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Abstract

Prompted by peculiar spectroscopic variability observed in SDSS/APOGEE H-band spectra, we monitored the Be
star HD 55606 using optical spectroscopy and found that it is an exotic double-lined spectroscopic binary (SB2)
consisting of a Be star and a hot, compact companion that is probably an OB subdwarf (sdOB) star. The motion of
the sdOB star is traced by its impact on the strong He I lines, observed as radial velocity (V,) variable, double-
peaked emission profiles with narrow central absorption cores. Weak He 11 4686 A absorption associated with the
companion star is detected in most spectra. Use of the emission peaks of low-ionization emission lines to trace the
Be star V, and the He I lines to trace the companion star V, yields a circular orbital solution with a 93.8 day period
and masses of Mg, = 6.2 M, and Mop = 0.9 M., in the case of i = 80°. HD 55606 exhibits a variety of phase-
locked variability, including the development of shell lines twice per orbit. The shell phases coincide with variation
in the double emission peak separations, and both forms of variability are likely caused by a two-armed spiral
density perturbation in the Be disk. The intensity ratios of the double emission peaks are also phase-locked,
possibly indicating heating by the sdOB star of the side of the Be disk facing it. HD 55606 is a new member of the
growing sample of Be+sdOB binaries, in which the Be star’s rapid rotation and ability to form a disk can be
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attributed to past mass-transfer.
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1. Introduction

Perhaps the strongest motivation for studying classical Be
stars is the fact that the mechanism(s) responsible for their
ability /tendency to form circumstellar gas disks remains
unknown despite more than a hundred years of research
(Rivinius et al. 2013). It is well known by now that Be stars are
the most rapidly rotating class of non-degenerate stars and that
rapid rotation is a requirement for forming a Be disk, and it is
suspected that the interactions of multiple non-radial pulsation
frequencies may provide the added boost needed for the star to
eject their outer layers into orbiting Keplerian disks (Rivinius
et al. 1998; Baade et al. 2016). Despite progress in determining

* Based on observations obtained with the Apache Point Observatory 3.5 m
telescope, which is owned and operated by the Astrophysical Research
Consortium.

7 Observer, Apache Point Observatory 3.5 m Telescope.

8 Principal Investigator, Apache Point Observatory 3.5 m Telescope.

how the disks are formed, the question of why the stars are
rotating so rapidly in the first place remains unanswered.

In a handful of cases involving very rapidly rotating Be stars
(vsini > 300kms™~ "), the spin-up of the Be star can be
explained via mass and angular momentum transfer with a
binary companion. The Be star in these cases is the fast rotating
mass gainer, while the companion is a hot, stripped-down core
of a formerly massive star. Examples include the bright stars
¢ Per (Gies et al. 1998), FY CMa (Peters et al. 2008), 59 Cyg
(Peters et al. 2013), HR 2142 (Peters et al. 2016), and 60 Cyg
(Wang et al. 2017). In each case, the hot companion was
initially suspected due either to radial velocity (V,) variability
of He I emission or He 11 4686 A absorption, or in the case of
HR 2142, to detection of transient narrow absorption or “shell”
phases (Peters 1983). Thanks to the higher flux ratio
(Fsao/Fge) in the ultraviolet (UV) as compared to the optical,
the photospheric signatures of the sdO companions of the
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aforementioned Be stars have all been directly detected via UV
spectroscopy. o Pup (Koubsky et al. 2012) and HD 161306
(Koubsky et al. 2014) are likely additional examples of Be
+sdO binaries, but UV spectra of these systems have not been
investigated to date.

Recently, Wang et al. (2018) more than doubled the sample
of known and suspected Be+sdO binaries by cross-correlating
archival UV spectra of classical Be stars with sdO star model
spectra. An sdO star signature was found in 12 out of 264 stars
studied, and for 8 of these, V, variability was detected in the
UV spectra. The authors of this work suggest that the fraction
of Be stars spun up through binary interaction may be
significantly higher than previously thought, with detection of
the sdO star being impossible depending on evolutionary
status, and orbital motion of the Be stars virtually impossible to
detect without a large collection of high-resolution spectra.
Indeed, measurement of the orbital motions of the Be stars in
the known and suspected Be+sdO systems typically relies
on indirect measurements of Be disk emission lines, and
the resulting V, semi-amplitudes are typically quite small
(K; ~10kms™ .

Here, we present strong evidence that HD 55606 (V ~ 9.4 mag.)
is another member of the growing class of Be+sdO binaries, and
may in fact be the first known Be-+sdB binary. The initial clues
were provided by high-resolution, H-band spectroscopy of the star
by the Apache Point Observatory Galactic Evolution Experiment
(APOGEE, Majewski et al. 2015), one of the sub-surveys of the
third installment of the Sloan Digital Sky Survey (SDSS-III,
Eisenstein et al. 2011). For the vast majority of the classical Be
stars, the only lines detected in APOGEE spectra are from the
Brackett series of hydrogen (Chojnowski et al. 2015), but the
spectra of HD 55606 (referred to as ABE-A1S5 in that paper) were
found to contain numerous double-peaked emission lines from
neutral metallic species including C I, Mg I, and Fe I, with the
C116895 A line being particularly strong. Chojnowski et al.
(2017) used the Brackett series emission peaks of HD 55606 to
measure V, from the APOGEE spectra, and found them to vary
by ~10kms™' in three spectra covering 26 days. Remarkably,
the double emission peak Ve10(:1ty separations (v,) of most
lines increased by ~60kms™' in the 21 days between the first
and second spectra. The unique nature of these peculiarities led us
to suspect an external influence on the disk, i.e., that perhaps
HD 55606 was an interacting binary.

Our follow-up optical spectroscopy campaign has subse-
quently revealed numerous clues suggesting HD 55606 is
indeed an interacting binary, beginning with detection of
narrow He I emission/absorption components and of weak
He Il 4686 A absorption that move in anti-phase relative to the
Be disk. As with the previously known Be+sdO binaries,
HD 55606 also exhibits a variety of phase-locked variability,
including reversal of the double-peak intensity ratios once per
orbit and variable emission peak separations that return to the
average value twice per orbit. In addition, HD 55606 is a
transient Be shell star, with just over half of the available
spectra exhibiting narrow, blueshifted (with respect to the
Be star) absorption components in the Balmer series lines,
the O 17771-7775 A triplet, and occasionally in numerous
additional lines.

Section 2 of this paper provides a description of the currently
available HD 55606 data, including high-resolution optical and
H-band spectroscopy. In Section 3 we describe the basic
properties of the spectra, and in Sections 4 and 5, the associated
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radial velocity measurements and resulting orbital parameters
are presented. Basic stellar parameters of the binary compo-
nents are estimated in Section 6, while Section 7 describes the
orbital-phase-locked variability observed in the system. In
Section 8, disk and Roche lobe radii are estimated and a model
helping to explain the phase-locked variability is presented.
The findings are summarized in Section 9.

2. Data

This work makes uses of a total of 52 spectra, including
numerous high-resolution optical spectra and three high-
resolution H-band spectra. The data are summarized in
Table 1, with the “S/N Blue” column giving the signal-to-
noise ratio (S/N) around 4200 A and the “S/N Red” column
giving the S/N around 6600 A (optical data) or 16650 A
(H-band data). For all spectra used in this paper, the continuum
flux was set to unity by fitting spline functions to regions
surrounding spectral lines using the continuum procedure of the
Image Reduction and Analysis Facility (IRAF'). For the
echelle spectra, the orders were trimmed so as to allow a small
overlap between adjacent orders, paying careful attention to
overlapping lines used for measurements. Finally, the orders
from each observation were averaged to make single one-
dimensional spectra. Heliocentric corrections were applied to
all spectra. Here, we list the instrument parameters and data
reduction methods.

