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Abstract

With its two stellar eclipses and two disk attenuations per binary orbit, V658 Carinae stands out as the first clear
eclipsing Be + sdOB system. This rare alignment offers a unique opportunity to probe the structure and dynamics
of a Be star disk with unprecedented detail. In this study, we present the most comprehensive observational data
set and modeling effort for this system to date, including optical, near-infrared, and ultraviolet spectroscopy,
space-based photometry, and optical polarization. Using a new ray-tracing code, we apply a three-component
model, consisting of an oblate, rapidly rotating Be star, a symmetric circumstellar disk, and a compact stripped
companion, to reproduce the system’s light curve, polarization, and spectral features. Our analysis yields precise
constraints on the stellar and disk parameters, determining its status as the second-known late-type Be + stripped
star, and also provides strong spectroscopic evidence for a tenuous circumsecondary envelope. Despite the
model’s overall success, several key observables, such as the H,, equivalent width and the secondary attenuation,
remain poorly reproduced, pointing to the need for more sophisticated modeling. In particular, future
improvements should incorporate the companion’s radiative feedback on the disk and account for asymmetric
disk structures expected by the gravitational interaction with the companion. Owing to its unique geometry and
rich diagnostics, V658 Car establishes itself as a benchmark system for Be stars (and rapid rotators in general),
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stripped stars, post-RLOF massive binaries, and circumstellar disk structures.
Unified Astronomy Thesaurus concepts: B subdwarf stars (129); Be stars (142); Radiative transfer (1335);

Eclipsing binary stars (444); Binary stars (154)
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1. Introduction

The most reliable method for determining the mass of a star
involves measuring the orbital motions of two stars in a binary
system, particularly through radial velocity curves and
astrometry (J. Halm 1911; J. Andersen 1991). However, not
all binaries provide the same diagnostic power. In double-lined
(SB2) systems, absorption lines from both stars allow direct
measurement of the mass ratio, while in single-lined (SB1)
systems only one star is visible, making the analysis dependent
on the mass function. To overcome this limitation, additional
observational techniques are employed. For instance, inter-
ferometry can spatially resolve the components (R. Klement
et al. 2024), or observations in the ultraviolet (UV), or infrared
can reveal spectral features of a hotter or cooler companion.

Eclipsing binaries are particularly more useful, as their
specific orientation also enables highly accurate measurements
of stellar radii and improved fundamental stellar parameter
estimation. Eclipsing binaries also offer a unique and largely
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unexplored opportunity: the light from the companion star can
serve as a probe of circumstellar structures, when present. As
the light passes through the surrounding circumstellar material,
it carries information about the structure, composition, and
dynamics of the environment, analogous to how X-ray
imaging reveals internal structures in medical diagnostics. To
date, only a few dozen systems with circumstellar disks that
are in eclipsing binaries have been identified. Algol (5 Per
J. Goodricke 1783), V4142 Sgr (J. A. Rosales et al. 2023), RS
Sgr (H. Bakis et al. 2025), V367 Cygni (T. J. Davidge 2022),
MWC 882 (G. Zhou et al. 2018), and VV Cephei (E. Pollmann
et al. 2018) are a few examples of systems classified as being
in an Algol-like phase, where one star is likely accreting matter
from an evolved star. There are also examples of B[e] (GG
Carinae, A. Pereyra et al. 2009), pre-main-sequence (MS) stars
(V928 Tau, D. M. van Dam et al. 2020), and Be/X-ray
binaries (T. M. Gaudin et al. 2024).

V658 Carinae (V658 Car) is the first-known example of a
new class of eclipsing binaries with disks. Despite its relatively
high brightness, V658 Car has been surprisingly studied little
in the literature. Based on 17 radial velocity measurements
from F. Gieseking (1981) and a multiband light curve, the
system was described by N. Hauck (2018) as an eclipsing SB 2
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with a 32 day orbital period consisting of an AO primary with a
circumstellar disk and a less massive B-type companion star
where both stars have similar radii, R;=1.64(4)R. and
R, =146(4)R., and temperatures, 7;=9.7(5)kK and
T, =12.7(7) kK, respectively. In this paper, using a more
comprehensive data set and a new analysis, we present a
picture of V658 Car that significantly differs from this
previous interpretation. We argue that V658 Car is, in fact, a
Be + sdOB (subdwarf, hereafter sdB,'” of type O or B).

Classical Be/Oe stars are rapidly rotating MS stars
(T. Rivinius et al. 2013). The hallmark of these stars is the
strong double-peaked hydrogen emission lines (hence their
name, Be/Oe = B/O stars with Balmer emission lines) formed
in gaseous circumstellar disks. These are built up from the
mechanical ejection of mass (and angular momentum,
hereafter AM) from the stellar surface, a process that is
greatly assisted by their rapid rotation. The exact mass-loss
mechanism is still under scrutiny, with the most prominent
explanations suggesting a link with pulsation (D. Baade 1982),
which seems ubiquitous in Be stars (T. Rivinius et al. 2003;
J. Labadie-Bartz et al. 2022; and references therein).

The origin of Be stars is likely driven by processes that also
give rise to their rapid rotation. One hypothesis suggests that a
massive star may emerge onto the MS with a relatively high
rotation rate, and that during its evolution some mechanism(s)
transport AM from the contracting core outwards, thus
spinning up the outermost layers (C. Martayan et al. 2006;
C. Georgy et al. 2013). Without some AM transport
mechanism (i.e., if AM is locally conserved), the expanding
envelope would spin down with time. This evolutionary
scenario has gained support from, e.g., cluster studies that
suggest that the fraction of Be stars relative to normal B stars
increases with cluster age (e.g., M. V. McSwain & D. R. Gies
2005). A second hypothesis suggests spin-up by binary
interaction (S. Kriz & P. Harmanec 1975; S. Rappaport &
E. P. J. van den Heuvel 1982; O. R. Pols et al. 1991;
M. M. Dallas et al. 2022; J. M. Dodd et al. 2024). Here, two
stars with different masses are in a binary system. When the
more massive star evolves past the MS and expands, Roche
lobe overflow occurs, transferring mass and AM to its
companion. When the mass transfer ceases, the systems are
first seen as a fast rotator + inflated star (I. A. Gabitova et al.
2025; T. Rivinius et al. 2025), until the companion has enough
time to shrink and become a helium sdB (E. Staritsin 2024).
Recent studies (e.g., S. S. R. Offner et al. 2023) have also
identified an increasing number of triple and higher-order
multiple systems, highlighting the complexity of stellar
formation processes and the need to consider multiplicity in
models of stellar evolution (e.g., Z. H. Zhang et al. 2025).

Be stars may acquire their rapid rotation through either of
these two scenarios or a combination of both. To understand
which one is the most prominent, detailed studies of binary
incidence in B and Be stars are required. However, these
studies face a major caveat: the surviving remnant of the mass
donor is often very small and difficult to detect, making the
binary properties of the rapidly rotating OB population poorly
constrained (L. Wang et al. 2021). With the exception of the
numerous Be/X-ray binaries, most of the Be + stripped star
(typically a hot sdOB) binaries end up being classified as such
not by direct observations but by secondary effects, such as (1)

19 In this paper, we define a subdwarf as a hot B/O star with a radius much
larger than a white dwarf and up to a solar radius.
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low-amplitude radial velocity variations of the Be star in SB 1
systems (e.g., A. S. Miroshnichenko et al. 2023); (2) the
phenomenon of the spectral energy distribution (SED)
turndown (R. Klement et al. 2019), where the presence of
the companion limits the growth of the disk (D. Panoglou
et al. 2016); (3) astrometric signatures from interferometric
observations (e.g., R. Klement et al. 2022), which are
observationally challenging due to the fact that modern
interferometers usually operate in the IR, where the
companion, being hotter than the Be star, is much dimmer.

Numerous recent studies have explored the effects of a
binary companion on the disk, revealing various impacts such
as truncation, density waves (A. T. Okazaki et al. 2002;
D. Panoglou et al. 2016), tilting (I. H. Cyr et al. 2017),
warping, and even tearing (M. Suffak et al. 2022). These
effects have observational consequences; for example,
S. V. Zharikov et al. (2013) tracked V/R variations'" locked
with the orbital phase, associated with binary-induced spiral
density waves, in the disk of m Aqr. Disk truncation has been
linked to the SED turndown of Be stars in radio frequencies
(R. Klement et al. 2019). Disk tilting or precession is
suggested as the cause of the transitions between Be and
shell'? phases seen in Pleione (K. C. Marr et al. 2022),  Cas,
and 59 Cyg (D. Baade et al. 2023). Additionally, disk tearing is
believed to occur periodically in Pleione’s disk (R. Hirata
2007; K. C. Marr et al. 2022; R. G. Martin & S. Lepp 2022;
M. W. Suffak et al. 2024).

The presence of eclipses in V658 Car offers a rare
opportunity to probe the circumstellar disk signatures arising
from binary interaction, as well as the fundamental properties
of both stars, with unprecedented clarity. The paper is
structured as follows. Section 2 describes the observational
and data reduction procedures used to construct a consistent
data set for V658 Car. Section 3 presents an observational
overview of the system, laying the groundwork for the
modeling efforts discussed in Sections 4 and 5. Finally,
Section 6 outlines our main conclusions and offers a critical
discussion of the model’s strengths and limitations.

2. Observational Data

We secured a large data set for V658 Car that includes UV,
optical, and near-infrared (NIR) spectroscopy, optical polar-
ization, as well as space-based optical photometry (summar-
ized in Table 1). A significant portion of the data is original.
The spectroscopic and polarimetric data are available in
Zenodo via doi:10.5281/zenodo.17297808.

2.1. Precision Photometry

Transiting Exoplanet Survey Satellite (TESS; G. R. Ricker
et al. 2015) has acquired single-band photometric data of
V658 Car, in the range 600-1000 nm, with high cadence (2
minutes), in five observing sectors'?: sector 10 in 2019, sectors
36 and 37 in 2021, and sectors 63 and 64 in 2023. The typical
signal-to-noise ratio (SNR) of the data is 1300. Data from the

""n a double-peaked profile, V/R is defined as the ratio of the violet
(blueshifted) to red (redshifted) peaks.

12 Shell stars are defined by the presence of narrow and deep absorption lines
superimposed on the standard broad and shallow stellar absorption profile.
This phenomenon is directly caused by a circumstellar disk obscuring a
rapidly rotating star viewed edge-on.

