
 
 

University of Birmingham

A close-in giant planet escapes engulfment by its
star
Hon, Marc; Huber, Daniel; Rui, Nicholas Z.; Fuller, Jim; Veras, Dimitri; Kuszlewicz, James S.;
Kochukhov, Oleg; Stokholm, Amalie; Rørsted, Jakob Lysgaard; Yıldız, Mutlu; Orhan, Zeynep
Çelik; Örtel, Sibel; Jiang, Chen; Hey, Daniel R.; Isaacson, Howard; Zhang, Jingwen; Vrard,
Mathieu; Stassun, Keivan G.; Shappee, Benjamin J.; Tayar, Jamie
DOI:
10.1038/s41586-023-06029-0

License:
Other (please specify with Rights Statement)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Hon, M, Huber, D, Rui, NZ, Fuller, J, Veras, D, Kuszlewicz, JS, Kochukhov, O, Stokholm, A, Rørsted, JL, Yıldız,
M, Orhan, ZÇ, Örtel, S, Jiang, C, Hey, DR, Isaacson, H, Zhang, J, Vrard, M, Stassun, KG, Shappee, BJ, Tayar,
J, Claytor, ZR, Beard, C, Bedding, TR, Brinkman, C, Campante, TL, Chaplin, WJ, Chontos, A, Giacalone, S,
Holcomb, R, Howard, AW, Lubin, J, MacDougall, M, Montet, BT, Murphy, JMA, Ong, J, Pidhorodetska, D,
Polansk, AS, Rice, M, Stello, D, Tyler, D, Zandt, JV & Weiss, L 2023, 'A close-in giant planet escapes
engulfment by its star', Nature, vol. 618, no. 7967, pp. 917–920. https://doi.org/10.1038/s41586-023-06029-0

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
This version of the article has been accepted for publication, after peer review (when applicable) and is subject to Springer Nature’s AM
terms of use, but is not the Version of Record and does not reflect post-acceptance improvements, or any corrections. The Version of
Record is available online at: https://doi.org/10.1038/s41586-023-06029-0

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 27. Apr. 2024

https://doi.org/10.1038/s41586-023-06029-0
https://doi.org/10.1038/s41586-023-06029-0
https://birmingham.elsevierpure.com/en/publications/37a0f0ac-7ec1-40cc-9626-a0e47882b08b


A close-in giant planet escapes engulfment by its star
Marc Hon*1,35, Daniel Huber1,2, Nicholas Z. Rui3, Jim Fuller3, Dimitri Veras4,5,6, James S.
Kuszlewicz7,8, Oleg Kochukhov9, Amalie Stokholm8, 10, 11, Jakob Lysgaard Rørsted8, Mutlu
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ABSTRACT

When main-sequence stars expand into red giants, they are expected to engulf close-in planets1–5. Until now, the absence of
planets with short orbital periods around post-expansion, core helium-burning red giants6–8 has been interpreted as evidence
that short-period planets around Sun-like stars do not survive the giant expansion phase of their host stars9. Here, we present
the discovery that the giant planet 8 Ursae Minoris b10 orbits a core helium-burning red giant. At a distance of only 0.5 au from
its host star, the planet would have been engulfed by its host star, which is predicted by standard single-star evolution to have
previously expanded to a radius of 0.7 au. Given the brief lifetime of helium burning giants, the planet’s nearly circular orbit is
challenging to reconcile with scenarios whereby the planet survives by having a distant orbit initially. Instead, the planet may
have avoided engulfment through the scenario of a stellar merger that either altered the evolution of the host star or produced 8
Ursae Minoris b as a second generation planet11. This system shows that core helium-burning red giants can harbour close
planets and provides evidence for the role of non-canonical stellar evolution in the extended survival of late-stage exoplanetary
systems.

The red giant 8 Ursae Minoris (hereafter 8 UMi), known also as Baekdu, was discovered to host the giant planet 8 UMi
b (known also as Halla) on a close-in, near-zero eccentricity (e ≃ 0.06) orbit with a period of 93.4± 4.5 days based on
observations from the Bohyunsan Optical Astronomy Observatory (BOAO)10. Radial velocity detections of close-in planets
surrounding red giants are sometimes ambiguous12, 13, and so we confirmed 8 UMi b’s detection by collecting 135 additional
radial velocity measurements using the HIRES spectrograph14 on the Keck-I telescope at Maunakea, Hawaii. A Keplerian orbit
fit to the combined radial velocity data refines the planet’s estimated orbital properties to a period of 93.31±0.06 days and an
eccentricity of 0.06±0.03 (Table 1), demonstrating phase coherence of the radial velocity data across 12.5 years or 49 orbital
cycles (Fig. 1). A trend visible within the residuals of the combined fit suggests an additional, outer companion in the planetary
system, whose minimum distance was determined with a 67% confidence to be 5 au.

The long term stability of 8 UMi’s 93-day radial velocity variations suggests an orbiting companion rather than stellar
activity modulated by the star’s rotation. In support of this, we have found no evidence of a 93-day photometric variability for
the host star. Additional tests of chromospheric and surface magnetic fields do not detect significant activity levels expected for
a red giant rotating with a period consistent with the RV data. These tests, which are detailed in Methods, support the planetary
nature of the radial velocity variations.

8 UMi was observed by NASA’s Transiting Survey Satellite (TESS) for 6 months between July 2019 and June 2020, and
for another 6 months between June 2021 and June 2022. The star’s oscillation modes are well-resolved within the TESS data
(Fig. 2a-b), such that its evolutionary state can be determined using asteroseismology. The period spacing ∆Π of the seismic
dipole (l = 1) oscillation modes for red giants can distinguish between red giants that are expanding during their first ascent in
the Hertzsprung-Russell diagram and those that have previously swelled to their maximum size, but now reside in the so-called
red clump with smaller sizes15. First ascent red giants burn hydrogen in a shell surrounding an inert helium core, resulting in a
strong density gradient between the contracting core and envelope, with ∆Π in the range 50−100 s. Meanwhile, red clump
stars burn helium within an expanded, convective core, and have ∆Π in the range 250−400 s16. We measured ∆Π = 320 s for
8 UMi, which unambiguously identifies the star as a core-helium burning giant (Fig. 2c).

To determine the mass of the host star, we used established stellar modelling techniques that compare the star’s observed
properties to predicted observables from stellar evolution models. Using observables from spectroscopy and asteroseismology,
we estimated the star’s mass to be 1.51±0.05M⊙, which translates into a semi-major axis of 0.462±0.006au and a minimum
planetary mass of 1.65±0.06MJ for 8 UMi b. Based on the host star’s mass and metallicity, stellar models predict that 8 UMi
would have once expanded to about 0.7 AU. Depending on the choice of model, we confirm with a 3–8σ confidence that the
expanding host star would have surpassed the planet’s current orbital distance (Fig. 3).

