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Abstract. We performed a search for pairs of trans-Neptunian objects in close
orbits with semi-major axes of more than 30 AU. Distances in the space of
Keplerian orbits were estimated using the Kholshevnikov metrics. Found 21
pairs of trans-Neptunian objects in which one of the components is binary, for
Kholshevnikov metrics in five-dimensional space of Keplerian orbits less than
0.121 AUY2. All pairs belong to cold Classical Kuiper belt objects. Based on
nominal orbits, the dynamic evolution of pairs of trans-Neptunian objects in
the past 10 Myr has been studied numerically. We searched for low relative-
velocity close encounters between trans-Neptunian objects in pairs as well as
the minima of the Kholshevnikov metrics and the convergence of the lines of
nodes and apses, to estimate the age of the pairs.
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1. Introduction

Apart from Pluto and Charon, the first trans-Neptunian object (TNOs) was
found in 1992. Although many TNOs were found on quite elliptic orbits, some
of them had roughly circular orbits on a plane near the ecliptic (or the invari-
ant solar system plane), today about 3500 objects have been recognized and
indexed. The distribution of the orbits of asteroids in the Solar System is the
result of various processes that affect for a long time (see e.g. Deienno et al.,
2016; Granvik et al., 2017).

As was shown in (Vokrouhlicky & Nesvorny, 2008), in the main belt of as-
teroids, there are a large number of pairs of asteroids with close orbits that have
a common origin. A study of these pairs (Pravec & Vokrouhlicky, 2009) proved
their statistical significance. Unbound pairs of asteroids have also been identi-
fied in (Pravec et al., 2010; Jacobson, 2016; Kuznetsov & Safronova, 2018). One
candidate pair resides in the scattered disc (Rabinowitz et al., 2011). Groups of
pairs define young asteroid clusters (Pravec et al., 2018; Kuznetsov & Vasileva,
2019).
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Different processes can lead to the formation of pairs or groups of minor
bodies with close orbits. It is collisional break-ups, rotational or thermal-stress-
induced splittings, tidal disruptions, and binary dissociations (see e.g., (Benz
& Asphaug, 1999; Boehnhardt, 2004; Sekanina & Chodas, 2005, 2007; Bottke
et al., 2006; Jacobson & Scheeres, 2011; Schunové et al., 2014; Jacobson, 2016;
Vokrouhlicky et al., 2017). Mean motion and secular resonances can also induce
orbital coherence (see e.g. de la Fuente Marcos & de la Fuente Marcos, 2016).

A candidate collisional family in the outer Solar system was proposed by
Chiang (2002). The first asteroid family identified in the outer Solar system was
the one associated with dwarf planet Haumea (Brown et al., 2007). The subject
of finding collisional families of trans-Neptunian objects has been studied by
Chiang et al. (2003) and Marcus et al. (2011). de la Fuente Marcos & de la
Fuente Marcos (2018) perform a systematic search for statistically significant
pairs and groups of dynamically correlated objects through those with a semi-
major axis greater than 25 AU, applying a technique that uses the angular
separations of orbital poles and perihelia together with the differences in time
of perihelion passage to single out pairs of relevant objects from which groupings
can eventually be uncovered. They confirm the reality of the candidate collisional
family of TNOs associated with the pair 2000 FCg — 2000 GX146 and initially
proposed by Chiang (2002). They find four new possible collisional families of
TNOs associated with the pairs (134860) 2000 OJg7 — 2001 UP;g, 2003 UTgg; —
2004 VBj31, 2002 CU154 — 2005 CEg; and 2003 HF57 — 2013 GGi37. They find
several unbound TNOs that may have a common origin, the most significant
ones are (135571) 2002 GGge — (160148) 2001 KV7¢ and 2005 GXg96 — 2015
BDs19.