3 An observing sector of TESS corresponds to a 24° x 96° area of the sky
observed for about 27 days.
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Table 1
Summary of All Observations

Source R Observation Period Nobs SNR Range

TESS Mar/2019-Apr/2023 5 Sectors 1300 6000-10000 A
NRES 53,000 Nov/2021-Jan/2024 92 35-50 3800-8600 A
IUE(SWP) 300 Dec/1994 1 10 11501980 A
IUE(LWP) 300 Dec/1994 1 10 1850-3350 A
GDR3 340 Jul/2014-May /2017 4279 60 3360-10200 A
SOAR 3500 May/2022-Jun/2025 21 300 945024650 A
OPD-B Dec/2022-Dec /2023 16 24 3600-5600 A
OPD-V Mar/2022-Dec/2023 96 25 47007000 A
OPD-R Mar/2022-Dec/2023 90 25 5500-9000 A
OPD-I Mar/2023-Dec/2023 16 25 7000-9200 A

Note. N5 represents the number of observations, and SNR denotes the mean SNR.

five sectors are plotted in Figures 1 and 2 (panel (A)), phase
folded to the orbital period of 32.1847 days (see Section 3.3).
The light curve displays the two stellar eclipses at phases 0 and
0.5 and the two broad attenuations bracketing the eclipses, as
reported by N. Hauck (2018). Furthermore, the broad
attenuations exhibit a remarkable level of repeatability,
suggesting that, whatever the cause, it remains consistently
stable throughout many orbital periods.

2.2. Time Series Spectroscopy

A total of 92 spectra in the optical range (380-860 nm), with
a resolving power of R ~ 53,000, were obtained with the 1 m
telescopes of the Las Cumbres Observatory using the Network
of Robotic Echelle Spectrographs (NRES; R. J. Siverd et al.
2018) instrument. The employed strategy was to obtain
15 minute (SNR ~35) exposures during the stellar eclipses
and a 30 minute exposure (SNR ~ 50) otherwise. We have also
analyzed an older H,, observation (SNR ~ 18) from Bernard
Heathcote, available in the BESS database (C. Neiner
et al. 2011).

2.3. Absolute Spectroscopy

The International Ultraviolet Explorer (IUE) has observed
V658 Car two times with R ~ 300 and SNR ~ 10, one using
the Short-Wavelength Prime spectrograph (SWP, in the
115-198 nm range) and another with the Long-Wavelength
Prime spectrograph (LWP, in the 185-335nm range). The
observations were conducted in the absence of any eclipse or
attenuation, at the phase 0.253. The IUE and TESS
observations are available from the Mikulski Archive for
Space Telescopes at the Space Telescope Science Institute via
doi:10.17909/5nm3-rv93.

Gaia Data Release 3 (GDR3; Gaia Collaboration et al.
2016, 2023) has acquired optical (336-1020 nm) spectra of
V658 Car 1670 times in the BP (blue) band and 2609 times in the
RP (red) band, defined in M. Riello et al. (2021). These
observations were taken at 48 different epochs, but only their
time average values (R~ 340, SNR ~ 60) are available.
Unfortunately, the specific epochs at which the spectra were
obtained are unknown. As a result, the GDR3 spectrum is
influenced by eclipses and attenuations in a manner that cannot
be precisely quantified. Despite these limitations, the GDR3
spectrum remains a valuable source of information about the star.

A total of 21 NIR spectra (945-2465 nm), with midresol-
ving power (R ~ 3500, SNR ~ 300), were obtained with the

TripleSpec cross-dispersed spectrograph (E. Schlawin et al.
2014) attached to the 4.1 m Southern Astrophysical Research
(SOAR) telescope. We adopted an ABBA dither pattern with
an exposure time of 60 s per frame, where A and B correspond
to on-source positions spaced by 15”, respectively. The SOAR
data were processed using a modified version of the
Spextool pipeline M. C. Cushing et al. (2004). The data
reduction steps include flat-field correction, wavelength
calibration using a CuHeAr arc lamp, removal of emission
sky features by subtracting A and B exposures, and extraction
of the one-dimensional spectra. We used observations of the
telluric standard star HIP 54830 observed at similar airmass
values to perform the telluric correction and flux calibration of
the spectrum.

2.4. Polarization

Finally, multiepoch broadband linear polarization has been
acquired in the BVRI Johnson filters using both the 0.6 and
1.6 m telescopes from the Pico dos Dias observatory (OPD).
The data acquisition and reduction procedures are explained in
A. C. Carciofi et al. (2007). To determine the intrinsic
polarization of V658 Car, it is first necessary to estimate the
interstellar polarization (ISP) component present in the
observed data. This was done using the field star method,
which relies on measuring the polarization of nearby stars that
are not expected to exhibit intrinsic polarization. For such
stars, the observed polarization can be attributed entirely to
interstellar effects. We observed fours stars selected among the
brightest and nearest (both angularly and radially) stars to
V658 Car. The procedure used to estimate the ISP is explained
in Appendix B.

3. Model-independent Analysis

This section provides a qualitative analysis of the data set,
along with an orbital and dimensional solution, aiming to
establish a foundational basis for the model described in
Section 4. The underlying hypothesis driving the analysis is
that V658 Car consists of an active Be star and an sdOB star,
both possessing their own disks. Throughout this section and
the two that follow, evidence will be provided to support this
hypothesis.

To assist the reader, we present in Figure 1 our main
observable, the TESS light curve (see Section 3.1), alongside a
recent smoothed particle hydrodynamic (SPH) model from
A. C. Rubio et al. (2025), depicting a binary system with a Be
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Figure 1. Top: phase-folded TESS light curve of V658 Car, each color
representing a different sector (see legend). The main eclipses/attenuations are
indicated. Bottom: SPH simulation for a binary system with o = 1 (viscosity
parameter defined by N. I. Shakura & R. A. Sunyaev 1973), P = 30 days, and
ratio of stellar masses of Mpe/Msop = 6. ¢ indicates the corresponding
observed orbital phase, with the system rotating counterclockwise. The white
solid line correspond to the calculated Roche Lobe. More details about the
simulation can be found in A. C. Rubio et al. (2025). Shown is the surface
density, displaying the two-armed disk (dotted lines) and the transfer of mass
from the Be disk to the companion. Considering the disk as Keplerian, we can
map the physical positions of the double-peaked profile (red-dashed circle) and
oscillating emission (green dot) in Fe 11 9997 A based on their peak velocities
(see Section 3.2.3 for details). Since the latter varies over the orbital period, it
is represented as a point, while the former remains stable and is therefore
represented as a circle.

star and a companion. We emphasize that this is not a model
specifically of V658 Car; however, as we will demonstrate, it
shares very similar parameters (see Table 2). For example, the
period and stellar masses are sufficiently close to allow for a
meaningful comparison of the observing phase in both plots.

3.1. TESS Light Curve

The TESS light curve for V658 Car (Figure 2, panel (A))
shows two short, deep, and narrow stellar eclipses at orbital
phases 0 and 0.5 (hereafter, first and second stellar eclipses,
respectively). The first stellar eclipse is about 50% deeper than
the second (relative to the adjacent brightness level), and
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neither shows flat-bottom features, as would be expected from
total eclipses between stars of different radii.

Similar to what N. Hauck (2018) observed, the TESS light
curve also shows two broad and shallower dimmings, centered
on the stellar eclipses, that do not resemble normal eclipses
(hereafter, first and second attenuations, following the phase
convention for the stellar eclipses). As in Algol-like eclipsing
stars (Section 1), the broad attenuations are likely linked to
absorption by circumstellar material (see Section 3.2.1).

The broad attenuations (at phases ranging from —0.1 to
+0.1 and 0.33-0.67, respectively) differ significantly in their
characteristics. The first displays a steep variation in brightness
and is marked by abrupt transitions. It is distinctly asymmetric,
with the ingress'® occurring more rapidly and appearing
slightly shallower than the egress, which ends with a
particularly sharp return to baseline near the phase O0.1.
Another distinctive aspect of the first attenuation is a localized
brightening near the first eclipse, which, ignoring the eclipse,
imparts a W-like appearance to the light curve. In contrast, the
second attenuation is nearly symmetric around the second
stellar eclipse, shows gradual brightness changes with smooth
departures from the baseline, and extends broadly in phase,
from 0.33 to 0.67, using a 1% deviation from baseline as a
threshold across all TESS sectors.

3.2. Optical and NIR Spectroscopy

Figure 3 presents the main features seen in the optical and
NIR spectra of V658 Car. The presence of clear emission and
absorption lines that can be traced to each individual star is a
remarkable feature. This distinguishes V658 Car as one of the
few known SB2 Be systems in the optical/NIR range. A
notable example is the Be star HD 55606, a SB 2 comprising a
rapidly rotating Be star and a hot, compact companion, which
displays shell features and phase-dependent emission varia-
bility (S. D. Chojnowski et al. 2018).

3.2.1. Balmer Emission Lines

Emission in Balmer lines is a key indicator of disk presence
in Be stars (T. Rivinius et al. 2013). The characteristic double-
peaked emission lines are often symmetric, indicating an
axisymmetric disk (see, e.g., the Be star 3 CMi, R. Klement
et al. 2015; and the spectroscopic atlas of R. W. Hanuschik
et al. 1996). However, some Be stars exhibit more complex
emission lines that deviate significantly from this simple
pattern, with several possible underlying causes, such as the
one-armed precessing wave, frequently observed in Be stars
and usually resulting in large-amplitude V/R variations
(A. T. Okazaki 1996; S. Stefl et al. 2009). Another cause is
the tidal perturbation of the disk by a binary companion, which
becomes more pronounced with decreasing binary separation
(D. Panoglou et al. 2018). In fact, all known short-period Be
stars display complex profiles often with more than two well-
defined peaks. A prime example is the Be+sdO star 59 Cyg
with a period of about 28 days (G. J. Peters et al. 2013).

V658 Car’s line profiles are complex and diverse, exhibiting
a strong phase dependence. While they demonstrate a notable
level of repeatability across different cycles, some cycle-to-
cycle variations are also observed. This can be seen in the
dynamical plots of Figure 3 and the selected profiles in

4 The terms ingress and egress are borrowed from eclipse terminology to
describe the initial and final portions of the broad attenuations, respectively.



