The degeneracy between
6V.k/f and By is therefore lifted by jointly fitting the RC model
for multiple choices of ARV (#), using a common 6V.x /f.

We divided the stellar spectrum into six slices (diagrammed in
the leftmost panel of Figure 6). For a given observation, we
measured the RV of each slice using the pixel-by-pixel method.
The average RV uncertainties (photon noise only) for the spectral
slices are 9 and 72cm sfl, for the Sun and HD 26965,
respectively; the RV uncertainties vary by only a few cms™'
between the slices. The spectrum-averaged line-by-line RVs were
simultaneously fit using each combination of RV(f) — RV (?),
where RV,_(f) corresponds to the “bottom” spectral slice
(strongest absorption). Following Section 5.1, we assumed a
linear relationship between flux and the flux proxy (the depth
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metric) and let §V,x /f vary as a linear function of time (with slope
mgy. ;¢ and intercept bsy, . /r). The model was optimized via
MCMC sampling; uniform priors were adopted on the free
parameters: Alfrlef,...,ASfrlef, B\ sty -sBs reps My, /r> and bsy, . /1.

The NEID solar and HD 26965 data sets were each modeled
with the joint fitting procedure. In addition to detrending the
rotation-modulation signal, the joint fits infer the ARV (¢) and
ARV (r) perturbations. For a given joint fit, each ARV, ()
yields a prediction for ARV () and ARV(#). The perturba-
tions are presented in Figures 6 and 7. The inferred perturba-
tions show minimal dependence on ARV, .(7);the five
detrending models from a given joint fit differ at the
10cms™' level for both the Sun and HD 26965. After
detrending, the average rms were 1.04 and 1.15ms"" for the
Sun and HD 26965, respectively. Relative to the RC fits in
Sections 5.1 and 5.2, which used two large spectral slices, the
increased photon noise from using many narrower slices only
increased the residual rms by a few cms™'.

To validate our decomposition of the rotation-modulation
signal, we turned to SDO spatially resolved observations of the
Sun, described in Section 2. We calculated the expected “Sun-
as-a-star” disk-integrated rotation-modulation RV signal from
SDO maps of limb-darkening-corrected continuum intensity
and magnetic field strength using solaster (Haywood et al.
2016; Ervin et al. 2022). The solar RC model is compared to
the SDO measurements in Figure 6.

The rotation and convection perturbations inferred by the RC
model are similar to the SDO measurements; the independent
measurements from SDO agree with the RC results at the
meter-per-second level. By accurately decomposing the rota-
tion-modulation signal, we anticipate the RC model will enable
novel studies of stellar activity.

5.4. Stellar Activity versus Atmospheric Height

In addition to recovering the individual components of
rotation modulation, ARV,,(f) and ARV (), the RC model
also measures the perturbations’ strengths as a function of
atmospheric height. This is accomplished via the joint fitting
procedure introduced in Section 5.3.

As diagrammed in Figure 6, we divided each spectrum into
six slices (i.e., binning by absorption strength). For each
observation, we measured the RV of each slice via the pixel-
by-pixel method. We refer to the bottom slice (maximally
absorbed wavelengths) as RV .(?);the other five slices are
denoted RV(t), each referring to successively more absorbed
wavelengths (i.e., successively higher in the stellar atmosphere).
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Figure 5. Injected Keplerian signals were successfully recovered using the RC model. Using the NEID HD 26965 data set, we considered a single planet on a circular

orbit with a semiamplitude of K=1ms"~

! Left: recovered semiamplitudes for different combinations of the injected planet’s orbital period and phase. The

approximately 42 day rotation period of HD 26965, along with the lowest—order harmonics, are demarcated by shaded regions. The colors correspond to the orbital
phase of the injected planet (diagrammed in the upper right panel). Right: breakdown of the injection recovery process for P = 27 days. Upper row: spectrum-
averaged RVs (gray) alongside the injected Keplerian signal for three different orbital phases (described in Section 5.2). Middle row: periodograms of the RV time
series before (gray) and after (blue), the activity component of the model was subtracted; the vertical line demarcates the injected planet’s orbital period and the
horizontal line shows the 1% false alarm probability. Bottom row: activity-detrended phase-folded RVs against the injected Keplerian signal (dashed line); phase-

binned RVs are shown in blue.

The RC model returns the relative strengths of the rotation and
convection components between RV .(7) and all five RV (7).

