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Since the moon was bright and high in the sky, we
experimented with using the sky fiber to subtract the
background sky from the science fiber. Doing so did not
significantly change the RVs. As we obtained a slightly higher
RV precision without performing the sky subtraction, we
elected to extract the RVs from non-sky-subtracted spectra.

2.1.2. Doppler Velocimetry with Keck/HIRES

We also obtained 38 RV measurements of WASP-148 with
continuous Keck/HIRES observations from UT6:14-14:38 on
2021 June 9 (dark night). Seeing ranged from 0 9–1 1 during
the pre-transit baseline and in-transit observations, rising
slightly to 1 1–1 4 during the post-transit baseline.

All Keck/HIRES observations were obtained with the C2
decker (14″× 0 861, R= 60,000). Observations were imprinted
with molecular iodine features using an iodine absorption cell to
enable precise Doppler measurements (Butler et al. 1996). The
median exposure time was 780 s, with ∼40 k exposure-meter
counts per spectrum during the first half of observations, falling
to ∼34k exposure-meter counts per spectrum during the second
half due to light cirrus. The typical S/N is 76 pixel−1 for the
Keck/HIRES spectra at 5300 Å.

During June 11, we also obtained a 45-minute iodine-free
HIRES template spectrum of WASP-148 using the B3 decker
(14 0× 0 574, R= 72,000), with 1 0 seeing and air mass
z= 1.1. We used this observation to calibrate our RVs with the
California Planet Search pipeline (Howard et al. 2010) and to
extract precise stellar parameters (see Appendix B). At 5300 Å,
our reduced template had a S/N of 167 pixel−1 (178k
exposure-meter counts). The R-M observation of WASP-
148b measured with HIRES is shown in the left panel of
Figure 1.

2.2. Simultaneous Photometric Observations

The transit mid-time of WASP-148b varies by up to
∼20 minutes due to dynamical interactions with the companion
planet WASP-148c. As a result, the exact transit mid-time of
WASP-148b, which helps to better constrain the R-M model,

cannot be predicted from past observations as accurately as in
most systems.
To directly measure the transit mid-time, we took photo-

metric observations of WASP-148 using the 42-inch Hall
telescope and 1-m Planewave telescope at Lowell Observatory;
the 1-m Nickel telescope at Lick Observatory; and an array of
seven 4.5-inch Unistellar eVscopes located in California and
North Carolina while simultaneously observing the R-M effect
with Keck/HIRES. The obtained light curves are provided in
Figure 2. Observing and data reduction details are provided in
Appendix A.
In addition to the simultaneous photometric observations,

our analysis also incorporates two photometric transits obtained
with the 1.5-m Ritchey–Chrétien Telescope (Maciejewski et al.
2020) as well as TESS light curves derived from the MIT
QuickLook Pipeline (Huang et al. 2020b). Seven transits of
WASP-148b were observed in TESS Sectors 24–26 from 2020
April 16 to July 04, with 30 minute exposures. To remove
potential trends, we employed the Savitzky–Golay filter over a
12 hr window to the light curves.

3. Stellar Obliquity from Global Analysis

We determined the sky-projected spin–orbit angle (λ) for
WASP-148b using the Allesfitter code (Günther &
Daylan 2019). Allesfitter simultaneously fits multi-band
transits, RV data, and R-M measurements by applying the
Affine-Invariant Markov Chain Monte Carlo (MCMC)
algorithm.
We simultaneously modeled 11 photometric transits (7 from

TESS, 2 from the 1.5-m Ritchey–Chrétien Telescope
(Maciejewski et al. 2020), and 2 newly collected light curves
from the 42-inch Hall Telescope and the 1-m Planewave
Telescope), the in-transit NEID and HIRES RVs (which exhibit
the R-M effect), and the out-of-transit RVs available from the
system’s discovery paper (Hébrard et al. 2020), taken with the
SOPHIE spectrographs.
The model parameters include the orbital period (P), transit

mid-time at a reference epoch (T0), mid-time for each transit
event (Tn), cosine of the orbital inclination ( icos ), planet-to-star

Figure 1. Spectroscopic radial velocities of WASP-148 measured with NEID (left), HIRES (center), and both together (right), as a function of orbital phase (minutes
from mid-transit) along with the best-fitting R-M models shown as red dashed lines. We find a low obliquity for WASP-148b in each of the three fits. Allesfitter
simultaneously fits the error scaling and each data set to weight each data set based on its likelihood. The errors of the plotted RVs are unscaled and are drawn directly
from our RV pipeline.
(The data used to create this figure are available.)
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