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ABSTRACT

We present a new method for the detection of double-lined spectroscopic binaries
(SB2) using sin values from spectral fits. The method is tested on synthetic
and real spectra from LAMOST-MRS. It can reliably detect SB2 candidates for
double-lined binaries with sin 14+ sin 2 < 300 km s—1 if the radial velocity
separation is large enough. Using this method, we detect 2460 SB2 candidates,
1410 of which are new discoveries. We confirm the correlation between the radial
velocity separation estimated by the binary model and sin 0 estimated by the
single star model using the selected sample. Additionally, our method finds one
new SB2 candidate in open cluster M 11.

Key words: binaries : spectroscopic -techniques : spectroscopic -stars individ-
ual:

J115307.934-353528.2, J005425.624+-081141.3, J064726.39+223431.7, J065032.45+231030.2,
J055923.95+303104.02, J065001.65+222127.7, J053818.60091754.4.

INTRODUCTION

Modern spectroscopic surveys provide a huge amount of stellar spectra. Tradi-
tionally, the main analysis of survey data is focused on single stars, while spec-
troscopic binaries (SBn, where n is a number of spectral components) should be
removed and analysed separately. SB2s with non-zero radial velocity separation
(|A RV| = |RV1 —RV2 ) of spectral components are usually detected by analysis
of multiple peaks of the cross-correlation functions (CCF) (Merle et al. 2017; Li
et al. 2021; Kounkel et al. 2021), although it is possible to detect an SB2 with
|A RV| = 0 using composite spectroscopic model (El-Badry et al. 2018; Kovalev
& Straumit 2022) if spectral components are significantly different. Machine
learning techniques are also used to find SB2s (Traven et al. 2020; Zhang et
al. 2022).

Kovalev & Straumit (2022) selected SB2 candidates in open cluster M 11 by
visual inspection of the spectra, which showed a significant improvement of the
fit, when using the composite spectral model. They found a clear correlation
between the |A RV| estimated by the binary model and the value of the projected
rotational velocity sin 0, derived from the single-star model for SB2 systems,
and proposed to use this correlation for SB2 identification. In this work we
develop this idea further as a new method for SB2 detection, thereby finding
one new SB2 candidate in the previous M 11
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data set and successfully apply it to detect 2460 SB2 candidates in the LAMOST
(Large Sky Area Multi-Object fiber Spectroscopic Telescope) Medium Resolu-
tion Survey (MRS) (Liu et al. 2020).

The paper is organised as follows: in Sections 2 and 3, we describe the observa-
tions and methods. Section 4 presents our results.

In Section 5 we discuss the results. In Section 6 we summarise the paper and
draw conclusions.

OBSERVATIONS

LAMOST is a 4-meter quasi-meridian reflective Schmidt telescope with 4000
fibers installed on its 50 FoV focal plane. These configurations allow it to ob-
serve spectra for at most 4000 celestial objects simultaneously (Cui et al. (2012);
Zhao et al. (2012)). For the analysis in this paper, we downloaded all available
time-domain spectra from www.lamost.org. We use the spectra taken at a resolv-
ing power of = /A 7500. Each spectrum is divided on two arms: blue from
4950 A to 5350 A and red from 6300 A to 6800 A. We convert the heliocentric
wavelength scale in the observed spectra from vacuum to air using PyAstron-
omy (Czesla et al. 2019). Observations are carried out in MJD=58407.6-59567.8
days, spanning an interval of 1160 days. We selected only spectra stacked for
whole

M. Kovalev et al.

nightl and apply a cut on the signal-to-noise (S/N). In total we have 592 060
spectra from 138 114 targets, where the S/N > 25 pix—1 in any of spectral
arms. The majority of the spectra (one half) sample the S/N in the range of
40-250 pix—1 . The number of exposures varies from 1 to 27 per target, as noisy
exposures were not selected for many targets.

For M 11 stars we use 265 infrared spectra from Gaia-ESO survey (Gilmore et
al. 2012). They were observed with the GIRAFFE (Pasquini et al. 2002) instru-
ment on the VLT (Very Large Telescope) of the European Southern Observatory
(ESO) using the HR21 setup ( = 8475 — 8980 A, = 16 200) and have S/N in
the range from 30 to 120 pix—1 . For a detailed description of the M 11 dataset
we refer the reader to Kovalev & Straumit (2022).

imp =
single — — |binary — /  single — ,binary /

where and are the observed flux and corresponding uncertainty, ,single and
,binary are the best-fit single-star and binary model spectra, and the sum is
over all wavelength pixels.

