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MILKY WAY GLOBULAR CLUSTERS: CLOSE ENCOUNTER RATES WITH EACH OTHER
AND WITH THE CENTRAL SUPERMASSIVE BLACK HOLE

Abstract. Using the data from Gaia (ESA) Data Release 2 we performed the orbital calculations of globular
clusters (GCs) of the Milky Way. To explore possible collisions between the GCs, using our developed high-
order g-GRAPE code, we integrated (backwards and forward) the orbits of 119 objects with reliable positions
and proper motions. In calculations, we adopted a realistic axisymmetric Galactic potential (bulge + disk + halo).
Using different impact conditions, we found five pairs of the GCs that likely experienced collisions: Terzan 3
—NGC 6553, Terzan 3 — NGC 6218, Liller 1 — NGC 6522, Djorg 2 — NGC 6552 and NGC 6355 — NGC 6637.

We analyzed the GCs interaction rates with the central supermassive black hole. Assuming the maximum
100 pc distance criteria for separation between them we estimated 11 close encounter events. From our
numerical simulations, we estimate the close interaction rate as at least one event per Gyr with the impact
parameter less than 30 pc; and one event per Myr with the impact parameter less than 60 pc. Our calculations
show one very close encounter of NGC 6121 with the central SMBH near 5.5 pc (practically direct collision).
Based on the extended literature search for the possible progenitor of our selected 11 GCs, we found that most
of them have a Milky Way main bulge origin.

Key words: Galaxy: globular clusters, supermassive black hole: general - Galaxy: kinematics and
dynamics - methods: numerical.

Introduction. The globular clusters (GCs) of the Milky Way (MW) are old gravitationally bound stellar
systems with typical ages older than 6 Gyr and masses 2 10°M, [16]. These objects can be used as a powerful
tool to examine the Galactic structure and assemble the history at different scales from the formation of star
clusters to hierarchical merger events [17]. The recent high precision astrometric measurements provided
by Gaia Data Release 2 (DR2) [10] allow us to calculate the mean proper motions for =150 GCs of the
MW [6,10,28]. In this work, by using two catalogues of GCs [6, 28] containing the full 6D phase-space
information, we performed the simulations of 148 GCs orbits aiming to test a possibility of the GCs collisions
in the past 5 Gyr. Similar to previous studies, we study the dynamics of the GCs as the test-particle motion in
axisymmetric MW-like potential [1, 2, 12, 21, 23-25].

Globular Cluster Sample. Before the orbital integration, we prepared a complete catalogue of the MW
GCs. That is, we merged two recent catalogues [6,28] which together contain information about 152 objects
(see Table 4). The resulting catalogue contains the complete phase-space information required for the initial
conditions in our simulations: right ascension (RA), declination (DEC) and distance (D), proper motions
Mg+ Hs and radial velocity v,
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Fig. 1. Distribution of the GCs measurement errors for radial velocity v, (left) and proper motions in right
ascension (u,, centre) and declination (u,, right). Dashed grey horizontal lines indicate a 15% confidence range.
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To avoid the calculation of the GCs orbits with large uncertainties in initial conditions we have analysed
the errors of the Gaia measurement. In Fig. 1 we show the relative errors for the radial velocity and proper
motions where each GC has its index (see Table 4). Thanks to the precise Gaia measurements the uncertainties
for the radial velocity (V,) are quite small (mostly below 15%). However, as it is seen, for proper motions
(e~ 15) the situation is different. Therefore, we discard from our catalogue the GCs with the relative error
larger than 30% for radial velocity and proper motions. We found that only 8 GCs do not satisfy our selection
and in Table 4 these objects are marked with me (measurement error).

For calculating positions and velocities in the Galactocentric rest-frame (for basic coordinate transformation
see [15]), we assumed an in-plane distance of the Sun from the Galactic centre of X, = 8.178 kpc [11] and
Z,=20.8 pc, a velocity of the Local Standard of Rest (LSR), Vise=234.737 [18], and a peculiar velocity of
the Sun with respect to the LSR, U, = 11.1 km/s, V], = 12.24 km/s, W, = 7.25 km/s [26].

Orbit Integration. For the GCs orbit integration, we adopted the MW-type gravitational potential based
on the superposition of bulge + disk + halo models. In particular, the total potential consisting of a spherical
bulge @, (R, z), an axisymmetric disk @, (R, z) and a spherical dark-matter halo @, (R, z) can be written
as follows:

D(R,z)=D,(R,2)+DP,(R,z) +D,(R,2) (1)

where R? = x2 + y2 is the Galactocentric distance in polar coordinates and z is the vertical coordinate

perpendicular to the disk plane.

