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Abstract

Binary stars are ubiquitous; yet it remains unclear how wide-orbit stellar companions influence the formation of hot
Jupiters, particularly around M dwarfs. Here, we first report the discovery of TOI-5628Ab, a giant planet transiting a
midtype M dwarf (M, = 0.36 & 0.02 M) every 4.34 days, accompanied by an associated white dwarf TOI-5628B
(Mwp = 0.59 £+ 0.16 M) at a projected distance of about 2500 au. Using TESS, ground-based photometry, and
SPIRou radial velocities, we constrain the planet radius to 0.74 £ 0.04 Ry and mass to 0.09 & 0.04 Mj, with a 30 upper
limit of 0.22 M;. Building on this system, we further conduct a homogeneous systematic search for comoving stellar
companions with projected semimajor axes between 100 and 10,000 au around all M dwarfs with confirmed giant
planets with periods smaller than 10 days and radii larger than 0.7 R, as well as a group of field M stars with stellar
properties similar to the planet sample, based on the stellar kinematics from Gaia DR3. We measure a stellar
multiplicity of 34.2% =4 9.5% for M dwarfs hosting short-period giant planets, which is substantially higher than the
fraction of 5.3% = 3.7% for the field M stars by approximately a factor of 6. Our results suggest that wide-orbit stellar
companions tend to promote the formation of short-period gas giants around M stars with masses
0.21 <M, <£0.64 M, and high-eccentricity migration may play an important role in producing such systems.

Unified Astronomy Thesaurus concepts: M dwarf stars (982); Hot Jupiters (753); Multiple stars (1081); Binary
stars (154); Transits (1711); Radial velocity (1332); Astrostatistics (1882)

1. Introduction

. . Stars are not alone; nearly half of local Sun-like stars were
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a sample, of about 20% (K. Ward-Duong et al. 2015;
J. G. Winters et al. 2019; S. S. R. Offner et al. 2023;
C. A. Clark et al. 2024). Whether and how wide-orbit stellar
companions influence the formation and evolution of planetary
systems, particularly hot Jupiters with orbital period P < 10
days, remains an open question.

High-eccentricity migration is one of the leading channels
proposed to explain the existence of short-period hot Jupiter
systems (R. I. Dawson & J. A. Johnson 2018). Under this
framework, the orbit of a giant planet is excited through
mechanisms like scattering (F. A. Rasio & E. B. Ford 1996;
S. Chatterjee et al. 2008; E. B. Ford & F. A. Rasio 2008), secular
interactions (Y. Wu & Y. Lithwick 2011; C. Petrovich 2015), and
Kozai-Lidov mechanism (Y. Kozai 1962; M. L. Lidov 1962;
S. Naoz 2016) driven by regular perturbation from an outer
massive body such as a stellar companion. Subsequently, the
orbit shrinks and circularizes through tidal dissipation
(P. Hut 1981; P. P. Eggleton et al. 1998; B. Jackson et al. 2008).

Based on imaging surveys, H. Ngo et al. (2016) found that the
multiplicity of Sun-like stars hosting hot Jupiters is 47% + 4%
at projected separations between 50 and 2000 au, approximately
2.9 times higher than the fraction of field stars within the
same projected semimajor axis range (see also H. Ngo et al.
2015). A similar finding was reported by C. Fontanive et al.
(2019), where the authors searched for wide binary companions
among a mixed sample of giant planets and brown dwarfs, and
determined a binary fraction of about 79% between 20 and
10,000 au, roughly twice as high as that of field stars. In contrast,
later work from M. Moe & K. M. Kratter (2021) proposed
that wide-orbit stellar companions have either a negligible or
negative effect on the formation of close-in giant planets
orbiting G dwarfs by comparing the occurrence rates from
transit and radial velocity (RV) surveys.

However, equivalent statistical studies on hot Jupiters around M
dwarfs, which provide sensitive tests of planet formation given
their high mass ratios among planetary systems (G. Laughlin et al.
2004; S. Ida & D. N. C. Lin 2005; G. M. Kennedy &
S. J. Kenyon 2008; B. Liu & J. Ji 2020; R. Burn et al. 2021), are
still lacking. This is primarily due to the low occurrence rate of hot
Jupiters around M stars compared to their Sun-like counterparts
(E. M. Bryant et al. 2023; T. Gan et al. 2023b; R. 1. Glusman
et al. 2026). Nevertheless, the situation has now changed; the
Transiting Exoplanet Survey Satellite (TESS; G. R. Ricker et al.
2015) has yielded around 40 detections of such systems over the
last eight years (e.g., T. Gan et al. 2022, 2023a; A. Jordan
et al. 2022; J. D. Hartman et al. 2024; S. Kanodia et al. 2024,
G. Dransfield et al. 2026; Y. G. C. Frensch et al. 2026), making it
possible to look into their demographics.

Here, we first report the discovery and characterization of
TOI-5628Ab, a short-period gas giant around a midtype (M3.0
+1.0) M dwarf with a wide-orbit white dwarf (WD)
companion. We next conduct a systematic search for
comoving stellar companions around all M dwarfs with
confirmed short-period giant planets, determine their multi-
plicity rate between 100 and 10,000 au, and compare the result
with that of field M stars. The Letter is organized as follows.
We describe the TESS and SPIRou RV observations in
Section 2, perform stellar characterization and a joint analysis
in Section 3, carry out the population-level multiplicity study
in Section 4, before we conclude in Section 5.
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2. TESS Photometry and SPIRou RVs

TOI-5628A (LP 435-59) was monitored by TESS in Sector
49 during the Extended Mission under the two-minute cadence
mode (G. R. Ricker et al. 2015). The observations spanned
about 1 month, from UT 2022 March 1 to UT 2022 March 25,
comprising 13,404 exposures in total. The images were
reduced by the Science Processing Operations Center (SPOC;
J. C. Smith et al. 2012; M. C. Stumpe et al. 2012, 2014;
J. M. Jenkins et al. 2016). We made use of the simple aperture
photometry (SAP) produced by SPOC without light dilution
correction. After masking out the in-transit signals, we utilized
the celerite algorithm (D. Foreman-Mackey et al. 2017) to
fit a Gaussian process (GP) model with a Matérn-3 /2 kernel to
the out-of-transit data to detrend the light curve. Figure 1
shows the POSS-II survey image of TOI-5628 taken in 1990
(B. M. Lasker et al. 1996) alongside the TESS target pixel file
(TPF) overlaid with the aperture used to extract the
photometry, plotted using tpfplotter (A. Aller et al.
2020). The gravitationally bound WD TOI-5628B (LP 435-58)
located about 23" (~2500 au, AT = 2.74 mag) away from the
target star appears in both images, which slightly contaminates
the photometric aperture. The dilution effect is modeled and
taken into account during the joint fit. The raw, detrended, and
phase-folded TESS light curves are shown in the right panel of
Figure 1. All light curves from ground-based follow-up
observations are presented in Figure Al. The transiting object
was also identified as a planet candidate by Planet Hunters
TESS citizen scientists program (N. L. Eisner et al. 2021), and
registered as a Community TESS Object of Interest (cTOI).