While brown dwarfs17 or low-mass stars may survive host star engulfment in common-envelope scenarios, 8 UMi b is less
massive than a brown dwarf with a 99.2% probability, assuming orbits are oriented randomly. Additionally, astrometric data
from ESA’s Gaia mission precludes unresolved companions more massive than red dwarfs in a face-on orbit. Irrespective of the
companion’s mass, a common-envelope event with the host star is unlikely because the resulting gravitational potential energy
release could not have ejected the host star’s envelope (see Methods). Additionally, the engulfed companion would need only
102 −104 yr to spiral9 into the star, in contrast to the Myr timescale required for the star to complete its red giant expansion.

One possibility explaining 8 UMi b’s existence is that the planet initially orbited at larger distances, but was pulled inwards
by tidal interactions from its expanding host star. However, simulations7, 8, 18 indicate that this scenario would require an
exceptionally fine-tuned migration to halt further orbital decay into the stellar envelope and reproduce the planet’s near-zero
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eccentricity orbit. Alternatively, dynamical interactions may have scattered the planet inwards on an eccentric orbit19, which
then tidally circularized. However, the planet is then required to have attained its current, near-circular orbit only after the host
star has reached its maximum size and commenced helium burning. Tidal circularization of the planet’s orbit would thus need
to occur within the 100 Myr that the host star spends in its core helium-burning stage, which is unlikely given that the planet’s
orbit requires at minimum several Gyr to circularize at its current distance from its host star.

Models of binary stellar evolution20, 21 show that white dwarf–red giant mergers can ignite core helium, resulting in the
early termination of a red giant’s expansion up the giant branch. Using Modules for Experiments in Stellar Astrophysics22,
we modelled a binary history for 8 UMi and verified that a circumbinary planet can remain dynamically stable throughout
the binary evolution of two low-mass stars that initially orbit each other at a 2-day period before merging once forming a
white dwarf–red giant pair. Therefore, 8 UMi may have been a close binary system whose merger prevented its components
from expanding sufficiently to engulf its circumbinary planet (Fig. 4). After the merger, 8 UMi is expected to evolve as a
typical red clump star, such that the planet will eventually be engulfed once the star exhausts core helium and expands up the
asymptotic giant branch. According to this scenario, 8 UMi’s progenitor once was an EL CVn-type binary23. These are binary
systems with an A- or F-type star orbiting a very low-mass white dwarf at periods shorter than 3 days. Such systems frequently
form the inner binaries of triple star systems24, 25, suggesting a stellar nature for the unresolved outer companion in the 8
UMi system. A binary evolution scenario for 8 UMi is further supported by predictions of surface lithium enrichment for the
remnant core-helium burning star based on simulations26, 27 of white dwarf–red giant mergers. In particular, measurements from
previous spectroscopic surveys28, 29 have indicated that host star 8 UMi is over-abundant in lithium, with A(Li) = 2.0±0.2.
With a 3σ confidence, this is a factor of ten to a hundred times larger than the lithium abundances of observed red clump stars
and single star model predictions at this mass30, 31. Besides a circumbinary planet history, another possibility is that 8 UMi
b formed as a byproduct of the stellar merger event. Stellar ejecta from binary interactions have been hypothesized to form
protoplanetary disks11, and so 8 UMi b may have emerged from the debris disk surrounding the merger remnant.

As the first known close-in planet around a helium-burning red giant, 8 UMi b demonstrates that stellar multiplicity, whose
effect influences the fates of planetary systems32, 33, may result in pathways through which planets survive the volatile evolution
of their parent stars. Given the ubiquity of binary systems, there may be a greater preponderance of exoplanets orbiting
post-main sequence host stars than previously assumed.

Table 1. Parameters of the fitted Keplerian orbit to the 8 UMi system. The median values of the posterior distribution are
reported. The lower- and upper-bound uncertainties are the intervals between the median with the 16th and 84th percentile
values of the distribution, respectively. BOES, Bohyunsan Observatory Echelle Spectrograph.; BJD, barycentric Julian date.

Orbital Parameters

Orbital period, P 93.31±0.06 days
Radial velocity semi-amplitude, K 56.1+1.7

−1.6 m/s
Eccentricity, e 0.062+0.028

−0.030
Argument of periapsis, ω 0.942+0.533

−0.463 rad
Time of periastron passage (BJD), tP 2457601.379+7.844

−6.936

Instrumental Parameters

BOAO/BOES center of mass velocity, γBOES 13.33+7.42
−7.49 m/s

Keck/HIRES center of mass velocity, γHIRES −46.91±11.92 m/s
BOAO/BOES jitter, σBOES 14.59+4.89

−4.12 m/s
Keck/HIRES jitter, σHIRES 12.65+0.86

−0.75 m/s
Linear acceleration, γ̇ 0.014±0.005 m/s d−1

Curvature (×10−5), γ̈ 0.49±0.15 m/s d−2

Derived Parameters

Planet mass, Mp sin i 1.65±0.06 MJ
Planet semi-major axis, apl 0.462±0.006 au

3/31



Acknowledgements
The authors wish to recognize and acknowledge the very significant cultural role and reverence that the summit of Maunakea
has within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct observations
from this mountain. The data in this study were obtained at the W. M. Keck Observatory, which is operated as a scientific
partnership among the California Institute of Technology, the University of California and the National Aeronautics and Space
Administration. The Observatory was made possible by the generous financial support of the W. M. Keck Foundation. Additional
observations were obtained at the Canada-France-Hawaii Telescope (CFHT), which is operated by the National Research
Council (NRC) of Canada, the Institut National des Sciences de l’Univers of the Centre National de la Recherche Scientifique
(CNRS) of France, and the University of Hawaii. M.H. acknowledges support from NASA through the NASA Hubble
Fellowship grant HST-HF2-51459.001 awarded by the Space Telescope Science Institute, which is operated by the Association
of Universities for Research in Astronomy, Incorporated, under NASA contract NAS5-26555. D.H. acknowledges support from
the Alfred P. Sloan Foundation, the National Aeronautics and Space Administration (80NSSC21K0652, 80NSSC20K0593),
and the Australian Research Council (FT200100871). N.Z.R. acknowledges support from the National Science Foundation
Graduate Research Fellowship under Grant No. DGE-1745301. A.S. acknowledges support from the European Research
Council Consolidator Grant funding scheme (project ASTEROCHRONOMETRY, G.A. n. 772293). O.K. acknowledges
support from the Swedish Research Council under the project grant 2019-03548. M.V. acknowledges support from NASA
grant 80NSSC18K1582. This work was supported by Fundação para a Ciência e a Tecnologia (FCT) through research grants
UIDB/04434/2020 and UIDP/04434/2020. T.L.C. is supported by FCT in the form of a work contract (CEECIND/00476/2018).
T.R.B. acknowledges support from the Australian Research Council through Discovery Project DP210103119 and Laureate
Fellowship FL220100117.