THE ASTROPHYSICAL JOURNAL, 995:87 (22pp), 2025 December 10

de Amorim et al.

1.0
3
0.9 s10:Apr/2019
g $36:Mar/2021
% $37:Apr/2021
e 08 $63:Mar/2023
A s64:Apr/2023
0.7 : - - : :
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Phase
-12 e
200" :
. . 1509 e T
ﬂ * 7100
° w
- C g 50 :
> 0 —— Be star‘
—— Companion
-50 EE O Ha
E e Fell 9997
-100
0.45
|
0.40 |

=
(48]
3
=
[WN]
[ ] ..
0.3 C Iy
500 «  PSy
PS

— 450
"
E °
X 400 .
wn e
a 's Pe :, $ o

350 . ‘ ° - $ e O

| P
D X
—-0.2 0.0 0.2 0.4 0.6
Phase

0.25( .
10 + +
ik L
= o MW # +”+ 3
-10 i -
-0.2 0.0 0.2 0.4 0.6

Phase

Figure 2. Phase-folded observations of V658 Car. Panel (A): TESS light curve, each color representing a different sector (see legend); the inset zooms in the second
stellar eclipse, where the model were shifted to match the observed level. Panels (B), (C), and (D) illustrate the EW, line asymmetries, and peak separation of H,,
respectively. The orange crosses represent the standard quantities (V/R and PS, see text), and the blue dots represent the weighted quantities (Equations (1) and (2)).
The orange and blue solid lines in panel (C) show the result of a sine fit to the data (see text). Panel (E): radial velocities, where the dots are the observations, and the
solid lines are the best fit obtained. Orange (solid), pink (dotted), blue (solid), and black (dotted) lines correspond to, respectively, the Be star (absorption lines), the
H,wings (see Appendix A), the companion, and the traveling emission in Fe I1 9997 A line. The amplitude of the former two were scaled up by a factor of 6, for
better visualization. The dashed gray line represents the radial velocity of the center of mass. Panels (F) and (G) show the intrinsic polarization level and angle,
respectively. The dots show the observations in the R band, and the dashed lines represent the corresponding average value. In panels (A), (B), (F), and (G), the solid

lines represent our best model.

Figure 4. Dynamical plots for additional lines can be found in
Figure Cl1.

To quantify the temporal variability of the line emission,
particularly its dependence on orbital phase, several quantities
were measured, in addition to the standard equivalent width
(EW) of the profile. To measure the individual peak heights
relative to the adjacent continuum level, a Gaussian was fitted

to the emission peaks (when they can be clearly identified),
which also provided each peak position (in kms ™). The latter
are used to calculate the peak separation (PS). Instead of the
usual measurement of peak asymmetry (V/R), we adopt the
V/(V+R) ratio. This quantity has the distinct advantage of
being symmetric around 0.5, which represents the value of a
symmetric profile. EW is plotted as blue symbols in panel (B)
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Table 2

Orbital Parameters That Were Discussed in Section 3.3
Parameter State Solution
Component Be star Companion
K [kms™'] Free 12.2(2.0) 102.12)
M [M] Free 4.45(16) 0.53(11)
alR:] Free 7.8(1.3) 64.92(13)
Riobe [R5] Derived 41.0(7) 15.8(3)
Ry[R:] Free 2.40(1) 0.97(1)
Reg[R:) Derived 3.37(2) 0.97(1)
T,[kK] Free 18.0(5) 21.0(5)
Violkm s 1] Derived 452(8) 23(1)
w Fixed 0.9
L[L.] Derived 347(40) 163(18)
Component Be disk
m Fixed 2.0
15} Fixed 1.5
polg cm ] Free 6.01(4) x 1071
Rdisk[RL-‘)] Fixed 41
Component System
e Free 0.004(2)
P [d] Free 32.18534(2)
T, [BJD] Free 2459545.368(1)
V, [kms™'] Free 78.1(2)
i[°] Free 88.6(1)
d[pc] Free 663(5)
E(B — V)[mag] Free 0.12(1)
Prax [%] Fixed 0.61
O1s[°] Free 142.5(1.0)

Note. The other parameters were explained in Section 4. K is the orbital
velocity of each star. M represents the masses of each star, and a represents
their orbital major axis, and Rjope represents their Roche lobe. Vy is the radial
velocity of the system’s center of mass; e is the eccentricity. The free
parameters contain uncertainties estimated by the Levemberg—Marquadt
method. It is important to stress that they do not reflect the real uncertainties,
which should be much higher.

of Figure 2, while the other two quantities, V/(V+R) and PS,
are plotted as orange crosses in panels (C) and (D),
respectively.

However, some profiles were too complex to allow for a
meaningful definition of the V/(V+R) and PS; for instance,
the three profiles on the left of Figure 4 show multiple peaks,
rendering the peak definition subjective. To circumvent this,
we adopted two quantities that can be applied to every line
profile without subjectivity. The first quantity (hereafter line
asymmetry) is defined as

Ao F,
Ewy _ Jo (0= p)d

=0 -,
EW j;) (I—F—Z)d/\

ey

where F) and F¢ are the observed line and continuum flux,
respectively, for a selected wavelength, A\, and )\ represents
the H,, rest wavelength Doppler shifted to the radial velocity of
the Be star (see Section 3.3)."> EWy /EW is a measure of line
asymmetry, which qualitatively behaves similarly to the V/(V
+R) ratio (see blue and orange points in panel (C) of Figure 2).

51 Appendix A, we explore an alternative approach by defining the center
of the line as the midpoint between the H, wings.
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The second quantity is defined as the weighted PS (PS,,),
given by

[Toa = 2ydv
PSW = Urp — Vy = UOOO FC —
[0 = Hdo
vo Fe

S et = dv
[ a =
2)

where v is the velocity shift from the line center
v=c(A — Ag)/ 0. PS,, is displayed as blue symbols in panel
(D) of Figure 2.

The phase dependency of V658Car’s EW can be
qualitatively understood by two competing mechanisms:

1. Continuum suppression. The first attenuation is assumed
to be caused by absorption of light from the companion
by the disk, primarily due to continuum opacity (mainly
hydrogen), or by the Be star. As the continuum is
suppressed, the EW is expected to increase in magnitude.
Clearly, continuum suppression will be strongest during
the first stellar eclipse.

2. Shell absorption. Light from the companion will also
undergo line absorption within the disk, resulting in a net
decrease of the H,, flux from the companion star reaching
us. This should cause a reduction in the measured EW.

From panel (B) of Figure 2, we observe that the EW decreases
in magnitude during the broad attenuation, suggesting that
shell absorption is the dominant mechanism during these
phases. However, during the first stellar eclipse, there is a
sudden spike in EW, driven by continuum suppression. Across
the second broad attenuation, there seems to be a slight
increase of the EW magnitude as a function of the phase,
perhaps suggestive of a small-amplitude continuum suppres-
sion. Unfortunately, optical spectra are scarce during the
second eclipse. The asymmetry of EW during the first
attenuation suggests that the disk is likely asymmetric, leading
to a phase-dependent modulation of the EW, as the projected
disk structure changes along the orbit. This would inhomo-
geneously enhance continuum suppression and/or shell
absorption, also introducing a phase dependency in the disk
emission.

We note that part of the scatter in the EW curve arises from
cycle-to-cycle variations that, while small, are not negligible.
In the left panel of Figure 4, the three profiles roughly
correspond to the same orbital phase (=0.3), where both the
H, EW and the TESS light curve are nearly flat. The EWs,
from the oldest (green) to the most recent (orange)
observation, are —11.6(2) A, —9.2(1)A, and —8.6(1)A,
respectively. This suggests a gradual decrease in disk emission
over the past 6 yr, with little to no change in the overall line
profile.

The H,, line asymmetry (panel (C) of Figure 2) displays a
roughly sinusoidal behavior, if one ignores the phases around
the first eclipse. The solid curves represent a sinusoidal fit to
the data, excluding the data points between phases —0.01 and
0.01. The peak of the blueshifted emission is located
approximately at the phase 0.25, the quadrature when the
companion star is approaching us. It is interesting to note that,
for the most part, V/(V+R) and EWy/EW are in good
agreement with each other, with the exception of the phases
around the first eclipse, during which EWy,/EW attains much
larger amplitudes. As seen in the right panel of Figure 4,
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Figure 3. Dynamical spectral plots for V658 Car. The top panels present lines dominated by the Be star and/or its disk. The bottom panels present lines (or lack of)
from the companion star and/or its disk. The red and cyan lines indicates the orbital velocity of the Be star and the companion, respectively. In this figure, we show
selected single examples of each element for illustration. Appendix C contains more lines that show the same behavior.

shortly after the stellar eclipse, the red peak is comparable in
amplitude to the violet peak but is considerably broader. This
explains the discrepancy between the two measurements. The
most likely explanation for this phenomenon, once again,
involves shell absorption. Prior to the first eclipse, shell
absorption is expected to occur on the red side of the H,, line,
diminishing its intensity and thereby enhancing EWy/EW.
After the stellar eclipse, the shell absorption shifts to the blue
side, leading to a reduction in that part of the profile.

The sinusoidal nature of the EWy/EW variations (excluding
the complexities introduced by the eclipses) suggests a causal
link between the observed asymmetries and perturbations in
the Be star’s disk induced by the companion. Similar patterns
have been observed in other stars. For instance, phase-locked
V/R variations with comparable behavior were reported for v
Gem by A. S. Miroshnichenko et al. (2023, see their Figure 4).

