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Abstract—We present the results of our study of the physical and dynamical parameters of the multiple
system HD 222326. A new method for determining the individual radial velocities of components in wide
binary and multiple systems in the case of small radial-velocity differences (ΔVr ≤ the FWHM for the line
profiles) is suggested and tested for both model systems and the binary HD 10009. This testing yielded the
component radial velocities Vr 1,2 for HD 10009, enabling us to derive the center-of mass velocity, Vγ , for
the first time. We determined the radial velocities of the components of HD 222326 from high-resolution
spectra, and refined the orbital parameters of the subsystems using speckle-interferometric observations.
A combined spectroscopic and speckle interferometric analysis enabled us to find the positions of the
components in the spectral type–luminosity diagram and to estimate their masses. It is likely that the
components are all in various evolutionary stages after leaving the main sequence. We analyzed the
dynamical evolution of the system using numerical modeling in the gravitational three-body problem and
the known stability criteria for triple systems. The system is probably stable on time scales of at least
106 years. The presence of a fourth component in the system is also suggested.

PACS numbers: 97.80.Kq
DOI: 10.1134/S1063772908070044

1. INTRODUCTION

Binary and multiple stars are important for our un-
derstanding of the physical and dynamical evolution
of the Galaxy. Between 70% and 90% of all stars in the
Milky Way (and possibly in other galaxies as well) are
members of binaries or multiple systems with a larger
number of components (see, for instance, [1–3]).

According to current views, virtually all stars are
formed in groups [4]. An attempt to restore the pri-
mordial multiplicity function was made by Goodwin
and Kroupa [5], who claimed that stars are predom-
inantly formed in binary and triple systems. Binary
and multiple stars enable the direct determination of
the fundamental parameters of these system: their
masses, distances (when it is not possible to use the
parallax method directly), and some characteristics of
their components (from analyses of their tidal dynam-
ical evolution, apsidal motion, etc.).

At the same time, studies of binary and multiple
systems can encounter considerable difficulties, es-

pecially if it is not possible to obtain information for
the components separately, so that studies are limited
to photometry or spectroscopy of the system as a
whole. The main, if not only, technique that can yield
a complete set of physical parameters for the compo-
nents of multiple systems is the synthetic-spectrum
method, when a grid of component parameters is used
to compute model atmospheres and then to construct
a synthetic spectrum of the system that can be com-
pared to observations. However, in this case, we have
at least ten independent variables even for a two-
component spectrum, and the number of parameters
increases for systems of higher multiplicity. This is an
ill-posed problem, and finding the solution is facili-
tated by reducing the number of free parameters step
by step, using various methods to determine various
parameters at all stages of the spectral reduction,
before the actual modeling.

Among the parameters needed to begin the mod-
eling are individual radial velocities of the compo-
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nents, Vri. While this is not difficult for close (or very
wide) pairs, deriving Vri is problematic for moder-
ately wide systems (with orbital periods 500d ≤ P ≤
5000y), where we have only a combined spectrum and
the lines cannot be separated. In such cases, the rela-
tive shifts of the components’ lines are comparable to
the widths of the lines and of the instrumental profile
(and are often much smaller), making it impossible to
estimate the shifts directly.

The current study is aimed at constructing a
preliminary “phase portrait” of the triple system
HD 222326, in preparation for applying the synthetic-
spectrum method and reconstructing a complete set
of physical parameters for the system. Since this is
an ill-posed problem, it can only be solved iteratively
and making use of various kinds of observations. The
present paper presents the results of the first iteration.

The HD 222326 triple system is weakly hierarchic
and, according to published data, is unstable on fairly
short time scales (∼106 years) [6, 7]. This makes an
analysis of the physical parameters of the system of
special interest.

Basic information about the method used to de-
termine Vri from high-resolution spectra using the
cross-correlation method, modified for the case of
small relative line shifts, is presented in Section 2.
This section also contains the results of testing
the method using model binaries and the binary
HD 10009. The application of the method to the
HD 222326 triple system is described in Section 3.
Section 4 presents the orbital solution derived for
the system based on speckle interferometry with the
6-m telescope of the Special Astrophysical Obser-
vatory of the Russian Academy of Sciences (SAO).
Section 5 presents the physical parameters of the
system’s components obtained by combining our
speckle-interferometric and spectroscopic data. This
section also contains the results of our analysis of
the dynamical stability of the triple system. Section 6
summarizes the results of our study.

