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EFFECT OF GAS ACCRETION DISC PROFILE ON ORBITAL
PARAMETERS OF THE ACCRETED STARS

Abstract. The results of studies of the effect of the gas disk and its profile on the dynamics of active galactic
nuclei are presented. The study was conducted with a numerical model of galactic nucleus based on
phiGRAPE+GPU comprising three subsystems — a central supermassive black hole, gaseous accretion disc, and
compact stellar cluster. The evolution of the compact stellar cluster is modeled with direct integration (N-body
simulation), while the black hole and gaseous disc are represented phenomenologically: the black hole is introduced
as an external potential (fixed in space but variable in time due to black hole mass growth), and the gaseous disc is
introduced as spatial time-independent density distribution. We examined and compared with each other orbital
parameters of accreting stars for model of the galactic nucleus with gas disc of constant and variable thickness, as
well as without gas. It was found that in the presence of a gaseous disk almost half of the accreted particles interact
strongly with the gas and are captured by the disc before accretion, while more than 85% of particles are affected to
some extent by the disc prior to accretion. This suggests that interaction of the stellar cluster with the gas disk in the
galactic nucleus might lead to the formation of stellar disk in the central part of the nucleus.

Key words: active galactic nuclei (AGN), supermassive black hole (SMBH), accretion gas disk (AGD),
computational astrophysics, N-body simulations

The physical nature of active galactic nuclei (AGN) is presently far from a complete understanding,
so the development of AGN theory still remains one of the most urgent problems of astrophysics.
According to modern concepts, activity of galactic nuclei is due to the accretion of matter onto
supermassive (up to several trillion solar masses) black holes, which are found in the centers of probably
all galaxies [1]. The gravitational energy released in the course of this accretion is the source of the
extremely powerful radiation observed from AGNSs.

Active galactic nuclei can be seen as consisting of three subsystems: the central supermassive black
hole (SMBH), the accretion gas disk (AGD), which is formed due to the conservation of angular
momentum of accreting matter, and compact spherically symmetric stellar clusters [2].

In previous studies [3-6] we have investigated via numerical simulations the interaction of star cluster
with the accretion disk and its impact on the dynamics and evolution of active galactic nuclei. Indeed,
dissipative effect from the gas disk leads to loss of energy by stars in the central regions of the cluster and,
under certain conditions, to the accretion of some stars onto the black hole.

In these studies, we used two phenomenological gas disk models. The first gas disk had Keplerian
rotation, constant height and was defined as density distribution constant in time:
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where @ =3/4 (corresponds to the outer boundary of the disk according to the Novikov-Thorne model
2-a

[7]), R*=x>+)", R, - disk radius, B = [F (1 + ﬂ (I'(x) - gamma function, s was taken to be

4,s0 B, =0.70), M, - disk mass, & defines the half-thickness of the disk: #_ = AR, .

The second, a more realistic model of the gas disk is a modification of the first one with the
introduction of a linear increase of the half-thickness of disk in the inner regions. This modification was
based on the physical properties of the inner accretion disk, which are described by the Shakura-Sunyaev

approach [8].
h = hR, [iJ @)

crit
The transition point from linear half-thickness to the constant one was determined by equating the
expression for the velocity of sound in the case of self-gravity of the disk, cs2 =47Gh X, and in case of

its absence, ¢ =2h’GM,, R . Then R, =0.0257314 in the dimensionless system of N-body units [8],

crit
which we use throughout this paper.
Accretion disk properties were fixed by its mass £, with analytical density distribution according to

equation (1) with the values of the parameters @ =3/4and s=4 and h= 107, The disc is supposed to
have Keplerian rotation curve in the potential of a supermassive black hole, and we neglect the
gravitational influence of the disc and pressure gradients inside the disc [3]. More details about the gas
disk models might be found in [5].

