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Abstract

The recent discoveries of Neptune-sized ultra-short-period planets (USPs) challenge existing planet formation theories. It
is unclear whether these residents of the Hot Neptune Desert have similar origins to smaller, rocky USPs, or if this
discrete population is evidence of a different formation pathway altogether. We report the discovery of TOI-3261b, an
ultrahot Neptune with an orbital period P =0.88 day. The host star is a V= 13.2 mag, slightly supersolar metallicity
([Fe/H] ~0.15), inactive K1.5 main-sequence star at d =300 pc. Using data from the Transiting Exoplanet Survey
Satellite and the Las Cumbres Observatory Global Telescope, we find that TOI-3261b has a radius of 3.8270%2 R.,
Moreover, radial velocities from ESPRESSO and HARPS reveal a mass of 30. 3+2 2 M., more than twice the medlan
mass of Neptune-sized planets on longer orbits. We investigate multiple mechamsms of mass loss that can reproduce the
current-day properties of TOI-3261b, simulating the evolution of the planet via tidal stripping and photoevaporation.
Thermal evolution models suggest that TOI-3261b should retain an envelope potentially enriched with volatiles
constituting ~5% of its total mass. This is the second highest envelope mass fraction among ultrahot Neptunes
discovered to date, making TOI-3261b an ideal candidate for atmospheric follow-up observations.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Transits (1711); Radial velocity (1332)
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1. Introduction

Ultrashort period planets (USPs) are those with orbital
periods P < 1 day and are often bombarded with extreme FUV
and X-ray flux in the first hundred million years of their
formation (Owen & Wu 2013). They represent a population of
highly irradiated objects at the limits of planetary evolution. To
date, the vast majority of USP planets fall into one of two
populations: super-Earths (with R < 2 Rg) and Hot Jupiters
(with R > 6 Rg). Notably absent, given the high detection
efficiency of modern exoplanet surveys at these short periods,
are Neptune-sized planets on < 5day orbits. This “Hot
Neptune Desert” (Szab6é & Kiss 2011) is interpreted as a
natural consequence of planet evolution: Neptune-sized planets
succumb to the extreme stellar irradiation and lose their outer
layers, joining the population of small, rocky USPs (Lopez &
Fortney 2013; Owen & Wu 2013).

However, the Transiting Exoplanet Survey Satellite (TESS)
has recently uncovered a handful of survivors, all firmly within
the Hot Neptune Desert: TOI-849b (Armstrong et al. 2020),
LTT-9779b (Jenkins et al. 2020b), TOI-332b (Osborn et al.
2023), and TOI-1853b (Naponiello et al. 2023). All four
exhibit anomalously high masses for their size, ranging from 29
to 73 M. Moreover, three of these planets (TOI-849b, LTT-
9779b, and TOI-332b) exhibit ultrashort orbital periods, yet
somehow retain a Neptune-sized radius at this close proximity
to their hosts. This reveals fingerprints of a formation pathway
different from that of traditional USPs, and may indicate a
different identity altogether. While rocky USPs may serve as
core analogs of planets with radii up to the radius of Neptune,
these Neptune-sized USPs may instead be the remnant cores of
gas giants.

We present the discovery of TOI-3261b, the fourth known
Neptune-sized (3-5 Rg) USP with an unusually high mass
(> 25 M) for its size. Section 2 summarizes the astrometric,
photometric, spectroscopic, and imaging observations of the
TOI-3261 system. In Section 3, we describe the analysis of the
system parameters. This includes characterization of stellar
abundances using high-resolution spectroscopy and broadband
photometry, RV model selection, and the description of our
global model. In Section 4, we summarize the best-fit
parameters generated by our global model and present the
results of various mass-loss simulations to investigate the
formation and evolution of the system. We also conduct
interior modeling of TOI-3261b to investigate the source of its
relatively large density. Finally, we discuss the need for future
follow-up efforts in characterizing TOI-3261b to access giant
planet interiors.

2. Observations and Data Analysis
2.1. Astrometry and Photometry

TOI-3261 is a K-type star (Top=>5068"%K) with an
apparent TESS magnitude of 12.5, as listed by the TESS Input
Catalog (TIC v8.2; Stassun et al. 2019a; Paegert et al. 2021).
The TIC estimates of the mass and radius of TOI-3261 are
0.87 Mg, and 0.86 R, respectively. However, these parameters
are less precise since TIC parameters are calculated in bulk;
therefore we adopt the stellar parameters from our global
modeling (Section 3.4). Astrometry from Gaia DR3 (Gaia
Collaboration et al. 2022) and photometry for TOI-3261 are
summarized in Table 1.

Nabbie et al.
Table 1
Astrometry and Photometry for TOI-3261

Parameter Value Source
IDs TOI-3261 1
TIC 358070912 2
2MASS J03105467-7331556 3
Gaia DR3 4640654168385886592 4
R.A. (hh:mm:ss) 03:10:54.662 4
Decl. (dd:mm:ss) —73:31:55.63 4
Jio(mas yr— 1) 50.305 & 0.012 4
Jis(mas yr~ ') 34.538 4+ 0.011 4
Vyaa (km s~ —3.14 £ 1.24 4
@ (mas) 3.3278 + 0.0089 4
d (pc) 298.257939 5
SpT KI5+1V 6
GALEX NUV 20.482 4+ 0.224 7
B 14.156 + 0.03 9
14 13.245 4+ 0.02 9
r 12.950 + 0.05 9
i 12.739 + 0.04 9
T 12.492 + 0.006 2
G 13.047 + 0.003 3
J 11.664 + 0.022 3
H 11.271 4+ 0.025 3
K, 11.184 + 0.025 3
B — V (mag) 0.904 + 0.032 4
B, — R, (mag) 1.082 =+ 0.005 4
B, — G (mag) 0.463 £ 0.004 4
G — R, (mag) 0.619 + 0.005 4
E(B — V) (mag) 0.030 & 0.016 8
Ay (mag) 0.096 + 0.051 8
Ag (mag) 0.082 £ 0.044 8
My (mag) 5.81 % 0.05 8
Mg(mag) 5.58 & 0.04 8
Mg, (mag) 3.795 £+ 0.026 6
U (kms™h) —79.02 + 0.65 6
V (kms™ —34.83 + 0.91 6
W (kms™ ") 10.39 £ 0.59 6
Sior (km's™") 86.98 £ 0.70 6

Notes. The variables in the topmost section are listed in the following order:
right ascension, declination, proper motion in right ascension and declination,
mean radial velocity, parallax, distance, and stellar spectral type. The remaining
sections list photometric magnitudes and color excesses. Gaia DR3 ICRS « and
6 positions were corrected to epoch J2000.0 via Vizier. Galactic Cartesian
velocities (solar system barycentric frame): U positive toward Galactic center,
V positive toward Galactic rotation, W positive toward North Galactic Pole, and
S0t 1s the total velocity with respect to the solar system barycenter (following
ICRS to Galactic transformations from ESA 1997). References: (1) Kunimoto
et al. (2022), (2) Stassun et al. (2019b), (3) Cutri et al. (2003), (4) Gaia
Collaboration et al. (2022), (5) Bailer-Jones et al. (2021), (6) estimated by this
work, (7) Bianchi et al. (2017), (8) this work (section 3), considering estimates
from Gaia DR3 and Lallement et al. (2019), (9) Zacharias et al. (2013).