For the Sun and HD 26965, Figure 8 presents the rotation
and convection amplitudes as a function of depth in the one-
dimensional spectrum. The magnitude of the rotation perturba-
tion increases with absorption strength, while the magnitude of
the convection perturbation decreases with absorption. This
trend was previously reported for the convective component
(e.g., Gray 2005; Cretignier et al. 2020; Al Moulla et al. 2022)
but only marginally detected for the rotation component (Al
Moulla et al. 2022).

Absorption relative to the local continuum is a useful,
model-free proxy for atmospheric height; however, this
approximation neglects changes in continuum opacity with
wavelength. To more accurately estimate the formation height
at a given wavelength, we performed one-dimensional local
thermodynamic equilibrium spectral synthesis with PySME
(Spectroscopy Made Easy, Valenti & Piskunov 1996; Piskunov
& Valenti 2017; Wehrhahn et al. 2023); our approach followed
Al Moulla et al. (2022), which we briefly describe below. We
only considered the Sun for this analysis. The model was
initialized with a VALD line list (Piskunov et al. 1995;
Ryabchikova et al. 2015) based on the temperature, metallicity,
surface gravity, and line-broadening listed in Table 1. A range
of atmospheric heights contributes to the emergent flux at a
given wavelength; spectral synthesis calculates this distribution
(Equation (8)) as a function of optical depth (or equivalently
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temperature). At a given wavelength, we summarized the
contribution function with the characteristic temperature
Ttormation: the temperature such that the normalized cumulative
contribution function equals 50%. In the photosphere, temp-
erature monotonically decreases with atmospheric height.
Temperature is therefore a proxy for relative height in the
photosphere. Following Al Moulla et al. (2022), we do not
convert formation temperature to a geometric height; this
conversion would require placing our photosphere model in the
context of a complete stellar model, potentially introducing
additional systematic uncertainties.

With the above procedure, we calculated Tgormation VEISUS
wavelength in the synthetic PySME spectrum (for the Sun).
Unfortunately, the synthesized spectrum only partially repro-
duces the observed stellar spectrum, due to incompleteness in
the input VALD line list. For each spectral line retained by the
line-by-line pipeline, we compared the observed reference
spectrum to the synthesized spectrum. To account for line
depth, the observed and synthetic lines were first normalized
from . Lines were then retained if
Zn,lx/[lo(n) — Is(n)]2 /N < 02, where N is the number of
pixels in a given line’s reference spectrum window, Iy(n) is the
reference spectrum normalized flux, and I¢(n) is the normalized
synthetic spectrum flux evaluated on the reference spectrum
wavelength solution. Approximately 2200/3700 lines were
retained. For the retained lines, we mapped Tyyrmation from the
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Figure 7. Inferred rotation ARV, (7) and convection ARV(f) perturbations
for the NEID HD 26965 data set, using only the one-dimensional spectra. To
reign in parameter—parameter degeneracies, the RC model was jointly fit for
five different choices of RV, f(f) = RV(f) — RV, «(t), diagrammed in Figure 6.
The recovered ARV,n(f) signals (one for each choice of ARV, are
presented following the color scheme of Figure 6. The recovered time series of
ARV(#) is presented in solid purple. From marginalizing over the posteriors,
the 1o uncertainties on the model’s rotation and convection components are 15
and 9 cm s, respectively.

synthetic spectrum to the observed reference spectrum via
linear interpolation.

Using the temperature-mapped line list, we repeated the RC
modeling procedure. Figure 9 presents the rotation and
convection perturbation strengths as a function of average
Ttormations for the Sun. The filtered data set shows minor
differences from our original RC modeling results; however,
these changes are to be expected: the temperature-mapped line
list includes 40% fewer spectral lines than the initial solar data
set and cross-matching with the synthetic spectrum preferen-
tially rejected shallow spectral lines. We again see the
magnitude of the rotation perturbation decreases with temper-
ature, while the strength of the convection perturbation
increases with temperature. Loss of the shallow spectral lines
unfortunately reduces the model’s constraining power, because
shallow spectral lines are more sensitive to the convection
perturbation. By combining the RC model with spectral
synthesis, we are now tracing the perturbation strengths
explicitly as a function of formation temperature.
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Complicating matters, the rotation perturbation is expected
to vary with depth relative to the line core, even if the flux
imbalance induced by a spot is constant through the stellar
photosphere; see Section 4.2 for details. This muddles the
physical interpretation of Figures 8 and 9: is the strength of the
rotation perturbation dependent on continuum normalized
depth because of an underlying dependence on formation
height, an artifact of the normalization approach (continuum
versus line core), or a combination of the two? This ambiguity
could be addressed by simultaneously modeling the depend-
ence of the rotation perturbation on depth in the line profile and
depth relative to the local continuum. However, modeling the
effects of active regions as a function of depth in the line profile
would require fitting for the sizes and positions of individual
activity complexes, which falls beyond the scope of this study
(e.g., Di Maio et al. 2024).