Potentials of the bulge and the disk were taken in the form of Miyamoto-Nagai [20], while the dark matter
potential is assumed to be Navarro-Frenk-White (NFW) [22]:

(2,3.4)
Mb
D,(R,2)=———"7,
(r +bb)
M
D,(R,z)=— ‘ Sz
[Rz +(ad +4/2° +bj) }
®,(R,z) = - i ina+ Ly
v b,

where = \/ R* + z? is the spherical galactocentric distance, masses and the scale lengths of the components
can be found in Table 1.

For the GCs orbital integration, we used a high-order parallel dynamical N-body code p-GRAPE which is
based on the fourth-order Hermite integration scheme with a hierarchical individual block time steps scheme
[8]. More details about the code architecture and special GRAPE hardware can be found in [13].

Table 1. Galactic potential parameters.

Parameter Value Unit
Bulge mass M, 1.03 x 10'° M
Disk mass M, 6.51 x 101 M
Halo mass M, 29.00 x 10 M
Bulge scale param. b, 0.2672 kpc
Disk scale param. a, 4.4 kpc
Disk scale param. b, 0.3084 kpc
Halo scale param. b, 7.7 kpc
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Fig. 2. GCs collision rate as a function of the relative distance (left), where black dashed line is a power-law
fit (see equation 5). The normalized number of collisions as a function of the relative distance and relative
velocity are shown in the centre and right panels, respectively.

GC Collision Pairs. Before moving forward in the analysis of the collisions of the GCs population we
have tested our numerical setup in order to keep tracking the GCs whose orbits are the same during backward
and forward integration. First, we integrated all 152 GCs backwards for 5 Gyr then we used the positions
of velocities of all the GCs at the end of the simulations and integrated them forward for 5 Gyr. One could
expect that the resulting positions and velocities should be identical to the observed ones. However, we have
found that the orbits of 25 GCs are not invertible. These GCs usually pass by very close to the galactic centre
and most likely even an adaptive time-step is not able to capture their motion in the very centre. Another
possibility is a non-integrability of the potential which is hard to quantify and we leave this issue for further
studies. Therefore, our final sample consists of 119 objects [9].

To count the number of collisions between pairs of GCs we used a set of three criteria. At the same time (i)
a minimum separation between the GCs dR_;, should be < 100 pc, (ii) the distance between the GCs should
be less as twice of the sum of half-mass radii: dR,,; <2(R,,,; + Ry, ;) and (iii) the relative velocity between
objects dV,,, should be: < 200km 5.

According to the first criteria we have 2019 and 1973 collisions during backward and forward orbits
integration, respectively. The second condition reduces these numbers to 38 collisions. Finally, applying the
last condition we obtained only five reliable collision events. In Fig. 2 we show the separation parameter as
a function of time for backward (left) and forward (right) integration where four reliable collisions (Terzan
3 - NGC 6553, Terzan 3 - NGC 6218, Lillier 1 - NGC 6522, Djorg 2 - NGC 6553 and NGC 6355 — NGC
6637) are marked by red symbols. It is worth mentioning that all the colliding GCs were likely formed in the
MW disk [17].

Table 2. Characteristics of GC collisional pairs.

GC 1 GC2 deH d Vwa Time
(pe) (kms™) (Myr)
Terzan 3 NGC 6553 25.58 148.18 237
Terzan 3 NGC 6218 10.75 183.12 580
Lillier 1 NGC 6522 9.38 185.04 2625
Djorg 2 NGC 6553 20.22 153.14 2889
NGC 6355 NGC 6637 11.10 184.17 4886

In order to estimate the global collision rate, in Fig. 2 (left) we show the number of collisions per Myr as
a function of impact parameter dR_, . The distribution can be well fitted by a simple power-law function:

choll — loa‘lg(dRcoll )+b (5)

dt

where a=2.057 £ 0.0014.508 + 0.003 are the fitting slope parameters. Therefore, we conclude that in each
ten million years there is at least one collision with the impact parameter less than 50 pc.

In Fig. 2 we also present the normalized cumulative collisions number as a function of GC minimum
impact parameter (centre) and relative velocity at the moment of collision (right). As we can see the cumulative
collision numbers can be also described by a power-law function, where the minimum values are dR_, 3 pc

coll
and dV,,; 5km s
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In Fig. 4 we present the orbits of colliding GCs which are colour-coded by time. The time range is about ten
million years around the moment of collisions. More detailed the orbital structure is shown on the right. The
solid line corresponds to the first GC in a pair while the dashed line shows the second one. The intersection
of the orbits (collision) is marked as a red circle. Table 2 summarized the exact time of collision together with
the minimum separation and relative velocity at the moment of collision.

Interaction Rates with Central Supermassive Black Hole. To count the number of interactions with
a central Supermassive Black Hole (SMBH) of GCs, we used criteria of minimum separation between the
GC and central SMBH dRbh should be < 100 pc. To estimate the interaction rate of GC with central SMBH,
in Fig. 3 (left) we show the number of event rates per Myr as a function of GC impact parameter dRbh.
According to this figure, we can estimate the close interaction rate as one event per Gyr with the impact
parameter less than 30 pc. Also, we can conclude that we have at least one event per Myr with the impact
parameter less than 60 pc.
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Fig. 3. Interaction rate of GCs with central SMBH (left), where grey dashed lines are levels of the one
event per Gyr and one event per Myr. The impact parameter from the centre (middle) and the orbital
velocity (right) of the GCs are shown.

