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ABSTRACT

Aims. HD 93206 is a massive early-type stellar system composed of components resolved by direct imaging (Ab, Ad, B, C, D) and a
compact subsystem (Aal, Aa2, Acl, Ac2). Its geometry was already determined on the basis of extensive photometric, spectroscopic,
and interferometric observations. However, the fundamental absolute parameters are still not known precisely enough.

Methods. We use an advanced N-body model to account for all mutual gravitational perturbations among the four close components,
and all observational data types, including astrometry, radial velocities, eclipse timing variations, squared visibilities, closure phases,
triple products, normalized spectra, and spectral energy distribution (SED). The model has 38 free parameters, grouped into three sets
of orbital elements, component masses, and their basic radiative properties (7', log g, Vio)-

Results. We revised the fundamental parameters of QZ Car as follows. For a model with the nominal extinction coefficient Ry =
Ay/E(B — V) = 3.1, the best-fit masses are m; = 26.1 Ms, m, = 32.3 Mg, mz = 70.3 Mg, and my = 8.8 Mg, with uncertainties
of the order of 2 Mg, and the system distance d = (2800 + 100) pc. In an alternative model, where we increased the weights of
the radial velocity (RV) and transit timing variation (VTT) observations and relaxed the SED constraints, because extinction can be
anomalous with Ry ~ 3.4, the distance is smaller: d = (2450 + 100) pc. This corresponds to the distance of the Collinder 228 cluster.
Independently, this is confirmed by dereddening the SED, which is only then consistent with the early-type classification (09.7Ib for

Aal, OSIII for Acl). Future modelling should also account for an accretion disk around the Ac2 component.

Key words. binaries: eclipsing — stars: early-type — stars: fundamental parameters — stars: individual: HD 93206 —

techniques: interferometric — methods: numerical

1. Introduction

HD 93206 is a complex system composed of nine compo-
nents (usually denoted Aal, Aa2, Acl, Ac2, Ab, Ad, B, C,
D; Mason et al. 2001). In the accompanying paper (Mayer et al.
2022) we used several observation-specific models to obtain
the fundamental parameters of its subsystems, in particular the
eclipsing binary Acl+Ac2, the spectroscopic binary Aal+Aa2,

* Dedicated to the memory of Dr. Pavel Mayer.
** Based on observations made with ESO Telescopes under pro-
grammes 098.D-0706(B), 099.D-0777(B).

and their mutual long-period orbit (Aal+Aa2)+(Acl+Ac2).
Together, the quadruple subsystem is called the QZ Car variable
star. All these models were kinematical; they were based on the
two-body problem with the light-time effect and the third light,
to account at least for major perturbations.

In this work we focus on the same quadruple subsystem
QZ Car, but we use a dynamical N-body model called Xitau'
to account for additional perturbations (in particular, all mutual,
parametrized, post-Newtonian). Moreover, we account for all

1 http://sirrah.troja.mff.cuni.cz/~mira/xitau/
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Fig. 1. Reddening E(B — V) vs. distance for the direction towards
QZ Car, according to Lallement et al. (2019). The mean (orange), dis-
persion (gray), and extrapolation (dashed) to the nominal distance
2870 pc are shown.

observational datasets at the same time, including astrometry,
photometry, spectroscopy, and interferometry. This approach
allows us to derive robust estimates of fundamental parame-
ters. Our model was already used for multiple stellar systems
(e.g., & Tau, Nemravova et al. 2016; Broz 2017) and asteroidal
moon systems with highly irregular central bodies (e.g., (216),
Marchis et al. 2021; Broz et al. 2021a, 2022).

2. Observational datasets

The radial velocity measurements, relative spectroscopy, light
curves and corresponding eclipse-timing variations (ETVs), and
astrometry are already described in Mayer et al. (2022). Here we
focus on additional datasets, namely the spectral energy distribu-
tion (SED) and interferometry.

2.1. Spectral energy distribution

We used data from Vizier, which includes the standard John-
son system photometry (Ducati 2002), verified by the La Silla
and Sutherland photometry (see Mayer et al. 2022), Hipparcos
(Anderson & Francis 2012), Gaia3 (Gaia Collaboration 2020),
2MASS (Cutri et al. 2003), WISE (Cutrietal. 2012), MSX
(Egan et al. 2003), and Akari (Ishihara et al. 2010). Altogether,
the whole spectral range is 0.35-22 pm.

It was necessary to carry out the dereddening of these data.
Unfortunately, the classic extinction maps of Green et al. (2019)
give unrealistic absorption, and a special treatment is needed for
QZ Car, which is too close to the galactic equator. To this end,
we used the extinction maps of Lallement et al. (2019). For the
assumed distance 2870 pc (Shull & Danforth 2019), the redden-
ing extrapolated from 2100 pc is E(B—V) = (0.470+0.060) mag,
and corresponding absorption Ay = 3.1E(B - V) = (146 £
0.19) mag (Fig. 1). Using the standard wavelength dependence
of Schlafly & Finkbeiner (2011), we obtained the dereddened
fluxes shown in Fig. 2.