Lastly, we consider whether the inferred trends between
perturbation strength and absorption strength are statistically
significant. To address this, we repeated the joint fitting process
but assumed the same perturbation strengths for each choice of
RV{(#) —RV_(7). For simplicity, we did not enforce the
temperature-mapped line list (i.e., we used the same spectrum-
averaged RVs and depth-binned RV (f) used in Section 5.3).
When B, s does not vary with i, it remains degenerate with
8V /f. We therefore returned to the simplified detrending model
introduced in Section 5.1, which bypasses this degeneracy at the
cost of no longer separating the rotation and convection
perturbations. For the Sun and HD 26965, the two models—i.e.,
allowing the perturbation strengths to vary with depth versus held
constant with depth—yield residual rms within 10 cm s~ of each
other. In terms of relative maximum log-likelihood—i.e., the
difference in maximum likelihood achieved by two competing
models AlnZ = In zMode” — In Z:Model »—the more flexible
model is favored at AlnL ~ 1.5 and 6, for the Sun and
HD 26965, respectively. Since the more complex model has 12
free parameters (A ref,..-»Asrer, Bigefs--->Bsrers Mesv.iyp, and
bsv,./¢), while the simpler model has three (i, b,, and (), the
simpler model is preferred by the Bayesian information criterion:
BIC = kIn(n) — 21n ,&, where k is the number of free
parameters, n is the number of data points, and L is the maximal
likelihood.
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continuum normalized depth. The results for the Sun and HD 26965 are presented in the top and bottom rows, respectively. Left: the strength of the rotation
perturbation as a function of depth in the one-dimensional spectrum (relative to the “bottom” spectral slice; see Figure 6 for a diagram); the rotation perturbation is
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vertical line.

Statistical evidence of the perturbation amplitudes varying
with depth in the one-dimensional spectrum is lacking.
However, two factors suggest the trend may exist but is
presently obscured by systematics. First, previous observa-
tional studies found a relationship between a line’s average
formation height in the stellar atmosphere and (i) absolute
convective blueshift (commonly known as the third signature
of stellar granulation, Gray 2009; Liebing et al. 2021) and (ii)
the convection—and potentially the rotation—perturbation(s)
induced by an active region (Cretignier et al. 2020; Al Moulla
et al. 2023). Second, the rotation and convection perturbations
inferred by the RC model agree with independent measure-
ments from SDO. This suggests the RC model is properly
tracing and decomposing the rotation-modulation signal.
Future work addressing the systematics noise floor is
warranted.

The RC model—a reframing of the spot model underlying
the FF' method—successfully detrends the rotation-modulation
RV signal and opens new avenues for characterizing stellar
activity. Using only the one-dimensional spectrum, the revised
spot model accurately recovered the underlying rotation and
convection perturbations induced by spots and their associated
magnetic regions; see Section 5.3. Here, we explored an
additional facet of the RC model: tracing the strengths of the
rotation and convection perturbations as a function of depth in
the one-dimensional spectrum. For both the Sun and standard
star HD 26965, the magnitude of the rotation perturbation
increased with absorption strength, while the magnitude of the
convection perturbation decreased with depth in the spectrum.

6. Discussion

In this study, we developed and tested the RC model: a
method of detrending and characterizing the anomalous
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rotation-modulation RV signal. The RC model decomposes
rotation modulation into two parts—rotation and convection—
and considers how these components change with height in the
stellar atmosphere. Here we diagnose the RC model’s
performance and outline avenues for future study.

For the Sun and the well-studied standard star HD 26965, the
RC model successfully detrends the rotation-modulation RV
signal, lowering the measured RV variability from 22 to
Ims ', The residual RV variation was found to be
independent of observing cadence; for HD 26965, we con-
sidered HARPS, EXPRES, and NEID data sets, which differ by
an order of magnitude in the frequency of observations but
resulted in comparable RV rms values.