We collected 40 spectra®® of TOI-5628A between UT 2023
December 24 and UT 2024 December 21 using SPIRou
(SpectroPolarimetre InfraROUge; J. F. Donati et al. 2020),
a near-infrared (NIR) spectropolarimeter installed on the
3.6 m Canada-France-Hawaii Telescope (CFHT) with a
spectral resolution of R ~ 75,000 and a wavelength range
0.95-2.35 um. Each spectrum was obtained from a 30 minute
exposure with TOI-5628A in fibers A and B without using a
simultaneous calibration lamp in fiber C to avoid contamina-
tion of the relatively faint science spectra by the bright
Fabry—Pérot étalon. The observing set-up results in a median
signal-to-noise ratio (SNR) of 23 at order 35 (~1.75 um) for
each spectrum. We reduced the data with the standard
reduction pipeline APERO v0.7.296 (N. J. Cook et al. 2022).
To derive the RVs, we employed the line-by-line (LBL;
v0.67.007) framework of E. Artigau et al. (2022). Since
TOI-5628A is faint, we chose a high-SNR star of similar
spectral type to build a robust template against which the per-
line RV can be computed for TOI-5628A. We find GJ 15B
(M3.5V; S. Lépine et al. 2013), for which 767 spectra were
obtained between UT 2018 December 19 and UT 2022 January
26,*! provides the best match. After excluding seven spectra
with poor data quality, the remaining 760 spectra were used to
construct the template. The resulting RVs, with a median
precision of 17.6 m sfl, are shown in Figure 2, and the data can
be downloaded from ExoFOP.>? Additional follow-ups,

30 From programs led by T. Gan (24AS04, 24AD04 and 24AD09) and X. Hua
(24BS05).

31 Telluric-corrected spectra are publicly available through the Canadian
Astronomical Data Centre (CADC): https://www.cadc-ccda.hia-iha.nre-
cnre.ge.ca.

32 https: / /exofop.ipac.caltech.edu/tess /target.php?id=135100529
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Figure 1. Top left panel: POSS-II image of TOI-5628A and TOI-5628B obtained in 1990. The red and blue circles are the current positions of the two stars. Bottom
left panel: TPF plot of TOI-5628A in Sector 49 with the photometric aperture overlaid as the orange shaded region. TOI-5628A is marked as a white cross. The black
arrows represent the proper motions of every star. Right panel: raw (top), detrended (middle), and phase-folded (bottom) TESS light curve. The transits are
highlighted with blue ticks. The blue dots are the light curve binned to 10 minutes. The red curve is the best-fit model from the joint analysis.

including ground-based photometric, spectroscopic, and ima-
ging observations, are described in Appendix A.

3. Analysis
3.1. Stellar Characterization
3.1.1. Properties of the Host Star TOI-5628A

We assigned an NIR spectral type using the SpeX Prism Library
Analysis Toolkit (SPLAT; A. J. Burgasser & Splat Development
Team 2017) by comparing the reduced spectrum of TOI-5628A to
single-star spectral standards in the IRTF Spectral Library
(M. C. Cushing et al. 2005; J. T. Rayner et al. 2009). The best-
matching template is the M3V standard AD Leo, with the M3.5V
standard GJ 273 providing only a marginally worse match. We
therefore adopt an NIR spectral type of M3.0+1.0 for TOI-5628A.
Applying the A. W. Mann et al. (2013) relation to this spectrum,
we measured an iron abundance of [Fe/H] = —0.10 & 0.14 dex.

According to the K-band apparent magnitude from the Two
Micron All Sky Survey (2MASS) and stellar parallax from
Gaia DR3, we compute the absolute magnitude My of TOI-
5628A to be 6.695 £ 0.023. We thus obtain the stellar radius
R, = 0.348 £ 0.020 R, through the R,—Mj empirical relation
derived by A. W. Mann et al. (2015), which is in agreement with
the result 0.350 + 0.016 R, derived based on an independent
relation between stellar angular diameter and color V — Kj
presented in T. S. Boyajian et al. (2014). In addition, we also
estimate the stellar mass from the empirical My relations™ of

3 hitps://github.com/awmann/M_-M_K-

A. W. Mann et al. (2019), leading to M, = 0.356 £ 0.018 M.
This is consistent with the value 0.363 =+ 0.015M
we obtained using the polynomial relation reported by
G. F. Benedict et al. (2016).

Finally, we estimate the stellar effective temperature T in three
ways. First, we measure the bolometric magnitude of My, =
9.424 + 0.094 mag, which corresponds to a bolometric luminosity
of L, = 0.013 &+ 0.001 L, after accounting for the bolometric
correction BCx = 2.729 + 0.091 calculated based on a relation
with V. — J (A. W. Mann et al. 2015). We then obtain a
T.r = 3324 £ 53 K through the Stefan—Boltzmann law. Similar
results, 3259 + 106 K and 3320 =+ 83 K, are also derived when
using the temperature—color relations reported in M. J. Pecaut &
E. E. Mamajek (2013) and A. W. Mann et al. (2015), respectively.

As an independent determination of the basic stellar
parameters, we perform an analysis of the broadband spectral
energy distribution (SED) of the star together with the Gaia
DR3 parallax (with no systematic offset applied; see, e.g.,
K. G. Stassun & G. Torres 2021), in order to determine an
empirical measurement of the stellar radius, following the
procedures described in K. G. Stassun & G. Torres (2016),
K. G. Stassun et al. (2017), and K. G. Stassun & G. Torres
(2018). Where available, we pull the JHKg magnitudes from
2MASS, the W1 — W3 magnitudes from the Wide-field
Infrared Survey Explorer (WISE), the G, Ggp, Grp magnitudes
from Gaia, the ugrizy magnitudes from Pan-STARRS, and the
far-ultraviolet and near-ultraviolet magnitudes from the
Galaxy Evolution Explorer (GALEX). Together, the available
photometry spans the full stellar SED over the wavelength
range of 0.4-10 pm (Figure B1, top left).


https://github.com/awmann/M_-M_K-

THE ASTROPHYSICAL JOURNAL LETTERS, 1006:L63 (17pp), 2026 August 1

Gan et al.

102

— 100F
|
2 VARAAA A A é“ AMAARAMAAAAAIYY IAAAARRA A AAARRAAAAAAR A AAAAA 4 4 AA AAAA
g OoF é‘nvv ANVY Afg‘n YWWYYYWVYYYVY Vvvvvvvnvvvvvvnvvvvvvvv‘yﬂyﬂv‘vvky‘\v?@nv‘v
>
@ 100
1 1 1 1 1 1 1 1 1
3300 3350 3400 3450 3500 3550 3600 3650
Time [BJD-2457000]
150~ ﬁ
~ 0.50F
100 - 2
5025
50 2
'_'|_| L_DI O-OO 1 1 1 1 11 11 1 1 1 1 1111
Im 0 101
£ Periods [days]
> -50 - .
ﬁ RV — Rotation
~ 0.50
-100 5 -
Cg) 0.25
-150 a -
d
1 1 1 1 1 © 0.00
-0.4 -0.2 0.0 0.2 0.4
Phase
! S
@ 1007 5 = 0.50
=} ()
% 0 % 0.25
n forl .
€ 100k ¢ 5 0
1 1 1 1 1 © 0.00 e et i A
-0.4 -0.2 0.0 0.2 0.4 10!
Phase Periods [days]

Figure 2. Top panel: time series of SPIRou RVs of TOI-5628A along with the best-fit GP+Keplerian model. The orange curve represents the GP model. Middle left
panel: phase-folded RVs after subtracting the best-fit GP model, along with the Keplerian model shown as a black curve. In both panels, the blue shaded region
marks the uncertainty at the 68% credibility interval. Bottom left panel: residuals of the fit, in m s~ '. The presented RV error bars are the quadratic sum of the
measurement uncertainties and the instrument jitter. Right panels: GLS periodograms of the RVs (top), RVs after excluding the GP model (middle), and the residuals
after subtracting the GP and Keplerian models (bottom). The orbital period of the planet and the stellar rotation period identified by the ZTF light curve are marked as
vertical magenta and red lines. The FAP levels of 10%, 1%, and 0.1% are shown as horizontal solid, dotted—dashed, and dotted lines.