The black hole was also defined phenomenologically as a Newtonian potential. Star cluster was
modeled by direct integration of interaction of individual stars with each other (N-body simulations), as
well as with the gas disk and black hole. If a star falls in a region with radius of less than R, (accretion
radius), then it is considered to be accreted - its mass is added to the mass of the black hole and the star
itself is removed from the system. We use phiGRAPE+GPU [10] as the source code for numerical
simulation, which uses parallel computation technologies (CUDA and MPI). This code was supplemented
by our module describing dissipative interaction of stars with the gas. Evolution of the system begins with
the initial distribution given by Plummer model. A more detailed description of the numerical model can
be found in [3,4,6].

In [5] there was a comparison of the results obtained using two gas disk models, i.e. we investigated
the influence of the disk profile on the process of accretion of stars in the black hole (see. the dotted line
in Fig. 2). The stars were analyzed that were accreting due to the effect of the gas disk, that is, stars with

small eccentricity (stars accreting with €~ 1 , that is, in orbits close to hyperbolic, fall into the capture
area of the black hole as a result of random pass-by). It was found that in the first model the stars accreted
when corotating with the disk form on the diagram "eccentricity - orbit inclination angle to the plane of
the disc" a close group with nearly circular orbits lying substantially in the disc plane and the counter-
rotating stars might have any inclination values and eccentricity at accretion. In the disk model with a
variable thickness the co- and counter-rotating stars accrete at all angles of inclination of the orbit, but
about 70% of all stars captured by SMBH at the time of capture were very close to a circular orbit and
were in the plane of the disk. Furthermore, in the second disk model the angular momentum is transferred
to the black hole in a more efficiently than in the first one.

This paper presents the results of further investigations of the effect of the gas disk on the dynamics
of active galactic nuclei, namely, discussing the orbital parameters of accreting stars, which were captured
by SMBH during two relaxation times (¢=2t,.;) since initial time, for three models: with "old" ( constant
thickness) and the "new" (variable thickness) gas disks, and also without the disc. In all runs the number
of particles was 32 thousand, and accretion radius was assumed to be 0.0003R,,.

— § ——



ISSN 2224-5227 M 5.2016

Results and discussion

Results of the study of orbit eccentricity of accreting stars are shown in Figures 1-3. Figure 1 shows
the cumulative distribution of the particles by the eccentricities of their orbits at the time of accretion for
the three models. The vertical axis represents the ratio of the number of stars accreting with eccentricity
smaller than a given given on the horizontal axis to the number of all accreted stars.

1.0 T T T T

0.8 =

; 0.6 4

‘?\'T/ ‘?\ru(-r

—  h, =const '
0.2 _

== h.=hir) .
-+ = nogas X

0.0 1 I 1 1 i
0.0 0.2 0.4 0.6 0.8 1.0

&

Figure 1 - The cumulative distribution of the particles by eccentricities of their orbits at accretion time for the model without gas
disk (dot-and-dash line), model with the disc of constant thickness (solid line) and model with the disk of variable thickness
(dashed line). Vertical axis shows the ratio of the number of stars that accrete with an eccentricity of less than a given value, to all
accreted stars
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Figure 2 - Distribution of the eccentricities of the orbits of stars at the time of accretion for the three models
in the linear (A) and logarithmic (B) scales. Designations are the same as in Figure 1.
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Figures 2-3 show histograms of eccentricities of the orbits of accreted stars. To enable a more
detailed analysis, the histograms are given in linear and logarithmic scale, and separately there is a graph
for the model without the gas disk with smaller intervals of the partition area of the eccentricity values. As
can be seen from the figures, in the absence of the gas disk stars accrete in orbits close to hyperbolic, i.e.,
fall into the capture area of the black hole as a result of random fly-by. Gas disk greatly affects the
distribution of eccentricities of accreted particles: in the model with the "new" disk about 50% of stars
accrete in nearly circular orbits, while in the model with the "old" disk the particles mainly accrete in
more elongated orbits.
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0.15F -
&

3: 0.10} 1

2,
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Figure 3 - Distribution of the eccentricities of the orbits of stars at the time of accretion for the model without gas disk (with
smaller bins for the eccentricity values compared to Fig. 2).
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Figure 4 - The cumulative particle distribution on the angles of inclination to the orbit plane of the gas disk at the time
of accretion for the three models. Designations are the same as in Figure 1