2.2. Time-series Photometry
2.2.1. TESS

TESS observations of TOI-3261 (TIC 358070912) were
taken from 2018 September to 2023 September. TOI-3261 was
first alerted as a TESS Object of Interest (TOI) in Sector 13,
after being initially detected by the Quick-Look Pipeline (QLP;
Huang et al. 2020a). Vetting through the Faint Star QLP Search
(Kunimoto et al. 2022) was then conducted to identify a planet
candidate around TOI-3261. The Data Validation report
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Table 2
TESS Observation Log

Sector Date (UT) Cadence (s)
2 2018 Aug 22-2018 Sep 20 1800
6 2018 Dec 11-2019 Jan 7 1800
13 2019 Jun 19-2019 Jul 18 1800
27 2020 Jul 4-2020 Jul 30 600
28 2020 Jul 30-2020 Aug 26 600
29 2020 Aug 26-2020 Sep 22 600
36 2021 Mar 7-2021 Apr 2 600
63 2023 Mar 10-2023 Apr 6 120
66 2023 Jun 2-2023 Jul 1 120
67 2023 Jul 1-2023 Jul 29 120
68 2023 Jul 29-2023 Aug 25 120
69 2023 Aug 25-2023 Sep 20 120

(Huang et al. 2020a, 2020b) finds a 2.12 ppt transit signal with
P =0.883 days and Ty, = 1.747 hr. This target was selected
for 2 minute cadence observations during Sectors 63, 66, 67,
68, and 69.

The transit signature of TOI-3261b was also detected in each
transit search by the Science Process Operations Center
(SPOC) in sectors 63, 66, 67, 68, and 69, and in the multisector
search of these sectors using an adaptive, noise-compensating
matched filter (Jenkins 2002; Jenkins et al. 2010, 2020a). The
transit signature was fitted with a limb-darkened transit model
(Li et al. 2019) and subjected to a suite of diagnostic tests to
evaluate the planetary hypothesis (Twicken et al. 2018). The
signature passed all the diagnostic tests including the
difference image centroiding test, which for the multisector
search constrained the location of the host star to within
0708 £2"7 of the transit source location. The multisector,
multicadence observations of TOI-3261 are summarized in
Table 2. The raw multisector TESS light curves are shown in
Figure 1.

The 30 and 10 minute cadence data contained in the full
frame images (FFIs) were detrended using a basis spline
technique (for a summary, see Vanderburg & Johnson 2014;
Shallue & Vanderburg 2018; Vanderburg et al. 2019). When
available, we use the 2 minute cadence data provided by the
TESS SPOC pipeline (Jenkins et al. 2016). This pipeline
identifies and removes instrumental systematics via Presearch
Data Conditioning Simple Aperture Photometry (PDCSAP;
Smith et al. 2012; Stumpe et al. 2012, 2014). Figure 5 shows
the phase-folded TESS light curve. During light-curve fitting,
we perform a secondary round of detrending on both FFI and
SPOC light curves using a least-squares fit of the trend to the
residual, the details of which are laid out in Section 3.4.

2.2.2. LCOGT

To confirm the transit signals of TOI-3261 observed by
TESS, we make use of ground-based, seeing-limited photo-
metry as part of the TESS Follow-up Observing Program
(TFOP; Collins 2019).3 3 We observed three full transits of
TOI-3261b in the Sloan i’ band using the Las Cumbres
Observatory Global Telescope (LCOGT; Brown et al. 2013)
1.0 m network. The first observation was taken on UT 2023
August 4 at the 1m node located at the South Africa
Astronomical Observatory near Cape Town, South Africa

3 https://tess.mit.edu/followup

Nabbie et al.

(SAAQ). The second full transit was observed on UT 2023
October 8 at the Siding Spring Observatory (SSO) node in New
South Wales, Australia. The final full transit was captured on
UT 2023 October 10 using the node located at the Cerro Tololo
Inter-American Observatory (CTIO) in Chile.

Consistent among all of the 1 m telescopes in the LCOGT
network, the SINISTRO camera has a 26’ x26’ field of view,
with a 0”389 per pixel image scale. The images were calibrated
by the standard LCOGT BANZATI pipeline (McCully et al.
2018) and differential photometric data were extracted using
AstroImaged (Collins et al. 2017). The light curves were
extracted using 2.”7 and 5.”4 target apertures for the SAAO
and CTIO/SSO observations, respectively. There were no
contamination sources present in any of these apertures.
Figure 5 shows the phase-folded LCO light curves, which
reveal an on-target transit signal.

2.3. Speckle Imaging

Imaging of TOI-3261 was taken on UT 2021 July 14 with
NOIRLab’s High-Resolution Camera (HRCam; Tokovinin &
Cantarutti 2008). HRCam is mounted on the 4.1 m Southern
Astrophysical Research Telescope (SOAR), located at the
Cerro Tololo Inter-American Observatory. It has a pixel scale
of 15.75mas per pixel, with a 16” x16” field of view and
wavelength coverage from 400 to 1000 nm (Tokovinin et al.
2022). Data reduction follows the methods described in Ziegler
et al. (2021). These observations had an /-band Amag of 4.2 at
1" separation and a PSF of 0.”0913. The contrast curve and
autocorrelation function (ACF) are shown in Figure 2. The
sensitivity curve rules out any companions with a Amag of ~3
within a minimum separation of ~1”. Likewise, no companions
with Amag =3 are found within 3” of TOI-3261, as the
speckle ACF shows no secondary peaks at these separations.