Panel (D) of Figure 2 shows a different pattern for the PS or
PS,, of H,. Outside of the disk attenuations and stellar
eclipses, both quantities have a similar behavior (as was the
case for the line asymmetry in panel (C)), with average values

of 332(25)kms~" and 357(17)kms ™', respectively. During
the first attenuation, however, both PS and PS,, show a
pronounced and highly asymmetric increase, which is antic-
orrelated with the absolute value of the EW. Notably, the
amplitude of this increase differs significantly between the two
quantities. The comparison between the standard definition
(PS, orange dots) and the new quantity (PS,,, blue dots) reveals
an important distinction: the standard PS traces variations in
regions of the disk contributing most at intermediate velocities,
where the peaks are located, while PS,, reflects changes across
the entire H,, line profile. The higher amplitude observed in
PS,, suggests either a weakening of low-velocity emission or
an enhancement at high velocities. However, the latter is
inconsistent with the observed decrease in the absolute EW.
Figure 5, which separates the relative EW of H, by velocity
range, supports the first scenario: the low-velocity component
(v<150kms~') dominates the change, likely due to
increased dimming or added shell absorption. Finally, it is
worth noting that, during the first eclipse, there is a sharp
transition from high values to lower values of PS and PS,,.
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Figure 4. Variation of H,,, corrected for the Be radial velocity, across many orbital periods at the same orbital phase, 0.3 and 0.043 for the left and right, respectively.
The blue line was observed by Bernard Heathcote, and made available by BESS. The orange and green lines represent NRES observations.
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Figure 5. Partial EW of H,, for different velocity bins relative to the Be radial
velocity. Black: line center (—150 to 150 km s~ 1. Pink: line peaks (=300 to
—150kms™" and 150 to 300kms '). Blue: line wings (=750 to
—300 km s~ " and 300 to 750 km s~"). The dots correspond to observations,
while the lines are cubic splines to aid visualization of the variation outside the
stellar eclipse.

3.2.2. Absorption lines

Most Be + sdOB binaries are SB 1 systems, in which only
the orbital motion of the Be star is detectable in the optical
range (L. Wang et al. 2021). This is primarily due to the large
luminosity contrast between the components: the Be star
typically dominates the optical spectrum, often outshining the
companion by factors exceeding 30, as seen in systems like x
Draconis (R. Klement et al. 2022). In SB1 systems,
information about the companion might be obtained by other
means, such as UV spectroscopy (L. Wang et al. 2021) or
astrometry (R. Klement et al. 2022); in many cases, however,
such information is not available. V658 Car belongs to a rare
subset of SB 2 Be stars, where the companion is bright enough
to contribute significantly to the optical and NIR spectrum,
allowing for the detection of its photospheric lines and thereby
enabling a more complete determination of the orbital
characteristics. This is clearly illustrated in Figure 3, where
high-excitation lines, such as those of Hel, display a well-
defined radial velocity curve in antiphase with that of low-
excitation lines like those of FeIl. Furthermore, the radial
velocity amplitudes of the high-excitation lines are signifi-
cantly larger than those of the low-excitation lines, indicating

that the hotter component is also the less massive one. As a
final piece of the puzzle, we note that the Balmer emission
lines do not exhibit high-amplitude radial velocity variations,
showing behavior more consistent with that of the photo-
spheric low-excitation lines (see, for instance, the two top left
panels of Figure 3). Therefore, it is safe to conclude that the Be
star is the most massive component and possesses the lower
effective temperature. Although the companion is hotter, the
lack of absorption features in He I1 4686 A suggests that it is an
early B-type star rather than an O-type star.

An unusual and intriguing feature of the system is the
presence of traveling absorption components in the low-
excitation lines (see the Fe 11 5169 A panel of Figure 3 and the
three top panels of Figure C1). These features can be
interpreted as shell absorption lines forming when the
companion star passes behind the Be disk. As its light is
partially absorbed by cooler, dense material in the disk, a
transient shell-like signature emerges, shifting from red to blue
as the orbit progresses. The absence of such features during the
second attenuation strongly suggests that no optically thick
disk surrounds the companion.

3.2.3. Helium and Iron Emission Lines

The HeT lines exhibit weak double-peaked emission, with
the features in the NIR lines being significantly stronger than
those in the optical, suggesting the presence of a tenuous
circumstellar structure comoving with the companion’s orbit.
Perhaps the best example of a similar behavior is HD 55606,
which also displays weak emission structures comoving
with the lines showing large-amplitude radial variations
(S. D. Chojnowski et al. 2018). A notable characteristic of
both V658 Car and HD 55606 is the approximately symme-
trical double-peaked feature in each case, indicating that the
structure around the companion is approximately symmetric.

An intriguing behavior is observed in the IR iron lines,
which, unlike their optical counterparts, exhibit clear emission
features. These emissions can be interpreted as the combina-
tion of two distinct components: a stable, symmetric double-
peaked profile with a low-velocity amplitude, consistent with
orbital motion from the Be star and thus likely originating
from its disk, and a superimposed single-peaked component.
To separate these components, we fitted a triple-Gaussian
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Figure 6. Left: variation of Fe 11 5316 A across different phases in the same orbital cycle. We highlighted the appearance and motion of the traveling features with
black arrows. Right: the Fe I 9997 A line was fitted with a three-Gaussian profile (see Section 3.2.3). Here, we show the observed spectrum at phase 0.508 in orange
and the best-fit oscillating Gaussian emission component in green. The blue line shows the subtraction of the latter from the former, revealing a nearly symmetric

structure.

profile:

fo (@) =1+ Gy(vy, Ai2, 012)
+ Gy(v2, A1z, 012)
+ Gv(US sin (27T(¢ - ¢0))’ A3’ 03)’ (3)

where G, represents a standard Gaussian profile in velocity
space,

— @)

Go(v, A, 0) = A - exp(—w) :
The function f,, at a given phase ¢, is composed of two fixed
and symmetric Gaussians (with the same amplitude A, and
width 0,) located at v; and v,, and a third Gaussian with an
initial phase ¢, oscillating between —v; and 4wv3 with fixed
amplitude A3 and width o3. To compare with the data, we first
subtracted the Be star’s radial motion (see Section 3.3) from
the Fe 11 9997 A line, and then used a Levenberg—Marquardt
algorithm to minimize the eight parameters (v, v,, U3, A2, A3,
012, 03, ¢o) across all observed phases simultaneously. The
best-fit solution consists of a double-peaked profile with
A1, =0.097(1) and a PS of |u, —v;|=316(15)kms~'. The
oscillating Gaussian (see black dotted line in panel (E) of
Figure 2 and green line in the right panel of Figure 6) has a
similar amplitude, A3 = 0.095(1), and a phase slightly ahead of
the companion star, ¢y= —0.020(1), corresponding to
approximately 7.2(4)°. TIts orbital velocity amplitude is
vs=138(5) kms L.

3.3. Orbital Solution

To trace the orbital motion, we selected the three most
prominent absorption lines associated with each star:
Fel15169 A, Fe Il 5316 A, and Fell 5362 A for tl;le Be star,
and He14713 A, He15875A, and Hel6678 A for the
companion. Our initial approach involved fitting Gaussian
profiles to these lines to derive their radial velocities.
However, due to the presence of traveling absorption features
at certain orbital phases (see Figure 6), this method proved
insufficiently robust. As an alternative, we adopted a template-
matching strategy: starting from an initial orbital solution, we

constructed a Doppler-shifted average spectrum, which was
then used as a reference template to refine the radial velocity
measurements. For each observed spectrum and for all the
selected line sets, the radial velocity was determined as the
value that minimized the difference between the observed
profile and the template—effectively performing a least-
squares match in velocity space. This new set of radial
velocities was then used to compute an updated orbital
solution, and the process was repeated iteratively until no
further refinements were required. The measured radial
velocities for each star and their uncertainties are shown as
the symbols in panel (E) of Figure 2. We acknowledge that
they are still affected to some extent by the traveling features,
but their impact is considerably reduced with this method.

The TESS data provide a precise means of determining the
orbital period and the ephemeris of the first eclipse. We
applied a simple Gaussian fitting routine to identify the best-fit
parameters across all TESS sectors in which the first stellar
eclipse was observed. The resulting period, P =32.18534
(2)days, and ephemeris, To[HID]=2459545.368(1), are
consistent with the values reported by N. Hauck (2018), who
found P =32.1854(1)days and To[HID]=2452786.438(2)
(where Ty + 210P =2459545.372). Assuming both values of
Ty are accurate, the optimal period that reconciles them is
P =32.18538(1)days. The radial velocities, period, and
ephemerid were used as input to the code of N. Milson et al.
(2020) to calculate the orbital parameters, displayed in
Table 2. The results for the masses and semimajor axis
depend on the inclination of the orbital plane, i. The
occurrence of eclipses suggests that i is very close to 90°.
Therefore, it is reasonable to assume sin(i) = 1. The actual
uncertainty in the orbital velocity of the Be star, as obtained by
the code, was 0.2 km s~ '. However, it is not accounting for
the possible systematic errors that might be introduced in the
radial velocities of the Be star by the traveling features
discussed in Section 3.2.3. We argue that the perturbations
may have a significant impact on the radial velocities; thus, we
have manually increased the uncertainty of the orbital solution
by a factor of 10 to reflect this concern. Clearly, the errors in
the derived quantities shown in Table 2 are correspondingly
increased.
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The orbital solution offers a straightforward means of
estimating the possible sizes of the circumstellar structures
surrounding each component. Independently, the light curve
constrains the extent of the attenuating material. This allows
for a direct comparison between the two approaches.
Assuming the attenuated star as a point source, the size of
the disk of star j, Rj, responsible for an attenuation from
phases ¢ to ¢, can be estimated by

. [}
2R} = (Ki + K)Psini f ' cos 2re)do .

Po

&)

The first attenuation lasts about 1/5 of the orbital period, from
phases —0.09 to 0.11, yielding a size of ~42.6 R.,. The second
attenuation lasts for almost 2/5 of the orbital period, from
phases 0.33 to 0.67, resulting in a size of the attenuating region
of ~63.7R.. On the other hand, using Equation (2) from
P. P. Eggleton (1983) to estimate the size of the Roche lobe,
we find that the Roche lobe radii of the Be star and its
companion are approximately 41.0 R, and 15.8 R, respec-
tively. In the case of the Be star, the disk extent derived from
the light curve and inferred from the Roche lobe geometry are
consistent, suggesting that the disk—likely filling the Roche
Lobe of the Be star—is responsible for the first attenuation. In
contrast, the maximum possible size of the companion’s disk,
as limited by its Roche lobe, is far too small to account for the
second attenuation (provided that the Be star is the one being
attenuated). Combined with the absence of absorption
signatures attributable to the companion’s disk in the spectra
(Section 3.2.2), this strongly suggests that any circumstellar
structure around the companion is of low density and does not
contribute significantly to the light curve. Nevertheless,
emission-line spectroscopy confirms the presence of such a
structure, indicating that it exists but has limited optical depth.