The RC model only considers RV variability from rotation
modulation. Other sources of anomalous RV signals (e.g.,
granulation) are unaccounted for in this framework. For
context, we consulted the Gaussian process covariance kernels
of Luhn et al. (2023), which predict the RV variability due to p-
mode oscillations and granulation as a function of stellar type
and survey design; the effects of supergranulation were not
included. For the solar data set, the predicted residual noise
level is /3.72 + 11.5% + 302 + 22 ~ 30 cms ', for p-modes,
granulation, instrumental systematics, and photon noise,
respectively. For the NEID HD 26965 data set, the predicted
residual noise level is /242 + 212 + 30% + 16? ~ 45 cms ™.
The expected jitter from unaccounted-for sources of stellar
variability falls short of the observed residuals, leaving room
for future improvement, which we explore below; undetected
Keplerian signals or underestimation of the p-mode oscillations
and granulation jitter are also potential culprits.

The RC method assumes the same spot model underlying the
FF’ method. The FF' method expresses the RV signature of an
active region in terms of the host star’s flux variations, the
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Figure 9. The contributions of the rotation ARV, (#) and convection ARV (¢) perturbations as a function of the average temperature of formation in the stellar
atmosphere. Using only spectral features well reproduced by the stellar atmosphere model, the NEID solar RVs were jointly fit with the RC model for five choices of
RV, () — RV (7). Left: the relative strength of ARV,(#) between RV(#) and RV «(f) as a function of the average formation temperature; the average formation
temperature of RV .(¢) is shown as a dashed vertical line. Right: the relative strength of ARV (7) between RV,(r) and RV (7).

spots’ sizes and positions on the stellar surface, and the strength
of the associated magnetic regions (Aigrain et al. 2012).
Evaluating the FF' model relies upon numerically differentiat-
ing the flux (or flux proxy) time series. In contrast, the inputs to
the RC model are flux (or a flux proxy) and the difference
between the RVs drawn from higher in the stellar atmosphere
(strongly absorbed wavelengths) and those drawn from deeper
in the atmosphere (weakly absorbed wavelengths); the RC
model does not require numerical differentiation. Since the RC
and FF' methods rely on the same underlying model,
differences between their detrending results reveal systematics
from either numerical differentiation or our relative formation
height approach. On data sets with high enough temporal
sampling to numerically differentiate the flux time series, the
RC and FF' methods yield near identical results; see Figures 2
and 3. The detrending results are therefore independent of the
method of applying the simplified spot model (i.e., numerical
differentiation versus relative formation height), with the caveat
that the RC method has far more forgiving cadence
requirements.

In order to evaluate the RC model, we made the simplifying
approximations that (i) the average properties of the host star’s
surface features are constant or linearly varying with time and
(i1) an activity indicator is an adequate proxy of the host star’s
flux. These choices only apply to how the RC model was fit,
not the underlying formalism. Future work relaxing these
approximations is warranted. For instance, the spot fraction
could significantly vary over a few stellar rotation periods or
there may be a time lag between an activity indicator and stellar
flux (Burrows et al. 2024). To account for changes in the spot
properties as a function of time, the free parameters of the RC
model could be treated as Gaussian process kernels. Quantify-
ing the relation between stellar flux and different activity
indicators—e.g., Ho, logR'yx, FWHM of the CCF—could
help reign in systematic uncertainties associated with the use of
a flux proxy. Instead of adopting a single flux proxy, the host
star’s flux time series could also be approximated as a Gaussian
process conditioned on several activity indicators.

Detrending performance may also be improved by account-
ing for additional sources of stellar variability. In this work, we
revisited the simplified spot model from the perspective of
formation height in the stellar atmosphere. This approach is

14

well poised for jointly modeling the effects of granulation and
rotation modulation. Since rising granules contribute more
observable light than the falling granules, disk-integrated
spectral lines can display “C”-shaped bisectors (Stathopoulou
& Alissandrakis 1993; Gray 2008). Prior studies of the line
distortions induced by granulation often invoke magnetohydro-
dynamic simulations of the photosphere (e.g., Cegla et al.
2019). Recently, Palumbo et al. (2022) introduced the
GRanulation And Spectrum Simulator (GRASS)—a tool for
generating time series of granulation perturbed synthetic
spectra—based on the solar observations of Lohner-Bottcher
et al. (2019). Jointly modeling the line distortions of
granulation and rotation modulation would be a significant
advancement.