According to the above criteria, we can estimate 11 very close encounter events: NGC 6121, ESO 452-
11, Liller 1, Pal 6, Terzan 9, NGC 6544, NGC 6638, NGC 6637, NGC 6642, NGC 6652 and NGC 6712. All
of them have a very close passing orbit trajectory and a high probability of interaction with the Milky Way
SMBH. In Fig. 3 (centre and right panels) we show the impact parameter from the centre and the orbital
velocity of the actual GCs. Each of the above 11 events is marked by different colours. As we can see from
these panels the GC Liller 1 during the last five Gyr always has a close pericenter passage at a level of around
65 pc (blue points). The closest encounter with the central SMBH in our simulation has a 5.5 pc. This is the
NGC 6121 GC (red points). The relatively high velocities can be easily explained by the strong dynamical
influence of the SMBH on the orbital motion of GCs.

In Table 3 we present the interaction events of GCs with minimum separation (second column) from
SMBH. In the third column, we show the corresponding pericenter passage velocity and the time past when
this event happens (fourth column). After the extended literature search, we try to identify the GCs possible
progenitors. In most cases, the clusters have an MW main bulge origin.

The detailed interaction of the selected 11 GCs with the central SMBH we present in Fig. 4 - Fig. 9.
The upper figures for each object show the global view of object trajectories. The bottom figures show the
detailed view of encounters. As we can see from the detailed visualization of the GCs during the five Gyr of
integration the GCs came to the central SMBH quite often. In the summary Table 4, we present all the 152
globular clusters with full information about the clusters. As we can note the Liller 1 GC has both collisions
with other clusters and also close interaction with central SMBH.

Table 3: Characteristics of GCs that have a closing pass with the central supermassive black hole.

GS (pc) Time Progenitor
NGC 6121 5.5 673 1314 Kraken[17]
ESO 452-11 33 604 4303
Liller 58 499 1859 XXX[19]
MW[5]
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Pal 6 62 634 427 LE[19]

MBJ[27]
Terzan 9 40 637 4599 MB[19]
NGC 6544 35 569 2499 Kraken
NGC 6638 52 587 3060 MB[19]
NGC 6637 92 575 1136 MB[19]
NGC 6642 34 580 2243 MBJ[19]
NGC 6652 99 622 641 MB[19]
NGC 6712 96 641 1330 LE[19]

Kraken[17]

NOTE: Column Progenitor contains possible GC’s origin with reference: Kraken - GC stands to Kraken
accretion event, XXX - GC does not have available kinematics, LE - GC stands to the unassociated low-
energy group, MB - GC stands to the main bulge, MW - GC stands to the in situ formation

Conclusions. Using the present-day Gaia DR 2-based catalogues [6, 28] we have analyzed the orbits
of the Milky Way globular clusters. From 152 GCs we discard 8 objects with large velocity errors. For
the remaining 146 GCs, we analyse both backward and forward orbits calculated in the MW-like external
potential using our developed high order 9-GRAPE code. Using complex criteria for the collisions detection
we robustly identified five colliding pairs: Terzan 3 — NGC 6553, Terzan 3 — NGC 6218, Liller 1 — NGC
6522, Djorg 2 — NGC 6553, NGC 6355 — NGC 6637. We also estimated the overall collision rate as about
one collision with the impact parameter less than 50 pc per 10 Myr.

Also, we analyzed the GCs interaction rates with the central supermassive black hole. Assuming the
maximum 100 pc distance criteria for separation between them we estimated 11 close encounter events:
NGC 6121, ESO 452-11, Liller 1, Pal 6, Terzan 9, NGC 6544, NGC 6638, NGC 6637, NGC 6642, NGC
6652 and NGC 6712. From our numerical simulations, we estimate the close interaction rate as at least one
event per Gyr with the impact parameter less than 30 pc; and one event per Myr with the impact parameter
less than 60 pc. Our calculations show one very close encounter of NGC 6121 with the central SMBH near
5.5 pc (practically direct collision). Based on the extended literature search for the possible progenitor of our
selected 11 GCs, we found that most of them have a Milky Way main bulge origin.
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Table 4. Initial list of GCs.

