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Accordlng to the ACDM model, the Mllky Way globular cIusters (GCs) are.
the first stellar assocnatlons that were formed in the early Universe as
gravitationally bound systems Their typlcal ages are >1O 12 Gyr and the .
-current masses are ~1O5M i

' Accordlng to our prevrous researches . :

» M. Ishchenko, M. Sobolenko; P. Berczik et aI A&A 673, A152 (2023)

> M. Ishchenko ‘M. S‘obolenko D. Kuvatova et al., A&A 674, AT0 (2023),

> M. Ishchenko, M. Sobolenko, P BerCZ|k et al.; KPCB, Vol. 39; No."1 (2023), _

.. we have found that the orblts of some MW GCs can pass close to the Galactlc Centre
(GaIC) - -

This |dea IS conflrmed in the followmg papers

v"Burkert:& Tremaine (2010),

v' Harris & Harris (2011), |

v Gonzélez-Lopezlira. et al. (2017)

v' Harris et al. (2014), : -

where the-authors show a correlatlon between the mass of the central -

_ Supermassive Black Hole (SMBH) and the number of GCs in eII|ptlcaI and spiral
galaxies. | - < : -
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" possibility of close passages of .

" Our aim is to carry out the dynamic evolution of the orbits of the GCs’

subsystem sample in Iookback time up to 10 Gyr with Gaia. DR3

. .Observations. of. the GCS posmons proper motions and radial
- velocities: "

This-allows us to estimate, in a
common statistical way, the -
average probability and-the

~ GCs with the GalC including the - e
possible graV|ty influence from the . | Ga'fiC“C Gentre
-SMBH. - | - bl

- To be more. physrcally reallstlc we performed our |ntegrat|on of GCs
evolutlon In time- varylng MW like potentlals ' '

=150 Globular Clusters within 200,000 LY of the GalC |
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" and dark matter haloes, we decompt)sed

The IllustrisTNG-100 is characterized by a
simulation box ~100 Mpc3. In.a box of such-

Size we resolve a 54 MW-mass.disk galaxres
“with the mass resolution of 7,5x108 M, for dark -
-matter and 1,4x106 M, for the baryonrc

: partrcles respectrvely

To obtain the spatial scales of the disks [y —-—5"—
GM, GM, - In(1 + YE=Z)

‘the mass distribution using the MN CDd(R

— VR 4

- 7) (Miyamoto & Nagai 1975) and NFW - | [R 4+ (ag + \[2+ 12)
®.(R,.2) (Navarro et al. 1997) potentrals. . _

- For our analysis, in the IIIustrrs srmulatrons we |dent|f|ed the 4 MW-like galaxy. -
candidates with at least 10° dark matter partrcles and at least 103 baryonrc particles
(stars and gas) at redshift zero and well reproduce MW parameters-(disk and halo

‘masses with the spatial scales) at present the best: #411321, #441327 #451323
and #462077 (TNG- TVPs) : -

.For more detalls-, readers_ can refer (Ishcheriko et al. 2023; Mardini et al. 2020).




Parameters of the time-varying potentlals were selected from the IIIustrlsTNG 100
simulation:at z = 0. The last column shows the parameters of the corresponding MW
components according to Bennett et al. (2022) at present. | '

Parameter

#411321

#441327

#451323

#462077 Milky Way

Disk mass, M,
Halo mass, My,
Disk scale length, ay
Disk scale height, by
Halo scale height, by,

7.110
[.190
2.073
[.126

2.848

7.970
1.020
2.630
1.356
1.981

7.670
1.024
2.630
[.258
2.035

7.758
1.028
1.859
1.359
2.356

6.788
1.000
3.410
0.320
2.770
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"Evolution of han and disk masses and their characterlstlc scales for #411321 in t|me
Dotted and dash-dotted blue lines- correspond to the values after the mterpolatlon and
smoothlng with a 1-Myr tlme step that was used in the orbital. mtegratlon




" Or]ol'tal t'i'm"e integrati'on“— 10 Gyr IoOkback time

ok a hrgh order paraIIeI dynamlcal N- body P- GPU code based on the .

- fourth-order Hermite integration scheme with hierarchical individual ",
block time steps (Berc21k et al. 2011, 2013) '

—GCs |n|t|aI posrt’ons proper mdtlons velocrtles and heIrocentrrc
drstances were taken from. Gala DRB '

i . —each GC was |ntegrated as.one physrcal partlcle with the flxed mass

| from the Catalogue (Baumgardt & Vasiliev 2021)

— 4 external time evolving potentrals with variable dynamlcal masses .

and scales were seIected from IIIustrlsTNG 100,

-—all GCs were |ntegrated together taklng into account the GCs: self -
|nteract|ons and the Interactions W|th the external potentlal |
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NGC 6401 in #411321 TNG external potential
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NGC 6401 orbltal changes in three planes. The time of integrationis 10 Gyr

(X, Y), (X, 2) and (R, Z), where R |s the lookback time and represents by a
planar Gal. radius. | . . colour line.