For TOI-5628A, we perform a fit using PHOENIX
(T. O. Husser et al. 2013) stellar atmosphere models, with the
free parameters being the effective temperature (7.y) and
metallicity ([Fe/H]), as well as the extinction Ay, which we
limit to the maximum line-of-sight value from the Galactic dust
maps of D. J. Schlegel et al. (1998). The resulting fit (Figure B1)
has a best-fit Ay = 0.04 + 0.04, Ty = 3300 + 75 K, [Fe/
H] = 0.0 + 0.3 dex, with a reduced x> of 1.4. Integrating the
(unreddened) model SED gives the bolometric flux at Earth,
Foo = 3.61 + 0.13 x 107" erg s™! em ™2 Taking the Fy; and
T together with the Gaia parallax gives the stellar radius,
R, = 0359 £+ 0.016 R., which agrees with the results from
the empirical relation estimations within about 1o. We take
the weighted values from different methods and summarize the
stellar parameters we adopted in Table 1.

Moreover, we perform a frequency analysis on the long-term
light curve from the Zwicky Transient Facility (ZTF; E. C. Bellm
et al. 2019; F. J. Masci et al. 2019). We apply the generalized
Lomb-Scargle (GLS) periodogram (M. Zechmeister & M. Kiirster
2009) to search for periodic modulations. Due to the faintness of
the host star, we use the zr-band data with 597 measurements after

excluding the bad points. Figure C1 shows the periodogram, where
a peak is located at 27.9 £ 0.3 days with a false-alarm probability
(FAP) below 0.1%. A tentative baseline variation can also be seen
in the TESS light curve (Figure 1).

3.1.2. Properties of the Wide-orbit WD TOI-5628B

We similarly fit the SED of the associated WD companion
TOI-5628B, using the WD atmosphere models of D. Koester
(2010), and enforcing the same Ay as for TOI-5628A
(assuming it is at the same distance and line of sight). In
that case, we obtain 7. = 13600 + 500 K, logg = 8.0 4+ 0.2,
and Rwp = 0.0117 = 0.0012 R..,. The radius and log g together
imply Mwp = 0.59 £ 0.16 M,,. The mass is consistent with the
estimation 0.589 £ 0.021 M, reported in O. Vincent et al.
(2024). According to R. Raddi et al. (2022), the cooling age of
TOI-5628B is 0.529 £ 0.011 Gyr while the age of the
progenitor is uncertain, ranging from 2.5 to 6.9 Gyr, based on
the initial-to-final-mass relations from S. Catalan et al. (2008)
and J. D. Cummings et al. (2018).
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Table 1

Summary of Stellar Parameters for TOI-5628A
Parameter Value References
Main Identifiers
TIC 135100529 TIC V8*
Gaia ID 3947322408155619456 Gaia DR3"
LP 435-59 Luy63°
Equatorial Coordinates
Q520155 12:22:54.71 TIC V8
5]20]5.5 +18:50:12.14 TIC V8
Photometric Properties
TESS (mag) 14.473 £ 0.006 TIC V8
B (mag) 17.987 £ 0.199 APASS?
V (mag) 16.902 £ 0.076 APASS
G (mag) 15.571 £ 0.003 Gaia DR3
Ggp (mag) 17.045 + 0.007 Gaia DR3
Grp (mag) 14.386 + 0.004 Gaia DR3
J (mag) 12.764 £ 0.022 2MASS*®
H (mag) 12.165 £ 0.024 2MASS
K (mag) 11.907 £ 0.020 2MASS
W1 (mag) 11.770 £ 0.022 WISE'
W2 (mag) 11.612 £ 0.021 WISE
W3 (mag) 11.374 £ 0.182 WISE
Astrometric Properties
o (mas) 9.068 + 0.044 Gaia DR3
Jio (mas yr— 1) —170.769 + 0.040 Gaia DR3
Jis (mas yr— 1) —28.445 + 0.042 Gaia DR3
Stellar Parameters
Distance (pc) 110.27 £+ 0.54 Gaia DR3
Spectral Type M3.0 +£ 1.0 This work
M, (M) 0.36 + 0.02 This work
Ry (R>) 0.35 £ 0.02 This work
Terr (K) 3310 = 100 This work
[Fe/H] (dex) —0.10 £ 0.14 This work
P, (days) 279 + 0.3 This work
Notes.

# K. G. Stassun et al. (2019).

® Gaia Collaboration et al. (2023).
€ W. J. Luyten (1963).

9 A. A. Henden et al. (2016).

¢ R. M. Cutri et al. (2003).

PE. L. Wright et al. (2010).

While the broadband SED provides a good overall fit to a
WD model (Figure B1, top right), spectroscopic confirmation
is required to confirm the presence of a WD (and rule out
degeneracies with other hot and compact sources, such as
subdwarfs). In Section A.2.2, we describe our observations and
data reduction of TOI-5628B using Shane/Kast, and present
the resulting normalized spectrum in the bottom panel of
Figure Bl. In principle, a WD’s T and logg can be
constrained directly through detailed fitting of Balmer line
profiles using WD atmosphere models (e.g., D. Koester 2010;
P.-E. Tremblay et al. 2011), as these parameters strongly
influence the depth and pressure-broadened shape of the lines.
However, due to the low SNR of the Shane/Kast spectrum,
particularly in the blue region where the lower-order Balmer
lines are located, as well as residual flux calibration
uncertainties, a reliable quantitative atmospheric fit is not
feasible (where the inferred uncertainties on T, and logg
greatly exceed those obtained via the SED fit). Nevertheless,
the spectrum clearly exhibits multiple broad Balmer absorption
features at their expected wavelengths, providing robust
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confirmation of a DA WD. We therefore adopt the T

and logg values inferred from the SED fit above for the
WD TOI-5628B.

3.2. Joint Analysis of Transits and RVs

We utilize the juliet (N. Espinoza et al. 2019) package
to perform a joint analysis of all light curves together with the
SPIRou RVs, which makes use of batman (L. Kreidb-
erg 2015) to construct the light curve model as well as
radvel (B. J. Fulton et al. 2018) to fit the RVs. The
posteriors are determined through dynamic nested sampling
using dynesty (J. S. Speagle 2020).

According to the frequency analysis of the long-term light
curve from the ZTF (E. C. Bellm et al. 2019; F. J. Masci et al.
2019), TOI-5628A has a rotation period of P, = 27.9 £ 0.3
days (see Section 3.1). Such a periodic modulation also shows
up in the GLS periodogram (M. Zechmeister & M. Kiirster
2009) of SPIRou RVs (see Figure 2) and is tentatively
present in the TESS light curve. We therefore include a GP
regression in the modeling with a rotation kernel formulated
by D. Foreman-Mackey et al. (2017):

2nT

B
. — _ = ,T/L
kij(T) 5 Ce [cos( P ) + (1 + C)], M

where B is the GP covariance amplitude, C is a balance
parameter between the periodic and the nonperiodic terms,
T = |t; — 1| is the time lag between two RV measurements i
and j, L is the coherence timescale, and P, represents the
stellar rotational period.