Figure 4 shows the cumulative distribution of the particles by their orbits inclination angles to the
plane of the gas disk at the time of accretion. It can be seen that with the "old" disc model the inclination
angles of almost 50% of the accreted particles occupy an area between 0° and 10°. Furthermore, almost
half of the particles are accreted while rotating in reverse relative to the disk. When using the "new"
model of the disk about 45% of stars accrete onto the black hole rotating in the disk plane and in the same
direction with it, and the portion of particles counter-rotating at the time of accretion is smaller than for
the disc model with a constant thickness. This is because the thickness of the disc in the "old" model is

— § ——
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larger than the radius of accretion which leads to deceleration of many stars with the reverse rotation in
the center of the disc, including stars orbiting in the plane nearly perpendicular to the disk plane. In the
case of the improved disk model, dense gas around the central black hole lies almost exclusively in the
plane of the equator, which makes it possible for many stars in the central part to have enough time to
evolve their orbits towards the direction of disc rotation.

Figures 5 and 6 show the distribution of the accreted particles on the diagram eccentricity-orbit
inclination angle for the "old" and "new" disk models, respectively. There are clearly visible particles that
were captured by gaseous disc before accretion: the flat cloud in the area ~0.1° + ~10° for the disc of
constant thickness, and the cloud in the area <1° for the disc of variable thickness. This cloud in Figure 6
corresponds to the 45% of particle of Figure 4 which accreted rotating in the disk plane.

100 Lo , ............... ................ ............... ...'-

10-4 3 i2 il-l lO ll l2
10 10 10 10 10 10

Figure 5 - Distribution of the accreted particles in the diagram orbit inclination angle-eccentricity for model with gas disk of
constant thickness. Each point represents a single particle. The dotted line corresponds to the inclination angle of the orbit equal
to opening angle in the model of accretion disk with variable thickness

10°

10" : i ' '
107 10” 10" 10° 10! 10°
il°]
Figure 6 - Distribution of accreted particles in the diagram orbit inclination angle-eccentricity for model with gas disk of variable
thickness. Designations are the same as in Figure 5

We also analyzed the distribution of the lengths of the semi-major axes of the particles orbits at the
time of accretion. Figure 7 shows the cumulative distribution of the particles by the values of semi-major
axes of their orbits, and Figures 8-10 show the distribution of particles in the diagram length of semi-
major axis-orbit inclination angle for the three models.
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Figure 7 - Cumulative distribution of the particles according to the values of semi-major axes of their orbits.
Designations are the same as in Figure 1
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Figure 8 - Distribution of particles in the diagram length of semi-major axis - angle of inclination
of the orbit for the model without the gas disk
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Figure 9 - Distribution of particles in the diagram length of semi-major axis - angle of inclination
of the orbit to the plane of the accretion disk for the model with the disk of constant thickness
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Figure 10 - Distribution of particles in the diagram length of semi-major axis - angle of inclination
of the orbit to the plane of the accretion disk for the model with the disk of variable thickness

In Figure 8, which presents diagram for the model without the gas disk, we see particles accreted
according to the theory of the loss cone [11]. In the diagrams for the other two models, we can also see
these particles accreted without interaction with the gas disk, but there is also a "particle disk", i.e.
particles captured by disc before accretion are represented in these diagrams as thin "clouds" in their
lower part.

Conclusions

Analysis of the results allows to formulate a conclusion that in the presence of the gas disk, almost
half of the accreted particles had intensively interacted with the gas and was captured by the disk before
accretion. The proportion of particles accreted according to the loss cone theory (without the effect of the
disc) for the model with gas disk is very small, about 5-10%. The fact that more than 85% of the particles
before accretion have undergone a greater or lesser degree of influence from the disc leads to the idea that
the interaction of the stellar cluster with gas disk in the galactic nuclei may contribute to the formation of
stellar accretion disk in the central part of AGN and make the star cluster axially symmetric. The results
of further research will be published in our next work. Preliminary results can be found in [12].