2.4. Time-series Radial Velocities
2.4.1. HARPS

We took radial velocity (RV) measurements of TOI-3261
with the High Accuracy Radial velocity Planet Searcher
(HARPS) spectrograph mounted on the ESO 3.6 m telescope
at the La Silla Observatory in Chile (Pepe et al. 2002). A total
of 39 spectra were obtained between UT 2023 February 3 and
2023 September 29 under the HARPS-NOMADS large
program (ID 1108.C-0697, PI: Armstrong). One observation
on UT 2023 July 9 was discarded as it was forced to terminate
before the exposure could be finished. The instrument (with
resolving power R = 115 000) was used in high-accuracy mode
(HAM) with an exposure time of 2400s. The data were
reduced using the standard offline HARPS data reduction
pipeline (version 3.0.0), and a K5V template was used in a
weighted cross-correlation function (CCF) to determine the RV
values (Baranne et al. 1996; Pepe et al. 2002). The CCF line
bisector (BIS) and full width at half maximum (FWHM) were
measured using previously published methods (Boisse et al.
2011), and no correlations were found between the RVs and
FWHM, BIS, or the pipeline-extracted S index. The exposures
had a median radial velocity error of 13.48 m sfl, and an rms
of 13.24ms ™' after the planetary signal was removed. These
uncertainties reflect only the contribution from photon noise.
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Figure 1. Multisector, raw TESS light curves of TOI-3261. Light curves from sectors 2, 6, and 13 are taken from FFIs with a 30 minute observing cadence. Sectors 27,
28, 29, and 36 show the 10 minute cadence FFI data. The Sector 63, 66, 67, 68, and 69 light curves depict SPOC 2 minute data.
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Figure 2. Sensitivity curve of I-band delta-magnitude vs. on-sky separation,
with a 4” square image cutout inlaid. Centered on the star, the inset image
shows the speckle autocorrelation function (ACF) of TOI-3261 observed with
the High-Resolution Camera on the SOAR 4.1 m telescope. It has a pixel scale
of 0.01575" per pixel.

2.4.2. ESPRESSO

As part of ESO Program 111.24W6 (PI: C. Huang), we
obtained 15 observations of TOI-3261 with the ESPRESSO
spectrograph (Pepe et al. 2021). Time-series radial velocities
were taken from UT 2023 September 19 to 2023 September 22
in ESPRESSO’s high-resolution 1UT mode (R = 140 000),
with 2 x 1 binning and slow read-out. All measurements were
taken with UT2 and exposed to a set SNR of 30 at 550 nm
(Order 102). The exposures had a median radial velocity error
of 2.07ms ', and an rms of 3.41 ms™ "' after removing the
planet’s signal. These uncertainties only reflect the contribution
from photon noise. The combined HARPS + ESPRESSO data
sets are shown in Figure 6.

The data were processed using Version 3.1.0 of the
ESPRESSO Data Reduction Software (DRS; Pepe et al.
2021),** which produces 1D, order-by-order, wavelength-
calibrated spectra, RV measurements, and CCF metrics such
as the BIS and FWHM. To calculate RVs, a K2V mask was
used to produce order-by-order CCFs of the stellar spectrum,
following the procedure outlined in Baranne et al. (1996) and
Pepe et al. (2000).

3. Analysis

We obtain stellar parameter estimates and constrain the
abundances of individual elements through combined spectro-
scopic and photometric analyzes. To demonstrate consistent
results and ensure the accuracy of our stellar parameters, we
make use of two separate packages to characterize TOI-3261.

3.1. Extinction Estimate

The parallax from Gaia DR3 (Gaia Collaboration et al.
2016, 2022) was used to constrain the distance. Following the
recommendation by Lindegren et al. (2021), we corrected the
Gaia parallax to mitigate the systematic offset based on stellar
G-band magnitude, position, and color. These priors are used

34 https: //www.eso.org/sci/software /pipelines /espresso/
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during the simultaneous fitting of stellar parameters in our
global model (see Section 3.4 for a detailed summary).

The reddening for the star is small but not zero. The
STILISM 3D reddening maps (Lallement et al. 2019) predict
E(B — V)=0.03800% mag, which means most of the
Galactic reddening in this direction (E(B—V ). = 0.052;
Schlegel et al. 1998) is foreground to TOI-3261. The TIC
adopts a reddening value informed by the STILISM maps:
E(B —V)=0.0375+0.0102 mag (Stassun et al. 2019b).
However, Gaia DR3 provides lower estimates Ap=
0.0486 00070 (~Ay, ~32EB-V) for early K dwarfs;
McCall 2004). Using the +10 STILISM value as an upper
bound and the -1o0 Gaia DR3 value as a lower bound, our
estimate of the reddening is E(B — V) =0.030 + 0.016 mag or
extinction Ay = 0.096 & 0.051 mag or Ag = 0.082 £ 0.044 mag
(adopting Ag/E(B —V) = 2.74 from Qin et al. 2023). Combin-
ing these extinction estimates with Gaia DR3 photometry and
parallaxes, we estimate the star’s absolute magnitudes to be
My=5.81+£0.05 and Ms;=15.58 +0.04, consistent with a
main-sequence KOV star.

3.2. Individual Stellar Abundances
3.2.1. ARES

The stellar spectroscopic parameters (7., log g, microturbu-
lence, [Fe/H]) were estimated using the ARES+MOOG
methodology (Santos et al. 2013; Sousa 2014; Sousa et al.
2021). The equivalent widths (EWs) were consistently
measured using the ARES code® (Sousa et al. 2007, 2015).
We used the list of iron lines appropriate for stars cooler than
5200 K, which was presented in Tsantaki et al. (2013). We
adopt the values from our analysis of a combined ESPRESSO
spectrum due to the higher signal-to-noise data. Nevertheless,
we find that of the HARPS combined spectra gives consistent
but less precise results. To converge for the best set of
spectroscopic parameters for each spectrum, we use a
minimization process to find the ionization and excitation
equilibrium. This process makes use of a grid of Kurucz model
atmospheres (Kurucz 1993) and the latest version of the
radiative transfer code MOOG (Sneden 1973). We also derived
a more accurate trigonometric surface gravity using recent
GAIA data following the same procedure as described in Sousa
et al. (2021), which provided a consistent value when
compared with the spectroscopic surface gravity.

Using the aforementioned stellar atmospheric parameters
(we considered spectroscopic surface gravity), we determined
the abundances of Mg, Si, and Ni following the classical curve-
of-growth analysis method described in, e.g., Adibekyan et al.
2012, 2015. Similar to the stellar parameter determination, we
used ARES to measure the EWs of the spectral lines of these
elements, and used a grid of Kurucz model atmospheres along
with the radiative transfer code MOOG to convert the EWs into
abundances, assuming local thermodynamic equilibrium.
Although the EWs of the spectral lines were automatically
measured with ARES, for Mg, which has only three lines
available, we performed careful visual inspection of the EW
measurements. The results from ARES are located in Table 3.

35 The latest version, ARES v2, can be downloaded at https://github.com/
sousasag/ARES.


https://www.eso.org/sci/software/pipelines/espresso/
https://github.com/sousasag/ARES
https://github.com/sousasag/ARES
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Figure 3. Stellar spectral energy distribution with an ATLAS9 model
(Terr = 5000 K, [Fe/H] =0 dex, log(g) =4 dex) overlaid. Individual points
represent photometric data from the Gaia DR2 Crossmatch Catalog. Horizontal
errors denote the bandpass widths.