2. DETERMINING RADIAL VELOCITIES
IN WIDE PAIRS

We applied the cross-correlation method to de-
termine individual velocities Vri in wide pairs with
small relative line shifts and components with similar
parameters (Δm < 1.5m, Vrot1 ≈ Vrot2, where Δm
is the different in the apparent magnitudes of the
components and Vroti are their rotational velocities).

First, preliminary determined spectral types of the
components are used to select spectra of standard
stars for those spectral types taken with the same
instrument. A model reference spectrum is formed
by summing these with weights proportional to the

component brightnesses. Thus, we convert the two-
dimensional radial-velocity grid to a one-dimensional
grid, while simultaneously taking into account the
spectra of both components (though they are very
similar). This approach is valid for components
with similar magnitudes, and is justified for Δm <
0.5m−1m. If, however, Δm ∈ (1m, 1.5m), we do not
combine the reference spectra, and derive two auto-
correlation functions in our analysis (see below), after
which we determine their relative shift.

We then derive the cross-correlation function
(e.g., see [8]) CF(Vr), where Vr is the shift of the
reference spectrum relative to the observed spectrum.
Here we can write CF(Vr) � CF1(Vr1) + CF2(Vr2),
where, similarly, CF1(Vr1), CF2(Vr2) are the correla-
tion functions of the reference spectrum relative to the
spectra of the system’s primary and secondary alone,
whose arguments are the unknown radial velocities of
each of the components.

Further, we derive the auto-correlation function
of the reference spectrum, ACF(Vr) (or two auto-
correlation functions for each of the reference spectra
separately, ACF1,2(Vr)), and from this, the set of
functions CF(Vr1, Vr2) = ACF1(Vr1) + ACF2(Vr2)
for various radial-velocity shifts of each component.

Then, comparing the function CF(Vr) earlier ob-
tained to CF(Vr1, Vr2), we select the parameters Vr1,
Vr2—the individual radial velocities of the system
components that best fit the observations. Note that,
since the radial-velocity difference is 10 km/s, the line
shift between the components is only 0.17 Å, while the
half-width of CF(ΔVr) is about 0.2 Å.

This technique can also be applied to systems with
more than two components if it is possible to find
some part of the spectrum where the contributions
of only two components dominate or to reduce the
spectrum to the binary case in some other way.

To test this scheme, we prepared several com-
bined spectra of model binaries for sets of radial-
velocity differences between the components (which
determine the appearance of the correlation-function
profile, other parameters being the same) in the range
Vr = 0.5−10 km/s (shifts of 0.01−0.15 Å between
the spectra). We also varied the components’ spectral
types and the difference of their magnitudes, as well
as the spectral resolution of the model spectra.

The individual spectra and composite spectrum for
two model binaries are shown in Fig. 1, while the
correlation functions CF(Vr) and sets of functions
CF(Vr1, Vr2) are displayed in Fig. 2. The parameters
of the model binaries (spectral types, spectral resolu-
tion R, the signal-to-noise ratio S/N ) can be found
in the caption to Fig. 1.
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Fig. 1. Individual spectra of the standard stars and their sums, corresponding to the composite spectra of model binaries. The
spectral types are indicated. The relative intensities are conserved. The shifts of the spectra for the model binary at λ = 5500 Å
are 0.05 Å (2.7 km/s) (G2V + G2V, signal-to-noise ratio S/N > 300, R = 500 000, spectrum taken from the solar atlas [9];
left) and 0.02 Å (1.1 km/s) (F2V + G2V, S/N ≥ 100, R = 40 000, spectra taken with the Russian–Turkish telescope; right).
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Fig. 2. The cross-correlation function (top; the position of the maximum is marked above the vertical axis) and the set of sums
of the cross-correlation functions with various shifts (bottom). See text for details. The left panel shows the model G2V + G2V
binary, and the right panel the F2V + G2V binary (see the spectra in Fig. 1). The radial velocities are expressed in Å for
λ = 5500 Å (0.1 Å corresponds to 0.55 km/s).