We place wide noninformative priors on most parameters
except for the TESS light dilution factor Drgsst and Py, for
which we adopt truncated-normal and normal priors (see
Table 2). For all ground-based photometry, we set the dilution
factors to unity, as the target is well deblended. We adopt
a quadratic limb-darkening law for the TESS photometry
while a linear law for ground-based data for simplicity
(D. M. Kipping 2013). Given the short period of the planet
that tidal forces have circularized the orbit (7. ~ 0.41 Gyr
based on B. Jackson et al. 2008), we opt to fix the orbital
eccentricity to zero during the fit. For each instrument, we
model an offset and a jitter to characterize additional white
noise. We list the priors and the posteriors of key parameters in
Table 2. All photometric data along with the best-fit transit
models are presented in Figures 1 and Al. Figure 2 displays
the RV time series, the phase-folded RVs along with the GLS
periodograms of the RVs, the RVs after subtracting the
rotation signal, and the RVs after subtracting both the rotation
and the planetary signal. The joint analysis reveals that the
companion is a giant planet with a period of 4.34 days, a radius
ratio of 0.2114 &£ 0.0008, and an RV semiamplitude of 21.2 +
9.1ms~ ', corresponding to a planet radius of 0.74 + 0.04 R,
and a mass of 0.09 £ 0.04 M; with a 30 upper limit of 0.22 M.
We then rerun the fit but excluding the GP, and we obtain
nearly the same RV semiamplitude but a higher jitter. The
GP+Keplerian model is slightly preferred over the Keplerian-
only fit with a Bayesian evidence improvement of AlogZ = 3.
However, we note that telluric correction is particularly
challenging for faint targets when the barycentric Earth RV

3% The dilution factor is defined as 1 /(1 + Ap), where Ap is the flux ratio
between all contaminating stars and the target TOI-5628A.
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Table 2
Priors and the Best-fit Values of TOI-5628Ab along with the 68% Credibility Intervals in the Joint Fit

Gan et al.

Parameter Prior

Value

Description

Orbit Parameters

P (days) U (1,10) 4.3416612 + 0.0000015 Orbital period.

T. (BJD-2457000) U (2637, 2643) 2640.6193 £+ 0.0002 Mid-transit time.

| Uu@o,1 0.6012 £ 0.0131 Parameterization for p and b".
s Uu@o,1 0.2114 + 0.0008 Parameterization for p and b.
e Fixed 0 Orbital eccentricity.

w (deg) Fixed 90 Argument of periapsis.
K@ms") U (0, 1000) 212 +£09.1 RV semiamplitude.
JispIRou (M 1) U (—=30000, —10000) —20538.5 £ 9.7 RV offset.

OspiRou (M 7" U (0, 100) 405 + 6.0 RV jitter.

Stellar Parameter

px (kg m™) LU (10%, 10% 11507 £ 301 Stellar density of the host star.
Dilution Factors

Drgss TN (0.9,0.1%0,1) 0.879 £ 0.027

DGmund Fixed 1

GP Hyperparameters

B LU (1075, 10% 521.22+32378

c LU (107, 10% 1.3210L86

L LU (1072,10%) 1191734

Prot N (27.9,2. 0% 27.36 £ 1.56

Derived Parameters

R,/R, 0.2114 £ 0.0008 Scaled planet radius.
a/Ry 22.5498 £ 0.1949 Scaled semimajor axis.
b 0.4018 £ 0.0196 Impact parameter.

i (deg) 88.98 + 0.06 Orbital inclination.
Physical Parameters

R, (Ry) 0.74 + 0.04 Planet radius.

M, (My) 0.09 & 0.04 Planet mass.

log g, (cgs) 2.61 £ 0.27 Planet surface gravity.

a (au) 0.0368 + 0.021 Semimajor axis.

oy (g cm™?) 0.29 + 0.14 Planet density.

Teqb (K) 492 + 15 Equilibrium temperature.

Notes. N (1, o) is a normal prior with mean p and standard deviation o, while TN (i, 0%, a , b) means a truncated-normal prior ranging from a to b. U(a, b)
represents a uniform prior between a and b, while LU/ (a, b) stands for a log-uniform prior between a and b.
# The parameters p and b are the companion-to-star radius ratio and the impact parameter (N. Espinoza 2018).

b We assume albedo Ap = 0.

(BERV) approaches the stellar systemic velocity, causing
stellar lines and telluric features from common species
(e.g., H,O and OH) to overlap (e.g., L. Parc et al. 2025;
A. Osborn et al. 2026; A. Srivastava et al. 2026). In our
dataset, the target remains outside this “BERV-crossing”
regime for most observations, with only six exposures in 2024
June (BJD~-2460485) potentially affected. Consequently, we
cannot rule out the possibility that part of the variability
captured by the GP component arises from residual telluric
contamination.

In addition to the joint fit, we also carry out a transit timing
variation (TTV) analysis for individual transits. We find no
significant TTVs, and all timings agree with the linear
ephemeris within 5 minutes.

4. Multiplicity of M Dwarfs with Short-period Giant
Planets between 100 and 10,000 au

Putting the TOI-5628Ab system into a broader context, it
turns out that wide-orbit stellar companions around M dwarfs
harboring short-period giant planets are not rare, and several

cases have been reported (A. Jordan et al. 2022; C. I. Cafias
et al. 2023; L. M. Bernabo et al. 2024; E. M. Bryant et al.
2024; J. D. Hartman et al. 2024; S. Kanodia et al. 2024; V. Reji
et al. 2025; Y. G. C. Frensch et al. 2026). However, the
detections of these stellar companions relied on different
methods such as high-angular-resolution speckle imaging,
adaptive optics observations, and Gaia DR2 or DR3 kine-
matics (Gaia Collaboration et al. 2018, 2023). Hence, the
sample is heterogeneous and not appropriate for demo-
graphics. More importantly, it is yet unclear if wide-orbit
stellar companions promote or impede the formation of hot
Jupiters around low-mass stars. To address this question, we
carry out a homogeneous systematic search for comoving
stellar companions with projected distance between 100 and
10,000 au around M dwarfs hosting short-period giant planets
based on the stellar kinematical information provided in Gaia
DR3. We measure the multiplicity of M dwarfs hosting giant
planets with orbital periods below 10 days and radii above
0.7 Ry, and then compare our finding with that of the field M
dwarfs. We outline the construction of the planet sample and
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our search for wide-orbit companions in Section 4.1, and we
present the multiplicity result of field M dwarfs within the
same projected semimajor range in Section 4.2 before
summarizing in Section 4.3.

4.1. Planet Sample Construction and Comoving Companion
Search

We retrieve the list of hot Jupiters around M dwarfs from
the NASA Exoplanet Archive (R. L. Akeson et al. 2013;
J. L. Christiansen et al. 2025) on UT 2026 May 1 using the
following selection criteria:

. Stellar effective temperature 7o¢ < 4000 K;

. Stellar mass M, < 0.65 M.;

. Orbit period P < 10 days;

. Planets with radius R, > 0.7 Ry;

. Planets with mass determination or upper limits from RV
observations.

DN W =

We define hot Jupiters as planets with orbital periods
P <10 days and radii R, > 0.7 Ry throughout this work. After
including TOI-5628Ab reported in this work, our planet sample
contains a total of 38 systems. The host stars in the resulting
sample have effective temperatures 3000 < Tog < 4000 K, stellar
masses 0.21 < M, < 0.64 M., stellar distances 70 < d < 400 pc,
and TESS-band magnitude 12.5 < Tmag < 15.0. We record their
Gaia DR3 ID, R.A. (), decl. () and distance.