ID Name Flagl ID Name Flag] ID Name Flag [ ID Name Flag ID Name Flag
I NGC 104 32 NGC 5634 63 NGC 6273 94 Terzan 5 125 NGC 6656

2 NGC 288 33 NGC 5694 64 NGC 6284 95  NGC 6440 126 Pal 8

3 NGC 362 34 IC 4499 65 NGC 6287 96 NGC 6441 127 NGC 6681

4 Whiting 1 35 NGC 5824 66 NGC 6293 97 Terzan 6 128 NGC 6712  bh
5 NGC 1261 36 Pal5s 67 NGC 6304 98 NGC 6453 129 NGC 6715

6 Pall me| 37 NGC 5897 68 NGC 6316 99 NGC 6496 130 NGC 6717

7 EI1 me| 38 NGC 5904 69 NGC 6341 100 Terzan 9 bh 131 NGC 6723

8 Eridanus 39 NGC 5927 70 NGC 6325 101 Djorg 2 cc 132 NGC 6749

9 Pal2 40 NGC 5946 71 NGC 6333 102 NGC 6517 133 NGC 6752

10 NGC 1851 41 BH 176 me | 72 NGC 6342 103 Terzan 10 134 NGC6760 me
11 NGC 1904 42 NGC 5986 73 NGC 6356 104 NGC 6522  cc 135 NGC 6779

12 NGC 2298 43 FSR 1716 74 NGC 6355 cc 105 NGC 6535 136 Terzan 7

13 NGC 2419 44 Pal 14 75 NGC 6352 106 NGC 6528 137 Pal 10

14 Pyxis 45 BH 184 76 1C 1257 107 NGC 6539 138 Arp2

15 NGC 2808 46 NGC 6093 77 Terzan 2 108 NGC 6540 139 NGC 6809

16 E3 47 NGC 6121 bh | 78 NGC 6366 109 NGC 6544  bh 140 Terzan 8
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17 Pal3 me| 48 NGC 6101 79  Terzan 4 110 NGC 6541 141 Palll

18 NGC 3201 49 NGC 6144 80 BH 229 111 ESO 28006 142 NGC 6838
19 Pal4 me| 50 NGC 6139 81 FSR 1758 112 NGC 6553 cc 143 NGC 6864
20 Crater 51 Terzan 3 cc | 82 NGC 6362 113 NGC 6558 144 NGC 6934
21 NGC 4147 52 NGC 6171 83 Liller 1 cc,bh | 114 Pal7 145 NGC 6981
22 NGC 4372 53 ESO 45211 bh| 84 NGC 6380 115 Terzan 12 146 NGC 7006
23 Rup 106 54 NGC 6205 85 Terzan 1 116 NGC 6569 147 NGC 7078
24 NGC 4590 55 NGC 6229 86 Ton2 117 BH 261 148 NGC 7089
25 NGC 4833 56 NGC 6218 cc | 87 NGC 6388 118 NGC 6584 149 NGC 7099
26 NGC 5024 57 FSR 1735 me | 88 NGC 6402 119 NGC 6624 150 Pal 12

27 NGC 5053 58 NGC 6235 89 NGC 6401 120 NGC 6626 151 Pal 13

28 NGC 5139 59 NGC 6254 90 NGC 6397 121 NGC 6638  bh 152 NGC 7492
29 NGC 5272 60 NGC 6256 91 Palé6 bh 122 NGC 6637 cc,bh

30 NGC 5286 me| 61 Pall5s 92 NGC 6426 123 NGC 6642  bh

31 NGC 5466 62 NGC 6266 93 Djorg 1 124 NGC 6652  bh

NOTE: Parameters for all GCs was taken from [24] with an exception for GCs marked with data from
[5]. Column Flag contains additional information: me - GC was excluded from the integration due to their
significant measurement errors, to - GC was excluded from the integration due to their type of orbit, cc - GC
what satisfied “collision” conditions.
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Fig. 4. GC NGC 6121 and ESO 452-11 (from top to bottom) orbits in plane (left), in plane (middle) and
in plane (right), where R is the distance in the Galactic plane.
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Fig. 6. As in Fig. 4 for Terzan 9 and NGC 6544.
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KY¥C KOJIBIHBIH ITAP TOPI3JEC HIOTbIPJIAPBI: OJIAPIBIH ©3APA ’)KOHE OPTAJIBIK
ACA MACCHUBTI KAPAKYPIBIMMEH KAKBIH TYWICYJIEPTHIH KAPKBIH/IAPBI

Annoranus. Gaia (ESA) Dat aRelease 2 nepexrepin Konmana otsipbin, Kyc YKonbiHaars! map Topisaec
mworsipaapasiH, (LUTII) opouranaper ecentenai. IITII apackiHmarbl MyMKiH OOJFaH COKTBIFBICYJIAP/IbI
3eprrey ymriH skorapsl peTTi 0-GRAPE xonwiHbIH kKeMmerimMeH 119 o0BeKTiHIH opOWTaNaphl IIBIHAKWEI
OpBIHJAPHI MEH MEHIIIKTI KO3FaJbICTApPBIHHAH (apTKa JKOHE aliFa) MHTETpajAaHbin anbiHAbpl. CoHmaii-ak,
ecenTeynep/e MIbIHANBI OCTIK CUMETPUSIIBIK [amakThKalbIK TMoTeHnuan (0anpk + TUCK + Tajo) ecerke
anbIH bl JKakpIH TYHiCyAepAiH OpTYPIIi IIAPTTAPBIH KAPacThIpa OTHIPHIT, COKTHIFBICY BIKTUMAIIIBIFBI Oap Oec
Ky aneikranei: Tapsan 3 — NGC 6553, Tapsan 3 — NGC 6218, JInmmuep 1 -NGC 6522, Hopr 2 — NGC
6552 sxoneNGC 6355 — NGC 6637.