As a result, we were able to reproduce Vri values
close to those initially adopted for the model binaries.
We estimated the uncertainty of our technique to

be between 0.6 and 3 km/s, depending on R, S/N ,
Δ(Vrot sin i) (the difference between the projections

of the axial-rotation rates on the line of sight, which
considerably affect the line widths), and the agree-
ment between the reference and observed spectra.
The uncertainty is also influenced by how close the
parameters of the standard stars are to those of the
system’s components. The uncertainty due to tem-
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perature errors becomes less than 1 km/s if this
agreement is within half a spectral type.

We also determined the limitations of the appli-
cability of the algorithm: Δm < 1.6m, R ≥ 40 000,
and S/N ≥ 100. We demonstrated that the uncer-
tainties decrease with increasing R and S/N and
with decreasing Δm and Δ(Vrot sin i). The uncer-
tainty reaches 3 km/s or more when Δ(Vrot sin i) >
(5−10) km/s.

After our tests using model binaries, we applied
the technique to determine the component radial
velocities for the relatively wide and well-studied
speckle-interferometric and spectroscopic binary
HD 10009 (with an orbital period of P ≈ 29 years).
We selected this object to test our algorithm because
the orbit and physical parameters of the pair are
well known, making it possible to predict the radial
velocities (strictly speaking, their differences) for
specified observation times. The binary’s physical and
orbital parameters are collected in Table 1.

We obtained spectra of HD 10009 on August 28
and 29, 2005 using the Coude echelle spectrograph
of the 2-m Zeiss-2000 telescope at Peak Terskol [12].
The spectra have S/N > 150 and R = 45000. We
used standards with spectral types F2V (HD 128167)
and G2V (the Sun) as reference stars.

We then determined the individual velocities, Vr1,2,
and Vγ , and calculated the ephemeris values using
the “orbit” code [13]. Since Vγ was not known be-
forehand, we calculated only the ephemeris difference,
Vr2 − Vr1.

All these values are presented in Table 2. We can
see that the radial-velocity difference for the com-
ponents for the time of our observations was only
0.5 km/s. Given the small magnitude difference and
the fact that, in this case, VrA = −VrB (in the co-
ordinate system of the binary’s center of mass) with
an accuracy of no worse than 0.05 km/s, we can
assume that Vr,eff = Vγ (cf. Section 3 for the def-
inition of Vr,eff ), at least within 0.05 km/s. Thus,
the directly measured velocity will correspond to the
gamma velocity of the system. Vγ was not determined
for this system previously. We measured Vr,eff us-
ing the classical cross-correlation method, compar-
ing the observed and reference spectra.

The difference Vr2 − Vr1 we determined coincided
with the ephemeris value within 0.35 km/s (for the
adopted σV = 1 km/s), testifying to the correct oper-
ation of the algorithm. Thus, we were able to directly
determine Vr1, Vr2, and Vγ for the system HD 10009
for the first time. The radial velocity determined ear-
lier, Vr,eff = 47.5 km/s, with the claimed uncertainty
of 0.5 km/s [14], is in full agreement with our results.

Table 1. Parameters of the system HD 10009

Parameter [10] [11] Adopted
value

P , years 28.8 ± 0.77 – 28.8

T0, Bessel year 1989.92± 0.012 – 1989.92

a 0.324′′ ± 0.005′′ – 0.324′′

e 0.798±0.007 – 0.798

Ω 159.6◦ ± 0.73◦ – 159.6◦

ω 251.6◦ ± 0.67◦ – 251.6◦

i 96.6◦ ± 0.33◦ – 96.6◦

M1, M� 1.20 1.40 1.3

M2, M� 0.96 0.95 0.95

M1/M2 1.25 1.47 1.37

Sp1 F5V F5 F5

Sp2 G G3 G3

We determined Vr,eff in several independent ways:
through a cross-correlation of the entire spectrum
with the reference spectrum, as well as by averaging
the individual velocities for lines of heavy elements
(Table 2). The difference between the methods is
within 0.1 km/s.

Thus, our testing of the algorithm using both
model and real binaries demonstrates its applicability
within its claimed uncertainty. This approach can
be used to analyze the component radial velocities
for binaries when direct measurements of the radial-
velocity differences are not possible.

The next section describes our application of this
approach to the multiple system HD 222326.

