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Measured spin–orbit alignment of 
ultra-short-period super-Earth 55 Cancri e

Lily L. Zhao    1  , Vedad Kunovac    2, John M. Brewer3, Joe Llama2, 
Sarah C. Millholland    4, Christina Hedges5,6, Andrew E. Szymkowiak    7,8, 
Rachael M. Roettenbacher7,9, Samuel H. C. Cabot7, Sam A. Weiss7 & 
Debra A. Fischer7

A planet’s orbital alignment places important constraints on how a planet 
formed and consequently evolved. The dominant formation pathway of 
ultra-short-period planets (P < 1 day) is particularly mysterious as such 
planets most likely formed further out, and it is not well understood what 
drove their migration inwards to their current positions. Measuring the 
orbital alignment is difficult for smaller super-Earth/sub-Neptune planets, 
which give rise to smaller amplitude signals. Here we present radial 
velocities across two transits of 55 Cancri (Cnc) e, an ultra-short-period 
super-Earth, observed with the Extreme Precision Spectrograph. Using the 
classical Rossiter–McLaughlin method, we measure 55 Cnc e’s sky-projected 
stellar spin–orbit alignment (that is, the projected angle between the 
planet’s orbital axis and its host star’s spin axis) to be λ = 10 +17∘

−20∘ with an 

unprojected angle of ψ = 23+14
∘

−12∘. The best-fit Rossiter–McLaughlin model to 
the Extreme Precision Spectrograph data has a radial velocity semi-

amplitude of just 0.41+0.09−0.10 m s−1. The spin–orbit alignment of 55 Cnc e 

favours dynamically gentle migration theories for ultra-short-period 
planets, namely tidal dissipation through low-eccentricity planet–planet 
interactions and/or planetary obliquity tides.

The star 55 Cancri (Cnc) A hosts five known exoplanets with minimum 
mass estimates ranging from approximately 8M⊕ to 3MJup and periods 
less than one day to nearly 20 years1–4. Of particular interest has been 
55 Cnc e, one of the most massive known ultra-short-period planets 
(USPs) and the only planet around 55 Cnc found to transit5,6. It has an 

orbital period of 0.7365474+1.3 × 10−6

−1.4 × 10−6 days, a mass of 7.99 ± 0.33M⊕ 

and a radius of 1.853+0.026−0.027  R⊕ (refs. 7,8). A precise measure of the 

stellar spin–orbit alignment of 55 Cnc e—the angle between the host 

star’s spin axis and the planet’s orbit normal—will shed light on the 
formation and evolution of USPs, especially in the case of compact, 
multiplanet systems.

It has been shown that USPs form a statistically distinct popula-
tion of planets9 that tend to be misaligned with other planetary orbits 
in their system10. This suggests that USPs experience a unique migra-
tion pathway that brings them close in to their host stars. This inward 
migration is most likely driven by dissipation due to star–planet tidal 
interactions that result from either non-zero eccentricities11,12 or plan-
etary spin-axis tilts13.
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smallest classically recovered RM measurement so far. Two other 
super-Earth systems have similar expected RM amplitudes, but can 
only be detected using stellar line profile analysis22,23.

This result clarifies previous measurements of 55 Cnc e’s stellar 
spin–orbit alignment, which gave contradictory results16,17. Bourrier 

et al.16 previously reported best-fit RM values of λ = 72+13
∘

−12∘  and 

v sin i⋆ = 3.3 ± 0.9 km s−1. This v sin i⋆ value is ~1.8σ greater than the 
literature value derived from stellar line broadening, which reports the 
v sin i⋆ as 1.7 ± 0.5 km s−1 (ref. 20). The RM fit presented here returns a 

best-fit v sin i⋆ of 2.00+0.43−0.47 km s−1, which is within 1σ agreement of 

the literature value. Our RM fit additionally agrees with the 
independent SME line broadening analysis, which returned a v sin i⋆ 
of 1.94 ± 0.50 km s−1. These v sin i⋆ values are in some tension with the 
rotational velocity calculated using the stellar radius and rotation 
period (v = 2𝜋𝜋R⋆

P⋆
= 1.23 ± 0.01 km s−1) by ~1.5σ. However, the agreement 

The stellar spin–orbit alignment of a transiting planet can be 
measured by obtaining spectroscopic observations during the planet’s 
transit. Commonly called the Rossiter–McLaughlin (RM) effect14,15, 
radial velocity (RV) deviations as a planet transits a rotating star reveal 
whether the planet is transiting across the blueshifted half of the star 
that rotates towards the observer or the redshifted half of the star 
that rotates away. Capturing the resultant net red/blueshift reveals 
the orientation of the planet’s orbital normal vector with respect to 
its host star’s spin vector, that is, the sky-projected stellar spin–orbit 
alignment or the stellar obliquity.