Author contributions statement
M.H. identified 8 UMi’s oscillations, led the observing program and data analysis, and wrote most of the manuscript. D.H.
organized observations, interpreted the asteroseismic and radial velocity data, and contributed to writing the manuscript. N.Z.R.
and J.F. conducted binary simulations for the host star, performed numerical calculations for planet survival scenarios, and
contributed to writing the manuscript. J.F. and D.V. interpreted formation scenarios for the host star. J.S.K. and M.V. extracted
oscillation parameters from the TESS data. O.K. performed the spectropolarimetric analysis of the host star and the control
target. A.S., J.L.R., M.Y., Z.Ç.O., S.Ö., C.J., and J.O. conducted grid-based modelling for 8 UMi. D.R.H. D.H., and M.H. fitted
the radial velocity data. H.I. measured chromospheric activity indices from the HIRES data. J.Z. constrained the properties of
the outer companion. K.G.S. performed the SED analysis for the host star. B.J.S. extracted ASAS-SN photometry for 8 UMi.
J.T. and Z.R.C. provided interpolatable grids of isochrones. T.R.B. and D.S. analyzed the asteroseismic data and helped guide
the strategy of the manuscript. B.T.M. identified and analyzed the lithium richness of the control target. W.J.C., D.H., and
T.L.C., are key architects of TASC working groups on exoplanet hosts, including evolved stars. H.I. and A.W.H. oversaw the
California Planet Search observing program. A.C., S.G., C.B., J.L., R.H., J.M.A.M., J.V.Z., D.T., D.P., C.B., M.M. A.S.P.,
M.R., and L.W. conducted Keck I/HIRES observations of 8 UMi and the control star. All authors reviewed the manuscript.

Competing interests
The authors declare that they have no competing financial interests.

Correspondence
Correspondence and requests for materials should be addressed to M.H. (email: mtyhon@hawaii.edu).

4/31



100

50

0

50

100

m
/s

(a) Keck/HIRES radial velocities

100

50

0

50

100

m
/s

(c) Combined radial velocities, detrended

9400 9500 9600 9700 9800
BJD - 2450000

75

50

25

0

25

50

m
/s

(b) Residuals in Keck/HIRES data

P = 93.21 ± 0.26 d
K = 56.9 ± 1.8 m/s
e = 0.08 ± 0.03

5000 6000 7000 8000 9000 10000
BJD - 2450000

50

0

50

m
/s

(d) Residuals + quadratic trend

P = 93.31 ± 0.06 d
K = 56.2 ± 1.6 m/s
e = 0.06 ± 0.03

0.4 0.2 0.0 0.2 0.4
Phase

50

0

50

100

R
ad

ia
l V

el
oc

ity
 (m

/s
)

(e) Combined phase
σBOAO, jit = 14.6+4.9

4.1 m/s
σHIRES, jit = 12.6+0.9

0.7 m/s

BOAO/BOES Keck/HIRES

BOAO/BOES Keck/HIRES

Figure 1. Radial velocity measurements of host star 8 UMi. (a) Radial velocity time series from Keck/HIRES observations.
The curve shows the best fit to the radial velocity measurements whose error bars are 1σ measurement uncertainties added in
quadrature with a fitted jitter value. (b) Residuals after subtracting the best fit from the time series, fitted with a quadratic trend
in time as shown by the dash-dotted line. (c) Combined observations from Keck/HIRES and BOAO/BOES. A quadratic trend
in time has already been fitted and subtracted to the data shown here to show variations from planet 8 UMi b alone. (d)
Residuals in the radial velocity data after subtracting the best fit indicated by the curve in panel (c). (e) The phase-folded time
series of the combined and detrended radial velocity data. The dashed line shows the phase-folded time series of the best fit to
the orbit presented in panel (c).
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Figure 2. Identification of the evolutionary state of host star 8 UMi as a core helium-burning red giant. (a) Oscillation
power spectrum of 8 UMi, as observed by TESS. Oscillation modes are labelled by their angular degree l. The inset presents a
zoomed out view of the spectrum. (b) The frequency échelle diagram of the spectrum. The symbols indicate the labelled
oscillation modes. (c) Fourier transform of the stretched period spectrum for the l = 1 modes (see Methods). The asymptotic
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Methods

Orbital properties of the 8 UMi system
Radial velocity analysis: The first radial velocity dataset for 8 UMi comprises measurements taken from the Bohyunsan
Optical Astronomy Observatory (BOAO) using the using the Bohyunsan Observatory Echelle Spectrograph1 (BOES), which
are available from the 8 UMi discovery paper2. We obtained additional high-precision radial velocity observations (Extended
Data Table 1) using the HIRES spectrometer3 at the Keck-1 Telescope on Maunakea, Hawai‘i. All data was reduced using the
standard procedure of the California Planet Search4 (CPS). For all observations we placed an iodine-cell in the light path to
project a series of fiducial absorption lines onto the stellar spectrum. These references allow to track the instrumental profile
and precisely wavelength-calibrate the observed spectra. We also collected a high signal-to-noise iodine-free template spectrum,
which together with the instrumental point-spread function (PSF) and iodine transmission function is a component of the
forward model employed by the CPS Doppler analysis pipeline4, 5.

We used the probabilistic modelling toolkit exoplanet6, 7 version 0.5.4 to fit a Keplerian orbit to the radial velocity time
series. Radial velocity offsets (γ) and jitter terms specific to BOAO (σBOAO) and HIRES (σHIRES) instruments were included
as free parameters in the fit. Additionally, long-term trends in the radial velocity data were parameterized with a quadratic
curve comprising a linear acceleration term (γ̇) and a curvature term (γ̈). The priors for period P and semi-amplitude K were
defined as normally distributed in log-space, such that log(P)∼ N (log(93.5),10), and log(K)∼ N (log(56.5),10). Those
for ω , γ̇ , and γ̈ were uniformly distributed, where ω ∼ U (−2π,+2π), γ̇ ∼ U (0,0.1), and γ̈ ∼ U (0,0.001). The eccentricity
(e) prior was described by Beta(0.867,3.03), following a distribution tailored towards empirical observations of extrasolar
planet eccentricities8. The priors for γ of each instrument were normally distributed, with γBOES ∼ N (−9.3,200), γHIRES ∼
N (−2.4,200). Meanwhile, those for σ were parameterized with half-normal distributions, such that σBOES ∼ | N |(0,100)
and σHIRES ∼ | N |(0,100). The time of periastron passage, tP was fitted within the interval 0.5t0 +φ ×P, where φ ∼ U (0,1)
and t0 is the midpoint in time between the first and last radial velocity observations.

Following standard Markov chain Monte Carlo (MCMC) procedures, maximum a posteriori estimates of the Keplerian or-
bital parameters were determined through iterative fits to the time series, followed by the exploration of parameter uncertainties
using the No-U-Turn Sampler9. We performed 5,000 tuning iterations and 5,000 draws from two chains during the posterior
sampling process, with random seeds of 39091 and 39095. The process resulted in a Potential Scale Reduction Factor
below 1.001 for each explored parameter, indicating posterior convergence. The sampled posterior distribution is presented in
Extended Data Fig. 1. The fitted jitter terms from BOES and HIRES are consistent with one another with values ∼ 10 m/s,
which is expected from core-helium burning giants10, 11.