Table 3

ARES Fit Results for TOI-3261
Parameter (unit) HARPS ESPRESSO* Source
HARPS
Terr [K] 5077 £+ 82 5065 + 72 This work
log g [dex] 428 +0.15 4.19 £0.13 This work (Spec)
log g [dex] 4.48 + 0.04 4.48 + 0.05 This work (Gaia)
[Fe/H] [dex] 0.15 £0.05 0.14 £ 0.02 This work
[Mg/H] [dex] 0.13 +0.08 0.17 £ 0.05 This work
[Si/H] [dex] 0.24 4+ 0.06 0.22 +0.09 This work
[Ni/H] [dex] 0.20 £+ 0.06 0.17 +£ 0.06 This work
Vmie [km s™'] 0.61 +0.15 0.57 £ 0.10 This work

Note.
% We adopt these values as priors for stellar fitting.

3.2.2. SPECIES + ARIADNE

As a check on the results of the fit from ARES, we use a
combined SPECIES+ARIADNE methodology as a secondary
analysis of stellar parameters. From the merged 1D HARPS
spectrum, we obtained individual stellar abundances and bulk
parameters using the SPECIES package (Soto & Jenkins 2018).
This package makes use of the MOOG algorithm and a custom
line-fitting routine to help better deal with line blends called
EWComputation (see Soto et al. 2021), along with fitting to
ATLASY stellar atmosphere models. This generates stellar
parameters that are then used as priors for a Bayesian Model
Averaging (BMA) approach with ARIADNE (Vines &
Jenkins 2022).

Through ARIADNE, we used the star’s broadband photo-
metry to construct a spectral energy distribution (SED). The
SED is shown in Figure 3. The following photometric bands
were included: SkyMapper u, v, and r (Onken et al. 2019); Gaia
DR2 Bp, G, and Rp (Gaia Collaboration et al. 2022); 2MASS J,
H, and K| (Skrutskie et al. 2006); SDSS g, r, and i (York et al.
2000); Johnson B and V (Johnson & Morgan 1953); and WISE
W1 and W2 (Wright et al. 2010). The SED was then fit to the
following stellar models: PHOENIXv2 (Husser et al. 2013),
BTSettl-AGSS2009 (Allard et al. 2011), Kurucz (Kurucz 1993),
and Castelli & Kurucz (ATLASY; Castelli & Kurucz 2003).
The BMA method calculates the weighted average of the Tegy,
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Table 4
SPECIES+ARIADNE Fit Results for TOI-3261

Parameter Value
ARIADNE
T [K] 4995 + 47
log g [dex] 4.15+0.22
[Fe/H] [dex] 0.112 £ 0.075
Radius [Re] 0.906 + 0.024
SPECIES
Terr [K] 5063 £ 58
log g [dex] 4.13+0.13
[Fe/H] [dex] 0.11 £0.04
vsini [km s~'] 2.83 +0.21
v, [km s™ 1 0.33 +0.23
Vinae [km s7'] 1.51 4 0.21
# Fe 1 Lines 129
# Fe 1l Lines 18
Element Value # Lines
[Al/H] 0.01 £0.12 3
[Ca/H] 0.15+0.1 4
[Cr/H] 0.14 £+ 0.06 13
[Cu/H] 0.54 £0.12 3
[Fel/H] 0.18 4+ 0.055 13
[Fell/H] -0.06 £ 0.12 3
[Mg/H] 0.15 £0.12 3
[Mn/H] 0.36 £ 0.10 4
[Na/H] 0.18 £0.12 3
[Ni/H] 0.22 +£0.08 6
[Si/H] 0.08 £ 0.08 6
[Til/H] 0.14 £+ 0.06 10
[Till/H] 0.25 £0.12 3

Table 5

RV Model Selection

Model BIC
1 cp” 396.66
1 cp + linear 399.08
1 ¢p + quadratic® 399.42
1 cp + linear + quadratic 402.95
1 cp + GP 412.7
Notes.

 “cp” denotes a planet on a circular orbit.

Only a second-order trend is included.

radius, log g, and [Fe/H] estimates generated by each model.
This weighted average accounts for many of the biases that
might be present across different atmospheric models.

The results from the SPECIES 4 ARIADNE fit are shown in
Table 4. The estimated stellar abundances are consistent with
those from ARES, demonstrating the robustness of the results
from spectroscopic and photometric analysis. The stellar
parameters are well constrained regardless of which methodol-
ogy was used, which in turn lends greater confidence to the
robustness of our planet parameters. In our analysis, we then
adopt the ARES parameters estimated from the ESPRESSO
spectra. We adopt the log g from ESPRESSO in Table 3, while
the T.gr and [Fe/H] values from ESPRESSO are used as priors
in our global model (Section 3.4).
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Figure 4. Lomb-Scargle periodograms derived from HARPS observations. The vertical dashed line denotes the period of TOI-3261b, while the horizontal lines
represent computed 0.5%, 0.1%, and 0.01% False Alarm Probabilities. The topmost panel shows a peak at the planetary period, but the periodograms of the activity
indicators (lower three panels) show no significant peaks near the 0.88 day mark. The peak at ~8 days in the top panel is not astrophysical, as it disappears once the

planet signal is removed.

3.3. Selecting an RV Model

Before implementing the combined transits + RV + SED fit,
we make use of the RadVel software package (Fulton et al. 2018)
to fit just the HARPS and ESPRESSO RV data for TOI-3261 b
and decide what basic RV model to adopt. We test five different
models for the system, all of which include a single planet on a
circular orbit with a period initialized at the best-fit TESS transit
period of TOI-3261b. The first model incorporates only planet b,
the next three models also include a linear and/or quadratic trend,
and the fifth model combines the planet with a 1D, quasiperiodic,
Gaussian process (GP) trained on the RV data (Table 5).

Neither the TESS light curves (Figure 1) nor the radial
velocities and activity indicators derived from the HARPS
spectra (Figure 4) exhibit the quasiperiodic sinusoidal behavior
generally induced by rotationally modulated surface features
such as star spots or plages (Saar & Donahue 1997). Without
such features to generate obvious variations in these time-series
data, constraining the rotational period of the star proves
challenging and we are only able to produce a rough estimate
of the star’s P,y from its rotational velocity. Combining the
vsin(i) value derived from the ESPRESSO data with SPECIES
(2.83 £0.21 km sfl) with the best-fit stellar radius from
ARIADNE (0.906 £0.024 Rg) suggests an upper limit for
P at approximately 16 days.