Previous attempts to measure the RM effect for 55 Cnc e have 
produced mixed results. Using data from the High Accuracy Radial 
velocity Planet Searcher for the Northern hemisphere (HARPS-N), 

Bourrier et al.16 reported a sky-projected obliquity of λ = 72+13
∘

−12∘. 

However, the best-fit model from that analysis also returned a stellar 
projected rotational velocity of v sin i⋆= 3.3 ± 0.9 km s−1, which is not 
consistent with the stellar projected equatorial velocity, v sin i⋆,meas-
ured by other studies8. A separate observing campaign also using 
HARPS-N data reported a non-detection, concluding that given the 
quality of their data the RM signal generated by 55 Cnc e must have an 
amplitude less than ~35 cm s−1 (ref. 17).

In this Article we present a 41 +9−10 cm s−1 amplitude RM detection 

of 55 Cnc e using observations from the Extreme Precision 
Spectrograph (EXPRES). The arrival of ultra-stabilized spectro-
graphs, including EXPRES and ESPRESSO among others, have made 
sub-metre-per-second RV precision possible18,19. This measurement 
is the smallest amplitude classic RM detection so far. Precision RV 
measurements from spectrographs such as EXPRES will be able to 
detect lower-amplitude RM effects that have previously been missed 
in the regime of small planets or slowly rotating stars.

Results
We use two sectors of photometry from the Transiting Exoplanet Survey 
Satellite (TESS) to fit for the transit parameters of 55 Cnc e, which are 
then used to constrain the RM model. We use RV measurements from 
EXPRES to detect and fit for the RM effect during two 55 Cnc e transits 
observed on 31 January 2022 and 6 April 2022. The EXPRES spectra were 
also used to derive stellar properties for 55 Cnc using Spectroscopy 
Made Easy (SME)20,21.

The EXPRES RVs and RM fits are shown in Fig. 1. The best-fit RM 
models for each individual night as well as the combined data are 
plotted over the EXPRES data in yellow with darker and lighter shad-
ing showing the 50th and 90th percentiles of the posterior distribu-
tion, respectively. The full posterior distribution was sampled using a 
Markov chain Monte Carlo (MCMC) method.

With the combined fit using both nights of observations, we find 

that 55 Cnc e has a sky-projected stellar obliquity of λ = 10 +17∘
−20∘. By 

incorporating the rotation period of 55 Cnc8 we derive an unprojected 

stellar obliquity of ψ = 23+14
∘

−12∘. We therefore find that the orbit normal 

of 55 Cnc e is close to aligned with its host star’s rotation axis. The 
best-fit transit and RM parameters are given in Table 1 along with the 
priors used in the fitting. Other nuisance parameters needed for each fit 
as well as the results of the fits to each individual night are given in Table 
2 and described more fully in the Methods below. The measured stellar 
spin–orbit alignment of 55 Cnc e is graphically represented in Fig. 2.

Discussion
We recover a statistically significant detection of the RM effect for 
55 Cnc e using EXPRES data with a false alarm probability of 0.3%. 