In (Kuznetsov et al., 2021) performed a search for statistically significant
pairs and groups of dynamically correlated objects through those with a semi-
major axis greater than 30 AU, applying a novel technique that uses Khol-
shevnikov metrics (Kholshevnikov et al., 2016, 2020) in the space of Keplerian
orbits. Found 27 pairs of TNOs in close orbits, 22 pairs in which one of the TNO
is binary, and 11 pairs of binary trans-Neptunian objects. All pairs belong to
cold classical Kuiper belt objects. Among the dynamically cold population of
the classical Kuiper belt, during the evolution of the protoplanetary disk and
the migration of planets, conditions are implemented for the preservation of
close binary or contact TNOs with components of approximately equal masses
(Nesvorny & Vokrouhlicky, 2019). On the other hand, the evolution of wide bi-
nary trans-Neptunian objects turns out to be unstable due to frequent encoun-
ters with other TNOs, which lead to the decay of binary systems (Campbell,
2021) and the formation of TNO pairs in close orbits.

We perform a study of the dynamical evolution of pairs of TNOs in which one
of the component is binary. This paper is organized as follows. Section 2 reviews
the methods which we used to search for TNOs with close orbits, research the
dynamical evolution of TNOs, and estimate the age of the TNO pairs. Some
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pairs found by our approach are presented in Section 3. In Section 4, we discuss
the results and summarize our conclusions.

2. Methods

We have used natural metrics (€1, &) in the space of Keplerian orbits (Khol-
shevnikov et al., 2016, 2020) to search for TNOs with close orbits. Here Keple-
rian orbits & are points in a five-dimensional space of orbits (the position on
the orbit is omitted). Let us denote by a, p, e, i, w,  the semi-major axis, semi-
latus rectum, eccentricity, inclination, argument of the pericentre and longitude
of the ascending node of the orbit, respectively.

The metric oo defines the distance between two orbits in the five-dimensional
space of Keplerian orbits (Kholshevnikov et al., 2016)

gg =1+ ef)pl +(1+ eg)pg — 2/p1p2(cos I + eqeq cos P), (1)

here indices 1 and 2 correspond to orbital elements of the first and second bodies,
respectively,
cosl = cico + s182cos A,

cos P = s185 sinwj sinws+
(coswy coswy + €169 sinwy sinws ) cos A+
(co coswy sinwy — €1 sinwy coswsg) sin A,
c=cosi, s=sini, A=y — Q.

The metric g5 defines the distance in the three-dimensional factor-space of the
positional elements. Its elements are classes of orbits with fixed p, e, ¢ and all
possible values of w and € (Kholshevnikov et al., 2016)

gg =(1+ e?)pl +(1+ eg)pg — 2y/p1pa{eres + cos (iy —ig)}. (2)

The metric 02 shows the current distance between the Keplerian orbits. The
metric g5 gives the minimum distance between the orbits among all possible
positions of the nodes and pericenter of the orbits. Analyzing the metrics will
help identify candidates for young pairs. The positions of the lines of nodes and
apses of the TNO orbits in young pairs should be close because the orientation
of the orbits has changed slightly since the formation of the pair due to the
secular drift of nodes and pericenter. If the metrics g2 and g5 are small (for
TNO pair with binary, one can limit ourselves to 0.12 AU'/?) and have close
values (e.g. 02 — 05 < 0.025 AU'/?), then such a pair of TNOs can be considered
a candidate for young pair (e.g Kuznetsov et al., 2020).

We have used both numbered and multiopposition objects from the Asteroids
Dynamic Site (AstDyS, https://newton.spacedys.com/astdys/). Epoch of the
orbital elements is MJD 58800 (00® 00™ 00.000° BDT 13.11.2019) depending
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on the used sets of orbital elements from the AstDyS. The metrics g (1) and
05 (2) have been calculated to search for TNOs pairs with close orbits.