biz LITIL-mapabrH OpTaNBIK aca MAacCHBTI KapaKYpABIMMEH ©3apa THIFBI3 JKaKBIHIACY KapKBIHIAPHIH
Tanaaasik. OnapaplH e3apa MEeKTiK KambIKTeIKTapbl 100 Mk mamachIHaa Aer ecKepe OTHIPHIMN, 013 KaKblH
KaKTBIFBICTBIH 11 oKurachiH OarananbiK. CaHIBIK MOAEIBACYTE CYHEHe OThIPHIN, op Mip. XKbuiaa aceprecy
napametpi 30 nKk-TeH keM 0oJIaThIH O1p OKUFAHBIH ©3apa KAaKThIFbICY KAPKIH/IBUIBIFBIH OaFaiaiiMbI3; JKOHE P
MitH. XKbiina ocepiiecy mapameTpi 60 MK-TeH acnaiiTbiH Oip OKHFa YIIiH Jie 197 conaid. bi3ain ecenreynepimiz
NGC 6121 morbIpbIHBIH OPTAIIBIK aCa MACCHUBTI KapaKypIAbIMHAH IIAMaMeH 5,5 TapCceKTe O Til COKTHIFbICKAHBIH
(TiKenel COKTBIFBICY Aece ne Oomaanl) kepceTemi. KeHiHeH KapacThIphUTFaH ofcOneTTepre cyieHe OThIPHIIL,
tagnanrad 11 I THI-mapasiH KeNIIUTITIHIH BIKTUMAIBI TTaiiaa 00mFaH OpHbI Kyc KONBIHBIH HET13Ti 0anmK
JIeT TalThIK,.

Tyiiinai ce3gep: [amakthka, aca MaccuMBTI KapakypabIM, LIap Topi3lec WIOFbIpIap, CAHMABIK dIicTep,
KYJIBI3IAP/IbIH KHHEMATUKACHI J)KOHE IMHAMHUKACHI.
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INAPOBBIE CKOILIEHUS MJIEYHOI'O ITYTHU: TEMIIbI CTOJIKHOBEHUS MEXTY
COBOM 1 C LIEHTPAJIBHOM YEPHOM JbIPOI

AnHoTtanus. Mcnons3ys nanasie u3 Gaia (ESA) DataRelease 2, MbI ipoBenn pacdeTsl OpOUT MapOBIX
cxkoruternii (LIC) Mnewnoro [lytn. UToOBI mcCiienoBaTh BO3MOXHBIE CTONKHOBEHHSI MEXTY IIapOBBIMHU
CKOIUICHUAMH OBIIM TPO HHTErPUPOBaHbl (Ha3aa M Breped) opOutel 119 0O0BEKTOB € HCTHHHBIMH
MOJOKEHUAMHU U COOCTBEHHBIMH JBIKEHUSMH C TOMOLIBIO COOCTBEHHOTO pa3pabOTaHHOTO KOJa BHICOKOTO
nopsinka 0-GRAPE. Takxe B pacueTax Mbl IPUMEHUIIN PEATMCTUYHBIN 0CECUMMETPUYHBIN TalakKTHYECKHH
noTeHmua (6anmk + JUcK + rasno). [1oas3ysack pa3muIHBIME yCIOBUSIMH CTOJTKHOBEHUS, OBIIIO OOHAPYKCHBI
ath map LIC, kotopeie BeposaTHO cramkuBanuchk: Tap3an 3 — NGC 6553, Tapzan 3 — NGC 6218, Jlummmep
1 -NGC 6522, Mopr 2 — NGC 6552 u NGC 6355 - NGC 6637.