The amplitude of the measured signal, KRM = 0.41+0.09−0.10 m s−1, is the 
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Fig. 1 | RM model fit to two nights of EXPRES RV data. Data from 31 January 2022 
are shown as green squares and 6 April 2022 as red diamonds. The RV value 
(indicated by each marker) represents the best-fit Doppler shift produced by the 
EXPRES chunk-by-chunk, forward modelling pipeline with error bars spanning 
the corresponding 1σ errors (see ref. 45 for more information on the EXPRES 
pipeline). RM models are shown as yellow curves. Shaded yellow regions span 
50th to 99th percentiles of the posterior sampled by the MCMC method. The 
white highlighted area spans the transit duration of 55 Cnc e. a–d, Plots of each of 
the two nights of observations for 31 January 2022 (a,c) and 6 April 2022 (b,d). 
a,b, The original RVs along with the full model fit for each night. c,d, The RVs and 
model fit with the best-fit linear slope removed. e, The combined fit to both 
nights of data and the residuals to the best fit. White circular points represent 
both nights of data binned by phase with points every 0.015 phase units 
(~15.9 min) to help guide the eye. Phase binned points are calculated as the 
average of all data points within the phase bin weighted by their errors, σi, with 

associated errors given by √1/(∑ 1/σ2i ). The dotted grey line represents the 
centre-to-limb convective blueshift contribution to the RVs, which has a 
semi-amplitude of 1.3 cm s−1.
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between the two methods used here as well as agreement with literature 
values20,24 suggests this is due to uncertainties in the quoted rotation 
period possibly because of differential rotation or spots.

The EXPRES data used in this analysis have a consistent and often 
a higher signal-to-noise ratio (SNR) as well as lower uncertainties 
than the RV measurements previously used. All EXPRES observations 
were integrated until they reached a constant SNR of 225 at 550 nm; 
this consistency in SNR allowed for more stable final RVs with similar 
error properties. Although it is difficult to compare SNRs between 
different spectrographs given each instrument’s unique throughput 
response as a function of wavelength, we report that López-Morales 
et al.17 used observations that ranged in SNR between 100 and 275 
with a median SNR of 165 at 624 nm. Bourrier et al.16 give a median 
SNR across all nights of 144 at 527 nm with the median SNR within a 
night ranging from 92 to 354. The HARPS-N RVs previously used have 
a median error of about 80 cm s−1 and were calibrated using either 
a ThAr lamp or a Fabry–Pérot etalon while the EXPRES RVs have a 
median error of 38 cm s−1 and are calibrated using a laser frequency 
comb. The EXPRES observations are more stable, have smaller RV 
uncertainties and return a best-fit RM model more aligned with lit-
erature values than previous attempts at measuring 55 Cnc e’s stellar 
spin–orbit alignment.

With this robust measurement using EXPRES data, we can place 
constraints on the different proposed dynamical histories for the 55 
Cnc system. Studies have suggested that owing to 55 Cnc’s distant 
stellar companion, one would expect all the planets around 55 Cnc to 
precess as a rigid plane around the host star, resulting in all planets 
sharing a common planetary orbit axis that is misaligned with respect 
to the host star’s spin axis25. Other simulations propose that secular 
resonances between 55 Cnc e and the other planets in the system led 
to excitation of 55 Cnc e’s eccentricity and inclination, causing 55 Cnc 
e’s orbital axis to be misaligned with the other planets’ orbital axes as 
well as the host star’s spin axis26. Analysis using the system’s precession 
frequencies27, on the other hand, finds that one would expect to find 
55 Cnc e’s orbital axis closer to aligned with its host star’s spin axis28, 
which is what our measurement shows.

Various theories for the migration pathways of USPs differ in terms 
of the predicted spin–orbit alignments. Secular planet–planet interac-
tions have been shown to give rise to tidal dissipation inside the planets 
and can operate under both high-eccentricity and low-eccentricity 
modes. The high-eccentricity mode leads to excitation of planetary 
eccentricities and inclinations through secular chaos, resulting in 
generally misaligned systems with large stellar spin–orbit alignment 
angles and USPs whose orbits have decayed to close-in, circular orbits11. 