The dynamic evolution of TNO pairs was studied in two stages. In the first
step, to find close approaches of TNOs in pairs in the past and, therefore, esti-
mate the age of the pairs, we have performed numerical integrations of the orbits
of TNOs in pairs backward in time (a time span of 10 Myr) with the code known
as Orbit9 (the OrbFit Software Package, http://adams.dm.unipi.it/orbfit/
(Orbfit Consortium, 2011)). Orbit9 software allows us to estimate the maxi-
mum Lyapounov Characteristic Exponent (LCE). We estimated the LCE for
the cold classical Kuiper belt to be 0.1 Myr that makes it possible to study the
evolution of nominal orbits over several million years. The numerical integra-
tions were made taking the nominal orbits given by AstDyS database as initial
conditions. The eight major planets and the dwarf planet Pluto were integrated
consistently. The mean ecliptic of J2000.0 was taken as reference plane for the
output. We used heliocentric coordinates.

The standard methods for determining the age of pairs of small bodies in
close orbits include analysis of 1) low relative-velocity close encounters of objects
(see, e.g. Pravec et al., 2019), 2) the minimum distances between the orbits of
objects (see, e.g. Kuznetsov et al., 2020), 3) simultaneous approaches of node
lines and apse lines of objects orbits (see, e.g. Rosaev & Plavalové, 2017).

The analysis of simultaneous approaches of the lines of nodes and apse of the
TNO orbits can be considered as a special case of a more general method using
the analysis of the minimum distances between the TNO orbits, for example,
using the Kholshevnikov metrics. When analyzing the simultaneous approaches
of the lines of nodes and lines of the apses, only two elements are used —
the longitude of the ascending node and the argument of the pericenter. At
the same time, the estimate of the minimum distance between the orbits is
calculated based on five Keplerian elements — the semi-major axis, eccentricity,
inclination, longitude of the ascending node, and the argument of the pericenter.
Since at the moment of pair formation, the orbits of the objects are close,
the difference in the longitudes of the ascending nodes AQ and the difference
in the arguments of the pericenter Ag should vanish simultaneously with the
attainment of a minimum by the metric go.

The condition of convergence of orbits does not yet guarantee the conver-
gence of objects moving in these orbits. Therefore, to estimate the age of pairs,
it is also necessary to analyze the possibility of the onset of low relative-velocity
close encounters, at which the distance between objects r,.¢; is comparable to the
radius of the Hill sphere Ry of a more massive body, and the relative velocity
vrer 18 Of the order of the escape velocity V., relative to a more massive body.
Pravec et al. (2019) used the criteria for low-speed encounters for asteroids in
the main asteroid belt: r.o; < (50r 10)Rp, Vre; < (201 4)Vese, where Vg, is the
escape velocity on the surface of a more massive body. The narrower limits were
used for better converging orbits (e.g., younger ones, or those in non-chaotic
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zones of the main asteroid belt), while the loosened limits were typically used
for pairs with the orbits affected by some orbital chaoticity.

For each close approach of TNOs in pair we determined the relative distance
7 between TNOs and relative velocity v,..;, as well as the Hill sphere radius
Ry and escape velocity Vs of the primary body. The radius of the Hill sphere
was estimated as:

1 4 1/3
Ry = -riD; <7TGP1> ; (3)

where 71 is the heliocentric distance of the primary’s TNO, D; is its diameter,
p1 is its bulk density, G is the gravitational constant and p is the gravitational
parameter of the Sun. The escape velocity of primary body for relative distance
e Was estimated as:

FGD%pl
3 Trel .

V:esc = (4)

The diameter D of the TNO can be estimated from the absolute magnitude H
and the geometric albedo p, (Bowell et al., 1989):

1
D =1329km 10~ /5 — (5)
p?)

We need to know the physical parameters of the TNO to estimate the radius
of the Hill sphere Ry (3) and the escape velocity Vs, (4). Since the objects
included in the studied TNO pairs belong to the dynamically cold population of
the classical Kuiper belt and have dimensions not exceeding several hundred km,
we used the same density values p = 0.5 gcm ™ and geometric albedo p, = 0.13
for all TNOs (Muller et al. ., 2020).