Mel npoananusupoBain ckopocTH B3aumozeictus LIIC ¢ neHTpanbHOM CBEPXMAacCHBHOM YepHOU
apipoit. [Ipeamonaras makcuManbHbIA KpuTepuil pacctosaust B 100 nk, Mbl onieHmnu 11 coObITuii 6:11M3K0r0
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CTONKHOBeHUs. VcxXons M3 HALIEro YWCICHHOTO MOAEIMPOBAHMS, MBI OLEHHMBAEM CKOPOCTb TECHOTO
B3aMMOACUCTBHA, KAK MUHUMYM, OTHO COOBITHE B MJIPA. JIET C TapaMeTpoM Bo3aeicTBus MeHee 30 mapcexk;
U OJIHO COOBITHE B MIIH. JIET C IapaMeTpoM BoszzeiicTBust MeHee 60 mapcek. Hamm pacueTsl mOKa3bIBaroOT
ofIHO oueHb Onu3koe cronkHoBeHHe NGC 6121 ¢ nientpanbaoit CMYJL okoro 5,5 nk (IpakTHYECKH MPsiMOe
CTOJIKHOBEHHE). OCHOBBIBASICH HA PACIIMPEHHOM ITOMCKE JTUTEPATYPhl O BO3MOXKHOM IIPapOJUTENe BBIOPAaHHBIX
Hamu 11 IIApOBBIX CKOMJICHWH, Mbl OOHApPY>KHIH, YTO OOJBIIMHCTBO M3 HUX HUMEIOT MPOUCXOXKACHUE OT
OCHOBHOTO Oanmxa Mieanoro IlyTu.

KioueBbie cioBa: ['anakTka, CBEpXMacCHBHAs 4YepHas JbIpa, YMCICHHBIE METOIbI, KWHEMaTHKa U
JMHAMUKA 3BE3/I.

Information about authors:

Marina Ishchenko — c.ph.-m.sc. Ph.D, Senior Researcher at Main Astronomical Observatory, National
Academy of Sciences of Ukraine, e-mail: marina@mao.kiev.ua, https://orcid.org/0000-0002-6961-8170;

Margarita Sobolenko — Junior Researcher at Main Astronomical Observatory National Academy of
Sciences of Ukraine, e-mail: sobolenko@mao.kiev.ua, https://orcid.org/0000-0003-0553-7301;

Kalambay Mukhagali — M.Sc., Junior Researcher at Fesenkov Astrophysical Institute and Energetic
Cosmos Laboratory, Nazarbayev University, senior lecturer at Faculty of Physics and Technology, Al-Farabi
Kazakh National University, e-mail: kalambay.mukhagali@kaznu.kz, https://orcid.org/0000-0002-0570-
7270;

Shukirgaliyev Bekdaulet — Dr.Sci., Postdoctoral Scholar, Energetic Cosmos Laboratory, Nazarbayev
University and Senior Researcher, Fesenkov Astrophysical Institute, e-mail: bekdaulet.shukirgaliyev(@
nu.edu.kz, https://orcid.org/0000-0002-4601-7065;

Peter Berczik — Dr.Sci., Head of department, Main Astronomical Observatory, National Academy of
Sciences of Ukraine, https://orcid.org/0000-0003-4176-152X.

REFERENCES

[1] Allen C., Moreno E., Pichardo B. (2006), AJ, 652, 2, The Orbits of 48 Globular Clusters in a Milky
Way-like Barred Galaxy. DOI: 10.1086/508676.

[2] Allen C., Moreno E., Pichardo B. 2008, AJ, 674, 1, Six New Galactic Orbits Of Globular Clusters In
A Milky-Way-Like Galaxy. DOI: 10.1086/524982.

[3] Bajkova A.T., Bobylev V.V. Astronomical and Astrophysical Transactions (2021), 32, 3,
Investigation of the negative K effect using the Orion Spiral Arm Catalogue. DOI: http://dx.doi.
org/10.1080/10556790600893104.

[4] Bajkova A.T., Bobylev V.V,, 2021, Research in Astronomy and Astrophysics, 21, 173, Orbits of 152
globular clusters of the Milky Way galaxy constructed from Gaia DR2. DOI: https://doi.org/10.1088/1674-
4527/21/7/173.

[5] Bastian N., Pfeffer J. 2021, accepted in MNRAS, eprint arXiv: 2110.10616, Star Cluster Ecology:
Revisiting the Origin of Iron and Age Complex Clusters. DOI: 10.1093/mnras/stab3081

[6] Baumgardt H., Hilker M., Sollima A., Bellini A. 2019, MNRAS, 482, 4, Mean proper motions, space
orbits, and velocity dispersion profiles of Galactic globular clusters derived from Gaia DR2 data, DOI: https://
doi.org/10.1093/mnras/sty2997.

[7] Bennett M., Bovy J. 2019, MNRAS, 482, 1417, Vertical waves in the solar neighborhood in Gaia DR2.
DOI: 10.1093/mnras/sty2813.

[8] Berczik P., Nitadori K., Zhong S. et al. 2011, in International conference on High Performance
Computing, Kyiv, Ukraine, p. 8-18, Merging of Unequal Mass Binary Black Holes in Non-Axisymmetric
Galactic Nuclei.

[9] Chemerynska I.V., Ishchenko M.V., Sobolenko M.O., Khoperskov S.A., Berczik P.P., Advances in
Astronomy and Space Physics, 2021, submitted.