Not surprisingly, the corrected fluxes exhibit a power-law
slope, which corresponds to the Planck function (B; o« A7*
for 4 > 0.35um), for the effective temperature 7 ~ 30 000 K.
This is in agreement with the early-type spectral classification
of QZ Car. Using a significantly smaller distance (e.g., 2000 pc)
would result in a SED that does not correspond to early-type
stars. We show in Sect. 3 that this distance and dereddening are
indeed reliable. On the other hand, in the far-infrared (>2.2 um),
where absorption is already negligible, a non-negligible excess
is present. The monochromatic fluxes are a factor of 5 too large,
possibly indicating cold circumstellar matter or blending, neither
of which is accounted for in our modelling. Consequently, we
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Fig. 2. Observed SED (blue) and dereddened SED (orange) for the dis-
tance 2870 pc. The dereddened fluxes F, approximately correspond to
black-body radiation with the temperature 30 000 K (cyan). In the far-

infrared, where absorption is negligible, a non-negligible (half order)
excess is present.
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Fig. 3. Coverage (u,v) = B/A (in cycles per baseline) of new inter-
ferometric observations (see Table 1). The corresponding squared visi-
bility V? is plotted in colour (see colour bar at right). The wide orbit
((Acl+Ac2)+(Aal+Aa2)), having the angular separation more than
30 mas, is clearly resolved.

should preferably fit the near-ultraviolet to near-infrared (NUV—
NIR) spectral range.

2.2. Interferometry

In addition to the Sanchez-Bermudez et al. (2017) astrometric
data, for the epochs June 17, 2016, and June 18, 2016, we used
interferometric observations with the VLTI/GRAVITY instru-
ment found in the ESO archive for the epochs March 14, 2017
and April 27, 2017. This is an important constraint for the
(Acl+Ac2)+(Aal+Aa2) orbit. Apart from astrometry, we can
directly include squared visibilities V2, closure phases argTs,
and triple product amplitudes |73| in Xitau.

We used the Esoreflex VLTI/GRAVITY pipeline
(Freudling et al. 2013; GRAVITY Collaboration 2017) to
reduce the data. We performed the standard visibility cali-
bration, which is substantial (0.2) for baselines >4.5 x 107
cycles per baseline. We used the so-called ‘vfactor’ for the
correction of V2. We did not use data with V> + o2 > 1.0.
The new (u,v) coverage is shown in Fig. 3. The wide orbit
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Table 1. Astrometric positions of component (Acl+Ac2) with respect to (Aal+Aa2) from the literature and from new data.

Time u % Major Minor PA. Fac/Faq Ref.
(UTO) (mas) (mas) (mas) (mas) (deg) 1
2012.1241 13.590 24.538 5410 4.705 331.020 0.68 +£0.10 Sana et al. (2014)
2012.4409 12.367 22597 0.540 0.652 331.310 0.37 +£0.04 Sana et al. (2014)
2016-06-18T01:35:21 15940 25.609 0.045 0.054 0 0.74 £ 0.14  Sanchez-Bermudez et al. (2017)
2017-03-14T03:34:17 16.370 25.672 0.003  0.003 0 0.490 = 0.001 ESO archive 098.D-0706(B)
2017-04-27T01:20:12 16.390 25.664 0.003  0.003 0 0.571 £ 0.001 ESO archive 099.D-0777(B)
2017-04-27T02:08:58 16.402 25.678 0.003  0.003 0 0.573 = 0.001 ESO archive 099.D-0777(B)
((Acl+Ac2)+(Aal+Aa2)), having the angular separation more g 4= 7"?’ (6)
than 30mas, is clearly resolved. On the other hand, angular
diameters of individual components (0.015-0.08 mas) cannot be )
resolved. As we discuss in Sect. 3, there were some problems Ks=(1+ V)Vj’ @)
with the |T3| calibration. Consequently, we also tried to reduce
the data without ‘vfactor’. . . Ko = =2(1 +y) iy i}, 8)
As a check, we performed astrometry with the Litpro soft-
ware (Tallon-Bosc et al. 2008). A simplified model of a binary .
(Ac+Aa) was assumed. We fitted (i, v) coordinates of Aa and K, = 3 (rij - #)) )
the flux ratio Fa,/Fac; other parameters were kept fixed. Even 2 rl.zi ’
though there are some systematics, the fit converges without '
problems and the astrometric uncertainties are comparable to Kg = l Fo (10)
previous measurements (o, =~ 0.010 mas; Table 1)°. 2y
We used no light curves in our modelling (only indirectly
as ETVs). To our knowledge, there are no sufficiently high Ko = (2 +2y)ri;-Fi, (11)
signal-to-noise ratio differential interferometric measurements
(cf. Sapchez—Bprmudez et al. '291'7'),. which would otherwise Kio = —(1+2y)ryj- i, (12)
constrain velocity-dependent visibilities across spectral lines.
3+4yGm;
3. Dynamical N-body model K = 2 13)