Estimates of the single TNO density range from 0.5 to 2 gcm ™2 (Lacerda &
Jewitt, 2007; Grundy et al., 2008; Ferndndez, 2020) and grow with an increase in
the TNO diameter. For TNOs several hundred km in size, the density estimates
are 0.5 — 0.6 g cm ™3 (Lacerda & Jewitt, 2007; Grundy et al., 2008; Fernandez,
2020). We used the minimum density value p = 0.5 gem =3, which will give the
minimum estimates for the radius of the Hill sphere Ry (3) and the escape
velocity Vise (4). If the density value is 2 gecm™2, the value of the radius of
the Hill sphere Ry will be underestimated by 4'/3 ~ 1.6 times, and the value
of the escape velocity Vi, by 4/2 = 2 times. This can be taken into account
when establishing the criteria for close encounters of the TNO pair. We used the
physical parameters of binary TNOs published in (Grundy et al., 2009, 2011,
2019)
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3. Results

3.1. Search for pairs with binary TNO in close orbits

We used the osculating orbital elements from the AstDyS database for the
epoch MJD 58800, to calculate the Kholshevnikov metrics oo (1) and g5 (2).
The following criteria were chosen for the selection of young pairs of TNOs:
02 < 0.121 AUY? (93 < 0.0146 AU = 2.2 - 10% km), g5 < 0.12 AUY? (92 <
0.0144 AU = 2.2-10° km) and g3 — 05 < 0.025 AUY/2 ((93 — 05)? < 0.000625 AU
=9.4-10* km). The criteria for the metrics o2 and g5 correspond to two or three
values of the Hill sphere radius for TNO. The closeness of the metrics g2 and
05 may indicate the youth of a pair of TNOs (after forming a pair, the orbits
have not yet had time to disperse due to the precession of nodes and pericenter).
However, this is only a necessary condition for the youth of the pairs because the
precession of the nodes and pericenter of the orbits has a conditionally periodic
type.

We selected 21 pairs of TNOs with binaries satisfying the first two condi-
tions: g2 < 0.121 AUY? and g5 < 0.12 AUY/2 (see Tab. 1). Ten pairs of TNOs
(in bold in Tab. 1) satisfy all three conditions. Tab. 2 gives the orbital elements
for the epoch MJD 58800, here My is the mean anomaly, and H is the abso-
lute magnitude of TNO. Analysis of the Tab. 2 shows that all detected TNOs
included in the pairs belong to the dynamically cold population of the clas-
sical Kuiper belt, which is characterized by orbits with semi-major axes from
42 to 45 AU, eccentricities not exceeding 0.1, and inclinations not exceeding
5° (Gladman et al., 2008; Kavelaars et al., 2008). The minimum value of the
semi-major axis for TNO 2003 UNsgy is 42.4 AU, the maximum value for 2015
RPogp is 45.5 AU. The maximum eccentricity of 0.105 has TNO 2012 HEg;. The
maximum inclination of 3.8° is achieved for TNO 2003 QYgo.

3.2. Dynamic evolution of pairs with binary TNO in close orbits

We carried out a numerical simulation of the orbital evolution in the time inter-
val of 10 Myr into the past for all selected pairs with binary TNO (see Tab. 1).
The nominal values of the osculating elements of the TNO orbits from the Ast-
DyS base for the epoch MJD 58800 (see Tab. 2) were chosen as the initial ones.

Tab. 3 shows the minimum values of the metric 02,,,;,, and the corresponding
moments t,, measured in years from the epoch MJD 58800. Tab. 3 gives the pairs
in the same order as in Tab. 1. For 13 pairs, the minimum value of the metric is
02min < 0.07 AUY2 (92 . < 0.0049 AU = 7.33 - 10° km). The minimum value
02min = 0.0057 AUY2 (g3, . = 3.25-107° AU = 4.86 - 10> km) was recorded
for the pair TNO (469610) 2004 HF 79 — 2013 UL;5.