NGC 6401 in #451323 TNG external potential
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HP 1 in #411321 TNG external potential
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HP 1 orbital changes in three planes X, “The time of integration is 10 Gyr

Y), (X, Z2) and (R, 2), where Ris the . | lookback time and represents by a
planar Gal. radius. ' , R . colour line. .




#451323 TNG external potential
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Evolution of the GC orbltal a: and e during the

whole. backward integration time."

The inner GCs (a = 3 kpc) have more regular and
Iargeroeccentnmty changes during the evolution.
The outer GCs (a-> 3 kpc) have much smaller
eccentricity changes during the whole backward
mtegratlon time. . s

# 411321 TNG TVP

| | Evolution of the apocenters and |
pencenters for the 159 GCs. The colour- |-
. code ‘corresponds to the lookback time.
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#441327
.8 -#451323
#462077
#474170
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Liller 1 Terzan 4 NGC 6717 NGC 5927
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Evolution of the apocenters and pericenters in five TNG-TVPs,.where:
| HAT ~ #441327, orange — #451823, A

. , and black —#474170. | .

The presented orbits were integrated for 10 Gyr lookback time. -




Inclhudin'g the Supermassrve Biack
HoIe |nto TNG external potentral

.“,.

‘The morphology central region.in TNG-TVPs, obtained from large-scale .
- cosmological simulations, cannot be accurately resolved since these
: srmulatrons are focused on Iarge scale structure

Takrng into account these numerical Irmrtatrons of our external potentrals we{ N
mtentronally added the extra SMBH into simulations. A SMBH was added-as - -

one special particle with a fixed posrtron and mass equaI to 4 1 x 106 M
'(Ghezet al. 2008) ' -

, The SMBH mass was fixed. throughout the entrre trme of the mtegratron So
.. in total, we got four TNG TVPs pIus one modrfred potentral #411321
#411321 m. ' .
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NGC 6402 in #411321 without SMBH in the Gal Cénter

NGC 6401 in #411321 TNG external potential

4 4

0.5 1 1.5 2 2.5 3 3.5 4
X [kpc] R [kpc]

NGC 6402 in #411321 with SMBH in the Gal Center
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HP1 in #411321 without SMBH in the Gal Center

HP 1 in #411321 TNG external potential

[
(o]

o

»

T1oo kback [eyr]

N

T

[
(<]

o

»

T1ookback [GYT]

N




" As example I\/I|Iky Way Globular CIuster Crater in
-‘ Gala DRS database as a “bad” GC

'RA- - DEC - PMRA -ePMRA - PMDEC ePMDEG RV eRV
174069 -10.877! -0.059 - 0.125 ~. -0.116. 0116 . '148.10. 0.65

Crater in #411321 TNG external potential
200 ——————— 11— 200

The velocrty uncertalntres S|gn|f|cantly change the orbital characterlstrcs n .|

the case of Crater Colour Imes drfferent realrzatlons
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" As example Mllky Way Globular Cluster NGC 6121 in
- Gala DRS database as a good” GC '

RA *° DEC - PMRA "ePMRA - PMDEC- .ePMDEC~ RV eRV
245.897 -26.526 -12.514 '0.023 ' -19.022, 0023 7121 0.15

NGC 6121 in #411321 TNG external potential
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'For NGC 6121 WhICh parameters are well. measured, the orblt is Weakly
affected bythe veIOC|ty uncertalntles Colour lines — dlfferent realizations.
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- Orbital t|me integration — 10 Gyrlookback time

— a hlgh order parallel dynamlcal N- body ¢-GPU code. This code IS based on the fourth-

order Hermite integration scheme W|th hrerarchlcal |nd|V|dual block time steps (Berczik et al.
- 2011, 2013), L :
-— GCs initial posrtlons proper motlons velocrtles and hellocentnc dlstances were taken
from Gaia DR3, : : Co - - i 1T
— each- GC was mtegrated as one physrcal partlcle Wrth the fixed mass from the catalogue
- (Baumgardt & Vasiliev 2021), e - ' :

~ 4 external time evolvrng potentials Wrth vanable dynamlcal masses and scales selected
from lustrisTNG-100,". : : .