Characterizing the outer companion: An underlying long-term trend in the radial velocity data, as determined by non-zero
values of first- (γ̇) and second-order (γ̈) velocity derivatives, suggests the presence of an additional, outer companion to the
system. These derivatives were defined with respect to a reference time, tref = 2457508.0173445. We compared radial velocity
models with and without these additional terms, using the Watanabe-Akaike Information Criterion12 (WAIC) metric. The score
was measured as a deviance value, where smaller scores indicate better predictive accuracy. We found the model including
a trend (WAIC = 1265.80) was favoured over the one without (WAIC = 1282.37). The improvement in WAIC in using the
trended model is significantly greater than the standard error in WAIC differences between the two models (dWAIC = 7.64) and
therefore the RV variations are better predicted with a trend, and suggest the presence of an outer companion with a longer
period than our combined observational baseline of 12.5 years.

To constrain the mass and semi-major axis of the outer companion, we fitted a Keplerian orbit using joint constraints from
the host star’s long-term radial velocity trend and astrometric acceleration13. A broad range of masses, semi-major axes, i, ω ,
e, and mean anomaly values were explored using MCMC procedures to identify orbits that fit the radial velocity derivatives
(γ̇, γ̈). To apply the astrometric constraints, we computed the expected proper motion vectors for each calculated orbit in the
Hipparcos and Gaia DR3 epochs, which were then contrasted against the observed change in proper motion for host star 8 UMi
between the two epochs14. The results from separately and jointly fitting the radial velocity and astrometry constraints are
shown in Extended Data Fig. 2, where we conclude that the outer companion orbits at a distance greater than 5 au at a 67%
confidence level.

Stellar activity
Previously, the discovery of 8 UMi b was established using the lack of correlations between radial velocity measurements with
H-α line variations, spectral line bisectors, and Hipparcos photometry2. We further established the planet’s existence in this
work using measured Ca II H and K spectral line variations and spectropolarimetric observations of the host star to estimate its
stellar activity level. We computed Ca II H and K indices (SHK) following established calibration methods15 for Keck data.
The results in Extended Data Fig. 3 indicate no significant correlation between 8 UMi’s radial velocity measurements with
SHK and no significant 93-day variation within its computed Generalized Lomb-Scargle (GLS) periodogram16. The absence of
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strong chromospheric activity for 8 UMi is further evidenced in Extended Data Fig. 4a-b by its lack of strong Ca II H and K
emission features. Extended Data Fig. 4c demonstrates the lithium-richness of 8 UMi at the 6707.8Å Li I absorption line in
comparison with the Li-normal17 core helium-burning giant µ Pegasi18. We adopt a lithium abundance as A(Li) = 2.0±0.2
for 8 UMi, which is the average and standard deviation of previously published19, 20 Local Thermodynamic Equilibrium (LTE)
measurements of lithium for the star.

To estimate the strength of magnetic fields potentially present at the surface of the host star, we collected four spectropolari-
metric observations between February 2022 and July 2022 with ESPaDOnS at the Canada-France-Hawaii Telescope (CFHT).
The observed data comprised intensity (I), Stokes V , and null (N) polarisation spectra, reduced with the Libre-Esprit21 and
Upena pipelines at CFHT. To detect the presence of Zeeman signatures within the spectra, we applied the improved Least
Squares Deconvolution technique21, 22 using line masks from the Vienna Atomic Line Database23 corresponding to a model
atmosphere of Teff = 4750K and log(g) = 2.5 dex. All LSD profiles for 8 UMi in Extended Data Fig. 5 show null detection
of Stokes V Zeeman signatures, which correspond to false alarm probabilities (FAP)21 > 1×10−3. This firmly excludes the
presence of a ∼ 5G mean longitudinal magnetic field strength expected for an active red giant rotating at a period of 90 days24.

These observations are benchmarked against the known active red giant TYC 3542-1885-1 (KIC 8879518). This active star
has a measured Kepler photometric rotation period of 109 days25, and was chosen as a control target by virtue of having a
similar evolutionary state, mass (M = 1.61M⊙) and radius (R = 10.89R⊙) to the host star 8 UMi. Additionally, TYC 3542-
1885-1 is also lithium-rich26, albeit with higher abundance levels to 8 UMi (Extended Data Fig. 4c). From our Keck/HIRES
observations of TYC 3542-1885-1 between 2 April 2022 and 1 August 2022 (Extended Data Fig. 3), the star exhibits a
quasi-periodic ∼ 65d radial velocity variation that correlates strongly with its measured SHK , inferred to be caused by a
secondary starspot feature. Despite lower SNR spectropolarimetric data, ESPaDOnS observations of TYC 3542-1885-1 show
marginal (1×10−5 < FAP ≤ 1×10−3) evidence of a mean longitudinal magnetic field (Extended Data Fig. 5) at strengths of
∼ 3G, which is broadly consistent with the expected field strength for a 100-200 d rotating red giant24. From our analysis of
the control target, we expect the host star 8 UMi to show similar patterns in chromospheric and surface magnetic activity levels
if its 93-day radial velocity variations are stellar in nature, but such activity signatures were not observed.

Extended Data Fig. 6 shows our analysis of 8 UMi’s photometry from different sources. A starspot mimicking 8 UMi’s
∼ 50m/s radial velocity variations would show photometric variability at the 2.5−3% level, based on simulated results of a
generic starspot (e.g., 600K spot contrast, 3% visible hemisphere coverage, 60◦ longitude) using the Spot Oscillation And
Planet 2.0 tool27. We found 8 UMi’s time series from Hipparcos28 and from ASAS-SN29, 30 3-pixel (∼ 24 arcsec) radius
aperture photometry to be constant to within 0.5% and showing no significant 93-day periodic variation within their computed
GLS periodograms. Additionally, we examined TESS short-cadence Simple Aperture Photometry light curves corrected using
the TESS Systematics-Insensitive Periodogram (TESS-SIP)31, which confirmed the same null result from a search of periods
spanning 20-200 days. We thus conclude that 8 UMi’s radial velocity variations are planetary in nature.

Asteroseismic measurements
We used all TESS light curves for 8 UMi across Cycles 2 and 4 (total of 12 Sectors) that were produced by the TESS Science
Operations Center32 (SPOC), which are available at the Mikulski Archive for Space Telescopes (MAST) as of January 2023. We
determined the oscillation frequency at maximum power, νmax = 45.29±0.43 µHz, by fitting the light curve’s power density
spectrum with a model comprising a Gaussian oscillation power envelope superimposed upon a background of three granulation
parameters and white noise33. We identified oscillation modes using a well-tested automated peak detection method34 to
fit Lorentzian-like models to the resonant peaks within the power envelope. We determined the large frequency spacing,
∆ν = 4.80± 0.01 µHz, by fitting the detected radial modes to the red giant oscillation pattern35 following the asymptotic
relation of stellar acoustic modes36.