In Xitau the dynamical model contains the following accelera-
tions terms (Broz 2017; Broz et al. 2021a, 2022):

Ul Gm j
f=- Z r_3rij + fppn + foblal + fmullipole + ftides‘

J#I ij

ey

Here the terms are mutual gravitational interactions and the
parametrized post-Newtonian (PPN); we do not activate oblate-
ness, multipoles, or tides for QZ Car. We exchanged the PPN
approximation for that of Standish & Williams (2006), which is
more accurate. Hereafter, the notation conforms to the actual
implementation:

N
Foom = D [=K1 (Ko + K3 + Ky + Ks + Ko + K7 + Kg) 13
J#i
+K1 (K9+K10)I"[j+K11'f'j], (2)
1 ij
Ky = Z2 0 3)
ij
Gm
Ky ==28+y) ). —, @)
i ik
Gmk
Ky=-2-1) ) ==, )
7k

2 In Xitau, the (Acl+Ac2) eclipsing binary is located in the centre,
hence we use negative signs of (u, v) for the computations.

Here r; denotes the position vector of body i, r;; = r; —rj, v; =
|#;|, ¢ is the speed of light in a vacuum, and 8 = y = 1 are the
nominal PPN factors.

We perform a numerical integration of orbits with the
Bulirsch-Stoer algorithm. It has an adaptive time step, with the
relative precision set to 1078, The output time step is set to
0.2 d, but all times of observations are also integrated and out-
put precisely. The total number of free parameters is 38 (see
Table 2). Observables are derived from coordinates, velocities,
radiative quantities, and distance. Synthetic spectra, both rela-
tive and absolute, are computed during convergence with Pyter-
pol (Nemravova et al. 2016) from BSTAR and OSTAR grids
(Lanz & Hubeny 2007, 2003).

The observations and our model are compared by means of
the y? metric

2 2 2 2 2 2
X = WXy T WinXiy T WisXyis T WeloX o T WX 3

2 2 2
+ WsynXsyn + WsedX sed + Wsky2/\/sky2s (14)

where the subscripts denote the respective datasets: radial veloc-
ity (RV), eclipse or transit timing variation (TTV), squared visi-
bility (VIS), closure phase (CLO), triple product amplitude (T3),
synthetic spectrum (SYN), spectral energy distribution (SED),
and relative astrometry (SKY2). Recent improvements to our
model also include metallicity fitting, a subplex algorithm (i.e.
simplex on subspaces; Rowan 1990), and precise computation
of the Roche potential from the volume-equivalent radius for
optional light curve computations (using R(Q) integrated as in
Leahy & Leahy 2015 and inverted to Q(R)).

A24, page 3 of 12
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Table 2. Best-fit parameters for the nominal (Sect. 3.2) and alternative
(Sect. 3.3) models.

Nominal Alternative
Comp. Var. Val. Val. Unit o
Acl m 25.5 314 Mg 2
Ac2 my 332 34.8M Mg 2
Aal ms 69.8 55.2 Ms 5
Aa2 my 8.85 (M 103 Mg 2
Acl+Ac2 P, 5.998599 5.998601 day 0.000002
loge -2.876 -3.492 1 1
i +93.0 -93.0 deg 1.0
Q) 326.5 146.0 deg 1.0
@ 343.4 15.9 deg 10.0
4 266.4 265.6 deg 1.0
Aal+Aa2 P, 20.734367  20.734963 day 0.000050
log e, -0.382 -0.451 1 0.1
i +93.0 -93.0 deg 1.0
Q 326.0 146.0 deg 1.0
(op) 83.8 79.2 deg 10.0
A 306.3 305.3 deg 1.0
Ac+Aa Ps 14728 14645 day 100
loges —-0.268 -0.516 1 0.1
i3 +92.1 -93.2 deg 1.0
Q3 326.7 146.8 deg 1.0
@3 295.7 296.5 deg 10.0
A3 533 50.8 deg 1.0
Acl T, 29687 31894 K 1000
Ac2 T 32979 43349 K 1000
Aal T 29564 27705 K 1000
Aa2 Ty 23446 25329 K 1000
Acl log g, 3.40 3.69 cgs 0.1
Ac2 log g» 3.80 3.92® cgs 0.1
Aal loggs 3.37 3.35 cgs 0.1
Aa2 log g4 4.10® 4.10M cgs 0.1
Acl Veotl 121 129 kms™! 10
Ac2 Vro2 410 3100 kms™! 100
Aal Vrot3 109 117 kms™! 10
Aa2 Viotd 100 © 100 © kms™! -
v -10.0 -13.6 kms™! 5
dpe 2836 2452 pc 100
e 491 491
Mty 64 64
s 54394 54394
Reo 41367 41367
ne 41367 -
Tsyn 36800 36800
Nead 32 32
Mekya 12 12
5 4210 4142
X2 1133 944
Xi 165821 176818
Xéo 128730 125861
X5 296025 -
Xon 269954 291833
XLy 7590 19144
oy 349 59.4
/\(2y 630856 1759054 ™)