3. RADIAL VELOCITIES
OF THE COMPONENTS OF HD 222326

Further, we applied the technique to the multi-
ple system HD 222326 (ADS 16904, HIP 116726,
α2000 = 23h39m20.8s, δ2000 = +45◦43′12′′). This is a
relatively bright object (mv = 7.63m), which is of in-
terest primarily because a stability analysis based on
earlier published parameters demonstrates the triple
system to be dynamically unstable on times shorter
than 106 years. It is very important to confirm (or dis-
prove) and explain this result based on astrophysical
data [6, 7].

In 2004–2006, we used the Coude echelle spec-
trometer of the Russian–Turkish 1.5-m telescope
(RTT) to obtain a series of high-resolution (R =
40000) spectra of the system at wavelengths 4000 −
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Table 2. Ephemeris and measured differences in the component radial velocities for HD 10009

Parameter Ephemeris Measured

Vγ , km/s (from lines)∗ – 48.4 ± 0.1

Vγ , km/s (cross-correlation)∗ – 48.34± 0.05

Vr1, km/s Vγ − 0.1 48.1 ± 1.0

Vr2, km/s Vγ + 0.1 48.7 ± 1.0

ΔVr2−1, km/s 0.2 0.55 ± 1.0

∗ It is assumed that Vγ = Vr,eff within the uncertainties (see text).

8000 Åwith S/N ≈ 100, which were then subject to a
preliminary analysis. The RTT is located at an altitude
of 2500 m at the Turkish National Observatory [15].

Taking into account the inclinations of the orbital
planes, the previously published orbital periods for
the system (∼15y, 150y) [16] give differences for the
component velocities of no more than 5−8 km/s, so
that most lines in the spectrum consist of two or
three lines with small relative shifts. The profiles are
never observed to be separated, and the relative con-
tributions of each component to the combined profile
differ from line to line. Therefore, the Vr value found
from a simple cross-correlation will not correspond
exactly to the radial velocity of one of the components
or to the gamma velocity, Vγ . Instead, it represents
a velocity close to the gamma velocity—the Vr,eff

velocity of the “effective photocenter” of the lines,
which agrees Vγ within 5 km/s. For the given orbital
periods, Vr,eff = const to within 0.5 km/s during
∼(3−5) × 102 days.

Note that Grenier et al. [17] reported possible
radial-velocity variability for the earlier determined
Vr = −17.5 km/s (they probably determined a value
close to Vr,eff , since they did not plot a radial-velocity
curve and the technique used to determine Vr was

Table 3. Radial velocities of components A and B of
HD 222326 and the system’s Vr,eff

Date Vr,eff , km/s Vr1, km/s Vr2, km/s

1999 [17] −17.5 (var.) – –

2004.10.29 −1.3 ± 0.1 – –

2004.10.30 −1.4 ± 0.1 2.8 ± 1.0 −5.6 ± 1.0

2005.09.19 −0.9 ± 0.2 3.4 ± 1.0 −5.2 ± 1.0

2005.12.20 −0.4 ± 0.1 2.4 ± 1.0 −3.2 ± 1.0

2006.07.12 −0.3 ± 0.2 – –

2006.07.19 −0.1 ± 0.1 3.7 ± 1.0 −3.9 ± 1.0

the same as that applied for single stars). Table 3
presents all the available Vr,eff values from our study
and from [17]. We also give individual velocities for
the two brighter components of the system, for which
we first determined their spectral types, G0–G5, and
estimated their rotation rates projected onto the line
of sight, Vroti < (5−8) km/s (cf. Section 5). We used
G2V (the Sun) reference spectra for these compo-
nents.

The third component of HD 222326 is fainter than
either of the two brighter components by approx-
imately 2m in the red, which, combined with the
absence of any strong lines of heavy elements and
the high effective temperature (Teff > 15 000 K) (cf.
Section 5) indicates that the spectrum at λ > 6000 Å
includes contributions from only the two brighter
components. Thus, we can determine Vri for com-
ponents A and B of the system using the technique
described above. Figure 3 displays the correlation
functions for the spectrum of HD 222326 taken on
December 20, 2005.

However, our technique cannot be used to identify
the particular star of a system that corresponds to the
derived Vri, in the case of two components with sim-
ilar spectral types. Judging from the ephemeris radial
velocities, the velocity we denote as Vr1 corresponds
to component A and Vr2 to component B. This is
true even if we admit the possible presence of a fourth
component in the system (see below).