The current paper focuses on SB2 identification of a single epoch spectrum, and
we will present the results of the simultaneous analysis of the multiple spectra
in our future paper (Kovalev et al. in prep).
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METHODS
Spectroscopic analysis

The results for M 11 stars were taken from the previous work Kovalev & Straumit
(2022).

We use the same spectroscopic models and method as Kovalev et al. (2022) to
analyse individual LAMOST-MRS spectra, see brief description below. The
normalised binary model spectrum is generated as a sum of the two Doppler-
shifted normalised single-star spectral models , 2 , scaled according to the
difference in luminosity, which is a function of the eff and stellar size. We
assume both components to be spherical and use the following equation:

,binary =
2+ 1 (eff 1) Tlog(g) —log(g), =1+  (eff 2) 2

where is the luminosity ratio per wavelength unit, is the blackbody radiation
(Plank function), eff is the effective temperature, log (g) is the surface gravity
and is the mass. Throughout the paper we always assume the primary star to
be brighter and define mass ratio as = 1 /2, which is inverted in comparison
with traditional definition =1/ .

The binary model spectrum is later multiplied by the normalisation function,
which is a linear combination of the first four Chebyshev polynomials (similar
to Kovalev et al. 2019), defined separately for the blue and red arms of the
spectrum.

The resulting spectrum is compared with the observed one using scipy.optimise.curve_ {fit}
function, which provides the optimal spectral parameters and radial velocities

(RV) for each component plus the mass ratio = 1 /2 and two sets of four
coefficients of the Chebyshev polynomials. We keep the metallicity equal for

both components. In total we have 18 free parameters for a binary fit. We

estimate the goodness of the fit parameter by reduced 2 .

Additionally, every spectrum is analysed by a single star model, which is iden-
tical to a binary model when both components have all equal parameters, so
we fit only for 13 free parameters. Using this single star solution3 we compute
the difference in reduced 2 between two solutions and the improvement factor
( imp ), computed

using Equation 2 similar to El-Badry et al. (2018). This improvement factor
estimates the absolute value difference between two fits and weights it by the
difference between the two solutions.

Each exposure contains a sequence of the several short 20 min individual ex-
posures, which were stacked to increase S/N, see Appendix B1.1 with example
of non-stacked spectra. 2 they are designed as a good representation of the
LAMOST-MRS spectra, see Appendix A for details 3 throughout paper it has
subscript “0” or “single”
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Selection of SB2 candidates using rotational velocities

The logic of the selection is quite simple: we need to separate single stars from
all binary solutions. If we try to fit the double-lined spectrum with |[A RV| >
0 using a single star model there are three possible outcomes: (i) none of the
spectral components are well constrained, but sin 0 proportional to |A RV| is
large enough that broadened model covers both of them; (ii) only one spectral
component (usually the primary) is well fitted, while the other is completely
ignored by the spectral model; (iii) the spectrum is poorly fitted as the synthetic
model is unable to reproduce a real spectrum due to missing physics (usually
emission lines, molecular bands etc.) or data processing artifacts.

For all these cases binary model fits the spectrum much better and imp is big.
However only case (i) is useful to select SB2s. Even small |[A RV|, which is
insufficient to split spectral lines due to finite spectrograph’ s resolution, will
cause change to the spectral lines: they will become broader and the fitted value
of sin 0 will increase in comparison with the value from the spectrum of that
binary taken when |A RV| = 0. Case (ii) can be excluded by requiring RV1 to
differ from RVO , as such a case is useless for SB2 identification.

However, it can be used, when several observations are available for a given
target. Multiple epochs allow us to find an SB2 candidate by sin 0 variation,
which it is proportional to |A RV|, although such a variation can be caused by
a real change of sin .

Now we need to separate out the single stars. When a single star spectrum
with sin 0 is fitted by a binary model there are three possible outcomes: (i)
the spectrum is well fitted by twin binary model, consisting of two components
similar to the real star with small |A RV| 0, therefore sin 1,2  sin 0
and sin 1+ sin 2 2 sin 0 ; (ii) the spectrum is well fitted by the
primary component, which is almost identical to the real star ( sin 1
sin 0 ), and a small or negligible contribution from the secondary component,
which can have any value sin 2, although usually it is quite large, so the
secondary spectrum looks completely “flat” ; (iii) the spectrum is poorly fitted
as the synthetic model is unable to reproduce the real spectrum. In this case,
the binary model is desperately trying to compensate for the missing spectral
information by combining two spectral components, usually with significant
improvement relative to best single star model.