APOGEE. HD 55606 was observed three times by the
APOGEE instrument while connected to the Sloan Foundation
2.5m telescope (Gunn et al. 2006) at Apache Point Obser-
vatory (APO). APOGEE is a 300-fiber, high-resolution
(R ~22,500) NIR spectrograph capturing most of the H-band,
with two small gaps of ~50 and ~30 A. The details of
APOGEE data reduction are described in Nidever et al. (2015),
and Chojnowski et al. (2015) provides a general description of
the H-band spectra of Be stars. The signal-to-noise ratios
(S/Ns) of the APOGEE spectra are quite high (S/N > 250)
due to the 30—50 minute total exposure times.

ARCES. We obtained numerous optical spectra of HD 55606
using the APO 3.5 m telescope and the Astrophysical Research
Consortium Echelle Spectrograph (ARCES, Wang et al. 2003).
In each exposure, ARCES covers the full optical spectrum
(3500-10000 A) at a resolution of R ~ 31,500, recording the
light in 107 orders on a 2048 x 2048 SITe CCD. We used
standard IRAF echelle data reduction techniques, including
bias subtraction, scattered light and cosmic ray removal,
flat-field correction, and wavelength calibration via Thorium-—
Argon lamp exposures.

FEROS. We also used two high-resolution optical spectra
obtained previously by Ronaldo Levenhagen & Nelson Leister
(2001 October 9) and Marcelo Borges Fernandes (2016 April
13) from the FEROS spectrograph (Kaufer et al. 1999),
while attached to either the European Southern Observatory
(ESO) 1.52m telescope (2001 spectrum) or the Max Planck
Gesellschaft MPG-ESO 2.2 m telescope (2016 spectrum). Both
telescopes are at La Silla Observatory. Fiber-fed Extended
Range Optical Spectrograph (FEROS) is a bench-mounted
Echelle spectrograph with two fibers, each covering a sky

19 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Table 1
Spectroscopic Data Summary

# Telescope/Instrument Date HJD-MID lexp Airmass R Range S/N S/N

(s) AN AN (A) Blue Red
1 ESO 1.52 m/FEROS 2001 Oct 09 2452191.91 400 1.4 48,000 3600-9200 85 83
2 OHP 1.93 m/ELODIE (BeSS) 2001 Dec 22 2452265.60 5402 1.5 42,000 3900-6800 18 49
3 Sloan 2.5 m/APOGEE 2013 Dec 19 2456645.90 2002 1.2 22,500 15145-16960 213
4 Sloan 2.5 m/APOGEE 2014 Jan 09 2456666.82 3003 1.2 22,500 15145-16960 249
5 Sloan 2.5 m/APOGEE 2014 Jan 14 2456671.80 2002 1.2 22,500 15145-16960 198
6 APO 3.5 m/ARCES 2014 Jan 14 2456671.79 720 1.2 31,500 3500-10200 127 168
7 APO 3.5 m/ARCES 2016 Mar 26 2457473.60 1200 1.2 31,500 3500-10200 114 183
8 ESO 2.2 m/FEROS 2016 Apr 13 2457491.80 650 1.6 48,000 3600-9200 82 80
9 APO 3.5 m/ARCES 2016 Dec 24 2457746.81 1000 1.3 31,500 3500-10200 118 143
10 APO 3.5 m/ARCES 2017 Feb 08 2457792.88 1200 2.0 31,500 3500-10200 87 115
11 APO 3.5 m/ARCES 2017 Feb 11 2457795.74 1200 1.2 31,500 3500-10200 118 151
12 APO 3.5 m/ARCES 2017 Feb 12 2457796.70 1200 1.2 31,500 3500-10200 117 158
13 APO 3.5 m/ARCES 2017 Mar 09 2457821.68 1200 1.2 31,500 3500-10200 136 150
14 APO 3.5 m/ARCES 2017 Mar 12 2457824.76 1200 1.6 31,500 3500-10200 83 130
15 APO 3.5 m/ARCES 2017 Apr 06 2457849.65 1500 1.3 31,500 3500-10200 139 177
16 SPM 2.1 m/RFOSC 2017 Oct 27 2458054.00 2700 1.3 18,000 3770-7600 127 161
17 APO 3.5 m/ARCES 2017 Nov 10 2458067.86 1200 1.7 31,500 3500-10200 106 180
18 APO 3.5 m/ARCES 2017 Nov 12 2458069.84 1200 1.9 31,500 3500-10200 62 146
19 APO 3.5 m/ARCES 2017 Nov 26 2458083.86 1200 1.4 31,500 3500-10200 111 207
20 APO 3.5 m/ARCES 2017 Nov 29 2458086.83 1200 1.5 31,500 3500-10200 100 174
21 APO3.5 m/ARCES 2017 Dec 02 2458089.80 1320 1.7 31,500 3500-10200 89 163
22 APO 3.5 m/ARCES 2017 Dec 04 2458091.83 1200 1.4 31,500 3500-10200 110 170
23 SPM 2.1 m/RFOSC 2017 Dec 07 2458095.05 1200 1.7 18,000 3770-7600 65 87
24 APO 3.5 m/ARCES 2017 Dec 08 2458095.83 1200 1.4 31,500 3500-10200 123 162
25 APO 3.5 m/ARCES 2017 Dec 09 2458097.07 1200 2.6 31,500 3500-10200 22 123
26 APO 3.5 m/ARCES 2017 Dec 10 2458097.83 1200 1.5 31,500 3500-10200 125 177
27 APO 3.5 m/ARCES 2017 Dec 11 2458098.84 1200 1.3 31,500 3500-10200 114 179
28 APO 3.5 m/ARCES 2017 Dec 12 2458099.83 1900 1.4 31,500 3500-10200 115 191
29 APO 3.5 m/ARCES 2017 Dec 13 2458100.83 1200 1.3 31,500 3500-10200 127 215
30 APO 3.5 m/ARCES 2017 Dec 14 2458101.83 1800 1.3 31,500 3500-10200 170 246
31 APO 3.5 m/ARCES 2017 Dec 24 2458111.84 2000 1.3 31,500 3500-10200 135 154
32 APO 3.5 m/ARCES 2017 Dec 25 2458112.88 1200 1.2 31,500 3500-10200 115 183
33 APO 3.5 m/ARCES 2017 Dec 26 2458113.83 1200 1.2 31,500 3500-10200 147 211
34 APO 3.5 m/ARCES 2017 Dec 29 2458116.83 1500 1.2 31,500 3500-10200 157 192
35 APO 3.5 m/ARCES 2017 Dec 30 2458117.84 1500 1.2 31,500 3500-10200 131 193
36 APO 3.5 m/ARCES 2017 Dec 31 2458118.81 1500 1.3 31,500 3500-10200 152 216
37 APO 3.5 m/ARCES 2018 Jan 01 2458119.81 1200 1.3 31,500 3500-10200 161 196
38 APO 3.5 m/ARCES 2018 Jan 02 2458120.76 2100 1.4 31,500 3500-10200 112 196
39 APO 3.5 m/ARCES 2018 Jan 05 2458123.81 2400 1.3 31,500 3500-10200 158 195
40 APO 3.5 m/ARCES 2018 Jan 12 2458130.84 2400 1.2 31,500 3500-10200 172 221
41 APO 3.5 m/ARCES 2018 Jan 16 2458134.83 1500 1.2 31,500 3500-10200 97 138
42 APO 3.5 m/ARCES 2018 Jan 19 2458137.81 1200 1.2 31,500 3500-10200 125 226
43 APO 3.5 m/ARCES 2018 Jan 26 2458144.81 1200 1.3 31,500 3500-10200 128 191
44 APO 3.5 m/ARCES 2018 Jan 30 2458148.77 1200 1.2 31,500 3500-10200 138 199
45 APO 3.5 m/ARCES 2018 Feb 01 2458150.77 1500 1.2 31,500 3500-10200 140 166
46 APO 3.5 m/ARCES 2018 Feb 02 2458151.82 1800 1.3 31,500 3500-10200 156 195
47 APO 3.5 m/ARCES 2018 Feb 05 2458154.80 900 1.3 31,500 3500-10200 138 206
48 APO 3.5 m/ARCES 2018 Feb 08 2458157.81 1500 1.4 31,500 3500-10200 145 197
49 APO 3.5 m/ARCES 2018 Feb 22 2458171.78 1200 1.4 31,500 3500-10200 124 181
50 APO 3.5 m/ARCES 2018 Feb 25 2458174.81 1800 1.6 31,500 3500-10200 126 159
51 APO 3.5 m/ARCES 2018 Feb 27 2458176.67 1200 1.2 31,500 3500-10200 149 200
52 APO 3.5 m/ARCES 2018 Mar 02 2458179.78 1200 1.6 31,500 3500-10200 96 162

Note. The signal-to-noise ratio (S/N) columns pertain to averages of multiple measurements of continuum around 4200 AS /N Blue), 6600 A /N Red, optical), or
16650 A (S/N Red, H-band).

area of 2 arcsecond diameter. The instrumental configuration
provides a resolution of 0.03 A /pixel (R = 48,000) in a spectral
range 3600-9200 A. We adopted its complete automatic online
reduction pipeline.

