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Abstract

We have conducted a planetary radial velocity measurement of the ultrahot Jupiter WASP-121b using JWST
NIRSpec phase curve data. Our analysis reveals the Doppler shift of the planetary spectral lines across the full
orbit, which shifts considerably across the detector (~10 pixels). Using cross-correlation techniques, we have
determined an overall planetary velocity amplitude of K, =215.7 £ 1.1 km s, which is in good agreement with
the expected value. We have also calculated the dynamical mass for both components of the system by treating it as
an eclipsing double-line spectroscopic binary, with WASP-121A having a mass of M, = 1.330 + 0.019 M., while
WASP-121b has a mass of M, = 1.170 £ 0.043 Mj,,. These dynamical measurements are ~3x more precise than
previous estimates and do not rely on any stellar modeling assumptions that have a ~5% systematic floor mass
uncertainty. Additionally, we used stellar evolution modeling constrained with a stellar density and parallax
measurement to determine a precise age for the system, found to be 1.11 & 0.14 Gyr. Finally, we observed
potential velocity differences between the two NIRSpec detectors, with NRS1 lower by 5.5+22kms '. We
suggest that differences can arise from day/night asymmetries in the thermal emission, which can lead to a
sensitivity bias favoring the illuminated side of the planet, with planetary rotation and winds both acting to lower a
measured Kp. The planet’s rotation can account for 1kms '

of the observed velocity difference, with

4.5+22kms"" potentially attributable to vertical differences in wind speeds.

Unified Astronomy Thesaurus concepts: Radial velocity (1332); Extrasolar gaseous planets (2172); Astronomical

techniques (1684)
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1. Introduction

For transiting exoplanets, estimates of the stellar mass have
predominantly relied on stellar evolution models constrained
by measurements, including parallax, stellar radial velocity
(RV), and stellar density (J. D. Hartman et al. 2019; C. Hellier
etal. 2019; S. W. Yee et al. 2023). Alternatively, a planet’s RV
signal can also be used, and high-resolution ground-based
infrared spectrographs have been used to detect exoplanet
molecular features over the last decade, beginning with
I. A. G. Snellen et al. (2010), who used the CO lines to
constrain the absolute stellar mass as the planetary Doppler
shift was measured. As ground-based spectrographs have large
systematics from sources such as telluric contamination and are
limited in the uninterrupted duration they can observe, it is
challenging to capture a complete phase curve of an exoplanet
from the ground (see the review by J. L. Birkby 2018 for
additional details). Most such observations to date have
concentrated around the transit or eclipse phase to measure
the planet’s spectrum, which is not an optimal phase to measure
the planet’s radial-velocity semiamplitude and thus is not ideal
for precision stellar mass measurements. However, some
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measurements do cover larger phase ranges (typically between
phases 0.3 and 0.7), such as L. van Sluijs et al. (2023), who
covered WASP-33 b, or A. Ridden-Harper et al. (2023), who
measured KELT-9 b. These observations typically cover phase
ranges between ~0.3 and 0.75, resulting in precise (~0.5%)
planetary semiamplitudes.

JWST has enabled detailed spectral measurements of
transiting exoplanets using transmission, emission, and phase
curve spectroscopy (e.g., Z. Rustamkulov et al. 2022;
P. C. August et al. 2023; J. L. Bean et al. 2023; T. Mikal-Evans
et al. 2023; T. J. Bell et al. 2024). The infrared observatory has
proven to be an extremely stable platform (N. Espinoza et al.
2023; J. Rigby et al. 2023) with achievable photometric
precisions on the order of 10s of parts per million or better
(e.g., L.-P. Coulombe et al. 2023; J. Lustig-Yaeger et al. 2023).
The NIRSpec G395H grating, in particular, has shown to be
extremely sensitive to the strong molecular absorption from
CO, (JWST Transiting Exoplanet Community Early Release
Science Team et al. 2023; Z. Rustamkulov et al. 2023) and CO
(L. Alderson et al. 2023). As seen in the direct imaging planet
VHS 1256-1257b (B. E. Miles et al. 2023) and the transiting
planet WASP-39b (D. Grant et al. 2023), the fundamental CO
bandheads between 4.4 and 5 um are resolvable with G395H.
Cross-correlation techniques have also been shown to be
capable of detecting CO with NIRSpec/G395H (E. Esparza-
-Borges et al. 2023). With CO resolvable in long-stare
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complete phase-curve observations, JWST should be able to
enable precision mass measurements if the planet’s Doppler
shift can be detected. Moreover, as demonstrated by Z. Rusta-
mkulov et al. (2023), the precise stellar densities derived from
the high signal-to-noise JWST transit light curves enable very
tight constraints on stellar evolution models.