Given the lack of rotational modulation in the light curves
and RV data products, we don’t expect a strong rotational
activity component to be present in the RV data. When adding
the GP to our fifth possible RV model, we initialize it with a
broad uniform prior on the period (10-20 days) and a broad
Gaussian prior on the spot lifetime (¢ = 45 days, o = 16 days).

Radvel computes the Bayesian information criterion
(BIC = —2In Lax + n In N, where L, is the maximum
likelihood, n is the number of model free parameters, and N is
the number of data points) value for each model as applied to
our data, which we compile in Table 5. Models with lower BIC
values are preferred (Kass & Raftery 1995), and we find that
the simplest model of a single, circular planet with a period
initialized on that of TOI-3261 b has the lowest BIC value. The
ABIC between this model and those incorporating a linear or
quadratic trend is not significant, and given the lack of
Bayesian evidence for a more complicated model we opt to use
the single circular planet model in the global fit. We do not
consider an eccentric planet model, as tidal circularization of a
planet with TOI-3261b’s mass and location would take ~107 yr
(Equation (5) of Papaloizou & Terquem 2010) assuming TOI-
3261b has a tidal quality factor Q and Love number k, similar
to those of Neptune. Since this is two orders of magnitude
below the age of the system, tidal circularization should have
been completed. Additionally, we do not see any evidence of
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trends that could point to additional companions, as the feature
in the radial velocity periodogram at ~8 days (top panel of
Figure 4) does not remain after TOI-3261b’s signal is removed.

3.4. Global Modeling of System Parameters

To fully characterize the system architecture, we use a
Markov Chain Monte Carlo (MCMC) method to jointly fit
transit, isochrone, and radial velocity data. This is performed
using the emcee package (Foreman-Mackey et al. 2013). By
taking into account both spectroscopic and photometric data,
we are able to obtain a more comprehensive view of the
system. The global likelihood function then consists of transit,
isochrone, and radial velocity components, each with their own
individual likelihoods.

For the transit component, TESS and LCO light curves are fit
with a batman transit model (Kreidberg 2015). For the TESS
observations, the model includes a supersampling factor
corresponding to each observing cadence. In each step of the
MCMC, we simultaneously detrend the light curves with a
least-squares method independently for each instrument. We
cotrend with the PSF width for LCO data, and we detrend with
a third-order polynomial for the TESS data.

Data from each node of the LCOGT network is fit separately
to account for variable observing conditions and instrument
systematics. Treating each node as a separate instrument,
detrending is conducted individually to mitigate any telescope-
specific artifacts.

Limb-darkening coefficients for each instrument are also left
as free parameters, with each instrument having its own set of
limb-darkening parameters. For the ground-based transits, we
fit for one set of limb-darkening parameters that are shared
across all three LCO transits, since they were all captured in the
i’ band.

Aside from estimating planet parameters from the light
curve, stellar parameters are simultaneously modeled using
MIST isochrones (Choi et al. 2016), compiled with the
isochrones package (Morton 2015). This affords greater
precision in both stellar and planet parameter estimates, and
allows us to investigate the star’s approximate mass and age.
We then fit the interpolated stellar photometry to the star’s
broadband photometric data.

We use RadVel (Fulton et al. 2018) to fit the combined
HARPS + ESPRESSO data set, applying separate RV offset
and RV jitter terms to each instrument. These individual offset
() and jitter (o) terms for each instrument were included as
free parameters, while the radial velocity semi-amplitude was a
shared parameter across both instruments. We did not model
any linear or quadratic trends, assuming a one-planet system
with a circular orbit (see Section 3.3 for more details).

Subsequently, the total log likelihood was then the sum of
the transit, isochrone, and RV log likelihoods. In total, the
following free parameters were included in our global fit: [p, #,,
q1> 9 %, b, K, M, R,, Te, [Fe/H], v, o, age, error scale].
Parallax,* distance, and extinction remained fixed. Limb-
darkening coefficients were reparametrized as ¢g; and ¢,
following the methods in Kipping (2013). Gaussian priors on
T and [Fe/H] were implemented using estimates from the
ARES fit of ESPRESSO data, while the period and transit
epochs had Gaussian priors using the values and errors from
ExoFOP. Uniform priors on stellar radius and mass were
implemented based on the estimates from ESPRESSO. The
priors for each free parameter are summarized in Table 6.
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3.5. Confirmation with Ground-based Facilities

We confirm TOI-3261b as a planet through multiple,
independent detection methods. From ground-based observa-
tories, we find on-target transit signals, reproducing the signals
first seen by TESS. These cannot be attributed to any stellar
companions, as this case is ruled out by SOAR speckle imaging
to the sensitivity limits described in Section 2.3. Both HARPS
and ESPRESSO radial velocities reveal a planet-mass object,
with no BIS,FWHM, or S-index variability at the periodicity of
the planetary signal, further excluding any astrophysical false
positive scenarios.

4. Results and Discussion
4.1. Best-fit System Parameters

The median results from the joint transit, SED, and RV
modeling are summarized in Table 6. The best-fit models to
TESS and LCO photometry are shown in Figure 5, while the
best-fit RV model is shown in Figure 6 (the combined RV
observations are located in Table 7). Our global fit confirms
that TOI-3261b is the fourth known Neptune-sized (3-5 R,)
USP (Figure 7), with an orbital period of 0.88 days and a radius
of 3.821042 R,. Moreover, TOI-3261b has a mass of 30.3733
M., leading to a bulk density of 3.07);{ gcm > and placing it
within the population of overly dense USP Neptunes (whose
density is greater than Neptune’s density of 1.64 gcm™>). Its
large radius suggests that TOI-3261b retains a gaseous
envelope, with a core potentially enriched with water
(Figure 8). As TOI-3261b is only the fourth-discovered object
of its kind, it presents another valuable opportunity to test
formation theories of these unusual planets.

We also estimate the age of TOI-3261 using its best-fit mass
and metallicity to correlate the activity indices from
ESPRESSO spectra. We extracted Call index values from
ESPRESSO spectra using ACTIN?® (Gomes da Silva et al.
2018, 2021), and converted them to the log (R'yg) index
following the method described in Gomes da Silva et al.
(2021). We find a median log (R'mg) Call index of
-5.16 £0.05 dex. Using the age-mass—metallicity—activity
relation from Lorenzo-Oliveira et al. (2016), this gives an age
of 6.5 £ 2.1 Gyr for TOI-3261. This methodology accounts for
the biases in mass and metallicity to readjust the activity—age
relation, which provides an age estimate more correlated to
asteroseismic ages.