3.4. Polarization

Panels (F) and (G) of Figure 2 and Figure B2 show the
orbital modulation of the intrinsic polarization level and angle.
Within the uncertainties, the latter remains constant, with mean
values for each band of 60;=1.9(1.2)°, 6,=2.7(1.6)°,
0r=1.9(1.8)°, and 60;,=—2.3(1.7)°, all consistent within
~20. This result indicates that the plane of the disk (the
source of polarization) is predominantly coplanar with the
orbital plane. The behavior of the intrinsic polarization level,
however, is more complex and is better understood with the
help of models (see Section 5).

4. A Three-component Model

In the previous section, it was outlined that V658 Car is an
eclipsing Be binary, where a disk is present around the Be star,
and a low-density structure surrounds the companion.
Additionally, the disk of the Be star likely extends to the
companion, feeding this circumsecondary structure.

These elements are qualitatively similar to what is found in
SPH simulations of binary Be stars. In the model shown in
Figure 1, the disk around the Be star shows clear indications of
the perturbations induced by the companion in the form of two
strong spiral density arms. The main arm (I. H. Cyr et al. 2020)
extends up to the Roche lobe of the companion, a structure
referred to as the “bridge” by A. C. Rubio et al. (2025).
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Material flows from the Be star’s disk to the companion
through this bridge, feeding a circumsecondary structure. The
properties of this structure are discussed in detail by
A. C. Rubio et al. (2025); in general terms, it can be either
rotationally dominated (e.g., for models with low viscosity) or
best described by a radial outflow (as in the case of high-
viscosity models, see their Figure 11).

Fully describing a complex system such as the one depicted
in Figure 1 requires accounting for intricate geometries and
kinematics, disk thermodynamics, and the nonspherical shape
of the stars involved. Additionally, in the case of an edge-on
configuration, the modeling must also consider both eclipses
and attenuation by and within the circumstellar structure.
There is no existing tool capable of fully addressing all these
requirements. Thus, we developed a simplified model that does
not account for the material around the companion and adopts
a much simpler prescription for the Be star disk. This strategy
serves as a proof of concept, allowing us to extract most of the
system’s key physical parameters. Support for this simplified
model includes the following:

1. Based on the strength of the He I emission lines and the
lack of Hel traveling shell features during the second
attenuation, it is reasonable to assume that the
circumsecondary structure is rather tenuous. Circum-
stantial evidence supporting this interpretation comes
from the analysis of the duration of the secondary
attenuation, which suggests it is unlikely to be caused by
the circumsecondary material.

2. Recent high-resolution SPH simulations of binary Be
stars (A. C. Rubio et al. 2025), particularly models with
parameters closely matching those of V658 Car, indicate
that the circumsecondary structure is physically much
smaller than the Be star’s disk. Moreover, the
simulations show that the density in the circumsecondary
region is at least an order of magnitude lower than that in
the Be star disk.

To build the three-component model outlined above, we
combine the radiative transfer code HDUST with a newly
developed ray-tracing (RT) routine. Each code contributes to
part of the solution, as outlined below.

HDUST (A. C. Carciofi & J. E. Bjorkman 2006, 2008) is a
Monte Carlo radiative transfer code that has been extensively
used in modeling Be star disks. Given a prescription for the
central star (e.g., mass, rotation rate, luminosity, etc.) and for
the circumstellar disk (density, geometry, etc.), HDUST
calculates the electron temperature and hydrogen level
populations in the circumstellar gas and generates the
emergent spectrum, including the SED, hydrogen line profiles,
polarization, and images. However, the current version of
HDUST is limited to simulating only a single star, which poses
a challenge when modeling systems like V658 Car, where the
presence of another stellar component might cause relevant
effects.

The RT routine was developed specifically to allow for the
inclusion of an additional source of radiation—the companion
star. It takes the HDUST simulation as input, incorporating the
properties of the Be star and its disk. It is assumed that the
companion’s orbit lies in the equatorial plane of the Be star
(i.e., the orbit is not tilted). The HDUST model is essential for
providing the disk opacities, which are then used to calculate
the attenuation of the companion stellar light as it passes
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through the disk. It should be noted that the RT code is capable
of addressing only the continuum absorption by the disk,
without accounting for line emission/absorption, continuum
emission, or electron scattering. The latter processes are
accounted for by HDUST.

To integrate these codes, we developed a modeling
framework that couples HDUST with the RT routine. The
observed simulated spectrum at a given epoch, F,(¢), is given
by the following expression:

F(t) = RAYN(0) + (FY + FDAL () + FRAZ (D). (6)

Here, the first term corresponds to the Be star spectrum, FAI,
attenuated by the disk or eclipsed by the companion, Afl(t).
The second term represents the contribution of the light
scattered off and emitted by the disk (F and Fy, respectively),
partially eclipsed by the stars, Af (t). Finally, the third term
accounts for the companion’s spectrum, Ff, attenuated by the
disk or eclipsed by the Be star, A{*(¢). All attenuation terms are
time dependent, as they vary with the positions of the stars
relative to the observer. To represent the spectrum of each star,
we use the database from P. R. T. Coelho (2014) for the Be
star and T. Lanz & 1. Hubeny (2007) for the companion star.
To compare with the TESS data, a light curve, LC(?), is
constructed as a function of the phase by convolving the model
flux with the TESS bandpass:

LC(r) = F\(t) * Trgss - (N
The polarization arises from light scattering off the Be star
disk. To account for the depolarizing effect of the companion,
the model polarization, P,(?), is calculated as
Fl+ F$ + F}
BEBE B,
()
where P} is the polarization calculated by HDUST for the Be
star and its disk.

P\(t) = P, 8)

4.1. Model Components

The viscous decretion disk (VDD) model, originally proposed
by U. Lee et al. (1991), has inspired numerous implementations
for Be stars over the years. At its core, it describes a disk in
which matter is ejected by the central star, and shear viscosity
transports AM outward, causing the disk to grow. Hydro-
dynamical simulations, such as those by A. T. Okazaki et al.
(2002) and X. Haubois et al. (2012), consistently demonstrate
that, during phases of disk buildup and dissipation, the disk
develops a complex radial density structure that deviates
significantly from a simple steady-state profile. In the idealized
case of a disk that is both isothermal and fed at a constant rate
for a sufficiently long time, the density profile asymptotically
approaches a radial power law with the index —3.5. Although
such a steady-state configuration is never fully realized—even
in theoretical models—a common approximation in the
literature is to represent the radial density profile, p(r), as a
power law with a variable slope:

o ()"
p(r)——H(r)(Req) ,

where m is the disk density slope, p, is the numerical density at
the base of the disk, and R.q is the equatorial radius of the Be

(€]
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star. The scale height, H(r), is also usually approximated as a

power law:
8
’
Req

where [ is the flaring parameter, and H,, is the scale height at
the base of the disk. For a disk in steady-state and isothermal
(J. E. Bjorkman & A. C. Carciofi 2005), m = 3.5, = 1.5, and
Hy=cReq /Vorbs Where Vo, is the orbital velocity at the stellar
equator, c; is the sound speed, calculated with a temperature of
72% of the effective temperature (A. C. Carciofi &
J. E. Bjorkman 2008). In our simulations, we adopted two
values for the slope m: the ideal value of 3.5, and a smaller
value of 3.0. The latter was motivated by the simulations of
D. Panoglou et al. (2016), who found that in short-period
binary systems, such as V658 Car, the disk’s density profile
tends to exhibit a shallower slope. This effect, referred to by
these authors as the “mass accumulation effect,” arises from
the gravitational influence of the companion, which inhibits
the outward transport of material in the disk. The only free
parameter in this implementation is py. As discussed in
Section 3.3, the TESS light curve is consistent with a Be disk
truncated at the Roche lobe of the star. Accordingly, we fixed
the outer radius of the disk, Rgs, at 41 R,

The Be star was modeled as an oblate object, characterized
by four input parameters: mass (M), rotation parameter (W),
polar temperature (7},), and polar radius (R,). From these, we
derived the rotational velocity (V,), stellar luminosity (L), and
equatorial radius (R.y), as well as the equatorial temperature
(Teq), based on the von Zeipel law (H. von Zeipel 1924) and
adopting an exponent of 0.2 (F. Espinosa Lara &
M. Rieutord 2011). The parameters T}, and R, were treated
as free parameters, while M was fixed at 4.45 M, based on the
orbital solution (Section 3.3). The W was fixed at 0.9,
following the result of W. Huang et al. (2010), who found
that the fastest-rotating diskless B star in the 4-5 M, range had
W = 0.91, suggesting a threshold above which all B stars form
a disk. The companion was modeled using the same
parameters, but treated as a spherical object (i.e., the rotation
velocity is very small) with a fixed mass of M =0.53 M.

In addition to the intrinsic parameters described above, we also
adopted two free parameters essential for defining the model’s
SED: the distance and the reddening, E(B — V). In Appendix B,
we describe the measurement of the ISP, which is characterized
by a maximum polarization level of B,,x = 0.61(4) % and a
polarization angle of 65 = 138.4(1.5)°. However, due to the
specific intrinsic polarization angle of V658 Car, even small
variations in 6ig (of just a few degrees) can lead to significant
differences in the derived intrinsic polarization. Therefore, we
treated the polarization angle as a free parameter within 3o of the
measured value, while keeping By« fixed.

H(r) = Ho( (10)

4.2. Fitting Procedure

Figure 7 provides an overview of the adopted modeling
procedure. We begin with an initial set of model parameters,
based on the stellar masses. The parameters explored in the
model are listed in Table 2. Given a set of parameters, the
outer loop in Figure 7 is initiated by first calculating the disk
temperature, level populations, and emergent flux with
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Figure 7. Flowchart illustrating the modeling approach described in Section 4. Red lines indicate the inner loop, while the entire diagram represents the outer loop.

See text for details.

HDUST and feeding the output to the RT code. The outputs
from HDUST and the RT code are combined (wrapper box in
Figure 7) to produce the model light curve, polarization, and
spectrum.

An interactive minimization loop is started (inner loop in
Figure 7) in which the following sets of observables are
compared to the data: UV spectrum, optical spectrum, IR
spectrum, TESS light curve, polarization, and the EW of H,,. To
properly account for the second eclipse, we have to manually
remove the second attenuation using a Gaussian fit, as the latter
was not reproduced by the model. Instead of using the standard
x* as the merit function, we adopt a modified definition that
offers the distinct advantage of normalizing the x> contribution
from each observable. This approach accounts for the
heterogeneous number of data points among the different data
sets, ensuring a more balanced evaluation of the fit quality:

obs Xzb obs
=S| ().