WASP-121b is an ultrahot Jupiter that is particularly
favorable for atmospheric measurements (L. Delrez et al.
2016). Various features have been detected in its atmosphere,
including H,O and Fe, through HST transmission, emission,
and phase-curve measurements (T. M. Evans et al
2016, 2017, 2018; T. Mikal-Evans et al. 2019, 2023;
D. K. Sing et al. 2019). The planet has also been observed in
optical transmission high-resolution spectra, with a large
number of atomic species detected (M. Ben-Yami et al.
2020; V. Bourrier et al. 2020; S. H. C. Cabot et al. 2020;
N. P. Gibson et al. 2020; F. Borsa et al. 2021; S. R. Merritt
et al. 2021; T. Azevedo Silva et al. 2022; H. J. Hoeijmakers
et al. 2024; C. Maguire et al. 2023; J. V. Seidel et al. 2023;
J. P. Wardenier et al. 2024). Notably, the planet velocities
measured from ESPRESSO transit measurements range from
197 to 213kms ! (C. Maguire et al. 2023), which are
significantly lower than the expected orbital velocity of the
planet. Such a discrepancy could be a signature of winds or
atmospheric escape. In addition, J. P. Wardenier et al. (2024)
found phase-dependent Doppler shifts in CO and H,O around
transit, due to a combination of planetary rotation and the
spatial distribution of the molecular species.

In this work, we present new planetary RV measurements of
WASP-121b using the JWST/NIRSpec G395H instrument,
which has a spectral resolution near R ~ 3000. This resolution
is sufficient to observe significant wavelength shifts across the
detector for short-period planets, given the large orbital
velocities near ~200kms~' compared to the NRSI and
NRS2 detector’s average resolutions of 67 and 44 kms ™' per
pixel, respectively. We note for JWST the NIRSpec high-
resolution gratings will be needed for studies of this nature. For
instance, with resolutions near 700 for NIRISS SOSS, the
planet would only move across a couple of pixels peak-to-peak
during the orbit, making it difficult to remove the stellar
contribution cleanly. We describe the data reduction in
Section 2, our analysis in Section 3, present our methods in
Section 4, give results in Section 5, and conclude in Section 6.

2. Data Reduction

We use the phase-curve measurements of WASP-121b taken
with the JWST NIRSpec G395H instrument as part of GO-
1729 (P.I. Mikal-Evans, co-P.I. Kataria). The data continuously
cover the entire phase curve of the planet lasting 1.57 days,
beginning just before secondary eclipse and ending shortly
after a second secondary eclipse (see Figure 1). The NIRSPec/
G395H grating covers wavelengths from A =2.70 to 5.15 um
at a resolution of R ~ 3000.

This data set and the reductions used here have been
described in T. Mikal-Evans et al. (2023). In short, we use the
FIREFLy suite to reduce the JWST data starting from the
uncalibrated data (Z. Rustamkulov et al. 2022, 2023), optimiz-
ing the JWST calibration pipeline for time series observations.
The customized routines include removal of 1/f noise at the
group and integration level, bad pixel removal, cosmic-ray
cleaning spatially, and an optimized extraction of the stellar
spectrum.
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Figure 1. NIRSpec G395H NRS2 spectrophotometry. Plotted is the WASP-
121 spectra vs. detector integration number, which is proportional to time, with
the color bar corresponding to the normalized flux. The transit can clearly be
seen in the middle as well as the two eclipses at the top and bottom of the plot.
The beginning and end of the transits and eclipses are marked with white
horizontal lines.

From the extracted time series spectra (TSS), we removed
stellar flux and planetary continuum flux from the data using
the following procedure to isolate the planetary emission/
absorption lines. For each integration we did as follows:

1. Removed the white-light phase-curve contribution from
each TSS, dividing the spectrophotometric time series at
each wavelength by the wavelength-integrated white-
light curve.

2. Divided out the median spectra of the whole time series
from each TSS. This procedure removes the stellar flux
contribution and a portion of the planetary continuum
while preserving the Doppler-shifting planetary spectral
lines. We note the Doppler shift of the stellar lines is well
below the instrument resolution, so the stellar lines are
assumed to be stable throughout the phase-curve
observation.

3. Removed the phase-dependent planet continuum emis-
sion by dividing each TSS by a running median filter in
the wavelength chosen to be 101 pixels wide. This
procedure removes any remaining phase-dependent
planetary continuum flux while preserving individual
spectral lines of the planet.

The residual spectrophotometry can be seen in Figure 2,
which we use in our cross-correlation analysis.