The RC model has proven a valuable tool for both
detrending and characterizing rotation modulation. For both
the Sun and HD 26965, the RC model closely matches FF’
detrending, without the need for high-cadence observations.
Moving forward, there are several areas ripe for development,
including (i) accounting for the growth and decay of the active
regions, (ii) exploring improved flux proxies, and (iii)
simultaneously modeling rotation modulation and granulation.

7. Conclusions

Starspots and their associated magnetic regions create RV
perturbations through two effects: (i) the spot induces a flux
imbalance between the rotationally red- and blueshifted
hemispheres, and (ii) the magnetic region locally suppresses
convective blueshift. As the star rotates and the active regions
cross the stellar surface, these perturbations generate a time-
dependent RV signal. Rotation modulation remains a sig-
nificant challenge in the detection and characterization of
extrasolar planets; rotation modulation has previously been
mistaken for Keplerian motion (Lubin et al. 2021), and with
periods on the order of days, these signals cannot easily be
averaged out with a targeted observing strategy.

In this paper, we revisited the physical picture of rotation
modulation. Previously, Aigrain et al. (2012) parameterized the
expected RV signal from rotation modulation in terms of the
host star’s flux variations and the active regions’ physical
properties. This approach—commonly known as FF'—relies
upon high temporal sampling to approximate the first-time



THE ASTRONOMICAL JOURNAL, 168:158 (16pp), 2024 October

derivative of the host star’s flux (or a flux proxy). Our
motivation was to reframe the spot model such that the physics
of stellar activity are readily explorable, while maintaining
accessibility (i.e., defining the model in terms of common RV
data products) and applicability (i.e., relaxing the requirement
on high-cadence observations).

We developed the Rotation—Convection (RC) method.
Previous observational studies pointed toward the rotation
and convection perturbations induced by an active region
varying with atmospheric height (Gray 2009; Cretignier et al.
2020; Liebing et al. 2021; Al Moulla et al. 2023). The RC
method expands upon the simplified spot model, by consider-
ing how the rotation and convection perturbations induced by
an active region change with height in the stellar atmosphere.
Unlike the FF’ approach, the RC model does not rely upon the
first-time derivative of flux and therefore has limited cadence
requirements. Evaluating the RC model only requires the one-
dimensional spectrum or the cross-correlation function.

We applied the RC model to NEID solar data, as well as
HARPS, EXPRES, and NEID observations of the standard star
HD 26965. In each case, the RC model successfully detrends the
rotation-modulation signal, lowering the RV variability from =2
to Ims~'. The RC model’s detrending performance was
independent of observing cadence; the observing cadence differs
by an order of magnitude between the three HD 26965 data sets.
Injection tests confirmed the RC model preserves Keplerian
information. For the NEID solar and HD 26965 data sets, where
the temporal sampling is sufficient to apply FF' detrending (i.e.,
numerical differentiation of a flux proxy time series), the RC and
FF' models yield near identical results, even though the RC
model has far more forgiving cadence requirements.

By design, the RC model both detrends and characterizes the
rotation-modulation signal. We confirmed the model accurately
recovers and separates the rotation and convection RV
components; this decomposition was validated by indepen-
dently measuring the components of rotation modulation with
high spatial-resolution Solar Dynamics Observatory observa-
tions (Pesnell et al. 2012; Scherrer et al. 2012; Haywood et al.
2016; Ervin et al. 2022). The RC model also traces the
amplitude of the rotation and convection perturbations as a
function of depth in the one-dimensional spectrum (i.e.,
absorption strength). For both the Sun and standard star
HD 26965, we found the amplitude of the rotation perturbation
increased with absorption strength, while the amplitude of the
convection perturbation decreased with absorption strength.
These trends can be interpreted in terms of height in the stellar
atmosphere, given the correlation between depth relative to the
local continuum and atmospheric height; however, the rotation
perturbation is expected to vary with depth relative to the line
core, even if the active regions’ flux contrast is constant
through the photosphere, introducing a level of ambiguity.

Using only standard RV data products and with limited
cadence requirements, the RC model successfully detrends and
characterizes the rotation-modulation RV signal. We anticipate
the RC model will inform future methods of robust RV
detrending and open the door to future studies of stellar
atmospheres.
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