For cases (i) and (ii) imp is usually small, but for case (iii) it can be quite large.
Thus we can select SB2 candidates with |[A RV| > 0 by MNRAS 000, 1-9 (2022)

sin as SB2 indicator

selecting the spectra with sin 1 4+ sin 2 + sin min < sin 0 and RV1 #
RVO0 , while “bad fits” from case (iii) can be excluded using a cut on imp . sin

min takes into account the possible uncertainties in the sin measurements.
However we should note that these criteria will not select spectra of fast rotators,
as in this case sin 1 + sin 2 > sin 0 for small |[A RV| > 0. They can

chinarxiv.org/items/chinaxiv-202604.00094 Machine Translation


https://chinarxiv.org/items/chinaxiv-202604.00094

ChinaRxiv [$X]

be selected only for a significant |[A RV|. One can find various fit examples in
Appendix B.

Test on synthetic SB2s

Kovalev & Straumit (2022) presented spectral simulations for open cluster M
11 with 1480 SB2s and 480 single stars, where 480 SB2s are twin binaries, with
all identical parameters for components except for RV. Each star had only one
spectrum. We take these results and plot sin 1+ sin 2 versus sin 0 in the
top panel of (blue) and sin 14+ sin 2 =2 sin 0 (red). It is clearly seen that
the single star subset mostly follows the red line and there are no single stars
below the blue line. Mock binary stars populate the entire parameter space
between zero and the dashed line sin 14 sin 2 = 330+ sin 0. We select
only datapoints sin min = 5 km s—1 below the blue line with imp > 0.1 and
[RV1 — RVO | > 5 km s—1 as SB2 candidates, to exclude all spectra from the
single-star subset. In total we have 76 spectra, 59 of them are twin binaries,
therefore success rate ( ) of our selection method is = 76/1480 = 0.05 for all
SB2s and twins = 59/480 = 0.125 for twins. The success rate is small, because
this simulated dataset mostly contains fast rotators with small |A RV|.

Therefore for the time-domain LAMOST-MRS we create a new simulated set
with larger |A RV| and several spectra per star, using binary spectral model
from Section 3.1. We generate 10000 mock binaries using uniformly distributed
mass-ratios = 2 /1= (0.01, 1.0), eff from 4600 to 8800 K, log (g) from 2.6 to
4.8 (cgs), sin = (1,200) km s—1 for both components and [Fe/H]1 = [Fe/H]2
= (—0.36, 0.36) dex. For each star, we create five mock binary spectra using
radial velocities computed for circular orbits with the random semiamplitudes
2= (0,300), 1 = 2km s—1 at randomly chosen phases. These models are
degraded by Gaussian noise according to S/N = 50, 100 pix—1 for the blue and
red spectral arms respectively. Such models serve as a good representation of
the real LAMOST-MRS observations. We compute the secondary contribution
to the total light at = 5000 A as frac = 1/(1 + 5000 ) and selected 1411 stars
with frac < 0.01 (below noise level) as a subset of the single stars with 7044
spectra.

We perform exactly the same analysis as for the observations on this simulated
dataset (see Section 3.1). We checked how well the parameters can be recovered
by calculating the average and standard deviation of the residuals. For the
single stars we have ARV = 0.03 £ 0.32 km s—1 , Aeff 0 = 34 + 64 K, A log
(g) 0 =10.05 + 0.08 cgs units, A sin 0 = —1 4 2 km s—1 and A[Fe/H]0 = 0.02
+ 0.04 dex. For the primary components we have ARV1 = —0.02$4+-$12.63 km
s—1, Aeff 1 = 11$4+%$192 K, A log (g) 1 = 0.05$+%0.14 cgs units, A sin 1 =
0 + 13 km s—1 . For the secondary components we have ARV2 = 1.35 4 72.58
km s—1, Aeff 2 =157 + 891 K, A log (g) 2 = 0.29 + 0.55 cgs units, A sin
2= -23 4+ 60 km s—1 .