3. Analysis

The residual data cube (with dimensions of time, A, and flux)
has the stellar contribution of the star effectively removed
along with the planet’s continuum flux, while the planetary
spectral lines have been largely unaffected (see Figure 2). We
note that the high quality of the JWST data allowed for cross-
correlation measurements at this stage without the need for
further cleaning or removal of further systematic errors in the
data. Such additional steps are typically needed for ground-
based high-resolution spectroscopy to remove, for instance,
telluric contamination, airmass trends, or detector drifts (e.g.,
J. L. Birkby et al. 2017). In addition, the JWST phase-curve
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Figure 2. The same as Figure 1 but plotting the residual spectrophotometry
after removing the median stellar spectra, white-light phase curve, and phase-
dependent planetary broadband emission spectrum.

data is a single continuous observation, such that the full orbital
velocity curve can be measured without night-to-night or visit-
to-visit calibration differences.

The wavelength calibration for JWST NIRSpec has been
found to meet the requirement of 1/8 of a resolution element
(T. Boker et al. 2023). However, the accuracies assume a well-
centered point source, and the BOTS mode uses a wide slit,
which can lead to wavelength calibration offsets if the target is
not well centered. Using stellar H lines, we compared the stellar
spectra to a phoenix model at the known system velocity and
found a wavelength shift over the default pipeline solution of
about 1 pixel. Thus, a measurement of the system velocity with
this data set will have a large 1 pixel systematic uncertainty,
which prohibits a precise measurement. However, the relative
planet velocities are preserved as the target remained well
placed in the slit (1/500 of a pixel, ~0.1kms™') during the
entire 37.8 hr phase-curve observation (T. Mikal-Evans et al.
2023).

3.1. Planet Velocity Measurement

Assuming a circular orbit, the expected measured planet
velocity, v,, can be calculated from the stellar radius and
transit-derived parameters using

vy = 27T(ai.ﬂsin(i), (1)

where a/R, is the semimajor axis to stellar radii, P is the
period, and i the inclination. Using the values found in
V. Bourrier et al. (2020), the expected planet velocity is
calculated to be 2204+ 4kms™', with the majority of the
uncertainty due to the stellar radius. The G395H resolution
varies from R =2000 to 3500 between 3 and 5 um, corresp-
onding to velocity resolutions of 150-85kms~' or
68-38kms ' per pixel, respectively. Thus, peak to trough
the planetary signal is expected to shift across 6.5 pixels at
3pum and 11.6pixels at 5 pym. With a shift >1 pixel, the
planetary Doppler shift is expected to be readily detectable,
especially when coadding the signal of many spectral lines
across the detector.

To facilitate velocity measurements, using a cubic spline
interpolation we resampled the G395H residual data cube

Sing et al.

0.0065
0.0060 -

0.0055

£ 0.0050 1
[:N

0.0045 4

0.0040

0.0035

2.8 2.9 3.0 3.1 3.2 3.3 3.4 35 3.6 3.7 3.8 39 40 4.1 42 43 44 45 46 47 48 49 50

1.1
1.0 A

2.8 29 3.0 3.1 3.2 33343536 3.7 3839404142 434445 46 4.7 48 49 5.0
‘Wavelength (um)

AF,/F,

Figure 3. (Top) Phoenix forward model planetary spectrum corresponding to
the dayside for WASP-121b. Emission lines from species such as CO are
visible. (Bottom) The cross-correlation template Phoenix planetary spectrum
generated by dividing by a median filter that removes the continuum emission.
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Figure 4. Cross-correlation amplitude as a function of orbital phase and RV lag
using the Phoenix model as a correlation template. The CCF amplitude has
been normalized at each phase by its standard deviation. (Top) Correlation
using a Phoenix grid model as a correlation template. (Bottom) Using a
PHOENIX model template derived from a retrieval on the planetary dayside
emission spectra. Vertical white lines mark transit and eclipse first and fourth
contact phases.

spectra on a uniform log(\) wavelength scale and supersampled
each pixel by a factor of 10. With the log resampling, the
spectra have a corresponding constant resolution in velocity for
each detector of 6.83kms ' per pixel for NRSI and
4.45kms ™" per pixel for NRS2.