Table 1 | 55 Cnc e fit parameters

Parameter Symbol Value Unit Prior

Transit fit

Planet/star radii ratio Rp/R⋆ 0.018016+0.000085−0.000077
LogNormal(−8, 10)

Planet radius Rp 1.856+0.024−0.025
R⊕ –

Orbital period P 0.7365430 ± 0.0000014 days Normal(0.736546, 1)

Transit epoch T0 2,459, 511.487987 +0.000071−0.000075
BJDTDB Normal(2,459,511.48778, 1)

Impact parameter b 0.373+0.027−0.032
R⋆ Uniform(0, 1)

Orbital inclination i 83.9+0.6−0.5
° –

Orbital separation a/R⋆ 3.516+0.042−0.041
–

Transit duration T14 1.5439 +0.0027−0.0026
hours –

Limb-darkening u1 0.4823 ± 0.0017 Normal(0.4824, 0.0017)

u2 0.1276+0.0037−0.0041
Normal(0.1280, 0.0038)

RM fit

Fitted parameters

Sky-projected obliquity λ 10 +17
−20

° Uniform(−180∘, 180∘)

Projected rotational velocity v sin i⋆ 2.00+0.43−0.47
km s−1 Uniform(0, 18)

Net convective blueshift velocity VCB −157+86−94
m s−1 Uniform(−1000, 0), Normal(−150, 100)

Derived parameters

RM semi-amplitude KRM 0.41+0.09−0.10
m s−1

Stellar inclination i⋆ 75 +11−18
°

Obliquity ψ 23+15−12
°

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-022-01837-2

Planet–planet interactions can also lead to the inward migration of 
planets even in the case of modest eccentricities12. This mechanism 
is less chaotic and probably results in USP orbits that are aligned to 
within a few tens of degrees.

Planetary obliquity tides have also been proposed as a source for 
tidal dissipation of USPs13. Here planetary obliquity is used to refer to 
the angle between the planet’s spin axis and the planet’s orbital plane 
(as opposed to the stellar obliquity). Planetary-obliquity-driven tidal 
dissipation has no requirements on the initial planet eccentricities. This 
mechanism predicts that a planet’s orbit normal will become closer 
to aligned with the host star’s spin axis as it migrates inwards but may 
be misaligned with the orbit normals of other planets in the system.

The close alignment of 55 Cnc e’s orbit normal with its host star’s 
stellar axis preliminarily favours the low eccentricity12 and planetary 
obliquity13 tide models. It is of particular interest that 55 Cnc e is the 
only planet of the five known planets around 55 Cnc that transits. This 
suggests that though 55 Cnc e’s orbit normal is aligned with the spin 
axis of its host star, it is possibly misaligned from those of the other 

planets. This is expected from the planetary obliquity tides model if 
there existed some primordial misalignment of the stellar obliquity, 
for example due to 55 Cnc’s distant binary companion25.

In the scenario with an initial misalignment, 55 Cnc e may have 
formed out of the protoplanetary disk with an orbital plane aligned 
with the outer planets, but as it migrated inwards, 55 Cnc e became 
more influenced by the gravitational quadrupole moment of the star, 
causing it to become more aligned with the stellar equatorial plane 
as it settled into its final, short-period orbit13. The final state of 55 Cnc 
e would therefore be misaligned with the orbital planes of the outer, 
non-transiting planets, but aligned with the host star’s spin equatorial 
plane as measured.

This type of system architecture for USPs is supported by previ-
ous studies. Kepler USPs in multiplanet systems have been found to 
have larger mutual inclinations with the other outer planets10. Recent  
analysis of HD 3167 b, an ultra-short-period super-Earth 

(P = 0.959641 +1.1 × 10−5

−1.2 × 10−5 ;Mp = 5.02 ± 0.38M⊕), and HD 3167 c, a 

Table 2 | TESS and EXPRES fitted nuisance parameters

Parameter Symbol Value Unit Prior

TESS fit

Sector 44

GP amplitude σGP 0.234+0.028−0.022
ppt LogNormal(−8, 10)

GP timescale τGP 1.086 +0.135−0.105
day LogNormal(2, 10)

Mean flux f 0.045 ± 0.035 ppt Normal(0, 10)

White noise σ 0.0980 ± 0.0012 ppt LogNormal(−16, 10)

Sector 46

GP amplitude σGP 0.112+0.016−0.013
ppt LogNormal(−8, 10)

GP timescale τGP 2.22+0.32−0.23
day LogNormal(2, 10)

Mean flux f 0.018+0.022−0.021
ppt Normal(0, 10)

White noise σ 0.0965 +0.0011−0.0012
ppt LogNormal(−16, 10)

EXPRES fit

31 January 2022

Sky-projected obliquity λ 34+24−26
° Uniform(−180∘, 180∘)