[10] Gaia Collaboration: Helmi I., van Leeuwen F., McMillan P.J. et al. 2018, A&A, 616, Al2,
Gaia Data Release 2. Kinematics of globular clusters and dwarf galaxies around the Milky Way.
DOI:10.1051/00046361/201832698.

[11] Gravity Collaboration: Abuter R., Amorim A., Baubock M. et al. 2019, A&A, 625, L10, A
geometric distance measurement to the Galactic center black hole with 0.3% uncertainty*. DOI: https://doi.
org/10.1051/0004-6361/201935656.

[12] Gnedin O.Y., Ostriker J.P. 1997, AJ, 474, 1, Destruction of the Galactic Globular Cluster System.
DOI: 10.1086/303441.

104



Reports of the Academy of Sciences of the Republic of Kazakhstan

[13] Harfst S., Gualandris A., Merritt D. et al. 2007, New Astron., 12, 357, Performance analysis of direct
N-body algorithms on special-purpose supercomputers. DOI: https://doi.org/10.1016/j.newast.2006.11.003.

[14] Ibata R.A., Gilmore G., Irwin M.J. 1994, Nature, 370, 6486, A dwarf satellite galaxy in Sagittarius.
DOI: 10.1038/370194a0.

[15] Johnson D.R.H., Soderblom D.R. 1987, AJ, 93, 864, Calculating Galactic Space Velocities and Their
Uncertainties, with an Application to the Ursa Major Group. DOI: 10.1086/114370.

[16] Kharchenko N.V., Piskunov A.E., Schilbach E., Roser S., Scholz R.D. 2013, A&A, 558, A53,
Global survey of star clusters in the Milky Way. 1. The catalogue of basic parameters. DOI: 10.1051/0004-
6361/201322302.

[17] Kruijssen J.M.D., Pfeffer J.L., Chevance M. et al. 2020, MNRAS, 498, 2, Kraken reveals itself - the
merger history of the Milky Way reconstructed with the E-MOSAICS simulations. DOI: 10.1093/mnras/
staa2452.

[18] Mardini M.K., Placco V.M., Meiron Y. et al. 2020, ApJ, 903, 88, Cosmological Insights into the
Early Accretion of r-process-enhanced Stars. I. A Comprehensive Chemodynamical Analysis of LAMOST
J1109+0754. DOL: https://doi.org/10.3847/1538-4357/abbc13.

[19] Massari D., Koppelman H.H., Helmi A. 2019, A&A, 630, L4, Origin of the system of globular
clusters in the Milky Way. DOI: https://doi.org/10.1051/0004-6361/201936135.

[20] Miyamoto M., Nagai R. 1975, Publications of the Astronomical Society of Japan, 533-534, 27 ,
Three-dimensional models for the distribution of mass in galaxies.

[21] Moreno E., Pichardo B., Velazquez H. 2014, AJ, 793, 2, TIDAL RADIIAND DESTRUCTION RATES
OF GLOBULAR CLUSTERS IN THE MILKY WAY DUE TO BULGE-BAR AND DISK SHOCKING.
DOI: https://doi.org/10.1088/0004-637X/793/2/110.

[22] Navarro J.F., Frenk C.S., White S.D.M. et al. 1997, ApJ, 490, 2 , A Universal Density Profile from
Hierarchical Clustering. DOI: 10.1086/30488S.

[23] Pichardo B., Martos M., Moreno E. 2004, AJ, 609, 1, Models for the Gravitational Field of the
Galactic Bar: An Application to Stellar Orbits in the Galactic Plane and Orbits of Some Globular Clusters.
DOI: 10.1086/421008.

[24] Pérez-Villegas A., Rossi L., Ortolani S. et al. 2018, Publications of the Astronomical Society of
Australia, 35, Orbits of Selected Globular Clusters in the Galactic Bulge. DOI: https://doi.org/10.1017/
pasa.2018.16.

[25] Pérez-Villegas A., Barbuy B., Kerber L.O. et al. 2020, MNRAS, 491, 3, Globular clusters in the inner
Galaxy classified from dynamical orbital criteria. DOI: 10.1093/mnras/stz3162.

[26] Schonrich R., Binney J, Dehnen W. 2010, MNRAS, 403, 4, Local kinematics and the local standard
of rest. DOI: https://doi.org/10.1111/j.1365-2966.2010.16253 .x.

[27] Souza S.O., Valentini M., Barbuy B. et al. 2021, accepted in A&A, eprint arXiv:2109.04483.

[28] Vasiliev E. 2019, MNRAS, 484, 2, Proper motions and dynamics of the Milky Way globular cluster
system from Gaia DR2. DOI: https://doi.org/10.1093/mnras/stz171.