At the same time, the brightness of the third com-
ponent, C, in the blue (λ < 4000 Å) is comparable to
that of components A and B, and it seemed possible
to determine VrC after subtracting standard spec-
tra for spectral types close to those of components
A and B from the initial spectrum. However, this
was not possible due to the characteristic features
of HD 222326C (see Section 5)—the lines in the
residual spectrum after the subtraction are very weak
and have considerable half-widths, hindering a reli-
able velocity determination on their basis.
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Table 3 shows that our results disagree with the
data of [17]. This difference can be explained by actual
variations of Vr,eff , if there the system contains a
fourth stellar body with a relatively short period, P ≈
(102−103) days. A change by ΔVr,eff ≈ 16 km/s is
not possible for the existing configuration: given the
inclination, this velocity exceeds the escape velocity
for any component of the system. However, it may
be that the difference is simply due to measurement
errors, because the earlier radial velocities were de-
termined from low-resolution spectra, and the actual
uncertainty could be much higher than is claimed
in [17] (2−5 km/s).

At the same time, during the 20 months of our
observations, we noted a systematic increase of Vr,eff

by ≈1 km/s, at the limit of detection for the given un-
certainties. The monotonic character of this variation
suggests that it is not a measurement error.

However, according to the system ephemeris we
computed for the three-component model with the
known orbital parameters, the change of VrB (for
component B, which has the highest rate of Vr

variations) between October 2004 and July 2006 is
≈0.4 km/s towards higher values, while the corre-
sponding ΔVr,eff should be at least half this value, or
no more than 0.2 km/s.

The ephemeris radial-velocity difference for the
components varies slightly, from ΔVrAB = 1.8 km/s
in 2004 to ΔVrAB = 2.1 km/s in July, 2006. Even
taking into account a scatter of about 1 km/s, our
measurements indicate this quantity to be larger by
5−6 km/s.

Based on this result, we suggest that the observa-
tions tend to indicate the presence of a fourth stellar-
mass component (D) with a relatively short orbital

period (several years) in one of the subsystems. In
this case, the velocity will vary considerably for at
least one of the three known components, also lead-
ing to variations of Vr,eff . If the period is P < 10y,
this fourth body cannot be directly detected, even by
speckle interferometry.

Though none of the individual facts on their own
provide a conclusive argument for the presence of the
fourth component D, given the current accuracy of
the observations, all of them together do suggest the
presence of a fourth body. For this reason, it does not
make sense to derive Vγ by comparing the ephemeris
and observed velocities.

On the other hand, no signatures of an additional
star are found in the integrated spectrum. This may
mean that the fourth component has a spectral type
close to those of the other components, or that it has
a low luminosity and a substantial mass (one option
is a white dwarf). Component D should be a com-
panion of one of the two bright stars, HD 222326A
or HD 222326B, since only such a configuration pro-
vides variations of Vr,eff detected from the lines of the
G-type component. At the same time, its existence
near B would create a weakly hierarchic system B–
C–D, whose stability would be doubtful. Thus, if
component D does exist, it is probably in a subsystem
with component A. In this case, the quadruple system
has a “2 + 2” hierarchical structure.

4. ORBITAL PARAMETERS OF HD 222326

The orbit of the visual binary ADS 16904 AB
= HD 222326, with a period of P = 292 years,
was first calculated by Heintz [18] based on visual
micrometer observations. Zulevic [19] improved the
system’s orbit, deriving the refined orbital period
P = 238 years. In 1986, speckle interferometry was