The moments t, corresponding to the minima of the metrics are not the
moments of TNO pairs formation since, in addition to the approach of the
orbits, the objects must also encounter. A search was carried out for low relative-
velocity close encounters of TNOs included in pairs in close orbits (see Tab. 1),



232

E. Kuznetsov, O. Al-Shiblawi and V. Gusev

Table 1. TNOs pairs with binaries.

Binary TNO TNO 02 [AUY?] o5 [AUY
2005 GD g7 2001 OG 09 0.0731 0.0664
(275809) 2001 QY29r 2015 VBig 0.0732 0.0654
(469610) 2004 HF79 1997 CTa 0.0791 0.0546
2005 GD1s7 2015 VVi7o 0.0918 0.0664
2002 VD3 (505446) 2013 SPyy  0.0976 0.0945
2004 HK 79 2015 VBi7 0.0996 0.0657
2006 JVss 2004 KF 19 0.0998 0.0707
(275809) 2001 QY297 2006 HB 23 0.1039 0.0856
2003 QYo 2002 CUjs4 0.1049 0.0957
2015 RPag 2012 HEg;s 0.1083 0.0933
2000 CFo5 2015 GJs; 0.1110 0.0977
2003 UNags 1996 TKes 0.1124 0.0834
2015 VW s 2013 ULy, 0.1133 0.0989
2004 HK 79 2004 VBi31 0.1135 0.0674
(505447) 2013 SQog 2004 HE79 0.1141 0.0872
2004 HKrg 2015 GAsr 0.1144 0.0199
2005 GD1g7 (420356) Praamzius ~ 0.1148 0.0889
2004 PWi17 2015 GTs7 0.1174 0.0978
2002 VD3, 2002 CZo24 0.1184 0.0983
2004 PW117 2013 TLi72 0.1188 0.0265
(469610) 2004 HF 7 2013 ULy 0.1209 0.0837

based on the results of numerical modeling. The integration interval was 10 Myr
in the past. The nominal TNO orbits from the AstDyS database were used. The
criteria for the search for low relative-velocity close encounters were chosen
taking into account the uncertainty of the density p and albedo p, of the TNO:
Trel < 3Ry, Uret < 4 Vege. On the considered time interval, for none of the pairs,
the conditions of low relative-velocity close encounters were fulfilled.

Tab. 4 shows information about the approaches of TNO to distances less than
10 Ry (here ¢, is the moment at which the minimum distance is reached). There
are only six such pairs. The closest approach of the TNOs to r,.¢; = 2.8 Ry was
recorded for the pair TNO 2005 GDig7 — (420356) Praamzius as the minimum
relative velocity v,..; = 167 V... However, this velocity is 42 times higher than
the value corresponding to the low relative-velocity close encounters. We can
conclude that in the considered interval of 10 Myr, the encounters of TNOs to
distances of less than 10 Ry is possible. Still, high speeds of relative motion
show that the moments of close approaches of TNOs are most likely not the
moments of formation of pairs of TNOs in close orbits.
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Table 2. Orbital elements of TNOs pairs with binaries at epoch MJD58800.0.

TNO a e 7 Q g My H
[AU] [’] (] [’] [’] [mag]