Metallicity has A[Fe/H]1,2 = 0.01 4 0.04 dex. The mass ratio is recovered
poorly A = —0.05 &+ 0.33, and thus is mostly unreliable.
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It is clear that the parameters of the secondary components are poorly recovered
compared to the primary components, especially log (g) 2 . However accurate
spectral parameters are not critical for MNRAS 000, 1-9 (2022)

M 11 (top) and LAMOST-MRS (bottom). Solid lines show the functions sin
1+ sin 2= sin 0 (blue) and sin 1+ sin 2 =2 sin 0 (red).

the purpose of SB2 identification, as binary model serves as a “flexible template”
. The simultaneous analysis of multiple epochs have a much better impact on a
parameter’ s recovery(Kovalev et al. 2022).

We show the selection of SB2 candidates using sin on bottom panel of Fig. 1
[Figure 1: see original paper|. Solid lines show the functions sin 1+ sin 2 =

sin 0 (blue) and sin 14 sin 2=2 sin 0 (red). It is clearly seen that the
single star subset mostly follows the red line and no single stars are seen below
the blue line. Mock binary stars populate all parameter space between zero and
dashed line sin 1 + sin 2 =300 + sin 0. We select all datapoints sin
min = 5 km s—1 below the blue line with imp > 0.1 and |[RV1 — RV0 | > 10
km s—1 as SB2 candidates. In total we have 2127 spectra of 1112 stars (zero
from the single star subset), where all five spectra are selected for 22, four for
74, three for 189, two for 327 and only one for 500 mock binaries respectively.
Therefore the success rate of our selection method is around = 1112/(10000
— 1411) = 0.129.

In our selection we prioritize purity over completeness, thus is relatively small.
One can use less strict quality cuts on sin min , imp and |RV1 — RVO | min
, however it can produce many false-positive detections. If multiple epochs are
available one can find more SB2 candidates using sin 0 variation with time.
We

M. Kovalev et al. Filtering bad fits - any of the following cuts single |A RV]|
>320 km s—1 |RVO | >400 km s—1 [log | >0.95 5000 /(1 + 5000 ) >0.95
|[Fe/H]0 |>0.85 and sin 0 >299 km s—1 [log (g) 0 — 3|>1.98 and sin 0 >299
km s—1 |log (g) 0 — 3|>1.98 and eff 0 >8780 K |log (g) 1 — 3|>1.98 and eff 1
>8780 K Bad calibration in 213 spectra

LAMOST-MRS
Quality cuts

We carefully check the quality of the spectral fits through visual inspection of
the plots.Our LAMOST-MRS dataset contains spectra from various targets and
some of them can be poorly fitted by our spectral model (red super giants, very
hot stars, see Fig. B7).

Therefore we introduce several quality cuts on the fitted parameters, see Table
1. They exclude 192 533 spectra (33 per cent) from the data set. Additionally
we find 213 spectra, where wavelength scale is clearly shifted between the blue
and left arms, see Appendix B3.
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of M 11 (top panel) and LAMOST-MRS (bottom panel). Solid lines show the
functions sin 1 4+ sin 2= sin 0 (blue) and sin 1+ sin 2 =2 sin 0
(red). Selected stars are shown with black open triangles. Several confirmed
SB2s are highlighted.

plan to implement this in improved selection method in our future paper (Ko-
valev et al. in prep.).

RESULTS
Application to binaries from M 11

We use our criteria to explore the data from Kovalev & Straumit (2022). We
show sin plot in the top panel of Fig. 2 [Figure 2: see original paper]. Four
spectra with strong emission at Ca II lines are shown as red circles, they are
poorly fitted based on visual inspection. We find that the new criteria select
eight SB2 candidates out of 265 spectra, shown as black open triangles. All
SB2s and SB3 candidates from Kovalev & Straumit (2022) are shown as blue
and green circles, where seven are selected, thus we find one new SB2 candidate.
We discuss them in Appendix D.

