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Abstract

We study the possibility that minor mergers resolve the mmse depletion problem, which is the difficulty
occured in the coalescence process of the supermassikehalc(SMBH) binary, by performing numerical simu-
lations with a highly accurat®’-body code. We show that the minor merger of a dwarf galaxyidis stellar orbits
in the galactic central region of the host galaxy where tlse tone depletion is already caused by the SMBH binary.
The disturbed stars are supplied into the loss cone. Stateafwarf galaxy are also supplied into the loss cone.
The gravitational interactions between the SMBH binary Hiebe stars become very effective. The gravitational
interaction decreases the binding energy of the SMBH bie#gactively. As a result, the shrink of the separation
of the SMBH binary is accelerated. Our numerical resultsngly suggest that the minor mergers are one of the
important processes to reduce the coalescence time of tBHINhary much less than the Hubble time.
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1. Introduction larger than the Hubble time. This difficulty in the coaleszen
process of SMBHs is called the "loss cone depletion problem”

It is well known that the merging of galaxies with cen- To resolve the loss cone depletion problem, several ideas
tral supermassive black holes (SMBHS) is an important prts accelerate the orbital decay of the binary are proposed.
cess for growth of the SMBH mass. Recent studies, howev&aseous torque in a massive gas disk is proposed in the wet
have shown the possibility that the SMBHs cannot coalesoeerger cases (Escala et al. 2004; Escala et al. 2005; Dotti
within the Hubble time in the merger remnant (Begelman et at al. 2006; Dotti et al. 2007; Hayasaki 2008). In the dry
1980; Makino and Funato 2004). merger cases which are observed in neaby galaxies (Whitaker

Begelman et al. (1980) have examined the merging proc&&an Dokkum 2008), the effect of a galactic triaxial poten-
of galaxies with central SMBHs with masseslof M.,. They tial (Berczik et al. 2006), large mass ratio between a SMBH
estimate the timescale of coalescence of SMBHs in the mergad Intermediate-Mass BH (Matsubayashi et al. 2007), and a
remnant and show that the timescale is more than the Hubbiple SMBH system (Iwasawa et al. 2006) have been proposed.
time. They describe the reason for this as follows: SMBHEk sirin the triple SMBH system, two SMBHSs coalesce through the
into the center in the merger remnant because of the dynamitteee body instability and the Kozai mechanism and the seale
friction from field stars. During this process, the field starcence possibility is roughly0 % (lwasawa et al. 2006). Perets
near the center are scattered by SMBHs and the number of ¢tal. (2007) and Perets & Alexander (2008) have proposed the
field stars decreases. The loss cone depletion occurs leecaake of massive perturbers. In their analytical studie$as
of the scattering. In this case, dynamical friction forceto@ been shown the possibility that the massive perturbers-of gi
SMBHSs becomes very weak. Then, it is difficult for the SMBHant molecular clouds or molecular gas clumps accelerate the
binary to shrink to a small distance enough to emit significarelaxation of stars in the galactic central region and, as-a r
gravitational waves in the final coalescence stage of SMBHssult, trigger the rapid coalescence of the SMBH binary. They