11
Nobs ( )
where X(z)bs and N, represent the X2 and number of data points
of each observable. In the inner loop, the Levenberg—Marquardt
method is used to iteratively adjust the input parameters of the
RT code in order to optimize the x°. Once convergence is
achieved, the resulting parameter set is passed to HDUST,
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triggering a new iteration of the outer loop. This outer loop
continues until overall convergence is reached. This hybrid
scheme, comprising nested inner and outer loops, was adopted
because HDUST is significantly more computationally intensive
than the RT code. By restricting the computationally cheaper
RT code to the inner loop, the optimization process becomes
substantially more efficient. Given the combined convergence
of the inner and outer loop, this approach is fully self-consistent
within the current possibilities of both codes.

Absorption lines were not included in this procedure due to
limitations in the current codes. The Be star’s spectral lines are
heavily affected by disk absorption, and HDUST is currently
unable to reproduce shell lines for nonhydrogen atoms. For the
companion, accurate modeling would require tuning its
chemical composition, as it is expected to be helium enhanced,
an effect not accounted for in the atmosphere models of
T. Lanz & 1. Hubeny (2007). However, once the model
converged, we estimated V,, of the companion by applying the
rotational broadening function from S. Czesla et al. (2019) to
match the average absorption profile of the HeI 5875 A line.

5. Results

The best-fitting parameters are listed in Table 2. As
mentioned in Section 4.1, we tested two different values of
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m. However, since the final parameters and modeled
observables were nearly identical, we focus our analysis on
the ideal case of m = 3.5, for the sake of simplicity.

We find that the Be star has a polar radius of 2.40(1) R,
consistent with the mass estimated in Section 3.3
(J. Andersen 1991). Given a polar temperature of 18.0(5) kK,
a rotation parameter of W = 0.8, and a gravity darkening
exponent of 0.2 (see Section 4.1), the resulting luminosity is
347(40) L. The companion star, in contrast, is significantly
smaller, 0.97(1)R., and hotter, 21.0(5)kK. Surprisingly,
despite its compact size, its luminosity is still more than half
that of the Be star, consistent with the fact that V658 Car is an
SB2. The duration and depth of the eclipses place tight
constraints on the radii of both stars, providing a robust
validation of the model’s stellar sizes. The rotation rate of the
Be star was not included as a free parameter in our analysis.
However, the best fit to the companion suggests it is a slow
rotator, with V.o, =23(1)kms~'. The full set of data fitted
placed quite stringent values on the inclination angle of the
system, found to be 88.6(1)°.

The modeled disk is composed primarily of ionized
hydrogen, with a mean temperature of approximately 10 kK.
Still, it is dense enough, with py=6.01(4) x 107" gem ™, to
be radially very optically thick, reaching optical depths up to
7~ 10* for the TESS bandpass. As can be seen in Figure 8 of
R. G. Vieira et al. (2017), the obtained py value is higher than
what is typical for similar stars. Figure D1 offers a complete
view of the disk optical depth structure in the line of sight.
While Be stars exhibit intrinsic polarization (a feature not
included in our model) due to their oblate shape, the scattering
by free electrons is the dominant contribution to the observed
polarization.

The fit to the TESS light curve, H, EW, and polarization is
shown in Figure 2. The model performs remarkably well in
reproducing the main features of the first eclipse and
attenuation. The depths of the eclipse offer tight constraints
on the effective temperature of both stars. In particular, the
model nicely reproduces the rise (decrease) in brightness
before (after) the stellar eclipse (the W-shaped curve discussed
in Section 3.1). This is a consequence of the flaring of the disk,
which makes the inner disk thinner, and a nonperfect edge-on
orientation. When both factors are considered, the observed
light from the companion star, as it nears phase zero, passes
through progressively lower-density regions (see Appendix D
for further insight).

The model successfully reproduces the duration of the first
eclipse. As discussed previously in Section 3.3, this fit
indicates that the disk size was well estimated by the Roche
radius of the Be star. Another key feature of the model is that it
reproduces well the depth of the attenuation, providing a
strong constraint on the disk density: the overall column
density along the line of sight is accurately captured by our
simulations. The only aspect of the first attenuation not
reproduced by the model is the duration and shape of the
egress. The modeled attenuation is symmetric about the center
of the first eclipse, as expected from an axisymmetric disk. The
failure to fit the observed egress suggests that the disk around
V658 Car deviates from axial symmetry.

The second attenuation cannot be reproduced by our model,
as the only potential source of eclipsing or attenuation during
these phases, the companion star, is far too small to cause any
significant variations in the light curve. On the other hand, the
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depth and shape of the second eclipse are well reproduced (see
inset of panel (A) of Figure 2).

The polarization level in the V and R bands, where most
observations were obtained, is also well reproduced by the
model. Polarization depends on the system’s geometry and the
total number of scatterers (J. C. Brown & 1. S. McLean 1977).
Given that the inclination angle is well constrained, the overall
polarization level provides a strong diagnostic of the disk
density. When combined with the depth in the light curve of
the first attenuation, these two independent observables offer
complementary constraints on the same physical quantity. The
model, however, predicts polarization levels in the B and [
bands that are higher than observed. The former should be
taken with caution, as the data are highly scattered. The latter
is more puzzling, with the /-band level exceeding those in the
V and R bands, an unexpected result in standard Be star
models. As will be discussed later in the context of the SED,
similar discrepancies occur in the NIR region and may share a
common origin.

The main modulations in the polarization level observed
throughout the orbital cycle can be understood using
Equation (6), which accounts for all flux components: the
direct flux from the Be star and its companion, the disk
emission, and the scattered flux. The latter is particularly
important as the only significant source of polarization. Thus,
any modulation in polarization is likely caused by changes in
either the polarized (scattered) flux or the unpolarized flux (the
other components). For example, a clear increase in
polarization is observed during the second eclipse, which can
be interpreted as the eclipse of an unpolarized source (direct
flux from the Be star). The first attenuation is more complex:
an overall increase in polarization is also observed, which
could similarly be attributed to the attenuation of another
unpolarized source (companion star). However, the data are
more scattered in this phase, and no well-defined trend is
evident. Notably, during the first eclipse, the polarization level
is actually lower than during the surrounding attenuation. This
counterintuitive result could only be explained if, alongside the
eclipse of the unpolarized source (the companion), which
would typically lead to an increase in polarization, the
scattered flux is also being attenuated. Except for this latter
case, the model qualitatively reproduces the main observed
modulations. It is important to emphasize, however, that the
model accounts only for scattered flux originating from the Be
star. The companion, though, may also contribute significantly
to the polarized flux, which could be attenuated during the first
eclipse.

Figure 8 shows the fit to the SED data, from the UV to the
NIR, during the flat portion of the light curve. The UV and
optical ranges are mostly dominated by stellar emission
(attenuated by the disk)—see orange and blue lines in
Figure 8—and the fit to the data in these spectral regions is
reasonably good. The UV region is completely dominated by
the emission from the companion star, which is, on average,
3.5 times brighter than the Be star. This dominance is typically
how stripped companions are detected in Be binary systems.
Remarkably and quite unusually, the companion still
contributes as much as 31% of the total flux in the optical
range of the SED. The NIR portion of the SED, however, is
not well reproduced by our model. Specifically, the
simulations predict an IR excess that is around 30% higher
than what is observed. Within the framework of our current
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Figure 8. SED of V658 Car. The observations (UV from IUE, optical from GDR3, and IR from SOAR) were merged and presented in red to facilitate the
visualization. Blue, vertical dotted line separates the different sources. The black line represents the solution obtained. The other lines represent each component of
the model: Be star in blue; companion in orange; the sum of disk emission and scattering in magenta.

model, reconciling this discrepancy would require reducing the
disk density, as the IR emission is primarily driven by free—
free and bound—free processes in the disk material. However,
lowering the disk density would directly impact other key
observables that are well matched by the model, most notably,
the depth of the first attenuation and the overall polarization
level, both of which are sensitive to the amount of material in
the disk. This suggests that the IR mismatch may arise from
limitations in the underlying assumptions of the model and
places the IR SED as a challenge to it.

The SED is a key constraint on the values for the distance
and extinction, and both can be contrasted to the values
measured by Gaia. According to C. A. L. Bailer-Jones et al.
(2021), using data from the GDR3, the photogeometric
distance is d = 0.807)79 kpc, and the geometric distance of
d =2.1"14kpc. Although the inferred distances differ
significantly, the large uncertainties associated with the
geometric estimate render the values mutually consistent, as
well as compatible with our modeling results. While this
agreement is encouraging, it must be interpreted with caution.
As discussed by L. Lindegren et al. (2021), reliable parallax
solutions typically require a renormalized unit weight error
(RUWE) below 1.4. In unresolved binary systems, the orbital
motion and associated photocenter shifts introduce systematics
that degrade the astrometric solution, leading to inflated
RUWE values and unreliable parallaxes. In such cases,
elevated RUWE values can even serve as indicators of
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binarity rather than simply being poor-quality data (P. Kervella
et al. 2022). For V658 Car, the RUWE value is 14.4, strongly
suggesting that the Gaia astrometry is affected by the binary
nature of the system.

GDR3 also lists the extinction of V658 Car as Ag=
0.145(3) mag in the G band (defined in M. Riello et al.
2021). However, the measured extinction for a single system is
highly dependent on the object’s characteristics, which Gaia
cannot properly account for (e.g., unresolved binaries,
P. Kervella et al. 2022). We then employed a more robust
method that considers the mean extinction in the field. We
selected stars within 10% of the measured parallax from GDR3,
a maximum of 0.5 of spatial separation, and a maximum 10%
parallax uncertainty. The result for the mean reddening was
As=0.20(2) mag. Following S. Wang & X. Chen (2019), this
represents a reddening of E(B — V) =0.08(1) mag. The model
value is within 20 from Gaia’s reddening, which suggests our
analysis was able to properly constrain this quantity.