We measured the dipole mode period spacing, ∆Π, by converting the frequency axis of the oscillation spectrum into
stretched periods37. Following established automated procedures38, stretched period spectra were computed over trial values of
∆Π and mixed mode coupling factors (qc), with the best solution providing the highest power in the Fourier transform of the
resulting stretched period spectrum. By searching between ∆Π of 40-400s and qc of 0.05−0.80, we determined the solution at
(∆Π,qc) = (320s,0.35) as the global maximum, which firmly identifies 8 UMi as a core helium-burning giant39.

Stellar modelling
Four different codes40–44 were used to model host star 8 UMi and estimate its fundamental stellar properties. We constrained
the modelling to core helium-burning stars and used as inputs asteroseismic parameters ∆ν and νmax, along with atmospheric
parameters Teff = 4847± 100K and [M/H]= −0.03± 0.10 dex. These were adopted from the discovery paper2, with the
uncertainties (standard deviation) inflated from their original published values45. We report the best-fitting estimates across the
modelling codes, which are M = 1.51±0.05 (stat) ±0.04 (sys) M⊙ , R = 10.73±0.11 (stat) ±0.08 (sys) R⊙, L = 52.9±4.9
(stat) ±3.3L⊙ (sys). The central values were provided by one of the codes42 that showed the smallest difference to the median
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derived mass, with systematic uncertainties as the standard deviation of an estimated parameter over all codes. By combining
errors in quadrature, these results translate to average uncertainties of 0.06M⊙ for mass, 0.14R⊙ for radius, and 5.9L⊙ for
luminosity.

We verified our modelled results using independent estimation methods, where for each the 1σ uncertainty is reported as that
method’s standard deviation. Using model-calibrated asteroseismic scaling relations46, 47, we measured Mscal = 1.54±0.06M⊙
and Rscal = 10.72±0.16R⊙. Additionally, we fitted Kurucz stellar atmosphere models to the broadband (0.2–22 µm) spectral
energy distribution (SED) of the host star48–50 (see Extended Data Fig. 7), including extinction based on the maximum
line-of-sight value from published Galactic dust maps51. Integration of the unreddened model SED, combined with a Gaia
DR3 parallax ϖ = 6.128mas (with no systematic offset applied52), resulted in LSED = 53.81± 1.84L⊙ and subsequently
RSED = 10.19±0.36R⊙, which are in agreement to within 1σ with our modelled estimates.

We determined theoretical estimates of the maximum size of a pre-core helium-burning star by interpolating the radius
of its stellar envelope at the tip of the red giant branch (RtRGB) across mass and metallicity using various45, 53–57 isochrone
grids, all of which are based on canonical single-star evolution. The interpolation produces a boundary above which the current
semi-major axis of 8 UMi b would be smaller than RtRGB of its host star (see main text Fig. 3). We measured the closest extent
of each isochrone’s boundary to 8 UMi’s mass and metallicity and found with a 3-8σ confidence that 8 UMi b, had it formed
in-situ at 0.46 AU, would have been within its host star’s stellar envelope during the giant branch phase assuming canonical
stellar evolution.

Exploring survival scenarios
Tidal migration and circularization: Assuming a constant quality factor Q, the tidal migration timescale τtide is roughly the
evolutionary timescale of the semi-major axis due to tides:∣∣∣∣ ė
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where the star and planet tidal quality factors Q⋆ and Qp are scaled to the lower end of Q values reported in literature for
Jovian planets59 and red giants60 with Q⋆ ∼ Qp ≳ 105, and assuming a representative Jovian planet radius61 of 1.5RJ . Hence,
present-day tidal circularization and migration takes place on timescales characteristically larger than a Hubble time, and can
be ignored.

Of course, during the red giant’s expansion prior to the helium flash, its radius would have greatly exceeded its current-day
value, significantly enhancing the tidal dissipation and dramatically shortening the orbit’s circularization timescale. If, during
this expansion, the outer radius of the star barely grazed the planet’s orbit at its helium-flash radius a ≈ R⋆ ≈ 0.7au, a similar
calculation yields a minimal dissipation timescale τ

⋆,flash
tide ≃ 1.6Myr. This approximates a lower bound to the planet’s migration

timescale in the most extreme scenario where a very fine-tuned dynamical process brings the planet as close to the star as
possible during its helium flash. This timescale should be compared to the timescale of ∼ 50kyr on which the star shrinks
following the initial helium flash, when its radius is largest. Hence, the planet could not migrate inwards as fast as the star
contracts following the helium flash. Even under these fine-tuned scenarios, tidal circularization and migration cannot act fast
enough to deliver the planet to its current orbital separation and eccentricity.

8 UMi b mass constraints: Assuming orbits are randomly oriented, the probability of an orbit having inclination i is
proportional to sin i. Given 8 UMi b’s mass of Mp sin i = 1.65MJ , the planet’s orbit would need to be nearly face-on (i ≤ 7.3◦)
for its mass to exceed 13MJ , which is a threshold adopted as the deuterium-burning limit for brown dwarfs62. This range of i
occurs with a probability of 0.8%, based on draws from an isotropic distribution.

Host star 8 UMi has low astrometric excess noise as reported by the Gaia space mission. This noise is quantified by the
Re-normalized Unit Weight Error (RUWE), and has a value of ρDR2 = 1.09 for Gaia Data Release 2 (DR2) during which 17
visibility periods were reported over the observing baseline. The angular perturbation to the single source of the photocentre as
fitted by Gaia can be estimated63 as δθ ≈ 0.53σϖ

√
N(ρDR2 −1) = 0.076mas , where σϖ is the star’s parallax error of 0.024
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mas and N = 192 is the number of good along-scan Gaia observations. Given the near-zero eccentricity constraint from the
radial velocity data, we considered perturbations in the limit of a face-on alignment for a circular orbit64, such that

δθ =
ϖa|q− lr|

(1+q)(1+ lr)
, (3)

where the DR2 parallax ϖ = 6.123mas, the semi-major axis a = 0.462au, q = Mplanet/M⋆ is the mass ratio, and lr = Lplanet/L⋆

is the luminosity ratio, which we approximate as zero. Assuming the perturbation comes purely from the orbiting companion,
q is predicted to be ∼ 0.028 to yield a sufficiently large δθ that produces the observed ρDR2. This suggests that companion
masses above 0.043M⊙ or 45MJ would induce larger astrometric noise excesses than as measured by ρDR2 and therefore rules
out 8 UMi b as a stellar companion. In Gaia Data Release 3 (DR3), 8 UMi is reported to have a high astrometric fidelity65 (value
= 1), with a nearly identical parallax of ϖDR3 = 6.128mas and ρDR3 = 0.80 based on 23 visibility periods. This value of ρDR3,
when considered in tandem with ρDR2, is again inconsistent with excess astrometric scatter from a close stellar companion66.