The study was conducted as part of the International project of cooperation and academic exchange
between Germany and Kazakhstan 'STARDISK - Simulating Dense Star-Gas Systems in Galactic Nuclei
using special hardware' (I / 81 396, funded by the Volkswagen Foundation, Germany) and Targeted
Funding Program (program code - Ne0073-10/IT11®-15-MOH). The calculations were performed on GPU-
equipped supercomputers Laohu (the Center of Information and Computing at National Astronomical
Observatories, Chinese Academy of Sciences, China, Sciences, financed by the Ministry of Finance of
PRC, grant ZDYZ2008-2), Titan, Hydra, Kepler (Astronomisches Rechen -Institut, University of
Heidelberg, Germany, funded by grants 1/80041-043 andl/84678/84680 of the Volkswagen Foundation
and grants 823.219-439/30 and /36 of the Ministry of Science, Research and the Arts of Baden-
Wiirttemberg, Germany) and Tesla, Grape (Fesenkov Astrophysical Institute, STARDISK project
funded).

We are grateful to the Volkswagen Foundation for financial support and the Chinese Academy of
Sciences and the National Astronomical Observatory of China for its support through the project 'Silk
Road Project'.

Berczik P. thanks the National Academy of Sciences of Ukraine for support through the GRID/GPU
project of the computer cluster of the Main Astronomical Observatory. Also Berczik P., Just A. and
Spurzem R. thank the Volkswagen Foundation for support under Trilateral Partnerships grant No. 90411.
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AKKPENUSAJIBIK I'A31bI JUCK HIIITHIHIH AKKPELIUSAJIAHY HIbBI
KYJIABI3JAPABIH OPBUTAJIBIK CUITATTAMACBIHA 9CEPI

Tyiiingeme. Ocbl XYMBICTa Ta3/bl JUCK JXOHE OHBIH MIlIIHIHIH TraJlaKTHKaTapBIHBIH JIHHAMUKACHIHA OCEPIiH
3eprTey HoTmkenepi kepcerinreH. 3eprreynep phiGRAPE+GPU konsIHBIH HeTi3iHIE iCKe acCBIPBUIFaH OCIICEHII
SIAPOJIbI TajlaKTHUKa YJTICI YII KypayliblJaH — OPTabIK aca YJIKSH Maccajbl Kapa KYpIbIMHAH, aKKPELHsIIbIK a3
JTUCKICi JKOHE BIKIIAM S>KYIABIBABIK KIacTepleH KYpalFaH Ien >KYprizinmi. JKyImpl3OplK KIacTep 3BONIONUSCHI
tikenei omictieH (N-body simulations) mHTErpanmaHamgsl, an Kapa KYpIsIM MEH Ta3lIbl AUCK (HEeHOMEHOIOTHSIIBIK
Typze OepiireH — Kapa KypIbIM ChIPTKbI (KEHICTIKTE KO3FaJIMAWTBIH, alaiijia Kapa KypAbIM MAacCachIHBIH Ocyi
CaJaphlHAH ©3TepeTiH) MOTEeHIMSI TYPIiHAE, ajl Ta3[Ibl JUCK YakKbpIT OOMBIHIIA ©3TepMEHTIH Ta3 THIFBI3IBIFBIHBIH
KEHICTiKTe TapaiybiMeH OepiireH. KanbIHIBIFBI TYpaKThl >KOHE ©3repMelii, OHEe Je IHUCK IKOK OOJFaHIarbl
rajakTuKa sapoJapblHbIH MOJEIIEpl YIIIH aKKpeUHsIaHy bl JKYJIBI3apAblH CHIIATTaMaIapblH ©3apa CaJIbICTHIPY
KapacThIpbULIbL. ['a311bl quick Oap OOJIFaH JKaFqaiia akKpeIUsUIaHTaH OeJIICKTEP/IiH KapTHICHI ACPJIiK ra30€H THIFbI3
OaiinaHpIcajibl XKOHE aKKpeLusFa JeliH AUCKICH Kaplbula/ibl, akKpeuusra aeiin 85% Oeuiekrep MUCK TaparbiHaH
KaHJail na OOJICBIH ocepre YIIbIpainel. bysr ramakTuka sSIpoiapbIHAAFBl KYJIIBI3IBIK JKYHe MEH Ta3[bl TUCKTiH
aceprecy HOTHXKECIHIC SAPOHBIH OPTAIBIK OOMIriHAC >KYIIIBI3ABIK aKKPEIUsUIBIK TUCK Maiiia Oonalubl JIEreH oliFa
aJIBII KeJIeIi.