Notes. The notation is as follows: 1 .. Acl, 2 .. Ac2, 3 .. Aal, 4 .. Aa2. The
orbital elements are osculating for the epoch Ty = 2453738.819100, where m;
denotes the mass of body 1 (and so on for bodies 2, 3, 4); P; is the orbital period
of the orbit (1+2), log e logarithm of eccentricity, #; inclination, Q; longitude of
node, @ longitude of pericentre, A; true longitude (and so on for orbits (3+4),
(14+2)+(344)); T} is the effective temperature of body 1, log g; logarithm of grav-
ity, Vo1 rotational velocity, y systemic velocity, dp. distance; n denotes the num-
ber of observations (RV, TTV, VIS, CLO, T3, SYN, SED, SKY2); Xz is simply
unreduced y2. The nominal and alternative models use different weights (cf. ).
Parameters flagged with (Pwere derived from T', according to Harmanec (1988);
those flagged with ®were fixed. The angular orbital elements are expressed in
the standard stellar reference frame; the (Acl+Ac2) eclipsing binary is located
in the centre.
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Fig. 4. Example of convergence for the alternative model (see Table 2).
All datasets (RV, TTV, VIS, CLO, T3, SYN, SED, SKY2) were taken
into account, with alternative weights w,, = 100, wy, = 1000, wys =
0.1, wego = 0.1, wgyy = 0.1, wgyo = 1000.0. Two of the stellar compo-
nents (Ac2, Aa2) were forced to be on the main sequence, which results
in tension (an increase in several y? contributions after 800 iteration).
The nominal model does not exhibit such tension.

As a preparatory task, we computed models with parameters
as determined by the observation-specific models (Mayer et al.
2022). However, there were some caveats. First, orbital elements
in our N-body model (including periods P;, P, P3) are only
osculating. When a dynamical model is different, these elements
must be converged again. Whether or not f,,,, is included in the

model also affects )(2; in other words, to obtain accurate values
of the parameters it should be included. Moreover, we had to flip
the orientation of the system several times to match some of the
datasets (TTV, SKY2). Only then did we perform a convergence
with the simplex algorithm (Nelder & Mead 1965; e.g., Fig. 4).
This was performed multiple times using various initial condi-
tions to avoid a false convergence and to solve some remaining
systematics (RV, SYN).

3.1. Survey of parameters

In order to understand how individual datasets constrain the
model, and to find a global minimum of y?, we perfomed a
survey of the parameters. We converged 81 different models.
Every convergence was initialized with a different combination
of masses my, mp (Acl, Ac2) in the range 15 to 50 Mg, while m;
(Aal) was set to mg,m, —m| —my —my; nevertheless, all parameters
were free during convergence. The maximum number of itera-
tions was set to 1000. To speed up this computation, we used
a set of predefined synthetic spectra. We assumed unit weights,
with the exception of wgy, = 0.1. The radiative parameters of the
fourth spectrally undetected component (Aa2) were constrained
by Harmanec (1988) parametric relations my(T4), log g4(T4) (i.e.
assuming it is a normal main-sequence object). The component
is too faint to significantly contribute to the total flux; it is not,
however, negligible from the dynamical point of view.

The results are shown in Fig. 5. One can clearly see the
forbidden regions where no solution can be found (y* remains
high). For high m;, my, this is especially due to the CLO and
VIS datasets, which strongly constrain the relative luminosities
of the (Acl+Ac2) and (Aal+Aa2) components. Moreover, there
are strong correlations between parameters: negative for TTV,
positive for RV. This is very useful because the best-fit model
is just at the intersection. Finally, the y? contribution due to the
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Fig. 5. Contributions to y? for a set of 81 best-fit models. Individual contributions (datasets) are shown in the panels (from top left): TTV, RV,
SKY2, SED, SYN, VIS, CLO, T3. Every convergence was initialized with a different combination of masses m;, my (Acl, Ac2) in the range
15-50 M, while m3 (Aal) was set to mgy, — m; — my — my. All parameters were free during convergence. The axes correspond to the masses 1,
and m; the colours correspond to y? (see also tiny numbers), with adapted colour scales: cyan best fits, blue good fits (<1.2 min y?), orange poor
fits (>1.2 min y?). The factor was 3.0 for TTV, RV, SKY2. The forbidden regions can be clearly seen (e.g., high m,, m, especially due to CLO), as
well as correlations between the parameters (TTV —, RV +). The weighted very best fit for all the datasets is denoted by the red circle.
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Table 3. Derived parameters for the nominal and alternative models.