3.1.1. Cross Correlation with Forward Models

We cross-correlated the resampled residual spectral data with
a PHOENIX model (J. D. Lothringer et al. 2018) representative
of the dayside spectrum (see Figure 3). The first model was an
“out-of-the-box” forward model generated from a grid, while
the second was the best-fit emission spectra from a retrieval fit
to the G395H dayside emission spectra (Mikal-Evans et al.
2024, in preparation, private communication). Cross-correla-
tion templates from the PHOENIX spectra were generated by
removing the continuum with a median filter in wavelength as
done for the data. The model template spectra have spectral
emission features from CO and H,O, which are expected based
on previous measurements (e.g., T. Mikal-Evans et al. 2019).
We cross-correlated the model template with all 3504 spectra in
the time series data. The time-dependent correlation results for
both the “out-of-the-box” and retrieval model spectra can be
seen in Figure 4, showing the correlation as a function of RV
lag and orbital phase. A correlation is seen in the data detected
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Figure 5. Same as Figure 4 but using a cross-correlation template derived from
the data themselves.

at the phase and 220kms ' amplitude expected by the
planetary velocity. For the “out-of-the-box™ template spectra,
a correlation can be seen, but the correlation peak itself is lower
by a factor of 2 compared to the retrieval model, and the width
of the cross-correlation function was found to be 3—4x wider
and notably flat-topped, prohibiting a precise velocity measure-
ment. The dramatic difference between the model spectra
highlights the sensitivity of cross-correlation techniques to the
exact atmospheric model used and the difficulty of optimizing a
signal if the atmospheric structure and composition are notably
different than can be assumed from model grids. We note the
cross-correlation function can be seen to flip to negative
correlation values when correlating against the transit signal, as
a transit spectrum has absorption lines that are darker in transit
compared to the continuum, while inverted emission lines
during secondary eclipse are brighter.

3.1.2. Self-derived Cross Correlation

Rather than use a planetary atmospheric model for the
template spectra to correlate the data against, we also derived
the template from the data themselves, as is commonly done
when analyzing the RV signatures of binary stars (e.g.,
D. K. Sing et al. 2004). Using the planetary spectral features
themselves as a template should, in principle, be fully optimal
to measure relative velocity shifts as it avoids model
mismatches including missing or incomplete cross sections
and the assumed atmospheric structure and composition.
However, with a self-derived template the absolute systemic
velocity is not directly measured. In addition, residual stellar
features and detector artifacts could be present in the empirical
template, which might be picked up in the cross correlation at
low levels near zero velocities.

We first velocity shifted all the spectra to the expected
planetary rest frame assuming K, = 220 km s~ !, then computed
the mean residual planetary spectrum of the entire residual time
series. We then used the mean spectrum as a cross-correlation
template, cross-correlating against the unshifted time series
data. We normalized the cross-correlation signal strength by
dividing the cross-correlation function (CCF) by its standard
deviation. As seen in Figure 5, a planetary RV signal is evident
when plotting the cross-correlation signal as a function of
orbital phase, with the correlation peaks much better resolved
than when using the forward model. In order to time-resolve
the planet signal at each phase at a 2-3¢ level, we binned the
spectra in time by a factor of 16 (corresponding to 11.25 minute
bins) and cross-correlated the binned spectra with our mean
template. A Gaussian was then fit to the strongest cross-
correlation peak to determine the peak velocity shift and its
uncertainty at each phase. At a few phases, the peak cross-
correlation signal did not correspond to a velocity near the
expected planet velocity. Given it occurred for only a small
number of phases, we implemented a 150 clip to remove those
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points. We additionally discarded the data during eclipse as the
planetary emission is not observed during that time.

For both NRS1 and NRS2, we fit the RV curves with a
sinusoid, fixing the period to that from V. Bourrier et al. (2020)
and fitting for the amplitude K, and the absolute velocity (see
Figures 6 and 7). Additionally fitting for a phase shift did not
improve the fit, so no offset was assumed. To search for
nonsinusoidal components, we additionally tried fitting the RV
data with a high-order polynomial chosen to be a Taylor
expansion of a sinusoid but did not find statistically significant
results as measured by the Bayesian information criteria. For
NRS1, we measure a velocity of K,=212.741.8km s !
while K, =218.2 & 1.3km s~ for NRS2. Although NRS2 has
less total flux than NRS1, we find slightly higher precisions for
NRS2 likely due to larger planetary emission along with
correlating against stronger, more favorable planetary features
such as the comb-like CO lines. We report the weighted mean
value of K, in Table 2. The RV data are available on Zenodo
(10.5281/zenodo.11992282).

4. Methods
4.1. Dynamical Mass Measurements

With the RV of the star and planet both measured along with
the inclination, we derive the masses for both components
using the following equation from G. Torres et al. (2010):

M(*,p>Sin3(i) = 1.036149 x 1077(1 — ¢?)3/2
(K. + Kp)*K(p.)P, )

where M(, ,y is the mass of the star or planet (depending on
which is being calculated), K, is the stellar RV, and e is the
eccentricity. Using K, from L. Delrez et al. (2016), both e and
P from V. Bourrier et al. (2020), and a K|, value of 215.7 &
1.1 km s~ ! derived from our JWST data, we find a stellar mass of
M,=1330+0.019M;, and M, =1.170 +0.043 M;. We note
that these dynamical mass measurements are about as precise as
the best precisions found in the literature for this mass range but
do not rely on theoretical isochrones (e.g., J. D. Hartman et al.
2019). In addition, the precisions are improved by a factor of 2-3
over the recent measurements of WASP-121A,b from V. Bourrier
et al. (2020). We report these values in Table 2 and include
updated related parameters.