ASTRONOMY REPORTS Vol. 52 No. 7 2008



552 ZHUCHKOV et al.

Table 4. Orbital parameters of HD 222326

Parameter Inner orbit Outer orbit

P , years 23.6 ± 0.8 341 ± 56

T0, Bessel year 1998.7± 0.3 1926± 13

a 0.038′′ ± 0.002′′ 0.27′′ ± 0.04′′

e 0.21 ± 0.04 0.14 ± 0.10

Ω 75◦ ± 94◦ 29◦ ± 12◦

ω 27◦ ± 94◦ 152◦ ± 23◦

i 164◦ ± 12◦ 147◦ ± 9◦

σθ 2.6◦ 3.4◦

σρ 0.002′′ 0.02′′

used to detect the binarity of the brighter compo-
nent, ADS 16904A [20]. A preliminary orbit for the
interferometric subsystem was first calculated in [16]
using the measurements of [20] and interferometric
data acquired with the 6-m SAO telescope. This
same paper contains a revision of the orbital solution
for the outer subsystem, ADS 16904AB [16]. The
orbital periods were found to be Pin = 15 years
and Pout = 151 years. The authors noted that the
estimated orbital periods could not be entirely ac-
curate, because the orbit of the inner, interferomet-
ric subsystem was calculated from only five mea-
surements, and the visual and interferometric data
available for the outer subsystem were concentrated
near apoastron. In 2005, Olevic and Cvetkovic [21]
used all the existing observations to derive orbital
elements for both the outer pair, ADS 16904AB =
HD 222326(A–BC), and the inner, interferometric
subsystem, ADS 16904Aab = HD 222326BC. The
new orbital periods were longer than the estimates
of [16] by a factor of two and by 30% for the inner and
outer subsystems, respectively.

The additional speckle-interferometry data ac-
quired with the 6-m telescope of the SAO enables
us to refine the orbital parameters for the entire
triple system. In addition to these speckle-
interferometric measurements, we also used the in-
terferometric data of [20], visual measurements from
the Washington Catalog of Double Stars
(http://ad.usno.navy.mil/wds), and data from the
Hipparcos astrometric mission [22] to calculate the
orbits. Preliminary orbital elements were estimated
using the method of Monet [23], then refined using
the differential-correction technique (see discussion
in [24]).

According to the telescope aperture ratio, 4 : 6,
we assumed for the speckle-interferometric mea-
surements of [20] a weight of 0.7, equal to that for

the 6-m SAO interferometry. The weight for the
Hipparcos measurement [22] (epoch 1991.25) is
inversely proportional to the error in the component
vector (σρ = 0.005′′). We assigned weights to the
visual measurements according to the characteristic
uncertainty of the method used (σρ ∼ 0.01′′). We
reduced the motion of component A to the center
of mass of HD 222326BC using the component-
mass ratio qCB = 0.45, estimated from spectroscopic
data and the measured magnitude difference. Ta-
ble 4 presents the orbital elements, with their rms
deviations, while Fig. 4 shows the apparent relative-
orbit ellipses for the inner subsystem, HD 222326BC,
and the outer subsystem, HD 222326(A–BC). Our
orbital elements agree with those of Olevic and
Cvetkovic [21].

Table 4 shows that, within the errors, the inner
and outer orbits can be nearly complanar, though
this is not definitely so—given the uncertainties in
the orbital elements, the mutual inclination of the
orbital angular-momentum vectors could be as large
as about 45◦.

5. PHYSICAL PARAMETERS AND DYNAMIC
STABILITY OF HD 222326

The spectral type of the system determined ear-
lier, A2, with the components’ spectral types A2V +
A2V + F0V [25], does not agree with high-resolution
spectra of the system (Fig. 5). The line-depth ratios
in the available spectra are nearly solar, i.e. the two
brightest components have spectral types ∼G. It was
also found that the relative line width at a given wave-

length, λ, for HD 222326 and the Sun,
(

IHD

ISun

)
λ

,

decreased with decreasing λ. For example, the mean

ratios were
(

IHD

ISun

)
8700

= 0.77,
(

IHD

ISun

)
5520

= 0.67,

and
(

IHD

ISun

)
4610

= 0.53. Thus, the system’s spec-

trum possesses a “blue” continuum with few (or no)
lines and displays no lines typical of B–A stars (such
as MgII 4481 Å, etc.). If we assume that the chem-
ical abundances for the stars in the system are not
drastically different (the principal components display
nearly solar heavy-element abundances), this is pos-
sible only in the presence of the gravitational strat-
ification of elements during the stars’ contraction—
i.e., “sinking” of metals. This phenomenon can be
observed in final evolution stages, beginning with the
“blue–white sequence” of the Hertzsprung–Russell
diagram (luminosity class VIII), when, after the ejec-
tion of the envelope (and hence an effective temper-
ature increase, because deeper and hotter layers are

ASTRONOMY REPORTS Vol. 52 No. 7 2008



PARAMETERS OF HD 222326 553

Fig. 4. Orbits of the subsystems in HD 222326. The left panel shows the outer orbit, HD 222326(A–BC), and the right panel
the inner orbit, HD 222326(B–C). The radius of the dashed circle is 0.02′′, which corresponds to the diffraction limit for the
6-m SAO telescope in the visual. The open circles are 6-m observations, and the filled circles are observations of other authors.
The solid line marks the position of periastron and the dot-dashed line the position of the line of nodes. The arrows show the
direction of the relative orbital motion.
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of the RTT (R = 40 000, S/N > 100). It is obvious that HD 222326 cannot consist of an A2 star and an F0 star and have a
combined spectral type A2 [16].

observed), the contracting and cooling star moves
downward in the spectral type–luminosity diagram.