Nominal Alternative

Comp. Var. Val. Val. Unit o
Acl+Ac2 q 54.032 56.226 Rs 1
Aal+Aa2 a, 136.132 128.052 Rs 10
Ac+Aa as 13053 12820 Rg 100
Acl+Ac2 ¢ 0.001 0.0003 1 0.01
Aal+Aa2 e 0414 0.353 1 0.1
Ac+Aa e3 0.539 0.304 1 0.1
Acl R, 16.626 13.229 Rs 1
Ac2 R 11.975 10.592 Rs 1
Aal R; 28.286 25.962 Rs 1
Aa2 Ry 4.340 4.727 Rs 1
Acl L, 0.220 0.192 1 0.05
Ac2 L, 0.133 0.189 1 0.05
Aal Ls 0.635 0.600 1 0.02
Aa2 Ly 0.010 0.017 1 0.01

Notes. a denotes the semi-major axis, e the eccentricity, R the radius,
and L the relative luminosity in V band.
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Fig. 6. Eclipse timing variations (ETVs) for the nominal model (top;
see Table 2). All synthetic minima (primary and secondary) are plot-
ted on the x-axis (black), together with the observed minima (green)
and their differences on the y-axis (red). In the N-body model these
ETVs are small because they are suppressed by the actual motion of the
eclipsing binary (Ac1+Ac2) about the centre of mass of all four compo-
nents. For comparison, a simplified two-body model from Mayer et al.
(2022), exhibiting large ETVs, is plotted (bottom; gray), with the light-
time effect extracted from our N-body model (olive).

SED dataset seems to be too flat. The reason is that the distance
around 2800 pc corresponds to the SED, and all the models were
converged. It does not mean that the SED is unimportant.

3.2. Nominal model

The best-fit parameters of our nominal model are listed in
Tables 2 and 3. The observed and synthetic data are compared
in Figs. 6-14.
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(green). The observed values derived from the spectra (Mayer et al.
2022; error bars), synthetic values directly derived from our N-body
model (dots), and residuals (red) are plotted. Large residuals are present
close to the eclipses (phases 0.0, 0.5) because the individual lines (RVs)
cannot be reliably separated, also for the component Ac2, which has
very broad lines (hence uncertain RVs).

First, the eclipse-timing variations (Fig. 6) exhibit much
smaller amplitudes compared to those from Mayer et al. (2022)
because they are suppressed by the actual motion of the eclipsing
binary (Ac1+Ac2). The respective 2, contribution is still larger
than the number of data points ny, because the other datasets
(RV) have to be fit at the same time; the result is a compromise.

Second, the RVs of the eclipsing binary Acl+Ac2 (Fig. 7)
show some systematics related to the Acl component at the
phases 0.0 and 0.5 (i.e. primary and secondary eclipses) when
the lines are blended and the RVs should be close to zero. Addi-
tional systematics are present elsewhere, for example between
0.6 and 0.7, which cannot be avoided due to other RV measure-
ments with relatively low RV values. The reason might be hidden
in a complex reduction and rectification procedure; one possible
solution would be to prefer fitting the synthetic spectra, instead
of deriving the RVs (see also Sect. 3.4.) For the Ac2 component,
which is relatively faint and fast-rotating, a number of measure-
ments are offset. Because these substantially contribute to y?,
we decided to remove the RVs of Ac2 in the alternative model
(see below).

Third, the RVs of the Aal component (Fig. 8) seem to be reli-
able, because it is relatively bright and slow-rotating. Even so,
the Aal and Acl RVs are both clearly affected by the wide orbit
((Acl+Ac2)+(Aal+Aa2)). This was detected in Mayer et al.
(2022) as variable y velocities. The fourth component, Aa2, is
too faint, but its predicted maximum RV should be of the order
of £300kms~".

Astrometry of the wide orbit (Ac+Aa binary; Fig. 9) pro-
vides a fundamental angular scale, which together with ETVs
and RVs constrains the fundamental parameters. Even though
there is some tension between periods from RVs and ETVs
(Mayer et al. 2022), we regard the resulting period P; =
(14722 + 50) d as a reasonable compromise.