4.2. Stellar Evolution Modeling

We derive the fundamental and photospheric stellar para-
meters of WASP-121 using the isochrones (T. D. Morton
2015) package to execute with MultiNest (F. Feroz &
M. P. Hobson 2008; F. Feroz et al. 2009, 2019) a simultaneous
Bayesian fit of the MESA Isochrones & Stellar Tracks (MIST)
isochrone grid (B. Paxton et al. 2011, 2013; J. Choi et al. 2016;
A. Dotter 2016; B. Paxton et al. 2018, 2019; A. S. Jermyn et al.
2023) to a curated collection of data for the star given in
Table 1. We fit the MIST grid to (1) SkyMapper Southern
Survey DR4 uvgri photometry including in quadrature its zero-
point uncertainties (0.03, 0.02, 0.01, 0.01, 0.01)mag
(C. A. Onken et al. 2024), Gaia DR2 G photometry including
in quadrature its zero-point uncertainty (Gaia Collaboration
et al. 2016; F. Arenou et al. 2018; G. Busso et al. 2018;
D. W. Evans et al. 2018; Gaia Collaboration et al. 2018;
M. Riello et al. 2018), Two Micron All Sky Survey (2MASS)
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Figure 6. The planetary RV signal derived using NIRSpec/NRS2 with 1o uncertainties (black data points). A best-fit planetary RV signal is also shown (blue) as well
as the eclipse and transit first and fourth contact phases (gray dashed lines). The RV data are available as the data behind the figure.

(The data used to create this figure are available in the online article.)
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Figure 7. Same as Figure 6 but for NIRSPec/NRS1. The RV data are available
as the data behind the figure.

(The data used to create this figure are available in the online article.)

Table 1
WASP-121A Isochrone Inputs

Parameter Value

11.7994 £ 0.0230
11.3884 £ 0.0200

SkyMapper u
SkyMapper v

SkyMapper g 10.5448 4+ 0.0146
SkyMapper r 10.3774 £ 0.0149
SkyMapper i 10.3499 £ 0.0151
Gaia G DR2 10.3746 £ 0.01
2MASS J 9.625 £ 0.021
2MASS H 9.439 £+ 0.025
2MASS Ks 9.374 £ 0.022
WISE W1 9.365 £+ 0.033
WISE W2 9.387 £ 0.038
WISE W3 9.383 £ 0.062
Parallax (mas) 3.8114 £0.0135
A, 0.1118 £ 0.0013
JHK, photometry including its zero-point uncertainties

(M. F. Skrutskie et al. 2006), and Wide-field Infrared Survey
Explorer CatWISE2020 W1W2W3 photometry including in
quadrature its zero-point uncertainties (0.032, 0.037,
0.051) mag (E. L. Wright et al. 2010; A. Mainzer et al. 2011;
F. Marocco et al. 2021); (2) a zero-point-corrected Gaia DR3
parallax (C. Fabricius et al. 2021; Gaia Collaboration et al.
2021; L. Lindegren et al. 2021a, 2021b; N. Rowell et al. 2021;

1,2,3-0 p. constraint
JWST transit p. & age

1.0 + =

4.0 o

0.60 0.55

p. (grcm™3)

0.65 0.50

Figure 8. Isochrone posterior values of the age vs. stellar density considering
only the broadband magnitudes, parallax, and extinction (gray/black). An
updated posterior with the added constraint of the JWST stellar density is also
shown (red). The JWST-measured stellar density and isochrone age are
indicated with the black data point, with 1, 2, and 30 density confidence
intervals shown (blue).

F. Torra et al. 2021) with the formal uncertainty increased by
30% (K. El-Badry et al. 2021); and (3) an estimated reddening
value based on a three-dimensional reddening map (R. Lalle-
ment et al. 2022; J. L. Vergely et al. 2022). For the GAIA
photometry, we increased the error bar of the reported G-band
photometry by 0.01 mag, which takes into account the
observed epoch-to-epoch scatter of the GAIA photometry,
which we postulate as due to stellar activity. We use a log
uniform age prior between 0.1 and 10 Gyr, a uniform extinction
prior in the interval 0 mag < Ay < 0.2 mag, and a distance prior
proportional to volume between the C. A. L. Bailer-Jones et al.
(2021) geometric distance minus/plus 5 times its uncertainty.
The modeling is also constrained by a precise scaled semimajor
axis value (a/R,) derived from the JWST transit light curve
(C. Gapp et al. 2024, private communication), which provides
tight constraints on the stellar density.