— all GCs were mtegrated together takrng |nto account the’ GCs’ self |nteract|ons and the

‘|nteract|ons with the external potentlal .
— selected the GCs with relatrve errors In proper motlons and velocmes of Iess :
than 30%, ‘

— performed 1000 5|mulat|ons varylng |n|t|aI velocmes of the GCs W|th|n +10 of -
the measurement errors taken from the normal dlstrrbutron - '

— crrtena for the GCs selection is 100 pc between GCs and GalC

" —'carried out 5000 S|mulat|ons 4000 for the four TNG TVPs and 1000 for the
#411321- m potentral (with SMBH) |
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e 5411321
#411321-m
#441327
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#462077
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Passages numbers / dt [Gyr 1] between GCS and GalC as a functlon of
< | the relatlve dlstance dR -

At a relatlve dlstance between the.GC and GaIC
—in 50 pc we get 4 close passages / Gyr,
—in 80 pc — 6 close passages / Gyr.
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We found 10 GCs:

NGC 6401, Palomar 6 NGC 6681 NGC
6712; NGC 6287, NGC’ 4462 NGC 6981,
‘HP 1, NG'C1904,' and NGC 362

NGC6401 N )
Pale /—
NGCé6681 1
NGC6712 1
NGC6287 1
NGCé6642 1
NGC6581 NN
HP1 I
NGC1504 I
NGC362 I

GC with

¥ GC with

Time bins [Gyr]

_ Contributio'n of individual GCs into global
. collision rate at different time- ranges for : _ ‘ o
#411321 TNG external potential. .~ . Galactic Centre
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Percent of probablllty of the GCs interaction with the GaIC in all 1000 sets
of randomlzatlon for four TNG TVPs + one Wlth SMBH

GC #411321 #411321-m  #441327 #451323  #462077 Mean
(D) (2) 3) (4) 5) (6) (7)

NGC 6401 100.0 99.9 100.0 100.0 100.0 100.0

Pal 6 100.0 99.6 99.9 100.0 100.0 99.9 + 0.1
NGC 6681 99.9 99.9 100.0 100.0 100.0 99.9 + 0.1
NGC 6712 99.9 100.0 99.9 99.8 100.0 99.9 + 0.1
NGC 6287 100.0 100.0 100.0 97.0 92.1 97.3 + 3.7
NGC 6642 99.8 99.8 99.3 100.0 99.5 99.7+0.3
NGC 6981 83.9 84.9 90.2 93.5 87.8 88.9+4.0 I

HP 1 98.7 99.0 70.7 99.5 83.0 899+ 13.8 |8
NGC 1904 72.4 73.0 73.6 83.2 76.7 76.5+4.8
NGC 362 244 27.9 30.7 41.2 12.9 273+ 11.8 |4




Statlstlcs example of the characterlstlcs of the GCs mteractlon Wlth the GalC in-
#411321 and #411321-m (with SMBH) TNG-TVP external potentlals

Pot
GC

#411321

#411321-m

< Dp >
pc

<dV >

km s™!

< Nipt >
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NGC 6401
Pal 6
NGC 6681
NGC 6712
NGC 6287
NGC 6642
NGC 6981
HP 1
NGC 1904
NGC 362

56 £ 10
58+ 12
42 + 16
52+ 38
82 £ 5
62+ 16
57 +24
50 + 21
53+ 125
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333+ 17
341 + 10
411 £ 1

380 + 10
398 £ 11
260 £ 19
347 + 8

306 £ 11
518 + 18
481 £5

3+1
8+ 2
4+1
28+ 9
2+1
16 +4
3+ 1

1 +1

<Dm>- the minimum dlstance in parsec between the GC and GaIC
<dV > - the corresponding. value of the relative velocity, |
< Nint > - the average number of individual interactjons for each randomtzatlon
+ values - the standard deviation from these average values based on our 1000
~random realisations. - ' : ~ -
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NGC 6642 in #411321 TNG external potential
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#411321 THNG external potential #441327 TNG external potential
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TVP external potentials.




~What ,is»'next?

For the selected Globular Cluster we try to find |n|t|al condltlons
‘such as mass in M@, half-mass radn In pc and Klng proflle
mcludmg stellar evolutlon -

By flndlng and adoptlng |n|t|al condltlons we will mtegrate the GC
‘up.to one million particles on cosmologlcal time scale for today to
get parameters which are observed -

We eStimate the SMBH influe‘nCe (with Nuclear Star CluSte'r) by . .. 7}

analyzing particles distribution due to erbltal and
-stellar evolutlon on these particles. =~

WDRK IN PROGRES_S_/J -
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Thanks for your attention
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