Our analysis of the differential speckle photom-
etry with the 6-m SAO telescope gave the results
in Table 5, which confirm the evolutionary status of
the third component. The brightest component is si-
multaneously the coolest, while the faintest compo-
nent (C) has the highest temperature. All this means
that the stars in the system cannot belong to the same
luminosity class. At the same time, photometry of

HD 222326 as a whole yields an integrated spectral
type that varies steadily with increasing wavelength.
For the luminocity class III (see below), according to
observations in the blue spectrum region, it is close to
A5–F0 (u − b = 0.27), F0–F5 near the middle of the
visible (b− v = 0.43) [27], F2–F6 in the near infrared
(v − i = 0.62) [28], and F9–G6 in the far infrared
(v − j = 1.18, v− h = 1.50, v − k = 1.60) [29]. Thus,
the system becomes much “cooler” with increasing
wavelength, also indicating the presence of an object
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Table 5. Speckle photometry of HD 222326 and physical parameters of its components

Component v r (v − r)SI v − r Teff , K Mvis M , M� Sp

σv σr σ(v−r)SI
σv−r σTeff

, K σMvis σM , M�

1 2 3 4 5 6 7 8 9

A 8.53 7.95 0.00 0.58 5.7 × 103 0.93 1.2 G0III

0.03 0.1 0.2 4 × 102 0.2 0.3

B 8.66 8.34 −0.3 0.32 6.6 × 103 1.06 1.3 F3III

0.04 0.1 0.2 0.2 4 × 102 0.2 0.3

C 9.51 9.94 −1.0 −0.43 <2 × 104 1.91 0.7 sdO-BVIII

0.05 0.1 0.2 0.3 0.2 0.4

The component magnitudes are given assuming the integrated magnitudes of the system vHD 222326 = 7.63m [27], rHD 222326 = 7.28m

(see text for discussion). The fourth column contains relative colors from speckle-interferometric measurements (the color index
assumed for HD 222326A was (v − r)A = 0). The colors in the fifth column are based on individual magnitudes of the components.

in the system that is hot and compact compared
to the main components (for comparable radii, the
integrated spectral type cannot change from A to G
solely due to the temperature difference).

It is impossible to derive temperatures of the
components from integrated photometry, but some
constraints are possible. The hottest component
(HD 222326C) cannot have a spectral type later
than ∼A6 (Teff (C) > 8 × 103 K), and the coolest
component (HD 222326A) cannot be hotter than
∼G0 (Teff (A) < 6 × 103 K). The temperature of
HD 222326B must be in between these values, close
to that of HD 222326A.

It is possible to improve the estimates, but this
requires knowledge of the system’s magnitudes in the
v and r bands, which were those used for our differ-
ential speckle photometry on the SAO 6-m telescope.
We were not able to find any published r magnitudes,
but this value can be derived from photometry of the
system in other bands in a wide (3650−22 000 Å)
wavelength range. Interpolating, we find r = 7.28m ±
0.1m (Fig. 6). The derived colors indicate that compo-
nents A and B have spectral types no earlier than F0
(for any luminosity class), while the spectral type of
component C is no later than A0; this is important
for determining the evolutionary status of the compo-
nents.

According to Hipparcos observations [30], the
distance to the system is r = 270 pc. The distance
modulus is then m − M = −7.2m, yielding Mv =
0.43m as a “zeroth approximation” for the absolute
magnitude of the system, which, in turn, yields the in-
dividual magnitudes Mv(A) = 1.3m, Mv(B) = 1.2m,
Mv(C) = 2.3m. The high luminosities of the two
brighter components indicate that they have already

left the main sequence and are in the region of lu-
minosity class III giants in the Hertzsprung–Russell
diagram. On the contrary, the third component has
a luminosity too low for its temperature (in terms
of its position in the Hertzsprung–Russell diagram),
providing a third piece of evidence that HD 222326C
is a cooling evolved object.