Among all observables considered, the observed EW of H,,
posed the greatest challenge for the model. The base level,
corresponding to the flat part of the light curves (phases around
0.25 and 0.75) is not well reproduced: the observed values
are about ISW = —8.3 A; however, the model predicts
EW = —7.0 A. These values suggest that the density of the
model should be increased, which contradicts the IR SED.
However, the greatest challenge is posed by the temporal
variation of the EW during the first attenuation: the data
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indicate that the EW decreases (in absolute value) sharply
while the model predicts an increase during the same phase.
On the other hand, the behavior during the eclipse itself is
qualitatively reproduced: both the observations and the model
show a rise in EW, likely driven by the selective attenuation of
the stellar continuum of the companion. This agreement lends
some confidence to the treatment of the radiative transfer
effects during the eclipse, but the preeclipse and posteclipse
mismatch highlights the need for further refinement to the
model.

6. Discussion

The scenario presented in the previous section, in which the
model was directly confronted with a wide range of
observational diagnostics, reveals a mixed picture: one of
notable successes alongside meaningful discrepancies. Among
the main achievements, we highlight its ability to correctly
reproduce the broad first attenuation, accurately fit both stellar
eclipses, and yield a polarization level and behavior during the
first attenuation and second eclipse that are consistent with
observations. Additionally, the model provides a good match
to the UV and optical portions of the SED and captures the
baseline value of the H, EW reasonably well. These results
suggest that we were able to robustly reproduce the
observations governed by the stars and the inner disk structure.
On the other hand, several mismatches emerge. The model
overpredicts the NIR flux, fails to reproduce the expected
polarization during the first eclipse, does not account for the
second attenuation event, and predicts temporal variations of
the H, EW that deviate significantly from the observed
behavior. These issues point to limitations in some of the
simplifying assumptions adopted in the modeling framework
and will be further explored in the following discussion.

One important conclusion that can be drawn from the
successes of our model is the broad validation of the proposed
scenario. We have demonstrated, with strong observational
and modeling support, that V658 Car is a classical Be star
surrounded by a disk, and orbited by a hot sdB companion.
This makes it only the second-known Be+sdB system,
following the recent identification of the first such system by
R. Klement et al. (2022). The fact that V658 Car is an SB 2
system has allowed us to determine the orbital parameters and
stellar masses with high precision. Furthermore, the added
advantage of being the first-known Be eclipsing binary enabled
us to place tight constraints on the radii of both stars. These
results provide critical, empirical input for future models of
binary evolution, and open a promising pathway for testing
theories of mass transfer and AM evolution in postinteraction
systems, once additional eclipsing Be systems are identified.

Nonetheless, the limitations of our model cannot be
overlooked, and are likely rooted in structural simplifications.
First, recent studies (D. Panoglou et al. 2016, 2018;
M. W. Suffak et al. 2024; A. C. Rubio et al. 2025) have
shown that the disks of Be stars in binary systems are often
strongly elongated and exhibit spiral arm structures, as seen in
Figure 1. This finding is consistent with our interpretation of
the observed asymmetry in the first attenuation event, which
suggests that the disk around the Be star is not axisymmetric.
A. C. Rubio et al. (2025) also proposed that mass transfer from
the Be disk to the companion occurs primarily through a
dominant spiral arm, forming a bridge-like structure that feeds
the circumsecondary material. The authors also discuss the
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properties of the circumsecondary structure, which, depending
on the model parameters, may be either outflowing or
rotationally supported (see Figure 11 in A. C. Rubio
et al. 2025).

Our model and data provide evidence for some of the
structures discussed in A. C. Rubio et al. (2025). We find clear
evidence of a structure around the companion, supported by
weak emission peaks around He T lines, present in the optical
lines but much stronger in the IR (Figure 3). The lack of shell
features during the second attenuation indicates that this
structure is rather tenuous. The triple-Gaussian model
presented in Section 3.2.3 indicates that the Fe Il 9997 A line
consists of a roughly double-peaked structure (see red-dashed
circle in Figure 1), matching the radial motion of the Be star,
with a PS of 316(15)kms ', plus a traveling peak with a
radial velocity of 138(5)kms !, larger than that of the
companion star (102.1(2) km s~ 1), and a phase shift of —0.020
(1). This suggests that the feature is generated at a radius closer
to the star than the companion and leads it by about 7.2(4)°
(see green dot in Figure 1). Furthermore, the radial velocity of
this structure is slightly smaller than the PS of the double-
peaked component, suggesting that the latter originates at a
slightly smaller radius. Taken together, these facts strongly
suggest that the extra emission in the Fell lines likely
originates from the bridge. Both detections—the bridge and
the circumsecondary structure—pave the way for future
studies exploring the detailed structure of Be disks in binary
systems.

Another important limitation of the current model is the
treatment of radiative transfer: only the Be star is considered as
a source of radiation. This assumption becomes problematic in
the case of V658 Car, where the companion not only is
comparable in optical brightness but also emits a strong UV
flux. The presence of such a UV-bright source can significantly
alter the ionization and thermal structure of the disk region
facing the companion. This, in turn, may affect not only the H,,
emission but also the observed polarization. Future modeling
efforts will need to account for radiative feedback from both
stars in order to properly capture these effects and improve the
accuracy of the simulations.

In this paper, we were unable to model the absorption lines
for two main reasons: the lack of disk models that include
nonhydrogen atoms, and the absence of stellar atmosphere
models that account for the anomalous composition of the
companion, which is expected to be helium enriched. Future
modeling efforts that address these limitations will provide
deeper insights into the structure surrounding the companion
and yield more accurate estimates of its temperature and
evolutionary state. A similar limitation applies to the iron lines
from the Be star (see Section 3.2.2), which exhibit traveling
features in the optical spectrum as a result of the companion’s
light being partially absorbed by the disk. These features,
evident in Figure 6, can be used to map the local radial
velocities of the disk regions responsible for absorbing the
companion’s radiation. A more in-depth analysis of this effect
could, in principle, constrain the density, kinematics, and
temperature of the disk.

The Fell 9997 A line is also of interest, as it shows a
traveling emission feature associated with the companion (see
Section 3.2.3), but with higher-velocity amplitude. By
combining disk models that include iron with external
illumination and SPH simulations, we can investigate the
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precise location of this localized emission. The velocity
amplitude and orbital behavior suggest that it originates in
the outer disk of the Be star, in the direction of the companion.

In a recent study, T. H. de Amorim et al. (2025) analyzed
the photometric behavior of V658 Car the same model as
employed here. The authors identified an interesting pattern:
their model successfully reproduced, within uncertainties, the
B — V color and V-band magnitude during both the flat portion
of the light curve and the first stellar eclipse (see their Figure
2). However, their model also predicted that the system
becomes bluer during the disk attenuation, whereas the
observations show that it becomes redder. A bluer color
during disk attenuation is, in fact, the expected outcome from
the model, as bound—free absorption is stronger at longer
wavelengths, causing greater attenuation of redder light. This
discrepancy poses yet another challenge to the disk
assumptions adopted in our model.

6.1. V658 Car in the Be + sdOB Context

The first sdB companion of a Be star, ¢ Per, was identified
decades ago by R. Poeckert (1981). However, as recently as 10
yr ago, only two such systems, ¢ Per and 59 Cyg (G. J. Peters
et al. 2013), had been confirmed. These binaries are
understood to be in a post-mass-transfer evolutionary phase,
where the stripped companion is visible, but the rapidly
rotating Be star has not yet evolved significantly away from
the MS (J. van Bever & D. Vanbeveren 1997; Y. Shao &
X.-D. Li 2014). Over the past decade, thanks largely to UV
spectroscopy, a growing number of Be + sdOB systems have
been identified. Notably, L. Wang et al. (2021) alone reported
nine new early-type Be + sdOB binaries. To date, only two
such systems have been found with a lower-mass Be primary:
k Draconis, consisting of a B6e star and a hot sdB companion
(R. Klement et al. 2022), and V658 Car. A few related analogs
have also been studied, such as the Regulus system—
comprising a rapidly rotating B8 star and a “pre—white dwarf”
companion (S. Rappaport et al. 2009; D. R. Gies et al. 2020),
and several Be/X-ray binaries. These latter systems represent
a more evolved phase, in which the companion is a neutron
star formed via a supernova explosion (S. Rappaport &
E. P. J. van den Heuvel 1982). Figure 9 summarizes this
evolutionary landscape, highlighting the unique position
occupied by V658 Car.

Compared to other Be + sdOB systems, V658 Car holds
particular significance due to the presence of eclipses. In this
paper, we emphasize how crucial these eclipses are for
understanding the interaction between the two stars and the
circumstellar disk, a key factor in identifying and characteriz-
ing additional Be binaries. Remarkably, V658 Car remains the
only known eclipsing Be + sdOB system. Given its high
photometric precision and sky coverage, the TESS mission
may be a powerful tool for discovering more of such systems.

7. Conclusions

We present the most extensive observational data set and
modeling effort to date for V658 Car, the only known eclipsing
binary system with a Be star and one of the few known SB 2
systems. By applying a three-component model, comprising an
oblate central star, a symmetric disk, and a spherical
companion, we were able to constrain most of the fundamental
parameters of the system.
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Figure 9. The luminosity and temperature of 15 known Be+sdO binaries
(D. R. Gies et al. 1998; G. J. Peters et al. 2008, 2013, 2016; D. Mourard
et al. 2015; L. Wang et al. 2017, 2021; S. D. Chojnowski et al. 2018;
R. Klement et al. 2022, 2024) are plotted as open (Be) and filled (sdO) circles,
with a line connecting the two components of each binary system. The
Regulus system is plotted in a similar fashion with black squares, and x
Draconis is plotted with red stars. This figure was updated from R. Klement
et al. (2022) to contain the solution (Table 2) of V658 Car in blue.

The main robust conclusions drawn from this study are as
follows:

1. V658 Car is the first confirmed eclipsing Be + sdOB
binary system and, as such, has one of the most
accurately determined parameters among this class of
objects.

2. The system is one of the few known Be stars with a
stripped companion that is visible in the optical range.

3. The system is only the second-known case of a late-type
Be star with an sdB companion, offering valuable insight
into the diversity of evolutionary pathways in interacting
binaries.

4. The three-component model, comprising an oblate central
star, a symmetric disk, and a spherical companion, was
able to reproduce most observed features, including the
stellar eclipses, the first attenuation, and the polarization
level and behavior during the first attenuation and second
eclipse.

5. The depth and duration of the eclipses provide strong
constraints on the stellar radii and effective temperatures,
validating the orbital solution and the system’s
fundamental parameters.