Projected rotational velocity v sin i⋆ 1.74 +0.62−0.68
km s−1 Uniform(0, 18)

Intercept y0 0.646+0.034−0.033
m s−1 –

Slope m −72.4+2.0−2.1
m s−1 day−1 Uniform(−150, −50)

6 April 2022

Sky-projected obliquity λ −19+30−20
° Uniform(−180∘, 180∘)

Projected rotational velocity v sin i⋆ 2.36+0.59−0.65
km s−1 Uniform(0, 18)

Intercept y0 −0.952+0.023−0.022
m s−1 –

Slope m −43.1+1.4−1.3
m s−1 day−1 Uniform(−150, −5)

The given uncertainties represent each measurement’s 68% credible interval. ppt, parts per 103.
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sub-Neptune on a 30 day period, returned a similar system 
architecture23,29. The inner USP, HD 3167 b, was found to have an orbit 

normal closely aligned with its host star’s spin axis (ψ = 29.5 +7.2
∘

−9.4∘) 

while the further out planet, HD 3167 c, has an orbit nearly perpendicular 

to the orbit of HD 3167 b (ψ = 107.7 +5.1
∘

−4.9∘). We find that 55 Cnc similarly 

has a USP, 55 Cnc e, with an orbit aligned with the stellar equatorial 
plane although the alignment of the outer planets are unclear since 
they do not transit.

The close alignment of the ultra-short-period, super-Earth 55 
Cnc e’s orbit normal with its host star’s spin axis places constraints 
on theories for how USPs migrate to their present day positions and 
how they interact with other planets in compact multiplanet systems. 
This measurement additionally gives clues as to why none of the other 
known planets around 55 Cnc transit and the possible role of 55 Cnc’s 
distant stellar companion. This small-amplitude RM measurement of 
a super-Earth is only now achievable because of new, ultra-stabilized 
spectrographs capable of delivering sub-metre-per-second preci-
sion. More spin–orbit alignment measurements of USPs will help us 
to understand this unique population of planets and the nature of the 
planetary tidal dissipation that causes them to migrate so close in to 
their host stars.

Methods
Photometric data and transit fit
TESS observed 55 Cnc at a 2 min cadence during Sector 21 (21 January to 
18 February 2020) and a 20 s cadence during Sector 44 (12 October to 5 
November 2021) and Sector 46 (3 December to 30 December 2021). We 
use the publicly available light curves that have been detrended of com-
mon instrumental systematics30. We found evidence of high-frequency 
correlated noise throughout the first sector (Sector 21) of observations 

and therefore use only the later two sectors (that is, Sectors 44 and 
46) with 20 s exposure times. In total, we used 199,838 TESS cadences  
of 55 Cnc.

Both sectors of TESS data are fit for simultaneously with a Ham-
iltonian MCMC method implemented using exoplanet, PyMC3 and 
Theano31–33. The fit is parameterized using the stellar mass and radius 
rather than just the stellar density, since the planet has a low eccentric-
ity and there exists direct interferometric constraints on the stellar 
radius of 55 Cnc34. The Gaussian priors for the stellar mass and radius 
are given in Supplementary Table 1. We additionally fit for the orbital 
period, P, transit mid-time, T0, planet-to-star radius ratio, Rp/R⋆, and 
impact parameter, b. Each sector is also fit to an independent Gauss-
ian process (GP) model using a Matérn-3/2 kernel parameterized by an 
amplitude σGP and a timescale τGP to account for any background vari-
ations in the light curve35,36. The model also includes a mean flux and a 
white noise term to inflate the photon noise uncertainties from TESS.

The model included quadratic limb darkening, with coefficients 
determined using the LDTk code package37. This code uses the PHOE-
NIX stellar atmosphere models38 to generate observed disk intensities 
based on the TESS bandpass and input stellar parameters Teff, Fe/H and 
log g that were obtained from spectroscopic analysis (Supplementary 
Table 1). The limb-darkening coefficients were fit for as part of the 
model and were constrained using Gaussian priors, though the uncer-
tainties were inflated by a factor of five to account for the uncertainties 
in the stellar model. We ran two independent chains for 1,500 tuning 
steps and 1,000 production steps. We verified that convergence was 
reached by making sure the ̂R metric, as defined in Gelman et al.39, was 
below a conservative 1.001 threshold. We additionally ensured that the 
effective number of samples per parameter was >200. The TESS data 
and best-fit transit model is shown in Supplementary Fig. 1. The result-
ant transit fit parameters, which agree with literature values8,40,41, are 
given in Table 1 with the GP parameters given in Table 2.