Common-envelope evolution: The observed orbital separation ≈ 0.5au eliminates the possibility of 8 UMi b initiating a
successful common envelope, independent of its mass. Assuming that 8 UMi b starts at an orbital separation ai ≈ 0.7au (the tip
of the red giant branch), the orbital energy available to unbind the envelope is
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where M∗ ≈ 1.5M⊙, Mc ≈ 0.25M⊙, and a f ≈ 0.5au. However, because Mc/M∗ < a f /ai, we find that ∆Eorb < 0, which
implies that the planet ends up less bound than before. The observed semi-major axis of 8 UMi b therefore precludes the
orbit from having shrunk enough to unbind any of the envelope, regardless of the value of Mp. Even in the absence of a
common-envelope event, the companion would almost certainly not survive temporary engulfment by the host star. The
maximum inspiral timescale tinsp for a 0.1M⊙ red dwarf in the envelope of 8 UMi can be estimated as the time for the
companion’s orbital energy to be reduced by ram pressure67. For a drag force FD and orbital velocity v, the inspiral time is
tinsp ∼ Eorb/FDv ∝ Mp/R2

p ∼ 102 −104 yr. Assuming that the host star had previously engulfed the planet at its current orbital
distance of 0.5au, the calculated inspiral timescale is much smaller than the ∼ 2Myr required for the host star to reach RtRGB
as estimated by stellar models53 .

Modelling the binary merger scenario
Using Modules for Experiments in Stellar Astrophysics (MESA, version r22.05.168–72), we simulated coupled orbit—stellar
binary evolution scenarios resulting in a merger of a red giant with a helium white dwarf companion as a pathway for 8 UMi
b’s survival. These scenarios aimed to simulate a first, stable mass transfer phase that stably strips the primary followed by
a second, unstable mass transfer phase that merges the two stars. Leading up to the first mass transfer phase, we simulated
the stellar evolution and orbits of both stars together until the primary has been totally stripped into a helium white dwarf.
After the first mass transfer phase, we modelled the primary purely as a point mass with the mass of the primary’s stripped
core while still evolving the orbits of both stars. As observational constraints, the simulated initial component masses M1 and
M2 were set such that the final mass of the remnant, M, is 8 UMi’s observed stellar mass of ≈ 1.5M⊙. Additionally, to avoid
dynamically destabilizing the planet, the semi-major axis of the simulated binary throughout its evolution cannot exceed ≳ 30%
of the planet’s own semi-major axis73, which evolves to conserve orbital angular momentum.

We included magnetic braking and tidal synchronization in our modelling, where we assume that tides instantaneously
synchronize the stellar spins to the orbital frequency, which is a good approximation at short orbital periods. The magnetic
braking torque is a strong function of spin frequency, with J̇ ∝ Ω3 in standard magnetic braking prescriptions74, resulting in the
high sensitivity of the simulation outcomes to the initial orbital separation. Additionally, we assumed mass transfer in the form
of fast wind off of the accretor. This form of mass loss is governed by the β parameter75, with β = 0 indicating that no mass is
lost from the system and β = 1 indicating that all mass is lost and therefore no mass is transferred to the accretor. Assuming no
mass is lost during the merger, the final mass of the remnant is given by

M = (1−β )(M1 −Mc)+Mc +M2 (5)

where Mc is the maximum mass of the primary’s core (i.e., the mass of the stripped helium white dwarf). We determined M1
and M2 by specifying β and a mass ratio q, assuming M ≈ 1.50M⊙ and Mc ≈ 0.25M⊙. A fully conservative mass transfer
(β = 0) was found to result in an unstable first mass transfer phase, while fully non-conservative mass transfer (β = 1)
destabilized the planet through excessive orbital expansion. We thus used a fiducial choice of parameters q = 0.7 and β = 0.6
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(M1 = 1.23M⊙, M2 = 0.86M⊙), and subsequently identified that models with initial orbital periods 1.7d ≲ Pinit ≲ 2.3d can
stably strip the envelope of the primary completely, with lower period models either evolving into contact binaries (or merging
prematurely) and higher period models undergoing unstable mass transfer immediately. These initial orbital periods and
the corresponding fiducial parameters are values that have been observed in solar-type binaries76, with previously reported
statistics77 estimating the frequency of companions per decade of orbital period of short-period (≃ 3days) binary systems with
q > 0.3 to be 0.017±0.007.

Extended Data Fig. 8 shows an example fiducial model with Pinit = 2d. Magnetic braking on the main sequence reduces the
orbital separation by a factor of ∼ 2 until the onset of the first stable mass transfer phase, which is when the donor reaches
the red giant branch. During this time (t ∼ 4.2–5.6 Gyr in Extended Data Fig. 8) the envelope of the primary is stripped,
the secondary accretes mass, and the binary’s semi-major axis increases to ∼ 1.7 times its initial value, but not enough to
destabilize the planet’s orbit. The resulting binary system forms an EL CVn-like binary with a period shorter than 10 days.

The MESA simulations of Chen et al.78 predicted that a range of 1.9d ≲ Pinit ≲ 2.4d and 0.67 ≲ q ≲ 1 can yield donors
that undergo mass transfer at the base of the red giant branch for 1.1M⊙ < M1 < 1.25M⊙ (β = 0.5 has been assumed in this
case), which is consistent with our fiducial model. They additionally performed a population synthesis study and estimated a
steady production rate of EL CVn binaries ≈ 0.015yr−1 over the last few Gyr, assuming a Miller & Scalo initial mass function
in the range 0.08–100 M⊙

79, 80 and a constant star formation rate 5M⊙ yr−1. We calculate such a model to yield a ≈ 0.6yr−1

production rate of 1–2M⊙ stars, which implies that ∼ 2–3% of red clump stars may have formed from merging EL CVn-like
binaries.

This number is roughly comparable to the fraction of clump stars which are lithium-rich (∼ 1%81–83) or R-type carbon stars
(∼ 0.1%84), which are thought to form from similar merger processes. It is also broadly consistent with the rate of merger
remnants85 inferred for red giants from transient statistics86, close binary surveys76, and red giant binarity87. When applying
the inferred EL CVn-like binary merger fraction to the > 140 substellar companions detected around red giants88, roughly 1 in
∼ 102 companions may indeed orbit helium white dwarf–red giant merger remnants if we assume that an order-unity fraction
of these exoplanet hosts are core helium-burning. Therefore, the hypothesis that 8 UMi is such a remnant is plausible.