Selected SB2 candidates

We show the selection of SB2 candidates using sin on the bottom panel of
Fig. 2. It is clearly seen that not selected stars slightly follow red and blue
lines. We have a large overdensity at sin 0 = 1 km s—1 and there is a clear
gap at sin 0 90 km s—1 . We currently do not have a clear explanation
for this gap, perhaps caused by a systematic problem in the fitting mechanism,
since there is weak evidence of a similar gap for the simulated LAMOST-MRS
dataset shown in with the majority having sin 0 in the interval from 20 to
150 km s—1 . In total we have 6160 spectra from 2460 stars, listed in Table C1.
For several confirmed SB2s we highlight all available spectra as filled circles. It
is clearly seen that many such spectra follow horizontal lines of nearly constant

sin 1 4+ sin 2. For example the Algol-like system TYC 2990-127-1 ( =
4.75) from Kovalev et al. (2022) is labeled as “T'YC” (red circles). Many spectra
are selected, although several spectra taken near conjunction phase are fitted
with very big sin 2. Twin binary (cyan circles) with unresolved double-lined
spectrum is selected many times, but some spectra with |[A RV| 0 follow the
red line. Two systems of fast rotators, labeled as “fast” and “faster” are shown
as blue and green circles. For “fast” fits of several spectra, where single star
model was ignoring secondary component (case (ii)), are not selected. In the
“faster” only one spectrum is selected. Fits for these three SB2s are shown in Fig.
B1. We also show as gold circles an interesting SB2 system with very different
spectral components (A eff > 3000 K) labeled as “gig” . None of its spectra
are selected due to small |A RV| and fast rotation of the hotter component, see
Fig. B5 . This star can be selected based on big imp > 0.3. We will present a
detailed study of it in our future paper.
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MNRAS 000, 1-9 (2022)
sin as SB2 indicator

Zhang et al. (2022)4 . We find 122 matches with recent Gaia DR3 non-single
stars orbits catalogue(Gaia Collaboration et al. 2022a).

In total our catalogue includes 1050 known and 1410 new SB2 candidates. Also
some of them are possibly SB3s, see Fig.B2.

However we should note that some SB2 candidates can be chance alignments
due to relatively large fiber diameter of the spectrograph (3 00 ). Our sample is
limited to time-domain spectra with S/N > 25, therefore the number of matches
with other LAMOST-MRS based studies is not very high. We plan to extend it
to non time-domain spectra in our future paper.

DISCUSSION

We plot |A RV| and sin 0 for all selected spectra and confirm the correlation
between these parameters. We fit a straight line through the data points using
imp as a weight and find: |A RV| =0.86 sin 0+ 3.90, = 0.98,

where is a Pearson’ s product moment correlation coefficient.

Since we have sin min = 5 km s—1 as our selection criteria, in theory we
can select SB2s with |A RV| = 8.2 km s—1 based on this fit. The minimal |A
RV| 20 km s—1 , among selected SB2s, which is much smaller than |A RV]|
= 50 km s—1 , required by CCF based methods developed for LAMOST-MRS
spectra (Li et al. 2021), therefore our method should be able to find more SB2
candidates.

However, many SB2s are still not detected, especially when the single star model
fits only one component (case (ii)) or the spectrum was observed at moment of
small |A RV|, see Appendix B1.2.

We check how usage of stacked spectra can alter the fitting results in Appendix
B1.1. We find that for close SB2 with period < 2 days, stacking of 5 consecutive
20 min exposures leads to slight increase of sin 1,2 by 3 — 5 km s—1 in stacked
spectrum, due to blurring. Therefore short epochs are more useful for close
SB2s.

Comparison with other SB2 catalogues
We make cross matches with several available SB2 catalogues.

We find 17 matches with SIMBAD database (Wenger et al. 2000), labeled as
SB*, two matches with SB9 (Pourbaix et al. 2004), 56 matches with Traven
et al. (2020), and 108 matches with Kounkel et al. (2021) catalogues. Cross
matching with El-Badry et al. (2018) we find 10 stars listed in their SB2 table.
Surprisingly, we find one match with their single star table and one match with
the SB1 table.
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We check these matches and confirm that they are SB2 candidates, see Fig.B3.
We find no matches with either the SB3 table or the SB2 table with unseen third
component. Among LAMOST-MRS based papers we find 535 SB2 matches and
24 SB3 matches with Li et al. (2021), 173 matches with Wang et al. (2021) and
440 matches with MNRAS 000, 1-9 (2022)