The results are shown in Figures 8 and 9 with the derived
values in Table 2. We derive an age of 1.11 & 0.14 Gyr for the
system. Our age is consistent with previous estimates (F. Borsa
et al. 2021), though 3 X more precise given the added constraint
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Figure 9. Isochrones posterior distribution of stellar parameters (gray/black)
along with the posterior constrained with the JWST transit-measured stellar
density (red), with the values listed in Table 2.

of the JWST transit-measured stellar density. We also compare
the isochrone-derived mass to the dynamical mass in Figure 10,
finding good agreement.

5. Results
5.1. Tidally Mediated Orbital Evolution

Unlike most hot Jupiter systems, the orbital period of the
WASP-121 system at P = 1.27492504 4 0.000000145 days is
longer than the rotation period of the star WASP-121 at
Pt~ 1.13 days (L. Delrez et al. 2016). As a consequence, if
WASP-121’s stellar obliquity 1 was identically zero, then
angular momentum would move from stellar rotation to the
orbit of the star—planet system, thereby increasing its orbital
period and semimajor axis. WASP-121 has stellar obliquity
1 = 8871 though (V. Bourrier et al. 2020), necessitating a more
comprehensive treatment of the system’s tidal evolution. We
therefore use the tidal evolution model outlined in J. Leconte
et al. (2010) to predict the instantaneous change in WASP-
121’s orbital period due to star—planet tidal interactions. Using
(1) a, M,, R,, M, and R, reported in Table 2; (2) Py, =1.13
days from L. Delrez et al. (2016); (3) v =88%1 from V. Bou-
rmier et al. (2020); (4) a stellar moment of inertia
I/M,R? = 0.056 based on models presented in L. Amard
et al. (2019) for the evolution of rotating stars; and (5)
assumlng e =0 and modified planetary tidal quality factor
Qp = 107 as appropriate for a giant planet, we can predict P for
the WASP-121 system as a function of modified stellar tidal
quality factor Q).

We find P = —8.5 x 107°(108/0)) syrfl Even if WASP-
121 is highly d1551patlve like WASP-12 with Q] ~ 10°, then
P = —8.5msyr ', a factor of about 3 less than the P observed
in the WASP-12 system (e.g., S. W. Yee et al. 2020). While the
value of Q] for WASP-121 is uncertain, N. N. Weinberg et al.
(2024) calculated Q] as a function of stellar mass, stellar age,
system orbital period, and planet mass. For systems like
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WASP-121, they predict Q] ~ '
ingly small and certainly undetectable P = —8.5 us yr~

108, which implies a vanish-
1

5.2. Planetary Wind Constraints

We find a tentative AKnrsz nrs1 =3.5£2.2kms™ ' dif-
ference in the RV measurement between the NRS1 and NRS2
detectors (2.50 confidence). In particular, the measured
velocity of NRSI at 212.74 1.8kms™ ' is slower than the
expected planetary orbital velocity of 217.8+1.0kms '
(calculated using Equation (1) with the updated values from
Table 2).

Unlike RV measurements of the star, the tidally locked
planet has large day/night temperature differences, which can
affect the measurements. In the absence of such differences, the
velocity shifts imparted from the rotation of the planet and
global equatorial winds will largely cancel out. With strong
day /night differences, the planet can induce RV signals beyond
the orbital velocity itself. For instance, in a limiting case where
the nightside flux is negligible and the planetary emission
emanates entirely from the hot dayside, the tidally locked
rotation and equatorial winds will both act to reduce the
measured RV (see Figure 11).

We performed an analytical estimate to better quantify the
contributions from winds and the planet rotation on the NRS1/
NRS2 velocity difference, concentrating first on relative
velocity differences. We estimated the values at quadrature,
given that phase has the maximum velocity signature and the
planet can easily be divided geometrically into e(llual dayside
and nightside components. With a 5.5kms™ " difference
observed between the detectors, we estimated what fraction
of that difference could be directly attributable to the planet’s
rotation. At the equator, we calculate a planetary rotational
velocity of Ko, =7.6km s~ ! derived from the planet’s radius
and orbital period (assuming the planet is tidally locked). As
the bulk of planetary flux will be emitted from the equatorial
region, which is expected to be hottest (N. J. Mayne et al. 2014;
V. Parmentier et al. 2018; E. K. H. Lee et al. 2022), we
estimated the rotational velocity components along the equator
at the average angle emitted from the planet (1 = cos(f) =
1/2) or 6 =60°. We flux-weighted the dayside and nightside
contributions, F; and F,, = 1 — F,, respectively, from the bulk
planetary rotation, taking the projected sin(f) component
contributing to the measured Doppler shifts, giving