One result of note is TOI-3261’s metallicity ([Fe/H]=
0.13870:933 dex). Like the other USP Neptunes, TOI-3261b is
hosted by a metal-rich star. This preference of ultrahot
Neptunes to form around high-metallicity stars was established
by Dai et al. (2021), which aligns with Hot Jupiters’
predisposition to form around metal-rich stars (Fischer &
Valenti 2005). On the other hand, terrestrial USPs do not share
the same preference to form around higher-metallicity hosts
(Winn et al. 2017). This lends credence to the notion that
ultrahot Neptunes are a distinct population from smaller,
terrestrial USPs, and may be descended instead from Hot
Jupiters.

36 https://actin2.readthedocs.io/en/latest/index.html
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Table 6

Stellar and Planet Parameters for TOI-3261
Parameter Prior Fitted Value Source
Stellar Parameters
M, (Mo)... U(0.7, 0.89) 0.86179:03
R, (Ro)... U(0.82,0.98) 0.8497992
logg, (cgs)... 4.1940.123 ESPRESSO
L, (Lo)... 0.430750%
Toire (K)... G(5065, 72) 5068751
[Fe/H] ... G(0.14, 0.05) 0.138793%48
Distance (pc)... 300.5 + 1.1 Parallax
pgem ™). 1.400*5:932
Limb-darkening Coefficients
g1, TESS ... U, 1) 0.43%93
g2, TESS ... u, 1) 0.45%93¢
q1, LCO ... u(, 1) 0.1870%3
¢, LCO ... U, 1) 0.317534
u,, TESS ... 059793
us, TESS ... 0.06793%
u,, LCO ... 0.357049
uy, LCO ... 0.0479%
Light-curve Parameters
P (days) ... U(0.883116, 0.883144) 0.883133 1700000010
Ty ... U(2459112.3988369, 2459112.4013631) 2459112.4003613:30%83
Ty (hr) ... 1.61879934
Ty» = T4 (min) ... 3.961948
a/R, ... 4.333199%%
R/R, ... U, 1) 0.04117 36633
b=acosi/R, ... U, 1) 017791}
i (deg) ... 87.8714%
Radial Velocity Parameters (m s~ ')
K.. (10, 30) 22171
Jitter (ESPRESSO) ... U(0, 20) 3.81¢
Jitter (HARPS) ... U(0, 20) 52138
VESPRESSO - U(-2000, 1000) —1910.27}3
VHARPS --- U(-2000, 1000) —1921.8+1%8
Planetary Parameters
op (g em™d) L 3.0%93
e ... 0*
w(®) ... 0*
M, (M) ... 30.3'33
R, (Rs) ... 3.824042
a (AU) ... 0.0171413:500%3
Ty (K) ... 1722128
(F) (S) ... 1466122
Note.

% We only consider the case of a circular orbit and fix these parameters to be zero (see Section 3.3 for more details).

4.2. Planet Composition and Photo-evaporative Modeling

We model the photoevaporation history of TOI-3261b to
understand its potential contribution to the planet’s overall
mass loss. Using the Python code photoevolver (Fernan-
dez Fernandez et al. 2023), we solve for the internal structure of
the planet and model the evolution of its atmosphere due to
photoevaporation. We approximate TOI-3261b’s interior with a
two-layered model, consisting of a solid core and a pure H/He
envelope. In this framework, all of the planet’s metals lie
within the core. Under these assumptions, we find that the
planet’s current-day properties imply an envelope mass fraction
of 5.1% 4+2.6%. This is the second highest envelope mass

fraction among all Neptune-sized USPs known to date. Our
model also uses the calculations from Lopez & Fortney (2014)
to estimate an envelope thickness of 1.3 £0.3 R.

Stellar XUV flux was estimated through stellar evolution
grids from Johnstone et al. (2021), assuming a stellar age of
6.5+2.1Gyr. We vary our assumptions of the stellar
irradiation flux (ranging from low, intermediate, and high) to
investigate its effect on the mass loss of TOI-3261b. These
values are taken from the 20 lower, middle, and upper bounds
of the stellar XUV flux estimated by the Johnstone et al. (2021)
stellar evolution tracks. On this timescale, we simulate the
photoevaporation history of TOI-3261b to infer its original
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Figure 5. Top three panels: Phase-folded TESS FFI/HLSP and SPOC light
curves of TOI-3261, with binned data in mauve and a best-fit batman transit
model overlaid. Data taken at different cadences are displayed separately, as the
observing cadences require different supersampling of the light curve to
account for the change in transit shape. Bottom three panels: Phase-folded LCO
light curves, with binned error bars included. These panels employ the same
color scheme as the top three.

size. These simulations adopt the non-energy-limited mass-loss
formulation from Kubyshkina et al. (2018), which accounts for
other effects of evaporation such as recombination. Initializing
the simulations at 10 Myr, we track the evolution of the
planet’s radius with various initial envelope mass fractions
(Figure 9), constructing the envelope structure using models
from Chen & Rogers (2016). Regardless of irradiation flux or
starting envelope mass fraction, these models find high rates of
escape if the envelope was solely composed of light elements
like H/He, with none of the scenarios allowing the planet to
retain its envelope. Therefore, the atmosphere of TOI-3261b
cannot be made of pure H/He if the envelope were to survive
to present day.

If we instead assume that metals are distributed from the core
into the envelope, the envelope’s increased density then offers
a greater resilience to escape, enabling TOI-3261b to retain its
envelope across longer timescales with the same degree of
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Figure 7. TOI-3261b in context with the published, confirmed exoplanet
population as marked by the NASA Exoplanet Archive, as of 2024 February 4.
The density map shows the distribution of confirmed exoplanets in radius-
insolation space. The other Neptune-sized USPs are denoted in dark blue, with
TOI-3261b represented in red. TOI-3261b sits squarely within the Hot Neptune
Desert, shown by the dearth of Neptune-sized exoplanets at high irradiations.

XUV irradiation. Using planetary evolution simulations from
Thorngren et al. (2023), we apply a similar approach to model
TOI-3261b’s mass and radius evolution as a function of various
core masses. However, unlike the previous simulations, in this
case, we do not assume an energy-limited mass-loss rate, and
we allow envelope metallicity to vary. Our initial conditions are
generated by choosing a core mass and tuning the envelope
metallicity so that the track intersects with the observed planet
mass and radius. Generally, the envelope metallicity remains
within the range of [Fe/H] = 0.6-0.8. The core is assumed to
be isothermal, with no temperature discontinuity where the core
meets the envelope and free transfer of energy across this
boundary. These models, shown in Figure 10, yield a lower
limit of 50 M, for the planet’s initial mass, with a core mass
between 10 and 20 M.
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Table 7
Time-series Radial Velocity Observations