Our derived colors yield for luminosity class III
the component temperatures [31, 32] Teff (A) =
5.7 × 103 ± 400 K, Teff (B) = 6.6 × 103 ± 400 K,
Teff (C) > 2 × 104 K. It is possible that the color
index of HD 222326C is underestimated due to
observational errors, and that its temperature must
be determined spectroscopically.

We then obtain, for the corresponding temper-
ature and luminosity data, the components masses
1.0 M� < MA < 1.5 M�, 1.0 M� < MB < 1.5 M�,
0.3 M� < MC < 1.1 M�, with the probable spectral-
type combination G0III + F3III + sdO–BVIII.

The large uncertainties of the temperature and
other parameters are the result of our simultane-
ous determination of many interrelated characteris-
tics from observations that also have their errors. It
is possible to check for consistency of our results
with other observations, and to refine somewhat the
parameters using the speckle-interferometric data.
Let us determine the dynamic parallax of the system
using the above estimates for the masses and orbital
parameters. This method gives reliable results even
for large mass uncertainties. This yields the distances
240 pc < r < 340 pc (for the inner subsystem) and
320 pc < r < 360 pc (for the outer subsystem). The
Hipparcos distance [30] is 200 pc< r < 410 pc. Thus,
for the most probable value, r = 330 pc, the distance
modulus is m − M = −7.6m, leading to the refined
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absolute magnitudes of the components Mv(A) =
0.93m, Mv(B) = 1.06m, Mv(C) = 1.91m, with un-
certainties not exceeding σM ≈ 0.2m.

The probable positions of the components in the
Hertzsprung–Russell diagram are shown in Fig. 7.

We see that our results agree with the assumed
spectral types and masses, and that the model for the
system we have developed is self-consistent. Were
our derived parameters in error, we would not find a
full agreement simultaneously with all the available
observations. Further improvement of the component

luminosities and other parameters of the system, pos-
sibly using our data and applying model atmospheres,
will be the subject of a future study.

After our preliminary determination of the physical
characteristics of the components and new determi-
nation of the system’s orbital parameters, we should
address the question of its stability. The methods
used for our analysis are the same as those in our
earlier publications [6, 7]. We checked the stability of
the system through numerical modeling, as well as
using nine stability criteria for triple systems: the tests
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of Golubev [33, 34], Harrington [35, 36], Eggleton
and Kiseleva [37], Mardling–Aarseth (two tests) [38,
39], Valtonen–Karttunen (three tests) [40, 41], and
Tokovinin [42] (see [6, 7] for details).

Our modeling of the dynamical evolution demon-
strated the system to be stable over the entire time
covered by the model (106 years in the past and into
the future) with a probability of 100%. Of 1001 Monte
Carlo realizations (one corresponding to the observed
parameters and with 1000 equally probable realiza-
tions constructed as described in [6, 7]), none showed
instabilities for either the past or the future.

All the applied nine tests also indicated stability:
for the vast majority of the realizations, the stability
parameters in all the tests exceeded their critical val-
ues. This means that the HD 222326 system (at least
for a configuration with the three known components)
is far from the instability limit in the parameter phase
space, and earlier conclusions that it was instable
were due to inaccurate orbital parameters reported in
previous studies.

6. CONCLUSIONS

We have suggested a technique for determining
the component radial velocities in wide stellar pairs
and multiple systems from high-resolution spectra,
based on the classical cross-correlation method. Our
technique was successfully tested using model bi-
naries with various parameters for their component
spectra, and can be applied in future studies of binary
and multiple systems.

We determined the radial velocities of the com-
ponents of the binary HD 10009 and the velocity of
its center of mass, as well as re-determined several
parameters of the multiple system HD 222326 and
derived the positions of its components in the spectral
type–luminosity diagram. We also detected the prob-
able existence of a fourth component (a white dwarf or
low-luminosity star) in a pair with one of the system’s
bright components (most likely with component A).
Our calculations were done using combined data
from spectroscopy and speckle interferometry.

We have used new speckle-interferometric obser-
vations of HD 222326 to refine the orbital parame-
ters of its subsystems. Modeling the evolution of the
system for 106 years in the past and into the future
indicates that it is dynamically stable.
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