BeSS/ELODIE. We downloaded a high-resolution spectrum
of HD 55606 from the Be Star Spectra Database (BeSS, Neiner
et al. 2011), which is a forum for both amateur and professional
astronomers to archive multi-epoch spectra of Be stars. The
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spectrum was recorded by the ELODIE echelle spectrograph
(R =42,000, 3850-6800 A, Baranne et al. 1996) attached to the
1.93 m telescope at Haute-Provence Observatory. The S/N of
the ELODIE spectrum declines rapidly toward the blue, such
that, for example, the He 14471 A line is not discernible. We
restricted our analysis of this spectrum to A > 5800 A.

SPM. We also obtained two optical spectra of HD 55606 using
the RFOSC Echelle Spectrograph (Levine & Chakarabarty 1995)
attached to the 2.12m telescope of Observatorio Astronémico
Nacional at San Pedro Martir (OAN SPM), Mexico. This
spectrograph provides spectra over 29 orders, covering the
spectral range of 3770- 76OOA with a spectral resolution power
of R~ 18.000 at 5000 A, which results in a resolution of
~17kms™" with 2 pixels. The E2V (Marconi) 2048 x 2048
CCD with a pixel size of 13.5 ym was used. A Th—Ar lamp was
used for wavelength calibration. All data were reduced by a
standard way using the IRAF tasks ccdred and echelle.

3. Spectral Description

Figure 1 displays portions of an ARCES spectrum (A<
10000 A) as well as a full APOGEE spectrum (A > 15000 A) of
HD 55606, with both spectra having been serendipitously
recorded on the same night (MJD 56671). Here, we describe
some of the important aspects of the spectra.

3.1. Spectral Type

The spectral type and stellar parameters of HD 55606 have
been investigated previously by several authors beginning with
Merrill et al. (1942), who acknowledged the broadness of the
stellar absorption lines by including an “n” (nebulous) in the
assigned B3ne spectral type. The spectral type was later revised
by Morgan et al. (1955) and Hiltner (1956), who agreed
independently on a B1:V:pnne spectral type, with the colons
indicating ambiguity in the temperature and luminosity class,
and the “p” indicating spectral peculiarities. Houk & Swift
(1999) leaned toward HD 55606 being a slightly cooler star at
B2/3Vnne, while adding the accurate description “H/ strongly
in emission; Hy core in emission; other lines very broad and
washed out.” More sophisticated analysis of the HD 55606
stellar parameters was done by Levenhagen & Leister (2006)
and Frémat et al. (2006), with both groups ultimately quoting a
BO0.5V spectral type (the former including the “nnpe” qualifier)
and T > 25kK, and M, > 10 M.

The large scatter in literature spectral types is likely due to a
combination of factors including the rapid rotation of the Be
star, the general lack of useful absorption lines, contamination
by emission of the few absorption lines that are present, and
emission in the He I lines, which upon cursory inspection
suggests a_very hot Be star. However, the strong He I and
C 11 4267 A absorption lines in the HD 55606 spectra, non-
detection of absorption from the Be star in higher-ionization
lines like Si 1T and He 11, and the fact that the He I emission is
caused by the binary companion rather than the Be star, all add
up to suggest a temperature class of roughly B2. Unfortunately,
the spectral-typing-useful Mg 11 4481 A line seems to be
partially or fully in emission in the spectra, such that it does
not help constrain the temperature class.

Chojnowski et al.

3.2. Metallic Emission

Compared to the majority of Be stars, HD 55606 can be
considered extreme in terms of metallic emission-line content.
In fact, part of our original motivation for obtaining optical
spectra of HD 55606 was to look for possible causes of or
correlations with the abnormally strong C I emission in the
APOGEE H-band spectra. Among the existing sample of >300
APOGEE-observed classical° Be stars, HD 55606 has the
second strongest C 116895 A emission, with typical equiva-
lent W) ~ —5 A. Along with the C I 16895 A line, numerous
other metallic emission species not usually detected (in Be star
spectra) are present in the H-band spectra of HD 55606,
including Fe I, Fe 1, Mg 1, Si 1, and the unidentified lines at
15760 A and 16781 A (see Chojnowski et al. 2015, for a
discussion of these unidentified lines).

The situation is similar in the optical, with HD 55606
exhibiting an exceptionally rich metallic emission spectrum
during all epochs. No forbidden lines are detected in emission.
The permitted emission species include Fe II (>90 lines), Ti I
(>30 lines), Cr 11 (>15 lines), Sc 11 (>10 lines), Si 11 (4 lines),
Mg 1 (5 lines), Na I (2 lines), O 1 (4 lines), N 1 (9 lines), Ni II
(4067 A), and Ca 11 (7 lines). The overall strongest metallic
emission features in the HD 55606 spectra are the IR CaII
triplet (8498, 8542, 8662 A) lines, with e.g., Ca Il 8542 A
having an average height of 1.85 continuum units, and an
equivalent width of ~7.3 A after correcting for the estimated
contribution of the blended Paschen series line (i.e., by
removing the average of the Pal4 and Pal6 profiles from the
Ca 118542 A+Pal5 blend). The O 1 8446 A line is the second
strongest metallic emission feature after the Ca II triplet lines.

The metallic emission lines of HD 55606 are always
purely double- Peaked with average velocity separations of
230-240km s, but the majority of lines exhibit variable peak
separations (v,) and intensity ratios of the violet (V) over the red
(R) emission peaks (i.e., V/R ratios). O 18446 A is the most
variable metallic line overall, with v, ranging from 150 to
250kms " and the V /R ratio varying by ~0.15 continuum units.
The enhanced variability of that line may be due to the different
formation mechanism, ie., Ly-0 fluorescence (Mathew
et al. 2012). The equivalent widths of all metallic lines are
roughly constant during all observed epochs however, indicating
the Be disk is being fueled at a more or less constant rate.

Some of the neutral metallic emission lines (namely Mg I
and C 1) seem largely immune to the variability evident in other
lines, maintaining roughly constant v, that are between ~50
and 100 km s~ wider than those of the singly ionized metals.
The larger peak separations indicate these lines have an inner
disk origin, and the mere detection of them suggests that the
HD 55606 Be disk is particularly dense.

3.3. Paschen and Brackett Series Emission

The morphology and temporal behavior of the Paschen and
Brackett series emission lines are essentially identical to those
of the metallic lines. The line profiles are always double-peaked
with variable peak separations and V /R ratios, and more or less
constant equivalent widths and heights above continuum level.

3.4. Balmer Series Emission

Panoglou et al. (2018) recently showed that non-standard
(triple-peaked, flat-topped) line profiles can result from
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Figure 1. Relevant portions of the spectrum of HD 55606 from MJD 56671, where the star was observed simultaneously by both APOGEE and ARCES. The majority
of spectral features in the upper rows are labeled, with the green ticks below continuum level in the top two rows indicating Fe 1I lines. The two gaps in the APOGEE
spectrum (third row) are caused by the non-overlapping wavelength coverage of the three APOGEE detectors. The bottom row shows the lower members of the

Balmer series on a velocity scale.

perturbations caused by the binary companion, and indeed that
seems to be the case for HD 55606. Unlike the metallic,
Paschen series, and Brackett series lines, the Ha line profiles
typically exhibit a deformed morphology consisting of >2
peaks, with a central emission peak being the dominant one
during certain orbital phases. A standard, double-peaked Ho
line profile is never observed. From HQS toward the Balmer
break however, the Balmer series assume a progressively more
purely double-peaked morphology, though with the violet peak
of the HG and Hr line profiles being split in most spectra (see
the lowermost row of Figure 1). On average, the dominant
peaks of HB3, Hv, and H$ are separated by 230, 239, and
263 kms™' respectively. The equivalent width of the Ha
emission ranges from —54.08 to —45.6 A within our data set,
with an average value of —50.6 4+ 1.4 A.