To evaluate the multiplicity, we follow the methodology
proposed in K. El-Badry et al. (2021) to identify comoving
companions with analogous proper motions and parallaxes. In
particular, we perform a cone search centered at the (a, 9)
coordinates of each system with a radius boundary extending to
15,000 au. We conservatively expand the projected radius limit
here to account for the uncertainties on stellar position and
distance reported in the literature. For every neighboring source,
we examine its kinematical properties, and we regard a
companion as a comoving star if it satisfies the conditions below:

1. The projected distance between the host and the
companion is between 100 and 10,000 au:

1000

o] mas™—

100 au < T X Paist < 10, 000 au, 2)
where w is the parallax of the target star, and pg;g is the
projected separation distance between the target and the
companion in units of arcsec, both taken from Gaia DR3.

2. The proper motion difference between the target and the
companion is within 5 kms~' with a 20 tolerance, or
equivalently:

|Ap| < 1.05mas yr~! x (@) + 20,,) mas~!, 3)

where [Apu| = \/(ual = f0,)? F (s = 115,)% Hop Mg
Ho,s Mg, are the proper motions of the target and companion
along the direction of R.A. and decl., @, and o, are the
parallax of the target star and its uncertainty.

3. The parallaxes of the target and the companion are
consistent within 5o

|IAw| < 5ol + 02, 4)
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where |Aw| = |w; — w,|, 0, and oy, are the parallax
uncertainties of the target and the companion. While
K. El-Badry et al. (2021) proposed a 20 level parallax
consistency, we loosen the constraint to So following
M. Rice et al. (2022), but we emphasize that the choice
here will not change the conclusion.

Among the total sample of 38 systems, our systematic
search leads to the detections of 14 comoving stellar
companions in 13 systems, including the identification of a
stellar companion TIC 46432937B that was not reported in the
previous work (J. D. Hartman et al. 2024). Although two
comoving companions of TOI-6034 were alerted by the search
pipeline, the second object (Gaia DR3 2270399053598645120
at 8661 au) has large uncertainties on its kinematics, and it is
likely a background star according to its parallax. However,
this ambiguous companion will not affect our statistics as we
are investigating the multiplicity. We summarize the target and
companion information in Table 3.

Our searching result can be simply converted to a
multiplicity of P(Comp|HJ) = 34.2% + 9.5% for M dwarfs
harboring hot Jupiters, where the uncertainty comes from
Poisson noise. We note that the multiplicity derived here
should be treated as a lower limit, as we do not consider the
detection sensitivity of Gaia. For example, the planetary
system HATS-74Ab has a bound stellar neighbor denoted as
HATS-74B at 238.4 £+ 3.9 au found by Keck/NIRC2 AO
observations (A. Jorddn et al. 2022), but its kinematical
information is not recorded in Gaia DR3 due to its faintness
and small projected separation distance.

In addition to the radius-based hot Jupiter sample
(R, > 0.7Ry), we repeat our analysis using a mass-based
planet sample. We filter out hot Jupiters with mass above
0.3 Mj, leading to a total of 31 systems except for TOI-762,
TOI-3629, TOI-3757, TOI-3984, TOI-5628, TOI-5634 and
TOI-6894 listed in Table 3. Among them, a total of nine
systems have comoving stellar companions, yielding a multi-
plicity of P(Comp|HJ) = 29% + 10%. This is consistent with
our previous estimation within 1o. Therefore, our result is not
sensitive to the definition of hot Jupiters.

4.2. Multiplicity of Field M Dwarfs

We adopt two approaches to measure the multiplicity of
field M dwarfs within the same projected distance range
(100-10,000 au), which deliver consistent results.

Based on the cool dwarf list (cooldwarfs_v8; P. S. Muirhead
et al. 2018) embedded in the TESS input Catalog v8.2 (TIC;
K. G. Stassun et al. 2019), we filter out field M dwarfs that
have similar brightness (Tmag), distance, effective temper-
ature, and mass as our planet sample. We require the field M
dwarfs in our sample to have flux contamination below 0.1,
ensuring relatively accurate stellar properties. A total of
546,681 field M dwarfs are left. We employ a Monte Carlo
method by randomly choosing 38 field stars, the same size as
our planet sample, rerunning the companion search pipeline,
and computing the multiplicity P(Comp) in the same way
introduced in Section 4.1. We repeat the same process 1000
times and record the multiplicity value measured in each trial.
Figure 3 shows the multiplicity distribution of field M dwarfs.
We take the median and standard deviation of the distribution
as the final multiplicity and its corresponding uncertainty,
leading to P(Comp) = 5.3% + 3.7%. Without adding the
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Table 3

Target Target ID* oy K w Companion ID s Hoy w, Pdist Projected Distance
(mas yr ') (mas yr ") (mas) (mas yr ") (mas yr ') (mas) (arcsec) (au)

HATS-6 2966680597368750720 —2.568 + 0.015 7.371 +£ 0.018 5.892 £+ 0.019

HATS-71 4710594412266148352 79.128 + 0.029 —26.985 £+ 0.027 7.112 £ 0.024

HATS-74 3545653561942122368 —38.992 + 0.043 39.578 £+ 0.034 3.425 £+ 0.042

HATS-75 5082914338199586560 12.716 £+ 0.013 —1.687 + 0.021 5.061 £+ 0.021

Kepler-45 2053562475706063744 4.646 + 0.036 —21.589 + 0.036 2.598 + 0.033

NGTS-1 4821739369794767744 —31.887 £ 0.017 —41.077 £ 0.021 4.594 + 0.017

TIC 46432937 2984391358868786816 —13.365 £+ 0.013 36.962 + 0.012 11.031 + 0.013 2984391358868786560 —14.133 £ 0.020 37.209 + 0.018 11.015 £ 0.020 39.709 3599.865

TOI-519 5707485527450614656 —41.959 + 0.029 29.074 £+ 0.027 8.681 + 0.037

TOI-530 3353218995355814656 13.622 + 0.027 —62.524 £+ 0.023 6.770 £+ 0.028

TOI-762 5362352744504000256 —159.174 £ 0.020 —24.780 + 0.020 10.118 £+ 0.023 5362352744496315264 —157.370 £+ 0.126 —24.379 £ 0.123 9.792 £+ 0.144 3.290 325.151

TOI-2379 6521531466699512064 16.575 + 0.014 1.750 £+ 0.018 4.755 + 0.018

TOI-2384 4699702272124241152 9.257 £+ 0.061 —52.662 + 0.053 5.322 £+ 0.044 4699702272123475328 8.013 + 0.623 —51.041 £ 0.255 5.052 £+ 0.167 0.815 153.055

TOI-3235 6107144260251920000 —170.503 + 0.028 —64.264 £+ 0.023 13.781 + 0.027

TOI-3288 6685431748042347776 —6.566 + 0.022 —20.080 + 0.014 4.969 + 0.025 6685431748040148992 —6.719 £ 0.114 —20.952 + 0.073 5.384 £+ 0.120 2.131 428.902

TOI-3629 2881820324294985856 185.707 + 0.012 1.010 £+ 0.012 7.667 £+ 0.017

TOI-3714 178924390478792320 19.826 + 0.025 —70.762 + 0.020 8.839 + 0.022 178924390476838784 18.805 + 0.252 —70.672 £ 0.205 8.847 £+ 0.227 2.659 300.800