The blue part (399-544 nm) of the eight rectified FEROS
spectra (with high signal-to-noise ratio) were also fitted
(Fig. 10). The )(fyn contribution is still substantial, mostly
because the level of continuum was not always correctly deter-
mined. The HB and Hy lines were removed from the fitting
procedure, due to strong emission features; it was impossible
to be fit them by our model, which does not include any opti-
cally thin circumstellar matter (CSM). We can only fit weak
emission lines (e.g., FeIll) present in the synthetic spectra of
stellar atmospheres. On the other hand, Ho does have features
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Fig. 8. Same as Fig. 7 for components Aal (blue) and Aa2 (magenta).
The spectroscopic binary orbit (Aal+Aa2) is highly eccentric. The
broad range of the synthetic and the observed RVs is due to the motion
on the wide orbit ((Acl+Ac2)+(Aal+Aa2)).

(asymmetries), which are reasonably fitted, although the depths
of synthetic hydrogen lines are not matched precisely, which
is again related to the level of the surrounding continuum; for
example, between 405.1 to 412.6 nm there is no continuum, as
verified by synthetic spectra. Nevertheless, the depths and the
features of the Hel, C11, O11, MgII lines are fitted much bet-
ter. Overall, the determination of the respective RVs is very pre-
cise (especially for the Acl and Ac2 components) because we fit
all the lines at the same time in a process also known as cross-
correlation. Our model also naturally couples all the spectra (by
the orbits), which avoids line blends.

For the SED (Fig. 11), the fit is acceptable within 0.2 mag
in the NUV-NIR range, which is likely related to the uncer-
tainties of dereddening (see Sect. 2.1). Moreover, 0.15 mag is
the depth of the minima. The far-IR range was not fitted; the
obseveved flux exhibits an excess, indicating a presence of the
CSM. Nevertheless, the SED (together with the mass, RV, angu-
lar scale) determines the distance around 2800 pc.

A comparison of interferometric observations and our model
is straightforward for the squared visibilities V? (Fig. 12). The
sinusoidal dependence on the baseline B/A essentially corre-
sponds to a wide binary ((Acl+Ac2)+(Aal+Aa2)). The scatter
of the observed V2 is related to the Poisson noise; our synthetic
V2 are smooth. Because V? values can be very close to 1 (for
a binary), it is important to include the observed values that are
slightly higher or lower than 1 because only then will the mean
value be close to 1. The corresponding precision of astrome-
try, when all VLTI/GRAVITY measurements are compressed to
(u, v) coordinates, is of the order of 0.010 mas = 10 pas.

The same is true for the closure phases arg 75 (Fig. 13). As
in Sanchez-Bermudez et al. (2017), the dependence on B/ is
similar to that of a binary.

On contrary, the triple product amplitude (Fig. 14) exhibits
some systematics, especially at long baselines (B/1 > 4 x 107
cycles per baseline); the observed values are often close to or
even exceed 1, which seems to be a calibration problem. Never-
theless, the positions of the maxima and minima of |73| as a func-
tion of B/A are fitted perfectly, hence we retained the dataset in
the nominal model (and we removed it in the alternative model;
see Sect. 3.3).

3.3. Alternative model

Alternative models are useful for determining the true uncertain-
ties of parameters. With this goal in mind, we modified a number
of things, in particular the RVs of the Ac2 component were not
used because they did not seem reliable. Instead, the Ac2 com-

0.03 -

0.02 -

-0.01 - : .

|
0.01
u [arcsec]

-0.01 0 0.02 0.03

Fig. 9. Astrometry derived from previous interferometric measurements
(see Table 1). Positions of the Aal components with respect to Acl are
plotted (blue), as are Ac2 with respect to Acl (green; in the very cen-
tre). Tiny oscillations visible as thickness of lines are due to photocentre
motions. We used positive signs of (u, v) for this plot. The orbit is con-
strained not only by this astrometry, but also by ETVs and RVs (see
Figs. 6 and 8).

ponent was again constrained according to Harmanec (1988). In
the case of the Acl RVs, we removed the outliers identified in
the nominal model.

Similarly, |T3| was not used because it exhibited systemat-
ics at long baselines, while V? at the same baselines was fitted
precisely. Outliers were also removed from the VIS, CLO, and
T3 datasets, as they often occur at the beginning of the burst.
We thus assumed they were caused by a temporarily incorrect
set-up.

The weights were set to extreme values, to enforce the fitting
of datasets with a small number of points: wy, = 100, wy, =
1000, wyis = 0.1, weio = 0.1, wgyy = 0.1, weyo = 1000.0. On the
contrary, we relaxed the SED constraint by using wgeq = 1.