3.5. He I and He 1l Features

The most peculiar aspect of the optical spectra of HD 55606
is the composite nature of the strong He I lines, namely He I
3889, 4026, 4471, 4713, 5015, 5876, 6678, and 7065 A.
Superimposed on the broad photospheric absorption of the Be
star are narrow emission + absorption components that migrate
in radial velocity across the broad absorption profile from
epoch-to-epoch in anti-phase with respect to lines formed in the
Be disk. For the blue He I lines, all that is typically seen is a
narrow absorption spike embedded in the broad Be star
absorption lines, but the HeI 5876, 6678, and 7065 A
lines always exhibit a double-peaked emission morphology
indicative of formation in a circumstellar disk around the
companion star.
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Figure 2. Detection of the sdOB star in the redmost He I lines covered and in
He 11 4686 A, as seen in an average spectrum in the rest-frame of the sdOB
star. The dashed red lines indicate the continuum level. The feature redward of
He 1 5876 A is emission in the sodium D doublet.

A weak He I1 4686 A absorption line associated with the
companion star is present in most spectra. In an average
spectrum in the companion star rest-frame, as shown in
Figure 2 along with the strong He I lines, the He II line extends
just ~0.4% below continuum level, with an equivalent width of
~9 mA and a Gaussian full width at half maximum (FWHM)
of ~160km s™'. The FWHM of the central absorption features
in the He I lines on the other hand are significantly smaller at
~45-60 kms ™', such that they may be formed primarily by
self-absorption of gas in the companion star’s accretion disk
rather than on the companion star’s photosphere.

3.6. Transient Shell Phases

Another unusual aspect of the HD 55606 spectra is the
detection in most of the optical spectra of narrow (typical
FWHM of ~42 km sfl) absorption features, or “sheell” lines, in
the Balmer series lines and in the O 1 7771-7775 A triplet. For
the bluemost Balmer series lines, the transient shell lines can
extend the depths of the normal/broad Balmer series absorp-
tion downward by more than 40% of continuum level. On
several epochs (MJDs 58150-58157), the shell features were
detected in a number of additional lines beyond the Balmer
series and O I triplet, including the Paschen series, Si II (3856,
4128, 4131, 6347, & 6371 A), Fe 11 (4924, 5018, 5169, &
5317 A), and Ni 11 (3769, 3849, 4067, and 4187 A).

Shell lines in the Balmer series are common for apparently
non-binary Be stars viewed edge-on or nearly so, where they
are formed due to the projection of cool, inner disk gas against
the photosphere of the central B star (Hanuschik 1996; Rivinius
et al. 2000). In those cases, however, the features are permanent
for as long the disk is present. Fe II and Ti II are often among
the strong shell lines in spectra of edge-on Be stars. In the case
of HD 55606, however, the shell features are transient,
appearing in just over half of the spectra. Peculiarly, Fe II
and Ti Il are typically immune to the shell phases despite
HD 55606 having strong Fe 1I and Ti I emission spectra. Only
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Figure 3. Demonstration of a shell epoch (MJD 58157) vs. a non-shell epoch
(MJD 58130). The top row shows the dramatic effect of the shell phases on the
blue Balmer series lines, while the lower panels give a detailed view of the
behavior 9f Ni 11 4067 A, Pz}ll, the O 17771-7775 A triplet (centered on
O 17771 A), and Si 11 6347 A. In the lower panels, the vertical dashed lines
indicate the Be star rest-frame and the vertical dotted lines indicate the relative
shell velocity.

at maximum shell strength, as judged by Balmer series shell
depths or equivalent widths, do we see any hint of Fe 1I shell
components.

Figure 3 demonstrates the difference between shell versus
non-shell epochs. The MJD 58157 spectrum is just one of four
available examples in which shell features were detected in
lines beyond the Balmer series and O triplet. Transient
Balmer series shell lines have been reported in the cases of the
confirmed Be+sdO binaries HR 2142 (Peters 1972) and FY
CMa (Rivinius et al. 2004), but HD 55606 represents the first
example of the detection of corresponding shell features in
optical metal lines.

4. Radial Velocities
4.1. Be Disk V,

Due to the complicated nature of the Be star spectrum,
including a high degree of rotational broadening in the
few detected absorption lines, contamination throughout the
spectrum from weak metallic emission, and the companion’s
contributions in the He I lines, we used the sharp double peaks
of the Paschen series, Brackett series, Fe II, and Ca II triplet
emission lines to trace the radial velocity (V,) of the Be disk.
This was done by interactively fitting Gaussians to the peaks of
each line and taking the average as the observed wavelength.
Assuming an axisymmetric disk around the Be star, the disk V,
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Figure 4. Example of a Gaussian fitting of the Fe I1 5317 A and He 1 5876 A
for radial velocity measurement of the Be and sdOB disks, respectively, using
the MJD 57849 ARCES spectrum as an example.

should correspond exactly to the stellar V,. Since the
measurements are indirect, however, we refer to them as “Be
disk V,.” The left panels of Figure 4 show an example fitting of
the Fe 1 5317 A emission peaks.

From the emission peak measurements we also derived
velocity separations and V/R ratios, where the V and R peak
heights were measured continuum units.

4.2. sdOB Disk and Transient Shell V,

The same procedure of fitting the double emission peaks was
repeated for the He I emission in order to measure the V, of the
companion object, but we found far less scatter from Gaussian
fitting of the central narrow absorption component. The latter
measurements were adopted, permitting use of the blue He I
lines (e.g., 3889, 4471, 4713 A), where the emission peaks are
not clearly detected but where the narrow central absorption
feature usually is. Up to six He I lines per optical spectrum
were used to estimate the companion object V,. Given the
complete lack of detected HeI lines in the APOGEE’s
coverage of the H-band (He 1 1.7 ym is not covered), the
companion V, could not be measured from the APOGEE
spectra. The right panels of Figure 4 show an example
of Gaussian fitting of the He I 5876 A narrow absorption
component.

The V, of the transient shell components were measured by
fitting single Gaussians to the line profiles. Tight agreement of
the shell V,, regardless of species, indicates a common origin of
the features.

5. Orbital Solution

To determine the orbital parameters of the HD 55606
system, we used the IDL code rvfit (Iglesias-Marzoa et al.
2015). This program takes advantage of an Adaptive Simulated
Annealing (ASA) global minimization routine to quickly
determine the Keplerian orbital parameters given V, data
pertaining to one or more objects. In addition to a description of
the code and associated error analysis, Iglesias-Marzoa et al.
(2015) demonstrated consistency of the output with previous
literature solutions for several examples of double-lined (SB2)
and single-lined (SB1) binaries as well as exoplanet systems. In
the case of SB2s, the code solves for some or all of the orbital
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Table 2
Orbital Parameters

Parameter Value

P (days) 93.76 + 0.02
Tsc (HID) 2456641.66 + 0.32
e 0.00

~ (kms™ ) 29.77 + 0.64
K, (kms™h) 10.74 + 1.17
K, (kms ™) 77.70 + 1.22
i 67.97

rms; 4.50

rms, 6.05
quectm (anary) 52

Nipecra (secondary) 49
q=M/M, 0.14 + 0.02
M, sin®i (M) 5.90 £+ 0.30
M, sindi (M) 0.82 + 0.11
a; sini (au) 0.09 + 0.01
ay sini (au) 0.67 + 0.01
asini (au) 0.76 £+ 0.01

Note. Tsc gives an epoch of superior conjunction.

parameters, including period (P), epoch of periastron passage
(Tp), eccentricity (e), argument of periastron (w), systemic
velocity (), and V, semi-amplitudes of the primary (K;) and
secondary (K3). One can fix or constrain each parameter in a
simple input file.