Instrument Date (UT) Exposure Time (s) SNR BID RVecr (ms™h) occg (ms™h
HARPS 2023 Feb 3 2400 9.1 2459978.607357 —1915 16
HARPS 2023 Feb 5 2400 6.2 2459980.583111 —1949 22
HARPS 2023 Feb 5 2400 7.2 2459980.646639 —1931 19
HARPS 2023 Feb 6 2400 8.6 2459981.548598 —1959 16
HARPS 2023 Feb 6 2400 8.6 2459981.620540 —1964 15
HARPS 2023 Feb 7 2400 12.7 2459982.548975 —1941 9
HARPS 2023 Feb 7 2400 9.9 2459982.609663 —1956 13
HARPS 2023 Feb 8 2400 7.5 2459983.545592 —1937 17
HARPS 2023 Feb 8 2400 7.3 2459983.613030 —1913 18
HARPS 2023 Mar 13 2400 7.1 2460016.541451 —1918 18
HARPS 2023 Mar 14 2400 7.9 2460017.515069 —1903 16
HARPS 2023 Mar 15 2400 10.7 2460018.519669 —1930 11
HARPS 2023 Mar 16 2400 10.6 2460019.517703 —1945 11
HARPS 2023 Mar 17 2400 11.5 2460020.516404 —1911 10
HARPS 2023 Mar 18 2400 12.5 2460021.515254 —1943.1 8.7
HARPS 2023 Mar 19 2400 10.4 2460022.514002 —1923 12
HARPS 2023 Jun 29 2400 4.6 2460124.890790 —1918 32
HARPS 2023 Jul 1 2400 10.9 2460126.909254 —1902 11
HARPS 2023 Jul 2 2400 9.4 2460127.937958 —1893 14
HARPS 2023 Jul 3 2400 9.0 2460128.927334 —1947 16
HARPS 2023 Jul 4 2400 8.6 2460129.901670 —1963 16
HARPS 2023 Jul 5 2400 8.8 2460130.891342 —1935 15
HARPS 2023 Jul 8 2400 8.6 2460133.937007 —1899 15
HARPS 2023 Jul 9 629.22% 0.5 2460134.924410 —1900 200
HARPS 2023 Jul 14 2400 10.4 2460139.885208 —1938 12
HARPS 2023 Jul 15 2400 13.0 2460140.891320 —1903.6 9.0
HARPS 2023 Jul 16 2400 9.9 2460141.856275 —1880 12
HARPS 2023 Jul 28 2400 11.3 2460153.819629 —1943 11
HARPS 2023 Jul 29 2400 11.9 2460154.861392 —1946 10
HARPS 2023 Jul 30 2400 9.9 2460155.827033 —1931 13
HARPS 2023 Jul 31 2400 12.2 2460156.883407 —1907 10
HARPS 2023 Aug 2 2400 14.5 2460158.818738 —1900.0 8.6
HARPS 2023 Aug 4 2400 12.9 2460160.811975 —1935.1 9.7
HARPS 2023 Aug 20 2400 7.3 2460176.810481 —1922 18
HARPS 2023 Aug 22 2400 7.0 2460178.822883 —1913 19
HARPS 2023 Aug 23 2400 10.1 2460179.869876 —1887 12
ESPRESSO 2023 Sep 19 1200 36.5 2460207.731305 —1932.1 1.3
ESPRESSO 2023 Sep 19 1200 38.7 2460207.748374 —1931.4 1.3
ESPRESSO 2023 Sep 19 1200 34.9 2460207.851007 —1923.7 1.4
ESPRESSO 2023 Sep 19 1200 34.8 2460207.868212 —1918.9 14
ESPRESSO 2023 Sep 20 1000 25.2 2460208.763323 —1916.2 2.1
ESPRESSO 2023 Sep 20 1000 20.6 2460208.808343 —1899.2 2.7
ESPRESSO 2023 Sep 20 1200 22.2 2460208.870812 —1899.4 2.5
ESPRESSO 2023 Sep 21 1200 29.1 2460209.741648 —1902.3 1.8
ESPRESSO 2023 Sep 21 1200 29.3 2460209.819560 —1888.5 1.8
ESPRESSO 2023 Sep 21 1200 28.9 2460209.835739 —1888.1 1.8
ESPRESSO 2023 Sep 21 1200 26.9 2460209.872248 —1887.4 2.0
ESPRESSO 2023 Sep 22 1200 35.5 2460210.738513 —1892.4 1.4
ESPRESSO 2023 Sep 22 1200 25.5 2460210.776400 —1890.4 2.1
ESPRESSO 2023 Sep 22 1200 23.2 2460210.848955 —1893.4 2.3
ESPRESSO 2023 Sep 22 1200 27.1 2460210.880491 —1897.1 1.9
Note.

? This observation was discarded, as discussed in Section 2.4.1.

This model also finds that if we assume the system is
~6.5 Gyr old, TOI-3261b’s radius at 10 Myr old was no more
than twice its current size. As higher initial masses require
longer timescales to reach the current-day mass, photoevapora-
tion could not reduce a Jupiter- or Saturn-sized planet into an
object like TOI-3261b within the age of the universe. This
means that if TOI-3261b did indeed originate as a gas giant,
other mechanisms must be responsible for reducing its size.

11

4.3. Tidal Stripping of a Progenitor Gas Giant

To investigate the case where TOI-3261b formed as a giant
planet, we must invoke more violent mass-loss mechanisms. If
the periastron distance was sufficiently reduced as a conse-
quence of high-eccentricity migration, a giant planet would fill
its Roche lobe and undergo mass loss via Roche lobe overflow
(RLO). As material is accreted by the star via RLO, the planet
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Figure 8. Mass—radius distributions of ultrahot Neptunes compared to those of
traditional USPs. The contour plot depicts the density in mass-radius space of
the population of confirmed, published exoplanets listed in the Exoplanet
Archive as of 2024 February 4. While the latter population is composed of pure
rock, Neptune-sized USPs instead are expected to have a nonnegligible
envelope atop a water-rich core. Overplotted are mass—radius relations for pure
rock, pure water, and a combined rock/water core with various H, mass
fractions. The mass—radius relations based on planet composition are taken
from Zeng et al. (2016).

simultaneously shrinks in radius and migrates outward
(Valsecchi et al. 2015), halting the mass loss once it no longer
fills its Roche lobe. In most cases, RLO completely strips the
entire gaseous envelope, but more massive planets can retain a
fraction of their envelopes to produce Neptune-sized objects
like like TOI-3261b (Liu et al. 2013; Valsecchi et al. 2015).
This is because as the planet contracts, its increased density
provides increased resilience to mass loss and enables retention
of its remaining envelope.