(275809) 2001 QY297 44.117 0.085 1.547 108.75 129.91 82.73 5.58
(420356) Praamzius 42.531 0.011 1.101 314.26 1.46 182.67 5.60
(469610) 2004 HF 79 43.598 0.034 1.485 76.64 193.70 338.79 6.42
(505446) 2013 SPgg 43.805 0.062 0.791 71.92  250.51 52.07 7.36
(505447) 2013 SQo9 44.181 0.094  3.469 51.96 177.15 142.02 6.57
1996 TKegg 42.565 0.016 3.315 44.59 211.26 136.86 6.37
1997 CTag 43.643 0.034 1.014 74.52  210.21 239.25 6.56
2000 CF105 43.684 0.032 0.528 56.47 56.74 31.87 6.94
2001 OG1pg 43.759 0.018 0.540 332.70 1.58 355.71 &.15
2002 CUj54 43.652 0.056 3.355 108.98 41.12 9.66 6.91
2002 CZo224 44.853 0.065 1.687 66.48 263.82 183.34 6.95
2002 VD131 45.006 0.066 0.851 84.62 239.38 70.85  6.57
2003 QYoo 42.922 0.047 3.762 104.05 41.84 198.99 6.48
2003 UNagy 42.411 0.004 3.069 35.99 277.08 121.47 7.42
2004 HE~9 44.664 0.104 3.085 62.82 164.96 17.20 7.42
2004 HK 79 44.179 0.085 1.943 69.02 182.48 340.69 6.92
2004 KF19 44.470 0.070 0.107 329.90 277.11 2.75  6.92
2004 PW117 43.868 0.055 1.862 81.35 76.57 167.84 6.34
2004 VB3 44.027 0.076 1.745 50.37 207.53 153.34 6.55
2005 GD1g7 42.971 0.022 0.707 354.40 333.59 200.83 7.21
2006 HB1o3 44.448 0.097 1.801 115.76 128.02 593 7.04
2006 JVss 45.323  0.067 0.318 144.15 95.97 11.25 6.63
2012 HEgs 44.926  0.105 3.016 235.00 38.36 12.37 9.04
2013 TL172 43.833 0.058 1.791 95.04 78.81 197.66 6.85
2013 ULy~ 42.712  0.030 1.831 82.27 211.10 86.11 8.17
2015 GAsr 44.084 0.082 1.938 56.15 184.95 333.43 7.96
2015 GJs7 43.477 0.027 1.328 82.03 40.14 85.44 7.69
2015 GTs57 44.065 0.067 2.285 92.10 72.51 37.83 8.55
2015 RPaso 45.495 0.096 3.489 232.41 45.34 83.23 7.51
2015 VB9 43.867 0.083 2.083 104.86 130.78 176.87 7.91
2015 VB171 43.677 0.083 2.391 83.55 172.08 155.30 7.92
2015 VVi7o 43.065 0.031 0.908 30.91 288.17 93.42 9.06
2015 VWigs 42.539 0.045 1.954 96.71 199.17 112.82 8.29

3.3. Analysis of approaches of TNO and their orbits

When assessing the age of pairs of small bodies in close orbits, it is interesting
to compare the moments of the approach of orbits, lines of nodes and apsides,
and the objects themselves in orbits. At the moment of pair formation, all
estimated distances between orbits and bodies should be small. Let us compare
the moments of the approach of orbits (see Tab. 3), nodes and pericenter of
orbits, as well as objects in orbits (see Tab. 4) for six TNOs experiencing close
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Table 3. Minimum values of the metric g2 and the moments of their occurrence t,.

Binary TNO TNO 02min [AUY?]  t, [years]
2005 GD1s7 2001 OG99 0.036 —2840
(275809) 2001 QY297 2015 VBieo 0.062 —259660
(469610) 2004 HF79 1997 CTag 0.056 —53400
2005 GD1s7 2015 VViro 0.059 —6417930
2002 VD131 (505446) 2013 SPgg  0.056 —9570
2004 HK79 2015 VBi71 0.081 —124000
2006 JVss 2004 KF 19 0.057 —246070
(275809) 2001 QY297 2006 HB123 0.063 —22060
2003 QYoo 2002 CU154 0.069 —80050
2015 RPago 2012 HEgs 0.067 —40850
2000 CF10s5 2015 GJs7 0.102 —13740
2003 UN2g4 1996 TKgs 0.086 —5006740
2015 VWigs 2013 ULy 0.081 —801640
2004 HK79 2004 VB131 0.079 —8040
(505447) 2013 SQoo 2004 HE7o 0.070 —7297160
2004 HKr9 2015 GAsy 0.057 —9421100
2005 GDig7 (420356) Praamzius  0.084 —1157230
2004 PW1;7 2015 GTs7 0.020 —7254560
2002 VD131 2002 CZ224 0.107 —1970310
2004 PW117 2013 TLi72 0.056 —7689270
(469610) 2004 HF79 2013 ULy~ 0.0057 —4159900

Table 4. The closest approach moments ¢, of TNO in pairs under the condition
Trel < 10 Ry.