AI(rot = (1 - Fd)Krol sin(@) + EKior Sil’l(&). (3)

For NRS1, F;=96%, as measured by T. Mikal-Evans et al.
(2023), giving an estimated RV shift of 6.0kms ', while
F,;,=88% for NRS2, giving an estimated RV shift of
5.0km s~ '. Thus, the RV difference between the two detectors
that can be attributable to the planetary rotation should be
1 kms~'. This implies that the wind speed difference between
the pressures probed between the two detectors is
45422kms™'. These estimates are in line with current
predictions (E. K. H. Lee et al. 2022), which find speeds up to
8km s~ ' and large vertical differences in wind speeds.

The NRS1 and NRS2 detectors are expected to probe
different pressure levels, as the chemical and thermal
differences from equator to pole and from the dayside to
nightside mean that at constant wavelength the pressure and
height in the atmosphere one is detecting at a given optical
depth varies. NRS1 is expected to be sensitive to H,O in
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Table 2
System Parameters for WASP-121A,b
Parameter Description Units Value Reference(s)
Measured planet parameters
K, RV semiamplitude km s~ 215.7 £ 1.1 this work
P orbital period days 1.27492504 + 0.00000015 V. Bourrier et al. (2020)
a/R, scaled semimajor axis 3.7844 £ 0.0069 C. Gapp et al. (2024, private communication)
RP/R* planet—star radius ratio 0.122551 4+ 0.000063 T. Mikal-Evans et al. (2023)
(Rp /R*)2 transit depth 0.015018 4 0.000015 T. Mikal-Evans et al. (2023)
Measured stellar parameters
K, RV semiamplitude ms! 181.1 + 6.4 L. Delrez et al. (2016)
Ps stellar density gcem 0.6308 £ 0.0034 this work
d distance pc 263.18 +0.72 Gaia Collaboration et al. (2023)
Inferred planet parameters
Teq equilibrium temperature K 2409 + 24 this work
a semimajor axis au 0.02571 4+ 0.00010 this work
R, planet radius Ry 1.7420 £ 0.0060 this work
Pp planetary density gcem 0.275 £ 0.010 this work
Dynamically determined parameters
M, planet mass M; 1.170 £ 0.043 this work
M, stellar mass M. 1.330 £ 0.019 this work
Inferred isochrones stellar parameters
M, stellar mass M., 1.385 £ 0.016 this work
R, stellar radius R 1.461 4 0.005 this work
log(g) surface gravity logl0(cm s~2) 4.251 £+ 0.003 this work
Tess effective temperature K 6628 + 66 this work
[Fe/H] metallicity log([Fe/H]) 0.17 +0.05 this work
Tiso isochronal age x10° yr 1.11 £ 0.14 this work
30 mmm Isocrones Mass: photometry, GAIA & JWST-p. constrained Planet at orbital @net Rotation
Dynamical Mass: planet and star radial velocity quadrature N
251 ¥
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101 To star '
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Figure 10. Dynamic RV stellar mass measurement compared to the stellar
modeling mass constrained by the broadband photometry, distance, and stellar
density.

particular, while NRS2 at longer wavelengths is sensitive to
strong CO and CO, lines (e.g., Z. Rustamkulov et al. 2022).
These pressure and longitude differences can result in differing
wind profiles. Comparing the absolute velocities measured, the
velocity from NRS2 of 21824 1.0kms™' matches the
expected velocity of 217.8 +£1.0kms ' calculated using the
JWST transit-derived a/R, and R, constrained using GAIA.
With a ~5km s~ shift expected from the planet’s rotation not
observed, this implies a counterrotating wind component is
largely able to cancel out this expected shift. The wind patterns
from general circulation modeling (GCM) predict that such
counterrotating winds contribute at high latitudes (E. K. H. Lee
et al. 2022). The lower RV value inferred from the NRS1
observations, relative to NRS2, suggests either that the
prograde wind (i.e., flowing in the direction of the planet’s

Figure 11. Illustration of the planet at orbital quadrature (phase 1.25) and the
red/blueshifted velocity and day/night components. At this phase, the planet is
redshifted from the orbital velocity, the dayside emission of the planet is
blueshifted from winds and rotation, while the fainter nightside is redshifted
from winds and rotation.

rotation) contributes more substantially to the signal or that the
wind speeds at high latitudes are slower. Deprojected, the
nonrotational 4.5kms™' RV difference suggests zonal wind
speeds on the order of 4.5/sin(d) = 5.2 km s L.