TOI-3261b’s observed location and suspected formerly lower
density are both conducive to triggering RLO. Following
Equation (1) of Liu et al. (2013), we find a present tidal
disruption radius r,=0.77 Ry for TOI-3261b. The planet’s
current semimajor axis is ar ~4.7 r, (or 3.57,,, the initial tidal
diruption radius). Assuming specific orbital angular momentum is
conserved during the circularization process, its original periastron
distance would have been approximately 7, ~ ag/2 = 1.75r,¢. If
we estimate that the progenitor of TOI-3261 b has a density
similar to Jupiter (~1.0 g cm ), then the original tidal disruption
radius is r,, = 1.04 Re. Since r,, / 1, < 2, if TOI-3261b was
originally similar to Jupiter, it would have lost a large fraction of
its mass upon its first periastron passage (Faber et al. 2005;
Guillochon et al. 2011).

We followed Gu et al. (2003) to calculate the mass loss and
orbital migration of TOI-3261b, assuming that the planet is a
remnant core of a gas giant. Our simulation was initialized with
a 0.5 Jupiter-mass planet with a core mass of 29.5 M, at a
distance of 0.012 au. We track the changes in semimajor axis
and planet mass due to RLO (Figure 11), and find that this
mechanism could produce an object at the same mass and
location as TOI-3261b from a progenitor giant planet. This
mechanism operates on shorter timescales than photoevapora-
tion, and is potentially able to strip down a giant planet within a
few Gyr (Valsecchi et al. 2014).

The current mass and location of TOI-3261 b also match
the final outcome from the adiabatic evolution of a Jupiter-
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mass planet experiencing mass loss with a 20 My, core (Liu
et al. 2013). The hydrodynamic simulations from Liu et al.
(2013) represent planets with cores as composite polytropes
instead of the 1D approximation implemented in the MESA
models. This precisely models the dynamic response of
planets during tidal interactions. Nevertheless, both of these
approaches yield consistent results. Based on Figures 5 and 6
of Valsecchi et al. (2015), TOI-3261b’s core mass coincides
with a position between the 15 M., and 30 M., evolutionary
curves, so that RLO culminates in the planet’s current-day
properties.

4.4. Future Observations

Atmospheric analysis of TOI-3261b would reveal a rich
vault of information, potentially applicable to not only the
handful of Neptune-sized USPs, but extending toward the
general population of hot giant planets. For instance, TOI-
3261b’s K-type host star is ideally suited for exciting the
metastable 1083 nm helium line (Spake et al. 2018). Investigat-
ing helium outflow from the planet could reveal the presence of
a primordial atmosphere, as any existing helium would be
escaping due to the planet’s proximity to its star. In alignment
with previous results for Neptune-sized planets, we expect
helium outflow signals 5-10 times deeper than their transits in
the optical regime. With a ~1% expected absorption, this
signal would be detectable only with high-resolution infrared
spectrographs in the Southern Hemisphere, like CRIRES+ on
the European Southern Observatory’s Very Large Telescope
(VLT). Collecting multiple transits of TOI-3261b would allow
unambiguous detection of helium outflow and distinguish
between atmospheric composition scenarios. Conversely, a
nondetection would therefore imply that TOI-3261b instead
holds an enriched secondary atmosphere with a higher mean
molecular weight, necessitating follow-up with more powerful
instruments like the James Webb Space Telescope (JWST).

JWST would offer an unprecedented view into the nature of
TOI-3261 b. Using the framework established in Kempton
et al. (2018), we derive an ESM of 12.02 for TOI-3261b, which
matches that of TOI-332b and TOI-849b. This is higher than
the recommended ESM value of 7.5 for benchmark TESS
planets (Kempton et al. 2018). LTT-9779b and TOI-849b have
already been awarded time with JWST/NIRSpec to obtain
phase curves and eclipse measurements, respectively. The high
ESM of TOI-3261b will allow us to determine if it has a high
metallicity as predicted from a “stripped core” scenario. A
high-metallicity scenario would then enable analysis of the
planet’s atmospheric dynamics with global circulation models,
as was conducted with JWST observations of GJ 1214b (Gao
et al. 2023; Kempton et al. 2023). We would also be able to
measure the C/O ratio of TOI-3261b, and infer the location of
its formation.

TOI-3261b is one of the lowest-density USP Neptunes
discovered to date, second only to LTT-9779b. This means that
TOI-3261b provides a snapshot of an intermediate step in the
envelope’s mass loss, assuming that the end stage culminates in
dense cores like TOI-849b and TOI-332b. The host star’s
negligible stellar activity also bolsters the viability of JWST
observations, as features like star spots can change the emission
spectra of planets and increase uncertainties in their derived
parameters (Zellem et al. 2017).

Another avenue for follow-up would be measurement of
TOI-3261b’s obliquity through the Rossiter-McLaughlin (RM)
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Figure 10. Evolutionary tracks of TOI-3261b’s mass (top panel) and radius
(bottom panel), using models from Thorngren et al. (2023). These models
assume an envelope enriched with metals. The planet’s mass loss is modeled at
various initial and core masses. The point at which the track passes through the
observed mass and radius is indicated by the purple squares.

effect. These observations would complement atmospheric data
to create a more informed view of the system’s history. If the
planet is misaligned with its star, this gives evidence for violent
dynamical processes earlier in its history such as impacts.
However, the host star’s faint magnitude, low v sini, and short
transit duration present a significant challenge in measuring the
stellar obliquity. From Equation (1) of Triaud (2017), we
expect an RM semi-amplitude of 1ms~'. Given that the
precision we achieved with ESPRESSO with 15, 20 minutes
exposures was only ~2ms ', we would need to observe
multiple transits of TOI-3261b to reach the necessary SNR.
The resource-intensive programs required to confirma 1 ms™'
signal may not be realistically feasible, as precision begins to
be limited by the instrument’s own intrinsic jitter.

No trends were detected across the ~200 day baseline of the
HARPS RV data set, and periodograms show no signals
suggesting additional planets with periods shorter than this
baseline. However, companions with orbits on years-long
timescales cannot be completely ruled out. For instance,
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as a result of tidal stripping via Roche Lobe Overflow, following the approach
of Gu et al. (2003). The star denotes the planet’s current position and mass.

10%

assuming an orbital period of 1 yr and a circular orbit with
sin(i) = 1, planets more massive than 0.53 Mjy,, would be
detectable at the 30 level in the HARPS data set. Any less
massive companions would have semi-amplitudes too low to
confirm, and the RV baseline is not long enough to reveal any
trends that point to additional longer-period planets. Continued
spectroscopic monitoring of TOI-3261 is imperative to confirm
or deny the presence of any other planets, as their existence
may reveal how TOI-3261b reached its current orbit. This
would be a crucial way to either connect Neptune-sized USPs
to a population of progenitor Hot Jupiters, or reveal an origin
more similar to that of traditional USPs, who tend to reside in
multiplanet systems (Dai et al. 2021). So far, no companions to
USP Neptunes have been found, suggesting that they are
distinct from rocky USPs and potentially form through
different means.
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