Binary TNO TNO rrei RH VUrel  Vesc tr
[Re] [10® km] [Vese] [ms™'] [years]

(469610) 2004 HF79 1997 CTog 8.6 439 213 0.26 —3714950
2005 GD1s7 2015 VViro 4.5 307 232 0.25 —3463500
2002 VD131 (505446) 2013 SPg9 9.4 428 596  0.22 —2230280
2006 JVss 2004 KF19 8.7 389 921  0.23 —4696470
2000 CF1o5 2015 GJs7 6.4 356 684 0.23 —4590180
2005 GD1s7 (420356) Praamzius 2.8 631 167  0.65 —6882190

encounters. At the moment of pair formation, the conditions ¢, ~ t,, AQ ~ 0,
and Ag ~ 0 must be met. The Tab. 5 gives the moments ta corresponding to
the condition AQ = 0 and Ag = 0 for six pairs from the Tab. 4.

Pair TNOs (469610) 2004 HFr9 — 1997 CTa9. The minimum distance be-
tween TNOs is fixed at the moment of ¢, = —3714950 years. The value of the
metric pg reaches its minimum at ¢, = —53400 years. The evolution of the met-
ric g2 with time shows that the metric, on average, monotonically increases in
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Table 5. The moments ta corresponding to the condition AQ ~ 0 and Ag =~ 0.

Binary TNO TNO ta [Myr]
(469610) 2004 HF79 1997 CTag —3.2
2005 GDg7 2015 VVi7o —-3.0

—4.2

—6.8

—-9.4 — —9.0
2002 VD131 (505446) 2013 SPgg -0.7 — —-0.5
2006 JVsg 2004 KFi9 —-0.7
2000 CFp5 2015 GJs7 —1.5
2005 GD1g7 (420356) Praamzius —5.6

—6.4

the past from the moment of minimum. Analysis of the change in the differences
in the longitudes of the ascending nodes Af) and the arguments of the pericen-
ter Ag shows that both differences are close to zero in the vicinity of the time
3.2 Myr in the past and in the present. Since the methods used give significantly
different estimates of the pair’s age, we did not find low relative-velocity close
encounters of TNOs in the considered time interval, and we conclude that the
age of the pair exceeds 10 Myr.

Pair TNOs 2005 GDig7 — 2015 VVi7g. The minimum distance between
TNOs is fixed at the moment of t,, = —3463500 years. The value of the metric o,
reaches a minimum at t, = —6417930 years. The evolution of the metric g with
time shows that the metric remains small for the entire considered interval. Its
value does not exceed 0.13 AU/2. Analysis of the differences in the longitudes
of the ascending nodes A2 and the arguments of the pericenter Ag shows that
both differences are close to zero in the vicinity of 3, 4.2, 6.8, 9.0 — 9.4 Myr in
the past. The minimum distances between TNOs and between their orbits are
achieved in the vicinity of the moments of the approach of the lines of nodes
and apsides. However, we did not find low relative-velocity close encounters of
TNOs in the considered time interval. Most likely, the age of the pair exceeds
10 Myr.

Pair TNOs 2002 VD31 — (505446) 2013 SPg9. The minimum distance be-
tween TNOs is fixed at the moment of ¢, = —2230280 years. The value of the
metric g2 reaches its minimum at ¢, = —9570 years. The evolution of the metric
02 with time shows that the distance between the orbits increases into the past,
reaching 0.9 AUY2. Analysis of the change in the differences in the longitudes
of the ascending nodes AQ2 and the arguments of the pericenter Ag shows that
both differences are close to zero about 0.5 — 0.7 Myr ago. The methods used
give significantly different estimates of the pair’s age. We did not detect any
low relative-velocity close encounters of TNOs. Most likely, the age of the pair
exceeds 10 Myr.
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Pair TNOs 2006 JVss — 2004 KF19. The minimum distance between TNOs
is fixed at the moment of ¢, = —4696470 years. The value of the metric g; reaches
aminimum at t, = —246070 years. Starting from 1 Myr ago, the metric g2 grows,
reaching the value 0.7 AU'/2 at the end of the considered interval. Analysis of
the change in the differences in the longitudes of the ascending nodes A2 and
the arguments of the pericenter Ag shows that both differences are close to zero
about 0.7 Myr ago. The methods used give significantly different estimates of
the pair’s age. We did not detect any low relative-velocity close encounters of
TNOs. Most likely, the age of the pair exceeds 10 Myr.