We began by allowing the orbital parameters to essentially
vary freely, but due to a very small derived eccentricity being
more than doubled by its error, we restricted the solution to a
circular orbit (e =0.0). The resulting orbital parameters are
given in Table 2. As Tp is undefined for a circular orbit, “Tsc”
gives an epoch of superior conjunction of the Be star. Figure 5
shows the phased V, data and associated residuals of the orbital
solution. From this, it is clear that the development of the shell
features occurs twice per orbit around conjunctures, and that
the slope of the shell V, generally corresponds to the motion
of the Be star rather than the companion. One possible
explanation of this behavior is that the shell features are formed
in overdensities in the Be disk.

In addition to the SB2 orbital solution, we also obtained
separate SB1 orbital solutions of both binary components. The
SB1 solutions are not shown here since they yield the same
circular orbit and ~93.8 day period as the SB2 solution, with the
V, semi-amplitudes agreeing with the SB2 solution to within
0.7 kms™'. The only significant discrepancy between SB1
solutions for the Be disk versus the sdOB disk is a ~6kms™'
difference in systemic velocities, whereby v = 27 kms™" in the
case of Be star SBI, while v =33kms ' in the case of
companion SB1. The SB2 solution hence prefers the average
of the two, and this is reflected visually in the lower panel of
Figure 5 by the vertical offsets of points away from y =0
and numerically in the high x* value reported in Table 2
(x> =17.6/35.3 for the Be/sdOB SB1 solutions).

The phased V, measurements of the Be disk, sdOB disk, and
transient shell components are given in Table 3, along with the
number of spectral lines used to derive each V, value. The
equivalent width of the Hn 3835 A shell component is also
provided, to demonstrate the variable strength of the shell
features while present, along with the peak separation of
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Figure 5. Phased V, curves of the Be disk, sdOB disk, and transient shell
components, with associated residuals (observed-curve) shown in the lower
panel. The sizing of the shell V, points is proportional to the strength of the
shell features during a given epoch, as judged by the equivalent width of the Hn
shell absorption. The dashed—dotted lines (orange) are separate third-order
polynomial fits of the shell V, during the two shell phases.

Fe 11 5317 A, which most clearly demonstrates the peak
separation variability. The uncertainties on these quantities
are negligible.

5.1. Inclination Angle

Given the lack of permanent shell features in the HD 55606
spectra, the presence of shell features in most of the spectra,
and the lack of any evidence of eclipses in an optical light
curve despite detection of a signal corresponding to almost
exactly half the orbital period (J. Labadie-Bartz et al. 2018, in
preparation), the inclination angle of the system must be quite
high, though perhaps not exactly edge-on.

A mass ratio of M,/M; ~ 0.14 is indicated by the SB2
orbital solution, similar to what has been found for the
previously known Be+sdO binaries. Assuming a lower limit
of i > 75° such that circumstellar disk gas can occasionally
be seen projected against the Be star, thus producing shell
lines (Hanuschik 1996), the spectroscopic orbit suggests
M, < 6.6 M, for the Be star and M, < 0.91 M, for the hot
companion, leading to an upper limit on the total mass of
Mor < 7.5 M. This is comparable to the lower limit found by
Peters et al. (2013) on the total mass of the known Be+sdO
binary 59 Cyg (M, ~63M., M,~0.6 M.). However, the
total mass estimates for known Be+sdO binaries—¢ Per,
FY CMa, HR 2142, and 60 Cyg—are estimated to be >10 M,
(Peters et al. 2008, 2016; Mourard et al. 2015; Wang et al.
2017), placing HD 55606 toward the low mass end of
this regime.
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6. Stellar Parameters
6.1. Be Star Parameters

There is a discrepancy between the Be star mass suggested
by the orbital solution versus that suggested by our spectral
classification and especially versus past spectroscopic analysis.
As noted in Section 3.1, past studies (Levenhagen & Leister
2006; Frémat et al. 2006) found Mgy, > 10 M. based on
comparison to synthetic spectra, and our qualitative analysis of
the spectra indicates a temperature class of B2, for which the
associated Be star mass should be closer to 8 M., (Torres et al.
2010). There are two possible explanations for this discre-
pancy, with the first being severe underestimation of the
orbital motion of the Be star. For example, if K; = 23.0kms '
rather than 10.7kms™!, then the case of i = 77° results in
M, ~ 8.0M. and M, ~ 2.4 M. In this case, the companion
would be the most massive subdwarf known in a binary with a
Be star. Despite the V, of both components of HD 55606
having been determined indirectly, using lines formed in the
disks rather than on the stellar surfaces, we can find no way to
increase K; and therefore we discard the possibility. The
alternative explanation is that, similar to the sdOB binary
companion, the HD 55606 Be star is hotter than expected
for its mass.

In Figure 6, we compare an average, non-shell HD 55606
spectrum to a spectrum of the previously known Be+sdO
binary HR 2142 (Peters et al. 2016) over the wavelength range
covering the strong absorption features present for both stars.
The HR 2142 spectrum was obtained on 2017 November 3
using the APO 3.5 m telescope and ARCES spectrograph, and
was handled identically to the ARCES spectra of HD 55606
in terms of data reduction, continuum flattening, and merging
of orders.

HD 55606 produces a slightly stronger emission spectrum
compared to HR 2142, but the two stars are otherwise nearly
spectroscopic twins based on the >100 Be stars we have
observed with the ARCES instrument. Both stars exhibit
exactly the same range of emission and absorption species, with
the absorption line strengths and widths being particularly
comparable. The majority of differences between the spectra
can be attributed to uncertainty in continuum level due to
numerous weak emission features. For these reasons, we adopt
for the HD 55606 Be star the effective temperature assumed
for the HR 2142 Be star by Peters et al. (2016), namely
Terr = 21 kK.

As for the Be star rotational velocity, the vsini=
350 kms ' measured for HD 55606 by Levenhagen & Leister
(2006) is a reasonable lower limit. Analysis of the broad Be
star absorption lines using the IDL code I[ACOB Broad v7
(Simén-Diaz & Herrero 2014) suggests a rotational velocity
closer to 490 kms~!, and up to 430 km s~' in the case of
He 1 4026 A. However, due to the questionably large macro-
turbulent velocity measurements (V.. >300kms™ ") and the
excessive uncertainties on all output quantities, the results are
not presented here. On average, the FWHM of He 1 4026 A is
~615 kms ™', such that the primary component of HD 55606
is undoubtedly a very rapidly rotating Be star.

In comparison to the well-studied sample of eclipsing binary
stars presented by Torres et al. (2010), the HD 55606 Be
star has a mass comparable to the B3V and B2.5V primary
stars of V539 Ara (M =6.24M., R=4.52R.) and CV Vel
M=6.09 M., R=4.09 R.). Both of these stars are relatively



Table 3
Radial Velocity Data
HID-MID Phase vV, Mines v, Mines V., Nines W, Vp Instrument
Be Disk Be Disk sdOB Disk sdOB Disk Shell Shell Hn shell Fe 11 5316
(km s~ (kms™ (km s~ (mA) (km s~