TOI-3757 996878131494639488 —9.032 £ 0.021 —43.128 £ 0.018 5.598 + 0.021

TOI-3984 1291955578869575552 —48.951 + 0.016 42.647 + 0.020 9.184 £+ 0.019 1291955574574621056 —50.379 £ 0.163 40.950 £+ 0.212 9.057 £+ 0.202 3.292 358.448

TOI-4201 2997312063605005056 11.731 £+ 0.017 6.053 £ 0.018 5.291 £+ 0.019

TOI-4666 4855422771071903232 4.122 + 0.014 —22.135 £ 0.019 6.488 + 0.016

TOI-4860 3571038605366263424 —177.238 £ 0.039 —5.430 + 0.033 12.377 + 0.034

TOI-5007 5833386583912265728 —13.515 + 0.026 —29.914 + 0.025 4.909 + 0.022

TOI-5205 1842656663520849024 41.678 + 0.022 52.074 + 0.024 11.464 + 0.026

TOI-5292 2610422023759160576 —8.733 £ 0.041 —6.862 + 0.039 2.790 £ 0.042 2610422028054589824 —9.300 £ 0.171 —7.163 £ 0.169 2.766 £+ 0.178 9.400 3369.006

TOI-5293 2640121486388076032 —17.131 £+ 0.031 0.487 + 0.024 6.165 £+ 0.028 2640121482094497024 —16.497 £ 0.152 —0.079 £ 0.119 6.274 £+ 0.133 3.538 573.956

TOI-5344 52359538285081728 40.325 + 0.028 —22.194 + 0.020 7.305 £+ 0.023

TOI-5349 58372904816938240 37.203 £ 0.029 —19.559 + 0.024 5.262 £+ 0.026

TOI-5573 1023967108706495360 —3.586 + 0.034 —56.841 + 0.034 5.335 £+ 0.038

TOI-5628 3947322408155619456 —170.769 £ 0.040 —28.445 £ 0.042 9.068 £ 0.044 3947322403860036352 —170.202 £ 0.094 —28.622 £ 0.088 8.972 £ 0.097 22.674 2500.436

TOI-5634 3979511431397114752 —60.799 + 0.056 —25.488 £+ 0.052 3.090 £+ 0.059 3979511431397963008 —60.802 £+ 0.213 —25.625 + 0.207 2.899 + 0.234 3.815 1234.784

TOI-5688 1363205856494897024 —0.910 £ 0.034 64.930 + 0.036 4.400 + 0.029 1363205856494896896 —0.693 + 0.087 64.965 + 0.089 4.282 + 0.073 4.885 1110.252

TOI-5916 1741429438313012608 —8.816 + 0.039 —25.598 + 0.040 5.097 £+ 0.042

TOI-6034 2270404997834401664 —2.430 + 0.020 —5.109 + 0.021 8.512 £ 0.016 2270407952771897472 —2.238 £ 0.016 —5.556 £+ 0.017 8.528 £+ 0.014 40.068 4707.269

2270399053598645120 1.470 £+ 1.820 2.964 + 1.796 4.637 + 1.346 73.725 8661.279

TOI-6303 239050153051494272 33.035 £+ 0.021 —35.352 £ 0.018 6.587 £+ 0.019

TOI-6330 407530931116600320 —36.516 + 0.032 —45.080 £ 0.025 6.967 + 0.027

TOI-6383 473934011733049856 41.023 £ 0.035 —51.299 + 0.032 5.847 £+ 0.031 473934007432818688 41.016 £ 0.167 —51.283 £ 0.155 6.099 £ 0.158 18.151 3104.601

TOI-6894 3917278287286247808 —146.897 £+ 0.056 22.227 + 0.053 13.684 + 0.053

TOI-7149 1200751810900182400 —7.698 + 0.039 12.882 + 0.041 7.860 £ 0.046

Note.

% Gaia DR3 ID (Gaia Collaboration et al. 2023).
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Figure 3. Comparison of the stellar multiplicity of M dwarfs with hot Jupiters
and field M stars at projected separations between 100 and 10,000 au. The
multiplicity of the planet sample, P(Comp|HJ) = 34.2% =+ 9.5%, is indicated
as a vertical red line with the shaded region marking the 1o uncertainty. The
multiplicity of field M dwarfs, P(Comp) = 5.3% =+ 3.7%, is shown as a
histogram based on the search for 1000 sets of randomly selected field M stars
with properties matched to those of the planet sample.

aforementioned flux contamination criterion that potentially
excludes high-mass bright comoving companions, we have
824,253 field M dwarfs left. We repeat the same analysis, and
we derive a slightly higher multiplicity of P(Comp) = 8.6% =+

4.5%. A similar result here is expected, as the majority of
wide-orbit comoving companions around M dwarfs are
skewed toward faint late-type M stars with smaller masses,
hence having low light contamination ratios (K. Ward-Duong
et al. 2015; K. El-Badry et al. 2019; S. S. R. Offner
et al. 2023).

In addition, we also explore the multiplicity of field M dwarfs
with the help of results from an infrared adaptive optics survey
on local M dwarfs within 15 pc (K. Ward-Duong et al. 2015),
which derived the companion frequency in six different
projected separation bins between 3 and 10,000 au. We retrieve
the observational results in Figure 16 of K. Ward-Duong et al.
(2015), and fit a standard Gaussian function to approximate the
data. We obtain

dP (log a+0.395)
Aloga =0.09 x ¢ 2x213 5

dloga

where Aloga = (4 — log3)/6 = 0.587 is the binning size
used in K. Ward-Duong et al. (2015). To constrain the upper
limit on the multiplicity of field M dwarfs between 100 and
10,000 au, we integrate Equation (5) between log @i, = 2 and
log amax = 4:

log al’n(l)(
P(Comp) < [ dp

dloga =~ 9.0%, 6)
logamn dloga

which agrees with the first-method measurement P
(Comp) = 5.3% =+ 3.7% within lo. The result 9.0% from
the second approach is, in fact, the companion frequency,
quantifying the total number of companions within a sample,
which is intrinsically equal to or higher than the multiplicity
that quantifies the number of multiple-star systems within a
sample. Moreover, it has been corrected for incompleteness
(see Section 5.6 in K. Ward-Duong et al. 2015). Both reasons
explain why it is slightly higher than the first estimate.
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Consequently, we adopt the first multiplicity value in the
following analysis for consistency.

4.3. Multiplicity Comparison between the Planet and Field M
Dwarf Sample

Based on P(Comp|HJ) and P(Comp), one can compute the
probability ratio P(HJ|Comp)/P(HJ) through the Bayes’
theorem:

P(HJ|Comp)  P(Comp|HJ)

6.5. @)
P(HI) P(Comp)

Our result indicates that a wide-orbit stellar companion
between 100 and 10,000 au enhances the formation efficiency
of hot Jupiters around M dwarfs by roughly a factor of 6
compared to isolated single M stars. Relevant works from
C. Ziegler et al. (2020), C. A. Clark et al. (2024), and
R. A. Matson et al. (2025) all pointed out that the projected
separation distribution for M dwarf multiples that are known to
host planets peaks beyond 100 au, indicating that close-in
(<100 au) stellar companions probably suppress the formation
of planets in M dwarf binaries while wide-orbit stellar
companions may not inhibit the process.