Gaia DR3 data for LAMOST-MRS dataset

We check the resent Gaia DR3 (Gaia Collaboration et al. 2016, 2022b) and plot
the Hertzsprung-Russell diagram for all matches with positive parallax in top
panel of Fig 4 [Figure 4: see original paper|. Selected SB2 candidates are shown
with black open triangles. Some of them are located at the main sequence of
binaries with similar luminosity which is 0.75 mag higher than main sequence.
Gaia DR3 provides parameter broad as a measure of rotational broadening
for a single stars, based on Gaia RVS spectra (Frémat et al. 2022). We use it
instead of sin 0 and reproduce bottom panel of Fig. 2 in the bottom panel of
Fig. 4. Again is clearly seen that not selected stars slightly follow the red and
blue lines. We have an overdensity at broad < 10 km s—1 , and we have many
hot stars in the region higher than the black dashed line sin 1 + sin 2 =
broad +300. In Fig. 2 it was empty, because our fitting algorithm is unable fit
eff > 8800 K, so it tries to increase sin 0 in order to compensate for changes
in the spectra. We apply the same selection as before using broad instead of

sin 0 and find 1380 spectra of 491 stars, where 436 of them were previously
selected using sin 0 . We show them as green circles. The remaining 55 stars
were probably observed by LAMOST-MRS at moments with |[A RV| 0 km s—1
. Unfortunately we can’ t check this hypothesis, because epoch’ s RVS spectra
and RV measurements aren’ t included in Gaia DR3. However this confirms
that Frémat et al. (2022) were unable to completely filter out SB2s from their
catalogue.

CONCLUSIONS

We developed a new method for SB2 detection in spectral surveys.

It is based on the simple fact that single star model will fit the SB2 spectrum
with large rotational broadening sin 0 , proportional to the |A RV|. This
method found eight (one new) SB2 candidates in the M 11 cluster and 2460 (1410
new) SB2 candidates in the LAMOSTMRS. We will present a detailed study of
the spectral parameters and orbits (similar to one in Kovalev et al. (2022)) of
LAMOSTMRS SB2 candidates in our future paper. We hope that our method
will be useful in SB2 detection in large-scale spectroscopic surveys, e.g. Gaia
RVS (Cropper et al. 2018).
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APPENDIX A: SPECTRAL MODEL FOR LAMOST-MRS The grid of syn-
thetic spectra (6200 in total) is generated using the NLTE MPIA online-interface
https://nlte.mpia.de (see ChapMNRAS 000, 1-9 (2022)

sin as SB2 indicator ter 4 in Kovalev 2019) on wavelength intervals 4870:5430
A for the blue arm and 6200:6900 A for the red arm with spectral resolution

= 7500. We use a NLTE (non-local thermodynamic equilibrium) spectral
synthesis for H, Mg I, Si I, Ca I, Ti I, Fe I and Fe II lines (see Chapter 4 in
Kovalev 2019, for references). The spectral parameters are randomly selected in
a range of eff =4600, 8800 K, log (g)=1.0, 4.99 (cgs units), sin = 1, 300 km
s—1 and [Fe/H]5 =—0.9,4-0.9 dex, microturbulence is fixed to mic = 2 km s—1
. The grid is randomly split on training (70%) and cross-validation (30%) sets
of spectra, which are used to train The Payne spectral model (Ting et al. 2019).

We use output of The Payne as a single-star spectral model single .

Table B1. Spectra with a problem in the wavelength calibration. Full table is
available as supplementary material.

km s—1

km s—1

km s—1

J010308.47+053110.8 J010355.514+-052339.3
APPENDIX B: SPECTRAL FITTING EXAMPLES
Good fits

In Figure B1 we show the best fit single star and binary models for several
SB2s, confirmed by changes in spectral lines over several epochs. We zoom
into the wavelength range around the magnesium triplet and Ha and in a 70
A interval in the red arm, where many double lines are clearly visible. In the
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top panel we show best fit of the twin binary spectrum of J115307.93+353528.2
(denoted as “twins” in Fig. 2) taken at maximal |A RV| = 40 km s—1 , however
despite double-lines are not visible, this star is selected as binary by our method.
Middle panel show an example of case (ii) of SB2 fitting by the single star model,
not useful for SB2 identification, however the binary model fits the spectrum
well. This binary system J064726.394223431.7 denoted as “fast” in Fig. 2.
In the bottom panel we show the best fit of the binary spectrum of system
J005425.62+081141.3 (denoted as “faster” in Fig. 2) of two fast rotators taken
at significant |A RV|. We will study these SB2s in Kovalev et al. (in prep.).