Unstable mass transfer begins at the end of the simulation using our fiducial model when both the secondary’s core mass
and the helium white dwarf’s mass are ≈0.25M⊙, such that a stellar merger results in a helium core mass of ≈ 0.5M⊙, similar
to ordinary red clump stars. To determine if the second, unstable mass transfer phase results in a merger, we estimated the final
semi-major axis a f of the binary from its initial semi-major axis ai by assuming that some fixed fraction αCE of the change in
orbital energy is used to move the envelope to infinity89:

|Ebind| ∼ αCE

(
GM1cM2c

2a f
− GM1cM2i

2ai

)
, (6)

where M1c is the mass of the stripped helium white dwarf, and M2i and M2c are the total and core masses of the red giant prior
to the merger event. We calculated the binding energy of the envelope directly from our stellar models, including internal
(thermal) energy and recombination energy, as

|Ebind|=
∫ M

M2c

[u(m)+ ε(m)]dm . (7)

Here, u(m) and ε(m) are the specific potential and internal energies of the red giant, respectively, and we defined the boundary
of the helium core to be where the hydrogen fraction falls below 1%. We used αCE = 1/3, which is consistent with observed
helium white dwarf binaries90. A stellar merger event is predicted when the post-common-envelope orbital separation is
sufficiently small such that the helium core (of radius R2c) of the giant is disrupted by the inspiraling helium white dwarf. This
occurs at an orbital separation a∗ = R2c/ f (q f ), where q f is the ratio of the masses of the red giant core and helium white dwarf,
and f (q f ) is an order-unity function given by Eggleton’s formula91 ( f (q f )≈ 0.38 for equal-mass binaries). As demonstrated
in Extended Data Fig. 9, all our models with Pinit ≲ 2.3d were predicted to attain final orbital separations a f < a∗ and thus
resulted in stellar mergers. Our mergers were assumed to occur with no mass loss, which we justify with the observed low
eccentricity of 8 UMi b. Given a planetary post-mass-loss eccentricity of e = ∆M/M, and assuming an initially circular orbit
with instantaneous mass loss, the star mass loss ∆M cannot be more than ∼0.1M⊙ in a time shorter than the planet’s orbital
period if the planet’s nearly circular orbit is to be maintained.

Data availability
TESS light curves processed by the SPOC pipeline are available from MAST (https://archive.stsci.edu/). The
spectra for µ Pegasi is accessible at http://polarbase.irap.omp.eu/. Astrometric measurements for 8 UMi are
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openly available from the Gaia archive (https://gea.esac.esa.int/archive/). The HIRES radial velocity mea-
surements, ESPaDOnS spectra and spectropolarimetric data products, ASAS-SN time series, traces of the MCMC sampling
from the radial velocity fits, MESA binary simulation inlists, and SED data are available at https://zenodo.org/
record/7668534.

Code availability
The radial velocity fitting was performed using the exoplanet code (docs.exoplanet.codes/). The Generalized
Lomb-Scargle periodogram implementation is available at (https://github.com/mzechmeister/GLS). TESS-SIP
for correcting TESS systematics is provided at (https://github.com/christinahedges/TESS-SIP). The as-
teroseismic modelling was performed using BASTA (https://github.com/BASTAcode/BASTA), the PARAM web
tool (http://stev.oapd.inaf.it/cgi-bin/param), MESA (https://docs.mesastar.org). The binary
module of MESA was used for binary simulations. Calibrated asteroseismic scaling relations used asfgrid (http://www.
physics.usyd.edu.au/k2gap/Asfgrid/). Grids of isochrones publicly available are MIST (https://waps.
cfa.harvard.edu/MIST/), PARSEC (https://github.com/philrosenfield/padova_tracks/releases/
tag/v2.0), Dartmouth and GARSTEC (https://zenodo.org/record/6597404), and BASTI (http://albione.
oa-teramo.inaf.it/).
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Extended Data Figure 1. Posterior probability distribution of the fit to the combined BOES/HIRES radial velocity
data. The 16th, 50th, and 84th percentile values of each fitted parameter are indicated with dashed lines.

17/31



0 10 20 30 40 50
Semimajor axis (AU)

0

10

20

30

40

C
om

p
an

io
n 

M
as

s 
(M

J)

RV

Astrometry

RV
+

Astrometry

Radial Velocity (RV)
Astrometry
RV + Astrometry

Extended Data Figure 2. Constraints to the outer companion in the 8 UMi planetary system. Contours indicate 67%
highest density intervals of permissible mass and separation values of the outer companion as estimated from the residuals of
radial velocity measurements in Figure 2 (purple), and from measurements of 8 UMi’s Gaia DR3-Hipparcos astrometric
acceleration (green). These two measurements jointly constrain the outer companion’s mass and separation, which corresponds
to the locus indicated by the shaded region between the contours.
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Extended Data Figure 3. Stellar activity of the host star 8 UMi and active red giant TYC 3542-1885-1. The
chromospheric activity of both stars are estimated using Ca II H and K indices (SHK) computed from Keck/HIRES spectra,
with error bars indicating 1σ (standard deviation) uncertainties. (a-b) Variations of SHK with radial velocity from each star.
Included for each are the Spearman correlation factors (R) and two-sided p-values (p) for the test whose null hypothesis is that
SHK and radial velocity are uncorrelated. (c-d) Generalized Lomb Scargle (GLS) periodograms of radial velocity
measurements and SHK . The vertical dashed line indicates 8 UMi b’s orbital period, and the horizontal lines indicate the
periodogram’s False Alarm Probability (FAP).
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Extended Data Figure 4. Spectral features of 8 UMi and active red giant TYC 3542-1885-1.. Comparisons are
additionally made with the inactive, Li-normal giant µ Pegasi. (a-b) The Ca II H and K absorption lines. (c) The 6707.8Å Li I
absorption line.
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Extended Data Figure 5. ESPaDOnS spectropolarimetry of the host star 8 UMi and active red giant TYC 3542-1885-1
The least-squares deconvolution profiles in each panel, from top to bottom, are that of Stokes V, null polarisation N, and Stokes
I, respectively. Error bars indicate 1σ (standard deviation) uncertainties for the profiles. Included are the Stokes V mean
longitudinal magnetic field strength (BZ) and its corresponding 1σ (standard deviation) uncertainty, polarimetric
signal-to-noise ratio (SNR), and observation times (t) in BJD - 2459000.
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Extended Data Figure 6. Observed photometric variations of 8 UMi. Time series photometry from (a) Hipparcos, (b)
ASAS-SN, and (c) systematics-corrected TESS Simple Aperture Photometry. The standard deviation uncertainty for each
photometric measurement is shown with error bars. These are visible for the Hipparcos data, but smaller than the symbol sizes
for ASAS-SN and TESS data. The dispersion of the Hipparcos and ASAS-SN time series, σdisp, are quantified as a fraction of
the star’s apparent magnitude. Generalized Lomb Scargle (GLS) periodograms for the (d) Hipparcos, (e) ASAS-SN, and (f )
systematics-corrected TESS Simple Aperture Photometry light curves. The vertical dashed line indicates 8 UMi b’s orbital
period, and the horizontal lines indicate the periodogram’s False Alarm Probability (FAP).
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Extended Data Figure 7. Spectral energy distribution of 8 UMi. The distribution was estimated using BTVT magnitudes
from Tycho-2, the JHKS magnitudes from 2MASS, the W1–W4 magnitudes from WISE, the GGBPGRP magnitudes from Gaia,
and the NUV magnitude from GALEX. Red symbols represent the observed photometric measurements, where the horizontal
error bars represent the effective width of the passband while the vertical error bars are 1σ (standard deviation) photometric
uncertainties. Blue symbols are the model fluxes from the best-fit Kurucz atmosphere model (black), which have a reduced χ2