A more sophisticated three-dimensional treatment that takes
into account the full viewing geometry, temperature structure,
and atmospheric composition will be needed to interpret the
winds using this technique. However, this estimate indicates
that the winds can be probed with JWST phase-curve emission
data given the sensitivity to the Doppler shifts from the global
planetary emission lines. Further, isolating and comparing
specific spectral lines from the emission spectra (e.g., CO
versus H,O) can lead to further insights; however, such studies
are beyond the scope of this work.
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These measurements nicely complement the existing high-
resolution optical transit and phase-curve measurements (e.g.,
H. J. Hoeijmakers et al. 2024; C. Maguire et al. 2023) that
probe higher altitudes in atomic transitions. In particular,
several species including Fe have been detected at near-
ultraviolet and optical wavelengths and at altitudes beyond the
Roche limit (D. K. Sing et al. 2019; C. Maguire et al. 2023).
The phase-curve measurements here are probing molecular
emission near the mbar to bar region, which can give insight
into the large equatorial jets expected on these planets. As the
GCM wind speeds are highly dependent on the modeled
diffusion (C. S. Cooper & A.P. Showman 2005; N. J. Mayne
et al. 2014), comparing the theoretical wind speed values to the
observations should help calibrate these types of models. The
large wind speeds estimated here are an indication the
equatorial jets can be driven to high velocities in ultrahot
Jupiters. We note that the significance (2.40) is similar to that
of the first wind speed measurement from CO on HD 209458b
(I. A. G. Snellen et al. 2008). Given the potential differences
between species (e.g., J. P. Wardenier et al. 2024), these
estimates may be further refined by studies isolating specific
molecular features and further emission/transmission spectral
measurements, which will improve the atmospheric constraints
and therefore the correlation with model atmospheres.

6. Conclusion

We have presented an RV measurement for the planet
WASP-121b, which we detected during the entire orbital phase
using JWST NIRSpec. Such measurements require the high-
resolution gratings of NIRSpec, which are capable of detecting
the orbital motion of close-in planets during phase-curve
observations.

With NIRSpec, we measured the RV of the planet to 0.5%
precision, with K, =215.7+ 1.1 km s~!. This is the first time
an exoplanet’s RV has been continuously measured during an
entire orbit. With both the star and planet semiamplitude RV
detected, the absolute masses of both components were
precisely determined. We found that WASP-121A has a mass
of M, =1.330+0.019 M, while WASP-121b has a mass of
M, =1.170 £ 0.043 Mj,,. These masses are 2-3 times more
precise than previous estimates and do not rely on stellar
evolution models.

In the case of WASP-121b our radial velocities measure the
mass of the star to 1.4%, the JWST transit measures the stellar
density to 0.5%, and GAIA parallax and photometry measure
the radius to 0.35%. All of these precise independent stellar
measurements are consistent at the 1o level. As a result, the
planetary mass and radius parameters are also precise and can
be derived free of stellar modeling. Our 1.4% stellar mass
uncertainty improves upon the ~5% inherent uncertainty from
estimating stellar masses using stellar models (J. Tayar et al.
2022), with our data providing valuable calibration informa-
tion. In the case of WASP-121A, the good match to the stellar
evolution models indicates the MESA models are accurate for
this stellar type. This assessment agrees with results bench-
marking the models to an open cluster (W. Brandner et al.
2023). There are a number of targets where these measurements
can be made, as a number of planets have either comparable or
higher-emission spectral signals or higher-amplitude planetary
radial velocities (e.g., TOI-2109 b expected to be 291 kms ™).

Using stellar evolution models constrained with a precise
JWST stellar density derived from the NIRSpec transit light
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curve, we found that the system is 1.11 = 0.14 Gyr old. This
age makes the star only in the first quarter of its main-sequence
lifetime. Our JWST planetary RV measurements on a
K=9.3mag star were able to reach median precisions of
11kms™" in a 11.25 minute observation and 1kms~" for the
whole 1.57 day phase curve. Future observers should consider
phase-curve measurements with the high-resolution NIRSpec,
as precision absolute masses can be obtained for both the star
and planet independent of stellar evolution models, and
constraining the zonal winds appears feasible. The large shifts
in the planetary signal (~10 pixels) also highlights that the
planetary RV will have to be taken into account when
retrieving the atmospheric properties from the whole phase-
curve signal. Otherwise, key molecular lines will not align in
wavelength with the model.

Finally, we observed a potential wavelength dependence to
the RV amplitude, with the shorter wavelength NRS1 detector
lower by 5.5+22kms '. We estimated that the planet’s
rotation can account for only 1kms~' of the difference, with
45422kms™" attributable to average zonal wind speeds
tentatively estimated to be about 5.2kms™".
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