Fig. B2 shows a spectrum with three spectral components (SB3 J040541.37+575341.0),
where the primary component of the binary model broadens to cover two out

of three components. In Kovalev & Straumit (2022) we showed how such a
spectrum can be disentangled.

In Fig. B3 we show the best fit single star and binary models for two
SB2s, which are reported as SB1 (J085125.30+1202564) and single star
(J034300.73+330448.2) in El-Badry et al. (2018).

Double lines are clearly seen in the spectra, however they still can be chance
alignments or the LAMOST-MRS was lucky to observe them at optimal |A RV/|.

non-stacked spectra

In Fig. B4 we show the best fits for the non-stacked and the stacked spectra of
the close binary J053818.60-091754.4. We successfully fit five individual 20 min
exposures with lower S/Nblue,red 30, 60 (stacked spectrum has S/Nblue,red

82, 143). We find that RV rapidly changes and sin 1,2 are slightly smaller ( 3
— 5 km s—1 ) than for the stacked spectrum. Similarly to Kovalev & Straumit
(2022) we fit a circular orbit with period = 1.88 days, mass ratio dyn = 0.89
and systemic velocity v = —13.14 km s—1 , although orbit coverage is very poor.

We used [Fe/H] as a proxy of overall metallicity, abundances for all elements are
scaled with Fe.

MNRAS 000, 1-9 (2022)
not detected SB2s

In Fig. B5 we show the best fit single star and binary models for
J065032.454-231030.2 - a very interesting SB2 system of two component
with Aeff 3000 K, denoted as “gig” in Fig. 2. It is not selected by our
criteria due to a fast rotating secondary sin = 68 km s—1 , however it can
be selected based on high imp > 0.3 even for a spectrum with |[A RV| 0 km
s—1 . We will study this SB2 in detail in Kovalev et al. (in prep.) In Fig.
B6 we show two SB2 systems not selected by our method. The spectrum of
J055923.95+303104.2 shown in the top panel is a case (ii), where single star
model fits only narrow lines of the secondary. The middle panel shows the
same star without narrow lines of the secondary and the binary model consists
two hot, fast rotators which is probably wrong, as their eff 1,2 lie at edge
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of the model grid. The bottom panel shows the spectrum of the SB2 system
J065001.65+222127.7 of two very fast rotators with insufficient |A RV|. We
will study these SB2s in detail in Kovalev et al. (in prep.)

Bad fits

In Fig. B7 we show how our model desperately attempts to fit a very hot star
J203746.56+421949.2 (top panel) and a very cool star J030635.12+545721.5
(bottom panel). For a hot star with emission at the Ha core, our binary model
fits “fake” system with |A RV| 350 km s—1 and good imp . For the spectrum
of a cool star with clearly visible molecular bands, both models failed, but the
secondary component in the binary model was able to estimate RV correctly.

Bad wavelength calibration

We identify 213 spectra, where the blue and red spectral arms have nearly
constant |A RV| > 180 km s—1 , after visual inspection of fits. All these spectra
were observed in several particular fields and nights, thus we assume that the
wavelength calibration was bad for certain fibers of the spectrograph. We list
such spectra in Table B1. Examples of such spectra of the SB2 (top panel)
and single star (bottom panel) are shown in Fig. B8. You can see that for
a single star J093106.97+473831.4 the single star model completely failed, but
the binary model was able to fit RV from the red arm by primary component
and RV from the blue arm by the secondary component. For the SB2 star
J121440.444-482728.0 even the binary model failed, but showed a result similar
to the single star model fits on normal SB2 spectra: both components are
broadened.

M. Kovalev et al.

Figure B1. Examples of the spectrum fitting by binary spectral model (green
line) and by single star model (blue line) (with offset 0.5). sin 1,2 are increasing
from the top to bottom panel. Observed spectrum and its error are shown as a
gray and orange lines respectively. Primary (magenta line) and secondary (red
line) components are labeled as “second” and “first” with contribution to total
light at = 5000 A. Spectral parameters ( eff | log (g), [Fe/H], sin ) from single
star model fit and binary model fit are shown in the titles.

MNRAS 000, 1-9 (2022)
sin as SB2 indicator
Figure B2. Same as Fig.B1 but for an SB3 candidate.

Table C1. Catalogue of SB2 candidates in LAMOST-MRS. Full table is available
as supplementary material.