We caution the readers, however, that our field M dwarf
sample does not account for metallicity, as the stellar
metallicity is not available in the TIC and it necessitates
invoking spectroscopic information. Nonetheless, we empha-
size that this effect has a minor impact on our finding, and
even probably strengthens our conclusions. T. Gan et al.
(2025) found that giant planets, regardless of their orbital
periods, favor metal-rich M dwarfs with a median metallicity
[Fe/H] of about 0.3 dex (see also G. Dransfield et al. 2026),
whereas local field M dwarfs are mostly of solar metallicity.
With lower metallicities than those of M stars hosting hot
Jupiters, field M stars are, in principle, more likely to reside in
a binary configuration (i.e., higher multiplicity rate) according
to observations (e.g., M. Moe et al. 2019). This expectation
conflicts with the feature we spotted here; a lower multiplicity
rate among field M dwarfs compared to those hosting hot
Jupiters. However, a few works also argued that the stellar
multiplicity rate has invariant or even nonmonotonic depend-
ence on metallicity when moving beyond 250 au (K. El-Badry
et al. 2019; H.-C. Hwang et al. 2021; S. S. R. Offner et al.
2023), so we are not able to draw a firm conclusion regarding
whether metallicity significantly affects our results. A detailed
investigation is required, but it is beyond the scope of this
study.

The positive influence of wide-orbit stellar companions on
the appearance of hot Jupiters around M dwarfs is similar to
that of Sun-like star counterparts (H. Ngo et al. 2015;
C. Fontanive et al. 2019). While the exact reason is still under
debate, we discuss two possible pathways to produce such a
beneficial effect (see also H. Ngo et al. 2016): promoting
planet formation or accelerating the subsequent orbital
migration. A higher multiplicity rate might be conducive to
hot Jupiter formation by enhancing the formation efficiency
via high-density spiral arms induced by stellar companions
(K. Wagner et al. 2015; N. K. Reynolds et al. 2021). With
more solid materials and high gas density within these spiral
arms, massive cores or pebbles are more likely to grow there,
triggering the birth of large planets. On the other hand, wide-
orbit companions could excite the orbits of “cold” planets and
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drive inward migration through the Kozai-Lidov effect
(D. Fabrycky & S. Tremaine 2007; S. Naoz et al. 2011).
The tidal force would then circularize the orbits, leaving
behind “hot” planets with short orbital periods. Using
Equation (42) in J. M. O. Antognini (2015) and assuming
that Jupiter-like planets formed at the snow line
Fanow = 2.7(My/M:)' P au (S. Ida & D. N. C. Lin 2005),
and that comoving stellar companions have circular orbits,
we perform a rough estimation of the Kozai-Lidov effect
timescales Ty of 13 systems that have wide-orbit stellar
companions. The masses of stellar companions are estimated
through the Gaia G-band magnitude difference with respect
to the host star (E. E. Mamajek & L. A. Hillenbrand 2008),
except for TOI-5628B that we have the mass determined. We
find that 7, ranges from about 10~ Gyr to 100 Gyr, with
nine systems (69%) having 7k; smaller than 10 Gyr,
indicating that the Kozai-Lidov mechanism is dynamically
efficient during the orbital evolution in the majority of these
systems. Nevertheless, we note that the assumptions we used
above are simplified and might not be realistic, which
requires further investigation. In either scenario, our findings,
together with results on Sun-like stars, provide a unique
constraint that should be reproduced by planet formation
simulations. Stellar obliquity studies on both hot and warm
Jupiters around M dwarfs (e.g., T. Gan et al. 2024) will offer
a valuable test of these competing theories.

5. Conclusions

In this work, we report the discovery and characterization of
TOI-5628Ab, a giant planet transiting a mid-M dwarf
(M, = 036 £ 0.02 M) every 4.34 days, accompanied by a
wide-orbit WD with a mass of 0.59 £ 0.16 M, at a projected
separation of about 2500 au. The planet TOI-5628Ab has a
radius of 0.74 + 0.04 Ry and a mass of 0.09 4+ 0.04 M; with a
30 upper limit of 0.22 M;. Building on this system, we conduct
a systematic search for comoving stellar companions at
projected distances between 100 and 10,000 au around all M
dwarfs hosting confirmed giant planets with orbital periods
shorter than 10 days and radii greater than 0.7 R;. We measure
a multiplicity rate of P(Comp|HJ) = 34.2% + 9.5% for the
planet sample, which is significantly higher than the value of
field M stars with P(Comp) = 5.3% =+ 3.7% by approximately
a factor of 6. Our results indicate that a wide-orbit stellar
companion between 100 and 10,000 au can facilitate the
growth of short-period giant planets around M dwarfs with
masses 0.21 <M, <0.64 M., and high-eccentricity migration
may be an important route to produce such systems.
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Appendix A
Ground-based Observations

A.l. Photometric Observations

In this section, we present the details of ground-based
photometric observations. All light curves are shown in
Figure Al.

A.l.l. LCOGT

We collected three transits of TOI-5628Ab using 1 m
telescopes from the Las Cumbres Observatory Global Telescope
(LCOGT) network (T. M. Brown et al. 2013) on UT 2022 June
9, UT 2023 January 25, and UT 2023 March 19. We carried out
observations in z’, v/, and g’ bands from Teide Observatory,
South African Astronomical Observatory (SAAO), and Cerro
Tololo Interamerican Observatory (CTIO) with exposure times
of 5005, 500s, and 600 s, respectively. All three observations
were conducted with the Sinistro cameras, with a field of view
(FOV) of 26’ x 26/ and a plate scale of 0.389 pixel '. Except
for the second observation that was stopped before the egress,
the other two runs covered the full transit event. The raw data
were calibrated with the BANZAT pipeline (C. McCully et al.
2018), and we then employed the AstroImagedJ software
(K. A. Collins et al. 2017) to perform the photometric analysis
on the reduced images. We confirmed the achromatic transit
signal on the target.

A.1.2. SPECULOOS

We used the Search for habitable Planets EClipsing
ULtra-cOO1 Stars (SPECULOOS; L. Delrez et al. 2018;
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Figure A1l. Phase-folded ground-based photometric observations of TOI-5628Ab along with the best-fit transit models shown in red from the joint analysis.
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Figure A2. Left panel: SpeX SXD spectrum of TOI-5628A (red) and the comparison spectrum of an M3V dwarf, AD Leo (gray), from the IRTF Spectral Library
(J. T. Rayner et al. 2009). Strong atomic and molecular features are marked. Right panel: 5o contrast curves for TOI-5628A from Palomar/PHARO and Gemini-N/
‘Alopeke with images shown as inset figures. The comoving WD companion TOI-5628B at about 23” is outside the FOV of both instruments, and there are no

additional close stellar companions within the detection limits.

D. Sebastian et al. 2021; A. Y. Burdanov et al. 2022) 1.0 m
network to observe four full transits and one partial transit of
TOI-5628Ab. Each telescope was equipped with a
2K x 2K Andor iKon-L camera with a pixel scale of
035 and an FOV of 12’ x 12’. Four transits were observed
with SPECULOOS-South located in Paranal, Chile, and one
transit was observed with SPECULOOS-North at Teide
Observatory. The first transit was carried out in the Sloan g’
filter on UT 2023 January 25. The second and third transits
were carried out on UT 2023 March 31 in the Sloan z’ and
Sloan g’ filters. The fourth and fifth transits were observed on
UT 2023 May 31 in the Sloan r’ and Sloan i’ filters. The data
reduction and photometric extraction were performed using
the PROSE pipeline (L. J. Garcia et al. 2022). The analysis of
the resulting light curves did not reveal any transit depth
chromaticity.