2458144.81 0.032 28.1 £ 7.4 29 49.7 +£ 9.3 4 39.0 £+ Parameters of the Be and 6.2 5 99 201 ARCES
2456645.90 0.045 277 +72 7 APOGEE
2458054.00 0.063 32.0 £ 15.3 17 61.1 £ 7.7 3 59.4 + 3.7 7 207 202 SPM
2457491.80 0.067 233 + 122 21 65.6 + 9.7 5 50.7 £ 5.7 8 130 191 FEROS
2458148.77 0.074 13.8 £ 7.7 22 58.7 £ 44 2 39.1 £ 29 17 242 209 ARCES
2458150.77 0.096 22.6 +10.3 25 77.0 £ 3.6 3 48.5 £ 2.8 17 337 209 ARCES
2458151.82 0.107 22.7+9.6 25 86.2 + 8.0 3 439 + 2.6 18 336 221 ARCES
2458154.80 0.139 20.7 + 114 24 1042 +£ 54 3 457 £ 2.6 14 281 216 ARCES
2458157.81 0.171 18.7 £ 9.1 27 1059 + 7.2 4 449 + 1.3 18 364 244 ARCES
2458067.86 0.211 162 £ 11.5 29 110.3 £ 8.9 3 38.8 +4.0 11 190 253 ARCES
2458069.84 0.232 152 + 6.3 25 110.7 + 17.1 3 38.0 + 3.9 5 116 261 ARCES
2456666.82 0.268 183 £ 5.5 7 APOGEE
2457792.88 0.278 16.8 + 6.5 26 108.6 + 6.2 2 253 ARCES
2457795.74 0.309 17.8 £ 4.1 28 101.5 £ 2.9 4 251 ARCES
2457796.70 0.319 17.7 £ 3.9 29 100.1 £ 4.4 2 249 ARCES
2458171.78 0.320 19.7 + 4.7 29 108.8 + 6.0 2 254 ARCES
2456671.79 0.321 16.1 + 4.7 30 945 £ 7.8 4 252 ARCES
2456671.79 0.321 176 £ 7.1 7 APOGEE
2452265.60 0.327 17.8 £ 9.0 9 99.8 + 10.0 1 247 ELODIE
2458174.81 0.352 18.5 £ 49 29 102.5 £ 6.7 3 245 ARCES
2458176.67 0.372 174 £ 45 29 88.5 +£ 6.4 5 243 ARCES
2458083.86 0.382 164 + 6.0 30 90.7 £ 54 3 244 ARCES
2458179.78 0.405 214 + 64 29 80.1 + 8.9 4 239 ARCES
2458086.83 0414 19.7 £ 5.2 30 71.0 £ 11.1 5 236 ARCES
2458089.80 0.445 20.0 £ 9.5 25 509 + 4.7 3 226 ARCES
2458091.83 0.467 214 +54 27 425 +5.5 5 223 ARCES
2458095.05 0.501 22.0 + 14.7 16 229 +9.6 3 215 SPM
2458095.83 0.510 25.5 £ 139 27 242 +£59 5 203 ARCES
2458097.07 0.523 249 + 10.5 21 22.1 + 10.0 1 202 ARCES
2458097.83 0.531 28.8 + 10.2 29 224 +42 2 17.7 £+ 8.6 5 49 196 ARCES
2452191.91 0.541 27.3 + 104 21 10.0 £ 6.5 4 195 FEROS
2458098.84 0.542 238 £ 11.4 28 148 £ 7.3 4 18.8 + 4.8 7 73 203 ARCES
2458099.83 0.552 29.6 + 8.7 28 14.7 + 13.8 5 29.0 + 34 11 118 190 ARCES
2458100.83 0.563 28.9 + 7.8 29 113 £ 8.2 5 38.1 £9.2 15 277 193 ARCES
2458101.83 0.574 29.2 +10.9 28 1.3+93 2 434 +£9.1 16 335 198 ARCES
2457821.68 0.586 323+ 133 27 —4.0+ 4.8 4 51.7 £ 6.0 17 320 203 ARCES
2457824.76 0.619 38.1 +£7.5 25 —-11.8 £ 8.0 6 59.4 + 3.7 15 296 220 ARCES
2458111.84 0.680 33.5 £ 10.9 27 —383+64 4 70.8 + 6.3 11 224 242 ARCES
2458112.88 0.692 355+ 10.6 28 —43.6 £5.7 4 75.8 £ 6.6 10 140 247 ARCES
2458113.83 0.702 357 £ 5.1 28 —454 + 6.8 4 759 £ 7.0 11 137 249 ARCES
2458116.83 0.734 34.0 + 6.8 30 —492 £ 5.7 5 78.7 + 8.1 12 187 252 ARCES
2458117.83 0.744 349 £ 6.2 30 —499 + 6.6 5 78.3 £ 7.1 9 138 253 ARCES
2458118.81 0.755 347 +53 30 —-50.1 £9.9 5 715+ 7.6 10 168 255 ARCES
2458119.81 0.765 35.6 £ 4.4 29 —47.6 £ 6.2 4 75.9 £ 6.2 6 142 257 ARCES
2458120.76 0.776 348 + 6.5 29 —45.7 £ 129 5 80.8 + 5.0 4 57 257 ARCES
2457746.81 0.787 357 +7.6 30 —453 £ 85 4 94.1 £ 4.5 9 110 253 ARCES
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Table 3
(Continued)

HID-MID Phase vV, Niines vV, Niines V., Niines W, Vp Instrument

Be Disk Be Disk sdOB Disk sdOB Disk Shell Shell Hpn shell Fe 11 5316

(kms™") (kms™") (kms™ ") (mA) (kms™ )
2458123.81 0.808 384 + 4.1 29 —357+ 64 4 85.0 £ 4.5 3 45 250 ARCES
2457473.60 0.873 343 + 6.0 30 —19.1 £55 5 244 ARCES
2458130.84 0.883 434 +£52 29 —8.6 = 4.8 3 240 ARCES
2457849.65 0.884 34.0 + 6.1 30 —18.9 £ 14.8 6 238 ARCES
2458134.83 0.926 35.8 + 8.9 29 24+ 6.0 2 231 ARCES
2458137.81 0.957 305 +52 30 9.1 £53 3 36.0 £ 8.3 6 75 221 ARCES
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Figure 6. Comparison of the HD 55606 average non-shell spectrum (black line) to a spectrum of HR 2142 (red line), with the lower panel showing residuals of

HD 55606 minus HR 2142. Relevant absorption features are labeled.

slow rotators, with the V539 Ara primary having vsini =
75kms ™' and the CV Vel primary having vsini = 19kms™ ',
such that rotational flattening is not a significant concern. Since
the HD 55606 Be star is likely a near critical rotator, however,
the ratio of equatorial to polar radii should be Rg/Rp =~ 1.5
(Zahn et al. 2010). The average radius of the V539 Ara and
CV Vel primaries is R = 4.30 R, and if we assume this is the
radius of a non-rotating version of the HD 55606 primary, then
the critically rotating version has Rg ~ 5.8 R., Rp ~ 3.8 R,
and a mean radius of Ry~ 5.1 R, (see Table 1 of Zahn
et al. 2010).

Under the assumptions of T = 21 kK and Ry = 5 R, the
HD 55606 Be star may indeed be overly hot and hence overly
luminous for a star of M ~ 6.2 M. This conclusion was also
reached by Gies et al. (1998) in the case of the Be+sdO binary
¢ Per, but the lack of a reliable parallax estimate prevents us
from confirming that it applies to HD 55606 as well.

6.2. sdOB Star Parameters

Although UV spectra of HD 55606 are unfortunately not
available to try and directly detect the sdOB star’s spectrum,
the presence of He I emission and He I absorption indicates
that the sdOB star has an effective temperature of T > 27 kK.
As for the rotational VGIOCIty, the FWHM ~ 160 kms™' of
the average He I 4686 A absorption line (see Figure 2) can
be used to set an upper limit of vsini < 80kms™' for the
sdOB star.

Table 4 gives estimates of the stellar parameters of the
HD 55606 binary components. For the Be star, derived
estimates are provided for luminosity (L), surface gravity
(log g), critical rotation velocity (v.), and critical fraction (W).

7. Orbital Variations

7.1. Helium

The upper row of Figure 7 displays phased dynamical
spectra of the strong He I lines in which the sdO star orbit
can be clearly seen, as well of He II 4686 A, which is very
weakly detected. He I emission arising in the sdOB disk is
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Table 4

Basic Parameters of the Be and sdOB Components of HD 55606
Parameter Be Star sdOB Star
M (M.) 5.97-6.55 0.83-0.90
R (R.) ~5
Tetr (KK) ~21 >27
vsini (kms™') >350 <80
L(Lo) 4360
log g (dex) 3.82-3.86
Verie (kms™1) >390
W= Vrol/vcrit >0.89
Moy (M) 6.80-7.45
Note. The mass ranges pertain to an inclination angle range of i = 75°-85°.