LAMOST designation
Gaia eDR3 source_ {id}
J000024.99+340651.5 J000151.034-340757.3 J000223.564-340644.8

chinarxiv.org/items/chinaxiv-202604.00094 Machine Translation


https://chinarxiv.org/items/chinaxiv-202604.00094

ChinaRxiv [$X]

APPENDIX C: CATALOGUE OF SB2 CANDIDATES IN LAMOST-MRS Ta-
ble C1 lists all 2460 SB2 candidates. We note that LAMOST designation can
slightly vary between data releases, therefore please use Gaia eDR3 source_ {id}
from Gaia Collaboration et al. (2021).

APPENDIX D: NEW SELECTION IN M 11 The new SB2 candidate is
18504350-0613598 shown on the top panel of Fig.D1. The very high mass ratio

= 9.4 and small log (g) 2 = 3.41 dex are not realistic, probably the binary
model converges to such parameters to make better fit of the light ratio. SB2
candidate 18510223-0614547 from Merle et al. (2017); Kovalev & Straumit
(2022) shows clear composite spectrum (bottom panel of Fig.D1), although it
is not selected due to |[RV1 — RVO | < 5 km s—1 (case (ii)). All other six SB2
and one SB3 candidate from Kovalev & Straumit (2022) with sin 1+ sin 2
4+ 5 < sin 0 are selected. Table D1 lists stellar parameters derived in Kovalev
& Straumit (2022) for all 265 spectra in M 11. Plots with all 265 spectral fits
will be available online https://doi.org/10.5281/ zenodo.70376056 .

This paper has been typeset from a TEX/LATEX file prepared by the author.
also available at https://nlte.mpia.de/upload/kovalev/
MNRAS 000, 1-9 (2022)

Table D1. Stellar parameters for all 265 M 11 stars, analysed in Kovalev & Strau-
mit (2022). Full table in machine-readable form is available as supplementary
material. parameter

CNAME single binary « (J2000) (J2000) frac = /(1 + ) eff 0 log (g) O
[Fe/H]0 sin 0 eff 2 log (g) 2 [Fe/H]1,2 sin 2 eff 1 log (g) 1 sin 1 Gaia
eDR3 source {id}

HHMMSSss+DDMMSSs

degree degree pix—1 km s—1 km s—1 km s—1
km s—1 km s—1 km s—1

M. Kovalev et al.

Figure B3. Same as Fig.B1 but for SB2s with matches in SB1 (top panel) and
a single star (bottom panel) tables from El-Badry et al. (2018)

MNRAS 000, 1-9 (2022)
sin as SB2 indicator

Figure B4. Same as Fig.B1 for non-stacked (top panel), stacked spectrum (mid-
dle panel) of close SB2. In the bottom panels we show a circular orbit fitting
with the phase-folded RV curve in the middle, the fit residuals on the left and
the Wilson plot on the right.

MNRAS 000, 1-9 (2022)
M. Kovalev et al.
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Figure B5. Same as Fig.B1 but for two spectra of SB2 system with two very
different components with A eff 3000 K. Top panel shows the spectrum with
|A RV| = 27 km s—1 , and bottom panel shows the spectrum with |[A RV| 0
km s—1 .

MNRAS 000, 1-9 (2022)
sin as SB2 indicator

Figure B6. Same as Fig.B1 but for two SB2 systems not selected by our method.
Top panel shows a spectrum, possibly taken during partial eclipse, where single
star model ignores the primary component, but fits only narrow lines of the
secondary. Middle panel shows the spectrum of the same star, but without
narrow lines. The bottom panel shows the spectrum of an SB2 system of two
very fast rotators with insufficient |A RV]|.

MNRAS 000, 1-9 (2022)
M. Kovalev et al.

Figure B7. Same as Fig.B1 but for poor fit of a very hot star J203746.56+421949.2
(top panel) and a very cool star J030635.124+545721.5 (bottom panel)

MNRAS 000, 1-9 (2022)
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Figure B8. Same as Fig.B1 but for spectra with bad wavelength calibration. Top
panel is a SB2 candidate J121440.44+4-482728.0 and bottom panel is a single star
J093106.97+473831.4.

MNRAS 000, 1-9 (2022)
M. Kovalev et al.

Figure D1. New (top panel) and not selected (bottom panel) SB2 candidates in
M 11.

MNRAS 000, 1-9 (2022)
Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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