Spectroscopic data
EXPRES observed 55 Cnc e during transit on 31 January 2022 (28 obser-
vations) and 6 April 2022 (27 observations). EXPRES is a stabilized, 
next-generation, optical (390–780 nm) spectrograph with a high 
median resolving power of R ≈ 137,000 (ref. 19) mounted on the 4.3 m 
Lowell Discovery Telescope (LDT)42. It has a measured instrument 
stability of 3–7 cm s−1 and returns an intranight scatter of 10–40 cm s−1 
on-sky for select quiet stars43,44.

EXPRES observations were terminated after they reached an 
SNR of 225, which corresponds to a resultant analytical RV error of 
approximately 35 cm s−1 (ref. 45). Most observations took between 4 
and 9 min. The last five observations on 6 April 2022, which fall after 
the transit, required longer exposure times of 15–17 min to reach the 
target SNR as the weather quickly degraded. RVs are derived using a 
template-matching, chunk-by-chunk technique. These RV measure-
ments are given in Supplementary Table 2.

55 Cnc stellar properties
We also use the EXPRES spectra to derive stellar properties of 55 Cnc20. 
The analysis uses the forward modelling tool, SME21, to fit both the 
global stellar properties and individual abundances of 15 elements 
using more than 7,000 atomic and molecular lines over ~350 Å of spec-
trum. The method first fits for Teff, log g, rotational broadening and a 
scaled solar abundance pattern [M/H], with only calcium, silicon and 
titanium allowed to vary independently. The temperature of this model 
is perturbed ±100 K and the parameters are re-derived. The global 
parameters are then fixed to those found while the abundances of 15 
elements (C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Ni and Y) are 
allowed to vary. These steps are then repeated, this time starting with 
the newly derived abundance pattern. Finally, a temperature and grav-
ity dependent macroturbulence is assigned and we solve for v sin i⋆ with 
all other parameters fixed.

Stellar spin
axis Planetary orbit axis

λ

55 Cancri e

Fig. 2 | A visual representation of the sky-projected alignment between 55 Cnc 
e’s stellar spin axis and planetary orbit axis. The apparent Doppler shift of the 
star’s surface that arises from its rotation is shown in shades of blue to red, which 
correspond to the degree to which the stellar surface appears blue- or redshifted. 
Lighter shading corresponds to smaller Doppler shift. The star is shown with an 
inclination i⋆ = 90∘, which is consistent with the wide constraints on our estimate 
of i⋆. The 1σ confidence level for 55 Cnc e’s orbit axis is shown by the grey shading. 
The transit trajectory is shown as a black band. The size of the planet is to scale 
with the size of the star.
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In total, 290 EXPRES 55 Cnc spectra were analysed in this way; the 
χ2 weighted averages adopted for the parameters can be found in Sup-
plementary Table 1. The distribution of returned model parameters 
gives us a measure of the model fit for this star but does not take into 
account the uncertainties in the model itself. The standard deviations 
in the returned Teff, log g and v sin i⋆ values were 5 K, 0.015 dex and 
0.05 km s−1, respectively. We therefore adopt the larger uncertainties 
that take into account model uncertainties across a range of stellar 
parameters20.

RM fit
We model the RM signal in the EXPRES RV data using ellc46,47. The emcee 
ensemble sampler is used to perform MCMC sampling to find the range 
of parameters compatible with the data48. In the MCMC sampling, we 
allow the projected stellar rotation, v sin i⋆, and sky-projected stellar 
obliquity, λ, to vary uniformly in the range 0–20 km s−1 and −180° to 
180°, respectively. By using uniform priors for v sin i⋆ rather than priors 
based on the value determined by SME, we are able to get independent 
measures of v sin i⋆ from both SME and the RM fit.