Pair TNOs 2000 CF1o5 — 2015 GJ57. The minimum distance between TNOs
is fixed at the moment of ¢, = —4590180 years. The value of the metric g reaches
a minimum at ¢, = —13740 years. Starting from 2 Myr ago, the metric go grows,
reaching the value 0.5 AU'/? at the end of the considered interval . Analysis of
the change in the differences in the longitudes of the ascending nodes A2 and
the arguments of the pericenter Ag shows that both differences are close to zero
about 1.5 Myr ago. The methods used give significantly different estimates of
the pair’s age. We did not detect any low relative-velocity close encounters of
TNOs. Most likely, the age of the pair exceeds 10 Myr.

Pair TNOs 2005 GD1g7 — (420356) Praamzius. The minimum distance be-
tween TNOs is fixed at the moment of ¢, = —6882190 years. The value of the
metric po reaches a minimum at ¢, = —1157230 years. Starting from 2 Myr ago,
the metric g grows, reaching the value 0.25 AU'/? at the end of the consid-
ered interval. Analysis of the change in the differences in the longitudes of the
ascending nodes A2 and the arguments of the pericenter Ag shows that both
differences are close to zero in the vicinity of 5.6 and 6.4 Myr ago. The minimum
distances between TNOs and between their orbits are achieved in the vicinity of
the moments of the approach of the lines of nodes and apsides. However, we did
not find low relative-velocity close encounters of TNOs in the considered time
interval. Most likely, the age of the pair exceeds 10 Myr.

4. Discussion and conclusions

We performed a search for TNO pairs, in which one of the objects is binary,
among all numbered objects and objects observed in more than one opposition.
The measure of the proximity of the orbits was the Kholshevnikov metric gs.
We selected 21 pairs of TNOs in close orbits to study the dynamic evolution and
estimate the age of the pairs. All pairs belong to the dynamically cold popula-
tion of the classical Kuiper belt. In this region, favorable conditions are formed
for the preservation of close binary TNO systems (Nesvorny & Vokrouhlicky,
2019). However, at the same time, wide TNO binary systems disintegrate due
to encounters with other objects (Campbell, 2021). The most probable source
of TNO pairs, in which one of the objects is binary, is the decay of ternary and
multiple TNO systems.
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The analysis of dynamic evolution based on nominal orbits over 10 Myr,
carried out using three approaches: the search for the approaches of orbits,
lines of nodes and apsides, the TNOs themselves in orbits, showed ambiguous
results. As a rule, estimates of the age of pairs obtained by different methods
gave significantly different estimates. This may indicate that the age of the pairs
exceeds 10 Myr.

An approach based on the study of the probabilistic evolution of a pair of
TNOs should play an important role in increasing the reliability of estimates of
the age of TNO pairs. We plan to use this technic in our future studies.

The interval of 10 Myr is relatively short for TNO because, during this
time, objects of the classical Kuiper belt make only 33 — 36 thousand periods in
orbit. For comparison, young pairs in the main asteroid belt are pairs with an
age of up to 2 Myr. During this time, asteroids make 400 — 600 thousand the
orbital periods. In the future, it is planned to increase the integration interval to
200 Myr. On such a long interval, the manifestation of stochastic properties of
the TNO dynamic evolution is inevitable; therefore, the main methods used to
estimate the age of pairs should be methods that estimate the distance between
orbits, their nodes, and pericenters.
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