6. The Be star’s disk appears to fill its Roche lobe and is
dense enough to account for the depth of the first
attenuation.

7. The orbital inclination was determined with high
precision (88.6(1)°), supported by multiple independent
diagnostics.

8. Recent SPH models of Be star disks in binary systems
describe mass transfer from the disk to the companion as
occurring through a bridge-like structure, which gives
rise to a circumsecondary structure. We provide strong
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spectroscopic evidence for the presence of both
components.

Despite the model’s broad success in reproducing key
observables, important discrepancies remain. Some observa-
bles were not well fitted, and a few exhibited qualitative
disagreement with the model’s predictions. The main
limitations are as follows:

1. Equivalent width variability. The model fails to capture
the observed phase-dependent variations of the H EW.
Notably, it predicts variations during the first attenuation
that are at odds with the observations.

2. Conflicting density constraints. There is significant
tension between the density inferred from the polariza-
tion and the fitting of the first attenuation and that
required to match the NIR portion of the SED. The latter
suggests a more tenuous disk than the former predicts.

3. Second attenuation. The model does not reproduce the
second attenuation in the TESS light curve, whose origin
remains unexplained.

4. Disk asymmetries and shell absorption. Observational
evidence points to significant disk asymmetries and
transient shell absorption features, particularly in the Fe
and H lines. These effects are not accounted for in the
model, which assumes an axisymmetric disk.

5. Circumsecondary structure. The tenuous structure
around the companion is not explicitly included in the
model, despite evidence of its spectroscopic signature.
While its contribution to continuum attenuation appears
negligible, it should be incorporated in future modeling
efforts.

Looking ahead, two key advancements are envisioned to
improve the modeling framework. First, the inclusion of the
companion’s radiative impact on the Be disk, particularly
heating by photoionization, will allow for a more physically
realistic treatment of the disk’s thermal and ionization
structure. Second, the adoption of an asymmetric disk
geometry, guided by high-resolution SPH simulations, will
enable the modeling of complex disk features such as spiral
arms, the bridge, and the circumsecondary structure present in
the system. Given its unique orientation and wealth of
observational diagnostics, V658 Car stands out as a benchmark
system for the study of Be star disks and their interactions with
compact companions.
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Appendix A
H,, Line Center Determination

A commonly used procedure to measure the radial velocity
of the Be star is through the H,, wings. We manually select a
portion (from the continuum to approximately half of the peak)
of the blue side of the H,, wing and reflect it horizontally over
a center vy to match the shape on the red side of the profile.
The value of vy for each spectrum is chosen as the one that
minimizes

X2 - Z(E‘ - Finverted,k)z, (Al)
k

where F), represents the red side of the normalized flux value at
point k, and Fiyereax corresponds to the inverted blue
segment. The comparison is carried out within a restricted
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Figure A1l. Reproduction of Figure 2, where top left is panel (C), top right is panel (D), and bottom is panel (E). Here, however, the orange points represent
measurements using the Be star’s motion as the line center, while the blue points use the H, wings. The colored solid lines are the respective best fits.

velocity range centered on a reference value—in this case, the
velocity of the center of mass—in order to avoid undesired
fluctuations associated with noise, telluric absorption, or local
asymmetries in the profile. This method is a variation of the
one introduced by A. W. Shafter & R. P. Harkness (1986),
known as the bisector method.

As shown in panel (E) of Figure 2, this produces an
unexpected result. While the orbital amplitude of the H,, wings
(blue), K =12.6(2.2) km s~ !, is similar to that of the Be star
(orange), K=12.2(2.0) km s_l, their orbital motion is in an
antiphase. This result is counterintuitive, as the H, wings are
generally used to trace the motion of the Be star. At present,
we are unable to explain the reason for this antiphase behavior.
To ensure that we are not producing any bias by choosing the
center of the line as the Be orbital motion, we reproduce here
panels (B) and (C), using both line centers. Figure Al shows
that the results are almost identical.

Appendix B
Determination of the Interstellar Polarization

To estimate the ISP component present in the observed data
of V658 Car, we have used the field star method. It relies on
measuring the polarization of nearby stars that are not
expected to exhibit intrinsic polarization. For such stars, the
observed polarization can be attributed entirely to interstellar
effects. We observed four stars selected among the brightest in
the field of V658 Car (see Table B1). In addition to brightness,
two further criteria were applied in selecting suitable field
stars:

1. The stars’ distances must bracket that of V658 Car,
ensuring that the interstellar medium (ISM) is sampled
both in the foreground and background relative to the
target. For this analysis, we considered the photogeo-
metric distance from C. A. L. Bailer-Jones et al. (2021).

Table B1
Parameters of V658 Car’s Field Stars
Object Spectral Type Angular Separation Distance Prax (0) N
(deg) (kpc) (%) (deg)
Gaia® 0.076 2.28 (35) 1.19(2) 126.4 (4) 2
HD 303097 G5 0.070 0.546 (4) 0.561(7) 137.1 (3) 3
HD 303181 A2 0.065 0.448 (4) 0.647(8) 140.1 (1) 4
TYC 8613-2371-1 0.065 2.17 (7) 0.66(2) 118.3 (6) 4

Notes. Both the distance and angular separation were calculated from GDR3 data. N represents the number of filters used for fitting the Serkowski function.

 Gaia DR2 5350619134384304384.
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Figure B1. Polarization of stars in the same field as V658 Car. Top left:
polarization level for each field star. The dots corresponds to the observation at
each band while the dashed lines represent the fits to the Serkowski function.
Top right: Bnax for each field star. The diagonal dashed line indicate the best fit
for the interstellar polarization. The vertical lines indicate the distance for the
measured GDR3 parallax of V658 Car (dashed) and the 3¢ region (dotted).
The purple line is the weighted average (P ), and the light purple shades
represents its weighted standard deviation. Bottom: polarization map in
equatorial coordinates for the field of V658 Car. The vectors indicate the
direction of the average polarization in all observed filters. The length of the
vector is proportional to Fpax.

2. When available, the spectral type of the selected star
should not indicate the presence of circumstellar
material, so as to minimize the risk of intrinsic
polarization.

Linear polarization in the ISM follows a spectral
dependence described by the Serkowski Law (K. Serkowski

et al. 1975)
A
exp| —K lnz(ﬂ)] ,
0| -

Pis(N) _
Pmax

where Fy.x is the maximum polarization at the wavelength
Amax, and K is a dimensionless constant that characterizes the
inverse width of the polarization curve peaking around Ap.x
(D. V. Cotton et al. 2019). If K is treated as a third free
parameter, it can be shown that A\.,,x and K are linearly related
following the relationship (P. G. Martin et al. 1992)

K= cApax + 2. (B2)

The values of ¢; = 1.66(9) and ¢, = 0.01(5) were defined by
D. C. B. Whittet et al. (1992), with Aj,,x in pm. In addition to
Pnax and A, the interstellar position angle ;g is also needed
to fully characterize the ISP.

Figure B1 (right) shows the polarization as a function of
wavelength for the four field stars. We modeled the

(BI)
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Figure B2. Same as panels (F) and (G) of Figure 2. Here, however, we add
observed and modeled polarization for the other bands as indicated by the
different colors.

polarization curves using Equation (B1), fitting the parameters
B and Apa¢ through a nonlinear least-squares minimization
using the Levenberg—Marquardt algorithm. To ensure con-
sistency and minimize overfitting, we fixed Ay« to a common
value for all four stars, allowing only P, to vary individually.
This approach is justified by the assumption that interstellar
dust along similar lines of sight produces similar polarization
peak wavelengths. The corresponding F,,x are shown in
Table B1 and A\.x = 0.519(16) pm. Figure B1 (left) displays
the positions of the stars in the sky along with their respective
polarization pseudovectors (their length represents B.x and
their direction (6), the average of the polarization angles 6 for
all observed filters).

To estimate By,x and 615 for V658 Car, we employed the
inverse distance weighting (IDW) method that uses, as a
weight, the geometric distance (rgp) of each field star to
V658 Car. This ensures that more distant stars contribute less
to the final value, since nearby stars are more likely to share
the same interstellar environment as V658 Car. We calculated
rgp using the stars’ parallaxes and equatorial coordinates
obtained from Gaia DR3. The IDW method applies a
weighting scheme where the influence of each star decreases
with distance raised to a power p. We adopted p=2, a
commonly used value that balances local sensitivity with
smoothness in the interpolation. We then obtained
Phax = 0.61(4) % and 0,5 = 138.4(1.5)°. With the ISP toward
V658 Car thus determined, Equation (B1) was used to
calculate the ISP for each filter used in the observations. The
intrinsic polarization of V658 Car was then obtained by
subtracting the ISP from the observed polarization in each
filter. The final intrinsic polarization is shown in Figure B2.

Appendix C
Supplementary Optical and NIR Lines

In Figure 3, we present one example for each observed
behavior. Here (Figure C1), for completeness, we show more
lines that undergo the same effects.
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Figure C1. Same as Figure 3 for additional lines, as labeled.
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Appendix D
Animation for the Best-fit Model
In order to facilitate the visualization of our best-fit
model (as described in Table 2) at each phase, we have
created the video present in Figure DI1. The top left panel

de Amorim et al.

Notably, the companion star (hotter, and therefore appearing
brownish) becomes dimmer (appearing more yellow) in
the vicinity of the first stellar eclipse, due to attenuation
by the disk. The top right panel shows the disk optical depth
in the line of sight, calculated from the far side of the

shows the relative intensity at an inclination of 88.6. envelope.
-75 -50 -25 0 25 50 75 -75 -50 -25 0 25 50 75
20 —l 1 1 1 1 1 1 20 -I 1 1 1 1 1 1
5 10 1 5 10 1
£ 0 I £ 0
> -10 A > -101
-20 - -20 -
! , , .
0.0 0.2 0.4 0.6 0.8 1.0 -4 =2 0 2 4
I/Imax IOQIO(TDisk)
1.0 1
> 0.9 1
[y
0.8 1
02 -01 00 01 02 03 04 05 06 07
phase

Figure D1. Schematic representation of the model at each phase. Top left: relative intensity in the line of sight. Top right: disk optical depth in the line of sight.
Bottom: the colored lines represent the TESS observations. The black line correspond to the modeled light curve. The red dot represents the current phase being

plotted. A 29 s animation of this figure is available in the online journal.
(An animation of this figure is available in the online article.)
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