Measured, estimated, and assumed quantities are given in bold to distinguish
them from derived quantities.

most obvious in He I 5876, 6678, and 7065 10%, whereas for
He 1 4471, 4026, and 4713 A, the sdOB signature is a narrow
absorption embedded in the broad absorption cores of the Be
star. The He 1 6678 A line shows some evidence of phase-
locked V/R variability, with the R peak being bright at
¢ = 0.25 and the V peak being bright at ¢ = 0.75. This
behavior is not repeated in the other He I lines, however.

7.2. Metals and Paschen Series

The middle row of Figure 7 shows similar phase diagrams of
representative metallic emission lines formed in the Be disk.
Pal2 8750 A is included since the variability of the Paschen
series lines is identical to that of the metallic lines. Although the
orbital variation of the Be star is almost too negligible to be seen
here, it is clear that the v, of most lines vary in a complicated
fashion that is locked to the orbital phase. Namely, v, gradually
decreases before conjunctures, before rather suddenly increasing
up to the maximum values around quadratures. This is most
obvious in the cases of Fe 115317 A and O 18446 A, but
the pattern can also be seen in the Ca I triplet and Paschen
series lines.
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Figure 7. Interpolated orbital-phase diagrams and profiles of various spectral lines. In the phase diagrams, the v value given in Table 2 has been subtracted, but
otherwise no V, correction has been applied. The orbit has been reflected by ¢ = £0.5, with the red ticks on the left indicating the observations and with the colors
bars indicating the height relative to continuum level. In the line profile panels, the black lines are the individual V,-corrected spectra and the flux y-range is identical to
that given by the color bars above. The thick red lines are the mean line profiles, in the rest-frame of the sdOB star for He 1/He 11 and otherwise in the rest-frame of the
Be star. The top row shows the He I lines in which the sdOB star is most clearly detected, as well as He 11 4686 A, where very weak absorption can clearly be seen at
velocities corresponding to the sdOB star orbit. The middle row shows representative Be disk metalhc emission lines and Pal2, highlighting the phase-locked v,
variability seen in most lines. Also note the significantly larger and less variable v, of the Mg 1 8307 A line. The bottom row shows five Balmer series lines, with the
H(¢ and He panels zoomed-in on the cores of the broad absorption to focus on the transient shell features. Note that in the H( panel, tlle orbit of the sdOB star can be

seen in the He 13889 A line, and that in the He panel, the vertical features are composite interstellar absorption in Ca II H (3968 A).

~100 km s ! wider than those of the Fe 1I and Fe 1I-like lines,
indicating that they are inner disk lines and hence may be
shielded from interactions between the sdOB star and the Be

On the other hand, many of the nezutral metal lines
(e.g., Mg 15183, Mg 18807 A, C 116895 A) are immune to
the v, variability. These lines exhibit v, that are up to

12
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Figure 8. Double-peak intensity ratios (V/R) and peak separations (v,) of
representative strong lines, phased to the orbital period. For each line, the
average V/R and v, have been subtracted from the multi-epoch values. The
gray vertical stripes indicate epochs where the transient shell components are
present.

0.8 1.0

disk that are presumably responsible for the variability of the
Fe 11 and Fe 1I-like lines.

In the majority of Be+sdO binaries, the primary signature of
the sdO star is single-peaked or highly V/R-variable emission
in the He I lines (Stefl et al. 2000; Maintz et al. 2005; Peters
et al. 2013), with the single or stronger peak corresponding to
the side of the Be disk facing the hot companion and hence
being heated/irradiated. This is not the case for HD 55606, in
which the He I emission is formed in a separate disk around the
sdOB star. Nonetheless, many of the Be disk emission lines of
HD 55606 do in fact exhibit orbital-phase-locked V/R
variability that may be caused by heating of the side of the
disk facing the sdOB star.

7.3. Balmer Series

As demonstrated in the lower row of Figure 7, and
particularly in the HG3 panel, the Balmer series lines exhibit a
complex form of phase-locked variability. The V peak appears
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Table 5
V/R Variability Periods
Line P (V/R) K P/Pory 60
(days)
Pal4 8598 A 92.63 1.00 0.03 0.99 0.10
Pal2 8750 A 93.94 1.00 0.03 1.00 —0.09
Fe 11 5018 A 92.15 1.00 0.01 0.98 0.07
Fe 11 5317 A 92.18 1.01 0.02 0.98 0.07
018446 A 93.66 1.06 0.06 1.00 —0.01
Ca Il 8498 A 93.66 0.98 0.03 1.00 —0.01
Call 8542 A 91.76 0.97 0.03 0.98 0.22
Mean 92.85 1.00 0.03 0.99 0.05
Table 6
Peak Separation Variability Periods
Line P (PeakSep.) K P/Poy ol
(days) (kms™h (kms™")
Pal4 8598 A 46.86 239 27 0.50 —-0.10
Pal2 8750 A 46.92 234 27 0.50 —0.11
Fe 11 5018 A 46.86 231 26 0.50 —0.09
Fe 11 5317 A 46.90 230 28 0.50 —0.09
018446 A 46.96 208 39 0.50 —0.08
Ca Il 8498 A 46.85 238 15 0.50 —0.12
Call 8542 A 46.95 234 14 0.50 —0.13
Mean 46.90 230 25 0.50 —0.10

to be composed of two intertwined/braided peaks, with the
outer (most negative velocity) peak reaching maximum
intensity twice per orbit around ¢ ~ 0.4 and ¢ ~ 0.9. The R
peak, on the other hand, is less of a peak and more of a plateau,
interrupted twice per orbit by the occurrence of transient shell
phases. The transient shell contributions are most obvious in
the He and H( panels of Figure 7, and as has been already
discussed in relation to Figure 5, the shell phases occur twice
per orbit and are present for about half of each orbit. The shell
phase starting around inferior conjunction begins at a velocity
slightly lower than that of the Be disk (and corresponding to the
V. of the sdOB star at that point), with the velocity gradually
increasing toward quadrature. The maximum observed shell V,
of 94 km s~ occurred in our data set at ¢ = 0.79, but the shell
phase observed starting around superior conjunction takes
place at lower (35-60km s~ ') and less variable velocities.

7.4. Phase-locked V/R and Peak Separation Variability

Figure 8 provides a quantitative demonstration of phase-
locked variability in the HD 55606 spectra. The two panels plot
the residuals of the Be disk line V/R ratios and peak
separations, phased to the ~93.8 day orbital period. Although
the trends in V/R and v, are quite obvious in Figure 8, we
proceeded to perform orbit-independent period searches of the
V/R and v, measurements for numerous metallic and Paschen
series lines by supplying the rvfir code (see Section 5) with
V/R and v, rather than V,. The results of several representative
lines are presented in Tables 5 and 6, which give the variability
periods, the mean V/R or vp values, the variability semi-
amplitudes, the ratios of the variability periods over the orbital
period, and the phase shift with respect to the orbital ephemeris.
In terms of amplitude of v, and V/R variability, the overall
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most variable metallic line in the HD 55606 spectra is
O 18446 A.

These results confirm that the V/R ratios are locked to the
orbital period and that the v, variability indeed repeats twice
per orbit. The former result is expected in the case of the hot
sdOB star illuminating the side of the Be disk directly exposed
to it (e.g., Stefl et al. 2000), but the latter result has not been
previously noted in Be+sdO binaries.