of 1.3, with extinction AV = 0.06±0.02 mag, Teff = 4900±75 K, surface gravity logg = 2.5±0.5 dex, and [Fe/H] =
−0.5±0.3 dex. Integration of the (unreddened) model SED gives the bolometric flux at Earth, Fbol = 6.48±0.22×10−8

erg s−1 cm−2.
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Extended Data Figure 8. Simulation of a stellar binary history for 8 UMi leading up to a stellar merger. This fiducial
model is simulated using β = 0.6, q = 0.7, and Pinit = 2d, with the stellar merger occuring at the onset of unstable mass transfer
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Extended Data Figure 9. Simulated white dwarf–red giant binaries that successfully merge to produce a core-helium
burning giant like 8 UMi. These models are simulated using β = 0.6 and q = 0.7, with M1 = 1.23M⊙ and M2 = 0.86M⊙. (a)
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stellar merger.
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Extended Data Table 1. Radial velocity measurements of 8 UMi collected using the HIRES spectrograph atop the Keck-I
telescope from 19 May 2021 to 1 August 2022. Reported uncertainties are 1σ (standard deviation) uncertainties.

Time Radial velocity Uncertainty
BJD - 2459000 m/s m/s

353.842103 34.810319 0.957495
361.902204 69.348529 0.888507
368.784719 48.809886 0.911906
373.801558 51.160183 0.869466
378.834098 5.876205 0.842353
378.835070 7.768937 0.847276
378.835996 4.595331 0.859393
378.870140 -0.197723 0.894331
378.871077 -1.580994 0.891074
378.872026 -4.547195 0.912844
378.979199 14.606174 0.857701
378.980125 17.859138 0.896076
378.981074 16.502770 0.848254
384.890366 -2.409111 0.990540
384.892484 -4.921133 0.958773
384.894429 -2.751882 0.903895
389.914801 -19.275643 0.834250
389.915738 -17.315992 0.936139
389.916674 -15.740141 0.951262
395.864380 -39.513886 0.955047
395.865318 -37.492119 0.956622
395.866209 -39.848328 0.941511
399.827438 -31.820359 0.972085
399.828607 -34.245779 1.021377
399.829741 -33.843625 0.971329
406.739231 -60.907537 1.026887
406.740134 -60.100727 0.900744
406.741048 -58.346060 0.952770
415.752084 -27.386193 1.087321
415.753681 -30.211521 1.063041
415.754700 -26.923308 1.070932
415.757998 -27.737135 1.078141
420.829269 -49.413959 1.134881
420.830415 -44.291389 1.021217
420.831688 -45.008137 1.095143
435.773916 19.435892 1.090663
435.774865 19.687407 1.025351
435.775814 18.302992 1.008119
443.730761 24.779948 1.039300
443.731675 25.534491 1.101412
443.732636 23.593110 1.041690
450.766041 69.011527 1.207604
450.767025 68.430295 1.194408
450.768009 69.318575 1.264927
455.740426 62.917694 1.017182
455.741352 56.633304 1.050469
455.742266 58.825162 1.011381
470.711559 37.405981 1.119984
470.712497 35.467619 1.096883

Time Radial velocity Uncertainty
BJD - 2459000 m/s m/s

470.713446 35.582958 1.120459
478.709022 -4.443548 1.153627
478.715029 -7.003524 1.268035
478.720607 -7.905698 1.112496
483.753253 -50.993642 1.066348
483.754468 -52.206761 1.257434
483.755672 -49.098157 1.205983
489.704354 -67.520930 1.201372
489.705523 -70.438690 1.325950
489.706692 -71.966822 1.216982
497.701247 -59.438410 1.199675
497.702809 -59.489978 1.199892
506.689152 -57.215682 1.253242
506.690240 -59.439143 1.182603
506.691351 -59.210949 1.178573
513.697277 -46.329758 1.231641
513.698481 -48.825172 1.310779
513.699719 -49.372107 1.139539
622.113710 28.831742 1.029991
622.114740 26.803767 1.150842
622.115794 29.397291 1.097965
626.086114 29.669555 1.173846
626.087202 29.863729 1.058872
626.088325 30.465299 1.134471
632.073919 42.695454 0.957066
632.074868 44.096309 0.999416
632.075828 43.932892 0.996506
655.010662 43.071189 0.939295
655.011599 41.502631 0.898865
655.012525 43.082613 0.915619
661.035709 33.081970 0.956038
661.036901 37.172227 0.894799
661.038059 32.319343 0.939563
672.030706 -1.852284 0.967251
672.031759 -3.129297 1.031975
672.032870 -4.028580 0.936177
681.007997 -43.712090 0.982126
681.008888 -48.960588 0.960503
681.009791 -47.199496 1.010990
691.000779 -48.491071 1.150332
691.001717 -46.239763 1.064292
691.002654 -45.255098 0.997759
695.013168 -47.220558 1.019411
695.014082 -43.609635 1.043123
695.014996 -45.622370 0.948686
700.948879 -20.122784 1.002295
700.952375 -19.824926 1.230983
711.897946 13.432848 0.980607
711.898907 11.327911 0.985397
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Extended Data Table 1 (continued)

Time Radial velocity Uncertainty
BJD - 2459000 m/s m/s

711.899856 13.267244 1.085308
715.974755 37.686341 0.961920
715.975693 39.381356 0.998087
715.976630 37.921361 0.917527
737.813506 76.820012 0.909781
737.814536 76.766067 0.996631
737.815566 74.604152 0.918539
740.799098 62.368957 0.937384
740.800070 65.637292 0.875799
740.801019 67.465725 0.915763
741.796518 54.978361 0.888018
741.797409 51.933870 0.965281
741.798323 53.079849 0.865434
747.917120 33.196888 0.951404
747.918335 33.229634 0.994584
747.919574 36.687595 0.950376
749.986941 23.051076 0.871991
749.988017 18.465904 0.846402
749.989071 23.438575 0.963685
756.960219 2.667942 0.956022
756.961353 -1.127702 0.926351
756.962418 -0.344195 0.903171
759.944743 -14.055632 0.993686
759.945773 -14.769997 0.991786
759.946757 -15.594268 0.884224
771.854751 -50.035824 0.973484
771.855862 -48.483816 1.025444
771.856973 -49.680070 1.070451
789.800968 -11.766739 1.007803
789.802218 -10.835423 1.091427
789.803537 -7.329680 1.093144
791.806519 -13.067793 1.080876
791.807607 -10.685886 1.084655
791.808834 -10.084930 1.104502
792.739494 -29.757211 1.138764
792.740535 -28.673963 1.135497
792.741589 -27.545748 1.123028
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