105



MEMORY OF SCIENTISTS

29.09.1932 r. -16.09.2021 r.
J.x.H., npoeccop Hurmerona Poza Lllykypraiuesna

HurmeroBa Poza IllykypramueBHa, kotopas 18 meT ObLia 3aBeAyromIel JrabopaTopueil CBEPXYMCTHIX
metamoB MOKD HAH PK, a 3atem — maBHBIM Hay9HBIM COTPYIHHUKOM 3TOH T1a00paTOpHH.

Hurmerosa P.I1I. pomunack 29 centaopst 1932 1. B 1955 r okonumnna xumudeckuit paxynsrer Kazaxckoro
TocynapcrBennoro Yuusepcutera um. C.M. Kupopa. B 1955-1958 r. yuunace B acnupantype MHcTuTyTa
xumuyeckux Hayk AH Ka3CCP mon pykoBoxnctBom akanemuka Kosznosckoro M.T. B 1958-1961 rr. -
cTapmuii 1abopaHT JabopaTopuy aHATMTHIECKON XuMHH. 1962-1966 TT. — MIaAmuil HAyIHBIH COTPYIHUK
nabopaTopuu amManbraMHoOW XUMUU MHCTHTyTa XUMHUYecKHX HayK. 1966-1969.rr. - crapmmii HaydHBIH
COTPY/AHUK J1a00paTOPUU CBEPXUYHUCTHIX METaJUIOB VHCTUTYyTa OpraHU4ecKoro Karaiusa 1 anekrpoxumun AH
Ka3CCP. B 1980 r. P.I1I. HurmeroBa Bo3mitaBmia 3Ty J1a00OpaTOpHUIO U MOCBATHIIA €€ paboTe U Pa3BUTHIO BCIO
KH3Hb, KAK KPYIHBIH CIIEUAIUCT B 00JIACTH (PU3UKO-XMMHUH U TEPMOANHAMMKH amMajibraMHbIx cuctem. P11
HurmeroBa npuHrMaa ydyacTye B IPOBEACHUH BHEIPEHUYECKUX PadOT Ha CBUHLIOBOM 3aBozae UM. Kannnuna,
. UuMkeHT. JluccepTannio Ha COUCKaHME CTENEHU JIOKTOpa XMMHUYECKHX HayK «TepMoguHamMuueckue u
(U3UKO-XMMHUYECKHIE HCCIEIOBAaHNS )KUAKUX CIUIABOB PTYTH ¢ MeTaiuiamu [I-V moarpynn nepuonuueckoi
cuctemsl 3nemenToB» P. III. Hurmerona 3anmutiiia B 1984 r. Ha yueHom cosere MOKD, . Anma-Ara. P.II.
HurmeTtoBoii BriepBble IPOBEAECHO CUCTEMATUYECKOE N3YUEHUE TEPMOIUHAMUYECKUX U (PU3NKO-XUMHUYECKHX
CBOMCTB JIBOWHBIX M TPOHHBIX (22 cHCTEMBI) aMaJIbTaMHBIX CUCTEM C UCIIOIb30BaHUEM OOJIBIIOTO KOJUYECTBA
(U3UKO-XMMHUYECKUX METOJOB HcCcienoBaHus. V3ydeHbl TepMOOMHAMHYECKUE CBOMCTBA pa30aBICHHBIX
KUJKUAX aMalibraM KaJMMs, WHOUSl, CBUHIIA, OJIOBA, BUCMYTAa, LMHKAa Ipu Temmeparypax 25-200°C.
YcraHoBIEHA 3aBHCUMOCTh TEPMOJMHAMHUYECKUX M (PU3MKO-XMMHUYECKHUX CBOWMCTB JKUAKHMX aMallbl'aM OT
MOJIOKEHHUS METAJIOB B IEPHOAMYECKON CHUCTEME 3JIEMEHTOB, YTO MO3BOJMJIO NMPOrHO3MPOBATh CBOICTBA
elle HEeM3yYeHHbIX cHUcTeM. Ha OCHOBaHMH MNOJIyYEHHBIX TEPMOAMHAMHMYECKHX IaHHBIX amajiblaMHBIX
CHCTEM YCTaHOBJICHBI KPUTEPHHU MOBEJCHNUS MHOTOKOMIIOHEHTHBIX aMajblaM B JJIOMUHECLEHTHBIX JIaMIlax.
B 1992 1. P1I. HurmeroBa momyumia 3Banue npodeccopa. P.II. Hurmerooit omybmmukoBano oxono 200
Hay4yHBIX CTaTei U MOATOTOBJIECHO COBMECTHO C I.T.H. Kozunbim JI.®. 7 kanauaaroB xumuueckux Hayk. P.III.
HurmeroBa paborana ydeHbIM cekpeTapeM aucceprarmonHoro copera MOKD. Komnern coxpanunm o Heit
aMsITh, KaK O MPUHLIUIINAIBHOM YYCHOM U OT3bIBUNBOM UEIIOBEKE.

CoTpyasHMKH U KOJLJIeTH.
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