A.1.3. TRAPPIST-North

TRAPPIST-North (K. Barkaoui et al. 2019) is a 60 cm
Ritchey—Chrétien telescope located at Oukaimeden Observa-
tory, and it is equipped with a thermoelectrically cooled
2K x 2K Andor iKon-L BEX2-DD CCD camera with a
pixel scale of 0.6, and an FOV of 20’ x 20’. The TRAPPIST-
North telescope observed a full transit of TOI-5628Ab in the
I + z filter on UT 2023 March 18 with an exposure time of
100 s. Data processing and photometric extraction were done
using the PROSE pipeline (L. J. Garcia et al. 2022). The
photometric measurements were extracted using an unconta-
minated target aperture of 4.8.

A.1.4. MuSCAT2

We acquired a full transit of TOI-5628 Ab on the night of
UT 2024 March 30 using the multicolor imager MuSCAT?2
(N. Narita et al. 2019) mounted on the 1.52m Telescopio
Carlos Sanchez at Teide Observatory in Spain. MuSCAT?2 has
an FOV of 7'4 x 7.4 with a pixel scale of 044 pixel ', and it
allows for conducting observations simultaneously in four
bands (g, 7, i, and z;). After standard dark and flat calibration,
the photometric analysis was performed using the MuSCAT?2
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pipeline (H. Parviainen et al. 2019), which optimized the
aperture to minimize the photometric dispersion and modeled
the light curve with instrumental systematic effects included.
The exposure times were set to 60s in g and r, 155 in i, and
30 s in z,. We excluded the g-band data due to its low SNR and
large scatter.

A.1.5. Wide-field Infrared Camera

We observed one transit of TOI-5628 in the J band on UT
2024 April 17 using the Wide-field InfraRed Camera (WIRC;
J. C. Wilson et al. 2003; S. Tinyanont et al. 2019) at the prime
focus of the 200 inch Hale Telescope at Palomar Observatory
with an exposure time of 20 s. The airmass varied from 1.03 to
1.41 across the observation. The calibration and photometry
analysis were performed using exowirc (S. Vissapragada
et al. 2020) and photutils (L. Bradley et al. 2016), with an
optimized aperture radius that minimized the scatter of the
light curve. We cleaned the light curve through a prefit using a
median-filtered light curve, followed by o clipping, resulting
in 517 points spanning the transit.

A.2. Spectroscopic Observations
A.2.1. IRTF/SpeX Observation on TOI-5628A

We obtained av NIR spectrum of TOI-5628 A with the SpeX
spectrograph (J. T. Rayner et al. 2003) on the 3.2 m NASA
Infrared Telescope Facility (IRTF) on UT 2022 July 21. We
used the short-wavelength cross-dispersed (SXD) mode with
the 073 x 15" slit aligned to the parallactic angle, yielding
spectra spanning 0.82-2.42 ym at a resolving power of
R ~ 2000. Conditions were clear with seeing of 079. We
collected six 300 s exposures at an average airmass of 1.7,
nodding along the slit in an ABBA pattern, followed by the
standard set of SXD flat-field and arc-lamp calibrations and six
10 s exposures of the AOV telluric standard at a similar
airmass. The data were reduced with Spextool v4.1
(M. C. Cushing et al. 2004), following a standard approach
detailed previously (M. Ghachoui et al. 2024; K. Barkaoui
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et al. 2025). The final spectrum, shown in the left panel of
Figure A2, has a median SNR of 79 per resolution element.

A.2.2. Shane/Kast Observation on TOI-5628B

We observed the spectrum of TOI-5628B with the Kast
Double Spectrograph on the Shane 3 m telescope at Lick
Observatory on the night of UT 2022 June 27. Given the
faintness of the star, we adopted exposure times of 3000 s and
1500 s for the blue (3700-5400 A) and red (5900-9000 A)
bands, respectively. Data were reduced using the kastredux
package (A. Burgasser 2026). The reduced spectrum is shown
in the bottom panel of Figure B1.

A.3. High-angular-resolution Imaging Observations
A.3.1. Palomar/PHARO

We observed TOI-5628A on UT 2024 February 15 with the
Palomar High Angular Resolution Observer (PHARO;
T. L. Hayward et al. 2001), which is an adaptive optics
imaging instrument having a plate scale of 0.025 pixel '
mounted on the 5 m Hale Telescope. The observation was
performed in the Kcont filter with an estimated point-spread
function (PSF) of 018, reaching a contrast of about 4.981 mag
at 05. The data were reduced with the pipeline introduced in
(E. Furlan et al. 2017). No nearby sources were identified
within the detection limits achieved (see Figure A2).
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A.3.2. Gemini-N/‘Alopeke

TOI-5628A was also observed on UT 2024 May 24 using
the ‘Alopeke speckle instrument on the Gemini North 8 m
telescope (N. J. Scott et al. 2021; S. B. Howell &
E. Furlan 2022). ‘Alopeke provides simultaneous speckle
imaging in two bands (562 nm and 832 nm) with output data
products including a reconstructed image with robust contrast
limits on companion detections. 12 sets of 1000 x 0.06 s
images were obtained and processed in our standard reduction
pipeline (S. B. Howell et al. 2011). Figure A2 shows our final
contrast curves and the 832 nm reconstructed speckle image.
We find that TOI-5628A does not have any companion
brighter than 5 mag below that of the target star from the 8§ m
telescope diffraction limit (20 mas) out to 1'2. At the distance
of TOI-5628A (d = 110 pc), these angular limits correspond to
spatial limits of 2.2-132 au.

Appendix B
The SEDs of TOI-5628A and TOI-5628B, and the Shane/
Kast Spectrum of TOI-5628B

The top panels of Figure Bl present the broadband
photometry of TOI-5628A and TOI-5628B along with the
best-fit SED models. The bottom panel of Figure B1 shows the
Shane /Kast spectrum of TOI-5628B.
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Figure B1. SED of TOI-5628A (Top left) and the associated WD TOI-5628B (Top right). Red symbols represent the observed photometric measurements, where the
horizontal bars represent the effective width of the passband. Blue dots are the model fluxes from the best-fit PHOENIX (left) and D. Koester 2010 (right)
atmosphere models (black). Bottom left: The stitched blue (3700-5400 10%) and red (5900-9000 1&) Shane /Kast spectrum of TOI-5628B, normalized to an arbitrary
continuum level. The raw spectrum is shown in gray, whereas a Gaussian-smoothed spectrum (o = 1 A)is plotted in black. Clear Balmer absorption features are
marked with dashed vertical lines. Bottom right: normalized Balmer line profiles plotted as a function of A\ from line center. Each line is vertically offset for clarity.
These spectral features confirm the DA WD nature of TOI-5628B.
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Appendix C
The ZTF Light Curve of TOI-5628A

Figure C1 shows the long-term light curve of TOI-5628A
from ZTF, where a 27.9 day photometric modulation can be
seen in the data.

o1 ——- FAP=10.0% | 1:90F
0.10F FAP = 1.0% |
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Figure C1. Left panel: GLS periodogram of the ZTF light curve. The vertical red line represents the rotational period inferred for TOI-5628A. The FAP levels of
10%, 1%, and 0.1% are shown as horizontal dashed lines with different colors. Right panel: phase-folded ZTF light curve at 27.9 days with the best-fit sinusoidal
model, shown as a red solid curve.
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