The results are summarized in Table 2 and the figures can be
found in Appendix A. The major differences between the models
can be summarized as follows. Using Harmanec (1988) means
forcing the Ac2 component to be on the main sequence. Since
we needed a substantial mass ratio to explain the RVs of Acl, the
temperature of Ac2 increases (and its radius decreases). Putting
less weight on the SED means that the distance is allowed to
decrease (to 2500 pc) at the expense of systematic differences
in the visible to NIR region. The ETVs are more centred with
respect to the zero O — C value, including a group of mea-
surements at JD =~ 2458570. The RVs and astrometry of Aal
indicate that the eccentricity of the wide orbit is still uncertain
(loges = —0.28 vs. —0.54). A comparison of observed and syn-
thetic spectra shows somewhat larger systematics for the Hel
lines. For interferometric quantities (V?2, arg T3), we detect only
minor shifts in B/A and offsets in amplitudes of the closure
phase.

Even though the alternative model exhibits larger total y?, it
is a viable alternative and we can use it to estimate the uncertain-
ties (see Table 2; last column).
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Fig. 10. Comparison of the rectified observed FEROS spectra (blue) with the synthetic spectra computed by our N-body model (orange). Residuals
are also plotted (red). They are substantial for the H¢ line (see circles), where the continuum level is uncertain (between 405.1 and 412.6 nm).
Nevertheless, most line features (including splits, blends, weak lines close to the continuum) are present in both observed and synthetic spectra,
resulting in reliable RVs of individual stellar components (especially Acl, Aal; cf. Fig. 15).
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Fig. 11. Comparison of the dereddened (blue) and the synthetic SED
(red). The NUV-NIR region is reasonably described by our N-body
model, although there is a substantial excess of the observed flux in the
far-infrared region. This is possibly related to non-thermal processes in
stellar atmospheres or to the presence of circumstellar matter, which is
not included in our N-body model.

3.4. A note on oblateness

The oblateness of components may also contribute to the preces-
sion of orbits. It can be characterized by the Love number &,
the rotation period P, and the body radius R (as in Fabrycky
2010), or alternatively by a series of multipoles, C¢nm, S¢m, if
the shape is more complex (as in Broz et al. 2021a). For binary
stars, k, is primarily determined by the density profiles and the
Roche potential (Claret 2004). For soft bodies, with the poly-
tropic index n = 3—4, the expected value is of the order of 1072~

3 (Yip & Leung 2017); it is even less for evolved stars with
extended envelopes®.

3 For comparison, an incompressible body has k, = 0.75 (exact), and
the Earth 0.295 (Lainey 2016).
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According to our computations, the oblateness with k, =
1073 increases y2, to 5660, but it can be compensated for by
slightly adjusting the period P;. Only if &, reaches ~0.003 for
the Acl component, which is probably the upper limit because
logg, < 3.5, would the precession rate w; increase, hence )(lzw
as well as y2,. Interestingly, the difference appears to be of the
same order as the systematics of RVs mentioned in Sect. 3.2.
Nevertheless, the precession is not as substantial; the observed
RV curves do not exhibit a clear temporal trend, but rather a
scatter (Mayer et al. 2022), and thus all the parameters (except
P1) remain the same, within the uncertainties.

4. Discussion

Compared to previous works on QZ Car (Walker et al. 2017;
Blackford et al. 2020), our new model indicates a higher total
mass (137 vs. 112 Mg) and a different distribution of masses
within the binaries Aal+Aa2 and Acl+Ac2, preferring the mass
ratios Aal/Aa2 ~8 and Acl/Ac2 close to 1, respectively.

Given the photo-spectro-interferometric distance of (2800 +
100) pc for the nominal model, QZ Car is likely related to the
Carina Nebula (NGC 3372). However, when cluster distances
were determined from the Gaia early Data Release 3 parallaxes
(Shull et al. 2021; Goppl & Preibisch 2022), they turned out to
be systematically smaller, possibly due to anomalous extinction,
with Ry = Ay/E(B — V) = 3.2-4.0. For Collinder 228, the
median distance is 2470 pc and the angular size about 14’, which
corresponds to the tangential size of only 10 pc. The radial size
is not well constrained by parallaxes. This revised distance is in
agreement with our alternative model of QZ Car.

Massive multiple stars in this region may shed light on pos-
sible progenitors of the r Carine event (Weigelt et al. 2016),
which was suggested to be caused by mass transfer in triple
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Fig. 13. Same as Fig. 12, but for the closure phase arg 75. Again, the
dependence on B/A is similar to that of a binary.

systems, eventually leading to an explosive merger (Smith et al.
2018). Notably, the QZ Car quadruple system includes the
eclipsing mass-transferring binary Acl—Ac2, which will evolve
substantially. According to our model, the mass ratio Ac2/Acl
is relatively close to 1, which means that we are observing this
binary at almost its closest distance. If, for example, the final
mass of Acl decreases to 5 Mg, the angular momentum conser-
vation implies the final separation (as well as the envelope extent
of Acl; Paxton et al. 2015) of the order of 1000 R (i.e. substan-
tially less than the pericentre of (Aal+Aa2)+(Acl+Ac?2) binary,
az(1 — e3) = 6300 Rs). This does not lead to an imminent insta-

observed ——
synthetic

| T3l [] (shifted by dataset number)