8. Discussion

Given the orbital parameters of the HD 55606 system, in
addition to the emission peak separation measurements, it is
possible to estimate the Roche lobe and disk radii of the binary
companions. If we assume that the emission peaks of both the
Be disk and the sdOB disk sample Keplerian motion at some
characteristic radii within the disks, then we can equate the half
emission peak separations with the projected Keplerian
velocities. The Keplerian circular velocity is

= |M _ 4z68kmst M Mo )
R R/Rs

Using the formulation of Huang (1972) for uniformly bright
gaseous rings in Keplerian circular motion around a central
star, and integrating over arbitrarily small ring increments of
varying radii to simulate a continuous disk extending radially
from the star, it can be shown that the emission-line peak
separation is related to v, via

@)

This relation may be altered in a situation where the disk
surface brightness drops significantly as the disk density
declines with radius according to a power law. In the case of
HD 55606, however, the Be disk is probably dense and bright
out to a truncation radius set by the binary companion, such
that a uniformly bright disk is a reasonable first approximation.
Solving for v. in Equation (2) and plugging the result into
Equation (1) yields the following expression for an estimate of
the disk radii:

Vp = 2 v sini.

873.6 km s~ !sini

2
sini
Rgik/Re = [ ) M/M.. (3)

Yp

To check on whether Roche lobe overflow of the disks might
be occurring, the mass ratio derived in Section 5 (¢ = 0.14) can
be fed into the simple analytical prescription for Roche lobe
radius given by Eggleton (1983).

The Roche lobe and disk radius estimates are given in
Table 7, as calculated for i = 75°-85° and provided in both
astronomjcal units (au) and in Be star radii (assuming

=5R.). For the Be disk, radii were estimated using only
the non-shell spectra in order to provide global disk boundaries,
rather than boundaries extended by the density enhancements
that give rise to the shell lines. As the Fe II and CaII v, are
nearly identical during all epochs, Ryis ge (Fe 11/Ca II) refers to
an estimate based on the average non-shell v, of 236 kms™ of
the Fe 11 5018 A, Fe 11 5317 A, Ca 11 8498 A, and Ca I 8542 A
lines. The average non-shell v, of the O18446 A and
Mg 1 8807 A lines are 224 kms~! and 329 kms ™" respectively.
For the sdOB disk, the radius was estimated using the
167 kms ™' average v, of He 15876, 6678, and 7065 A.
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¢=0.25

0.00 AU 0.38 AU 0.76 AU

Figure 9. Pole-on diagram of the HD 55606 system, showing the Be star on
the left and the sdOB star on the right. The arrows above each star indicate the
orbital motions of the stars, which are separated by ~0.76 au in the case of
i = 80°, with the Be star located ~0.09 au from the center of mass (blue
plus sign). The dashed curves show the Roche lobes associated with
M,/M, = 0.14, shaded regions show the circumstellar disks, and orbital
phases are indicated. The differing shading of the Be disk indicates the
preferential emitting radii of Mg I 8807 A (dark shading), Fe 11/Ca 1I (medium
shading), and O I 8446 A (light shading). The red spiral arms indicate density
perturbations in the Be disk, with the thicker red lines indicating the regions
that give rise to the shell phases and to the peak separation variability.

Table 7
Roche Radii and Outer Disk Emitting Radii for an
Inclination Angle Range of i = 75°-85°

Parameter (au) [Rge ~ 5 R:]
RRoche Be 0.422-0.436 18.2-18.7
Rasese (Fe 11/Ca 1) 0.378-0.390 16.2-16.7
Ryisk ge (O 18446 A) 0.419-0.432 18.0-18.6
Rgisk se Mg 18807 A) 0.194-0.200 8.33-8.59
RRoche,sdoB 0.138-0.142 5.93-6.11
Risk.saos (He T) 0.105-0.109 4.54-4.68

The results suggest that the size of the Be star disk is comparable
to the associated Roche radius, with Ry /Rroche = 99% in the
case of O I 8446 A, such that the Be disk may indeed be truncated
by the sdOB star. The enhanced variability of the line with respect
to other features is therefore probably a result of radiative or
kinematic interaction of the sdOB star. The Mg I 8807 A line
represents the other side of the coin, with the lack of any
substantial variability being due to little or no interaction with the
sdOB star. Solid evidence of ongoing mass-transfer is not available
based on our data, but the near filling of the Be star Roche lobe by
the the Be disk and the presence of circumstellar gas in the Roche
lobe of the sdOB star suggests that Roche lobe overflow may
be occurring.

In Figure 9 we present a possible explanation for the
transient shell phases and peak separation variability of
HD 55606. The system is shown as viewed from a pole-on
orientation, with physical dimensions as estimated in previous
sections. The red curves on the Be disk show a two-armed
spiral density perturbation based on the tidal shock formulation
of Ogilvie & Lubow (2002), in which the free parameter
€ = ¢gsini/(K; + K,) determines the radius of curvature
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function of the spiral arms. We adopted i = 80° and the disk
sound speed of ¢; = 14 km s~ ! assumed by Peters et al. (2016)
in the case of HR 2142, resulting in € = 0.156. The thicker
parts of the red curves indicate overdensities near the Be star
where gas can be viewed in projection against the stellar
surface. Over the course of an orbit, these overdense regions
intersect our line of sight to the Be star twice, for a total time of
about half an orbit, thus causing the observed shell phases.
Small changes of £0.02 to the epsilon parameter cause the
overdense regions to eclipse the Be star for significantly larger
or smaller fractions of an orbit, such that our adopted value is
consistent with observations. The differing radial velocity
evolution of the ¢ = 0 shell phase versus the ¢ = 0.5 shell
phase can be explained by the spiral structure of the
overdensities. At ¢ = 0.5 we see the high-density inner arm
approaching us at relatively high speed, while at ¢ = 0, the
high-density region occurs further out at a correspondingly
lower velocity. During the shell phases, the increased emission
peak separations are simply caused by enhanced line formation
at higher velocities, closer to the star.

The complicated negative velocity portions of the strong
Balmer series line profiles (see Figure 7) are also likely a
natural result of the spiral density perturbations in the Be disk.
Each time a high-density region crosses our line of sight, the
outer part of the spiral arm on the opposite side of the Be star
gives rise to a bright peak at very negative V, that gradually
migrates to higher velocities until the arrival of the second
high-density region across our line of sight. At this point, the
process repeats, leading to the apparent “braided” pattern of the
V peak of the Balmer series lines, seen most clearly in HQ.
Despite the line profiles of HD 55606 being considerably more
complex than those produced by theoretical simulations of Be
disks with binary-induced spiral arms, the basic notion of two
V/R reversals per orbit is expected based on Panoglou
et al. (2018).

9. Conclusions

The star HD 55606 has been identified for the first time as an
exotic binary system with a massive Be type primary star and a
compact, hot companion that is probably an sdO or sdB star,
bringing the total number of known or strongly suspected Be
+sdOB binaries to twenty. These systems are the low-mass
analogs of Wolf-Rayet stars formed in interacting binaries
(Gotberg et al. 2018), where past large-scale mass-transfer
resulted in the high temperature and low mass of the stripped-
envelope secondary. In Be+sdOB binaries, the rapid rotation
and ability to maintain a Be disk for the primary are also
a result of mass-transfer. This makes Be+sdOB binaries
extremely interesting considering that the origin of rapid
rotation and ability to form disks are unexplained in the vast
majority of Be stars. It is possible that a significant fraction of
Be stars attain these traits through binary interactions, but the
companions are too faint and/or the orbital motions of the Be
stars too small to permit easy detection (Wang et al. 2018).
Indeed, HD 55606 is similar to the previously known Be+sdO
binaries in terms of low K; and high inclination angle.

Although the binary nature of HD 55606 was discovered
somewhat serendipitously during an investigation of rare
H-band spectral peculiarities, the optical spectra are remarkably
similar to spectra of the previously known Be+sdO binary
HR 2142, such that the commonalities may be useful toward a
systematic search for similar binaries (e.g., using the BeSS
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database). Beyond the obvious smoking gun of radial velocity
variable He 1/He Il emission/absorption, other spectral signa-
tures include relative permanence of the Be star disk (i.e., no
epochs when emission lines are not observed), triple-peaked or
otherwise non-standard Ha line profiles, strong metallic
emission (particularly Fe I and the IR Ca I triplet). These
may simply be selection effects associated with very massive
Be disks, but in lieu of a new UV spectroscopic survey of Be
stars to search directly for stripped-envelope companions, it
would be worthwhile to investigate Be stars exhibiting spectra
similar to HD 55606 and HR 2142.
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