For each transit, our model includes a white noise term to inflate 
the photon noise uncertainty as well as a linear model with parameters 
y0 (intercept) and m (slope) to account for the stellar reflex motion due 
to the orbiting planets. The slope is a free parameter that is fit to the 
out-of-transit data at every step in the MCMC method. The intercept is 
then determined from a weighted average of the out-of-transit residuals 
after subtracting the slope.

The transit also gives rise to a second RV anomaly due to turbulent 
convective motion on the surface of the star49. We include a model 
for the convective blueshift variation50 and assume a net convective 
blueshift centred on VCB = −150 m s−1 (refs. 51,52) with a standard deviation 
of 100 m s−1. The contribution of the convective blueshift model has a 
semi-amplitude of 1.3 cm s−1 and is shown as a grey dotted line in Fig. 1.

The orbital period P, transit time t0, scaled separation a/R⋆, radius 
ratio r/R⋆ and orbital inclination i are updated in every step of the MCMC 
method by sampling from a multivariate normal distribution, the mean 
and covariance properties of which are determined from the posterior 
distribution obtained from the TESS analysis. This effectively places 
Gaussian priors on the transit parameters, but also takes into account 
their covariance.

We ran an ensemble of 300 emcee ‘walkers’ for 2000 steps each, 
discarded 750 samples as a burn-in, thinned the chains by the autocor-
relation length and finally merged the chains together to obtain 3,300 
independent samples. The median values and 68% confidence interval 
for the fit for RM parameters are reported in Table 1. The range of 
models compatible with the data to the 99th percentile are illustrated 
in Fig. 1 by the yellow shading.

The RM effect is only able to measure the sky projection of the 
stellar obliquity, λ. The three-dimensional obliquity, ψ, can be recov-
ered using an independent measurement of the inclination of the star, 

i⋆. We derive an estimate of i⋆ = 75 +11
∘

−17∘ by combining measurements 

of the stellar radius R⋆, stellar rotation period Prot and the projected 
rotation v sin i⋆ from the RM fit53. The distribution of i⋆ is broad, but 
there is a preference for a somewhat inclined star, where i⋆ = 90∘ means 
the spin angular momentum vector is perpendicular to our line of sight. 
The combination of i⋆, λ and orbital inclination i gives a de-projected 

stellar obliquity of ψ = 23+15
∘

−12∘, which is consistent with a prograde, low 

stellar obliquity orbit for 55 Cnc e.
Our detection of a RM effect is statistically supported. Our best-fit 

value of v sin i⋆ over its corresponding error is 4.3σ. We implement 
leave-one-out cross-validation to compare the RM model with the null 
hypothesis of no detection, that is a straight line54. This returns a χ2 of 
70.3 for an RM model versus 86.9 for a model without RM, implying 
that the RM model better predicts the ‘unseen’ left out data and is 

therefore the better choice of model. The Bayesian information crite-
rion based on the maximum likelihood fit to the full data set also favours 
the RM model over a straight line by 8.5, where a difference greater than 
6 is typically considered significant55.

We use GP regression bootstrapping to establish a false alarm 
probability for our measured RM effect. We generate 1,000 random 
pairs of data samples using a GP with a Matérn-3/2 covariance function 
whose hyperparameters are set to reflect the noise properties of the 
observed EXPRES data. These data have no injected RM signal as the 
samples have been drawn from the prior distribution over datasets. Of 
these realizations, only 0.3% return a best-fit RM model with a solution 
consistent with the RM fit with the real data, illustrated by the yellow 
contour in Supplementary Fig. 2. Our detection therefore has a false 
alarm probability of 0.3%.

Data availability
The EXPRES radial velocities used in this study are published as part 
of the Supplementary Information. The TESS data used in this study 
are publicly available and can be obtained from the Mikulski Archive 
for Space Telescopes (MAST; https://archive.stsci.edu/missions- 
and-data/tess).

Code availability
The code associated with this work used only open source software. 
This research made use of SciPy56, NumPy57,58, Astropy59,60, lightkurve61, 
starry62, emcee48, celerite35,36, ellc47 and LDTk37. This research also made 
use of exoplanet31 and its dependencies32,33,59,60,62–64.
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