3.5x107 4x107 4.5x107 5x107 5.5x107

B/A [cycles]

-;x107 2.5;<107 3x‘107
Fig. 14. Same as Fig. 12, but for the triple product amplitude |T5|. The
observed values are often close to or even exceed 1, which indicates a
possible calibration problem at long baselines (B/A > 4x 107 cycles per
baseline); synthetic values are always <1. The positions of maxima and
minima of |T3|(B/ 1) are fitted perfectly.

bility*. It is still unclear, what has been (and shall be) the role
of loosely bound companions, Ab, Ad, B, C, D, imaged around
QZ Car (Rainot et al. 2020) because we still lack their proper
motions.

* Interestingly, the Aal component seems to be extremely massive (up
to 70 M), especially compared to the Aa2 component (less than 10 Ms).
This may be also related to a (putative) past mass transfer Aa2 — Aal.
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Fig. 15. Synthetic spectra of individual components (Acl, Ac2, Aal,
Aa2) weighted by their luminosities to show their contributions to the
total spectrum. For comparison, the observed spectrum is plotted (error
bars). The region of the He1 5016 and 5047 lines is plotted. The Ac2
component is fast-rotating and has broad lines; the Aa2 component is
not luminous and its contribution is negligible.

5. Conclusions

Using the Mayer et al. (2022) observation-specific models as ini-
tial conditions for convergence, we constructed a robust N-body
model of the QZ Car quadruple system, fitting all three orbits and
the stellar-radiative parameters at the same time. Because we
used all types of observations, which are in a sense orthogonal,
the model is well-behaved and does not exhibit strong correla-
tions (or drifts). Independent constraints for individual parame-
ters were only used when needed (e.g., for the luminosity—radius
of the Aa2 component, which is too faint to be directly observ-
able in the flux).

Our preferred model is the nominal one (see Table 2); the
best-fit masses are m; = 26.1 Mg, my = 32.3 Mg, m3z = 70.3 Ms,
and my = 8.8 Mg, with uncertainties of the order of 2 Mg, and
the distance d = (2800 + 100) pc. The alternative model, with
the Ac2 component forced to be on the main sequence, exhibits
some systematic differences, especially for the SED, which can
be attributed to anomalous extinction with Ry ~ 3.4. We used it
to determine the realistic uncertainties of parameters.

There are still some poorly constrained parameters, in
particular the mutual inclinations of the orbits, because the
longitude of nodes €2; is not constrained by eclipses. For sim-
plicity, we assumed a co-planarity, but observations with the
VLTI/GRAVITY instrument covering both short periods (P,
P») could be used to constrain it; the astrometric uncertainties
related to the Aal component are of the same order as the pho-
tocentre motions related to the eclipsing binary Acl+Ac2.

As a future work we suggest including the observed light
curve and strong emission lines (especially Hao and Hp) in the
model. However, this is generally difficult, given the possible
presence of both optically thick and optically thin circumstellar
matter (CSM). An appropriate treatment of the radiation trans-
fer in the CSM is needed for this purpose (e.g., Broz et al.
2021b). Moreover, a presence of oscillatory signals in the TESS
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light curve also requires substantial model improvements (e.g.,
Conroy et al. 2020).
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Appendix A: Figures for the alternative model

For comparison, we show the corresponding figures for the alter-
native model (Fig. A.1 to Fig. A.8). Generally, they are similar to
those of the nominal model, but they demonstrate how weights
and additional constraints (for components Ac2 and Aa2) can

change the best-fit solution.
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Fig. A.2. Same as Fig. 7, but for the alternative model.
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Fig. A.3. Same as Fig. 8, but for the alternative model.
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Fig. A.4. Same as Fig. 9, but for the alternative model.

25 |

15

HelHel H3 Sill Hel Cll Hy Hel HelMgll HellHel NIl HB Hel  Hel Hel Hell
T T T T T T T observed —
My P~y o r synthetic
U ' \ 1 Eesidua —
: x2>100 °
'3 f——— o
Fan | M 1; k) W{
i !
‘O-J o
2 " | T ' Al
=] i
c 'E R
§ H | \lr A M v )
< ;
§
< WW LT & A e A v‘ e
T
2 a - SN |
:ac_g e \ f LA v
= ‘ L \a
" Y s o aen ¥ pnand —
1 1 1
500 520 540

Fig. A.5. Same as Fig. 10, but for the alternative model.
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Fig. A.6. Same as Fig. 11, but for the alternative model.
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Fig. A.7. Same as Fig. 12, but for the alternative model.
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Fig. A.8. Same as Fig. 13, but for the alternative model.
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