Tipek ce3mep: [amakrukanmapaery Oencenmi sapomapel (I'BS), aca maccambr kapa xypaeim (AMKK),
akkpersuIbl Ta3ael auck (AT]), ecenreyim actpodusnka, N-gere ece0i.
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BJIUAHUE IMTPODPUJIA AKKPEITMOHHOI'O I'A3OBOI'O JTUCKA
HA OPBUTAJIBHBIE ITAPAMETPBI AKKPEIIUPYEMBIX 3BE3 /]

AnHoTanus. B paboTe mpezacraBiieHbl pe3ysbTaThl HCCIIENOBAHMS BIMSHUS Ta30BOTO TUCKA U €ro npoduis Ha
JUHAMUKY aKTUBHBIX sJiep TajJakTUK. MccnemoBaHue MPOBOIMIIOCH HA OCHOBE PEANM30BAaHHOM € MOMOIIBIO KOAa
phiGRAPE+GPU wumncneHHOM MOIeNM TalaKTHYECKOTO s1pa, COCTOSIIEH M3 TpeX IOACUCTEM — IEHTPAILHOM
CBEPXMAaCCUBHON YEepHOH JBIPBI, AKKPELUOHHOIO Ta30BOr0 AMCKA U KOMIIAKTHOTO 3BE3[HOTO KJIacTepa. DBOMIOLHUS
3BE3[JHOTO KJIacTepa MHTerpupyercsi npsmbeiM metonoMm (N-body simulations), a yepHast aplpa M Ta3oBbIH JHCK
3agaHbl (DEHOMEHOJIOTMYECKM — 4YepHass JAblpa 3aJaHa B BHUJAE BHEIIHETO IOTCHIMalda (HETOABI)KHOTO B
MIPOCTPAHCTBE, HO N3MEHSAEMOTO CO BPEMEHEM BCIIEAICTBHE POCTa MACChl YEPHOH IBIPHI), a Ta30BBIN IUCK 33JaH B
BU/I€ TIPOCTPAHCTBEHHOTO paclpeAeieHHs IUIOTHOCTH, HE 3aBHCAINETO OT BpeMEeHH. PaccMaTpuBaINCh H
CPaBHUBAJINCH MEXIy c000il opOHMTalbHBIC MapaMeTphl aKKPELUPYIOIIMX 3Be3A AT MOJeNel sapa TalakTHKH C
ra30BbIM JHCKOM IIOCTOSHHOM W II€PEMEHHOH TOJIIWHBI, a Takxke O0e3 aucka. BbIIBIEHO, YTO B HPUCYTCTBHU
ra30BOr0 JUCKa IOYTH IOJOBHHA AKKPEIMPOBAHHBIX YACTHI[ TECHO B3aMMOJCHUCTBYET C ra30M M 3aXBaTbIBaeTCA
JHCKOM IIepe]] akkpeLueid, 6onee 85% dacTHIl 10 aKKpELUHU IPETEepIIeBAaeT TO WIK HHOE BIUSHUE CO CTOPOHBI JIUCKA.
DTO HABOAMUT HAa MBIC/b, YTO B3aUMOJEHCTBHE 3BE3HOIO KJacTepa C ra3oBBIM AMCKOM B TaJJaKTHUECKOM spe
MOJKET NIPUBECTU K BOSHUKHOBEHUIO 3BE€3/JHOTO aKKPELIMOHHOI'O JUCKA B LIEHTPAILHON YacTH A1pa.

KitroueBble ciioBa: akTuBHEIE sifpa ranakTuk (ASID), ceepxmaccuBHas yepHas apipa (CMY/I), akkpenoHHbIH
ra3oBbIi quck (AI'J]), BerunciurensHas actpodusmka, 3axada N Ted.
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