Makino and Funato (2004) have studied the dynamical evpeinted out the importance of three body interactions betwe
lution of a SMBH binary, that each mass of the SMBH ishe SMBH binary and stars. These ideas have possibility to
108 Mg, in the stellar system by performing high-resolutiotead to the coalescence of two SMBHSs within the Hubble time,
N-body simulations. Their results have shown that the hardehsome suitable conditions are realized.
ing timescale of the binary strongly depends on the relarati In this paper, in order to resolve the loss cone depletiobhpro
time of the host galaxy as predicted by Begelman et al. (198@m, we propose a new scenario that a minor merger triggers
These results have confirmed the prediction that the SMBH e rapid shrink of the SMBH binary. Similar idea was studied
nary cannot coalesce within the Hubble time by only gravitdy Perets et al. (2007) and Perets & Alexander (2008) Our sce-
tional interactions between SMBHSs and field stars of the hasario is as follows: If a dwarf galaxy is compact enough, it ca
galaxy since the relaxation time in a galactic stellar sysi® come close to the galactic center, and then, stellar orbttseo
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host galaxy are highly disturbed by the dwarf galaxy. In thigd.1. In models fronRun 1 to Run 3 and inRun 9, the dwarf
case, many stars will be supplied into the loss cone. Morgovgalaxy passes through the SMBH binary directly with the zero
if the dwarf galaxy is not destroyed before it closes enowgh impact parameter. IRun 1 and Run 2, dwarf galaxies move
the central region, stars of the dwarf galaxy will be also-supn the same plane of the SMBH binary. Run 3, it moves
plied into the loss cone. In this way, gravitational intéi@es on the z-axis. FromRun 4 to Run 8 and in Run 10, the
of the SMBH binary with these stars become effective and tllevarf galaxies have nonzero impact parameters initially. |
hardening rate of the SMBH binary will become high. As ¢hese Runs, except fétun 6, dwarf galaxies move in the pro-
result, the binary can close to the unstable separation @hwhgrade sense. IRun 6, it moves in a orbit tilted from the plane
significant gravitational wave is emitted. of the SMBH binary. For the nondimensional central poten-
To demonstrate our scenario, we perform highly accukate tial of the King modell,, Wy =9 andW,, = 11 are assumed.
body simulations. We show that a merging of a dwarf galaxy Buch compact dwarf galaxies have been observed in the nearby
an effective process to decrease the binding energy of a SMBelaxies (Kormendy & Djorgovski 1989). Their cores can be
binary and trigger the rapid shrink of the binary, if the cofe close withinr = 0.2 from the center of the host galaxy, which
the dwarf galaxy is not destroyed by the tidal force and comesthe core radius of the host galaxy, without the destradbip
very close to the galactic central region. We present our sitthe tidal force of the host galaxy.
ulation model and method i§2, numerical results i§3, and 2.2. Physical Unit

discussions ifg4.
We assume that the mass of the central region and the veloc-
2. SIMULATIONS ity dispersion of the host galaxy até'° M., and300 km s~ !,
. . respectively. Then, the physical unit is interpreted akofes;
2.1 Simulation Model the unit of mass i0'Y M, the unit of length is abo®39 pc,
The simulation process is described in the following. Kirst and the unit of time is abowt51 x 10° yr.
we make a _simulation of a host galaxy with a SMBH binaré& Simulation Method
without a minor merger. Then, we add a dwarf galaxy to the
host galaxy after the loss cone depletion is establishadljth ~ We perform/N-body simulations of two SMBHSs, field stars
evolution of the semi-major axis of the binary becomes veig the host galaxy, and stars in the dwarf galaxy. Figom 1
slow. to Run 8, the number ofV-body particles ist00000 for the
We describe the model of a host galaxy with a SMBH bistellar component in the host galaxy aro0 for that in the
nary before a minor merger. For the stellar distributionhef t dwarf galaxy, respectively. In order to investigate effauftthe
host galaxy, we assume the King model withh) = 7, where number of particles, we also perform the simulatiotkian 12
Wy is the nondimensional central potential of the King modand Run 13 by using200000 and20000 particles for the host
els. The total mass i8/,,; = 1 and the total binding energy is galaxy and for the dwarf galaxy, respectively.
E..1 = —1/4. Here, we use the standakétbody unit in which The equations of motion for SMBHs and field stars are
the gravitational constant i§ = 1. The physical unit is de-
scribed in§2.2. Its velocity dispersion is, = (0.5)'/2. Two
equal mass SMBHs are set in the stellar system. Each mass is
Mgypr = 0.01. Initial positions and velocities of the SMBHsa"
are(z,y,z) = (+0.5,0,0) and(v,,vy,v,) = (0,40.1,0), respec- d*ry;
tively. This is the same model to Makino and Funato (2004). gz~ &/fi T @fBiis (2)

For the stellar distribution of the dwarf galaxy, we also aespectively, whereu; is the acceleration on the SMBH
sume the King model. In our all models, the dwarf galaxies agg)m field starsapg; is the acceleration on the SMBH from
assumed to be compact enough to be able to come close tofRgiher SMBHa,; is the acceleration on the field star from
galactic central region without the destruction by the_ltida_:e other field stars, é-ndlfBi is the acceleration on the field
of the host galaxy. Its mass M awa,r = 0.1. Its velocity dis-  giar from SMBHs. The sbftening lengths between field stars,
persion iso,, = (0.05)'/2. The ratio of the velocity dispersion gpBHs and field stars. and SMBHSs ate—10—4 ep =100
of the host galaxy and the dwarf galaxy is abdutl which anqe. — 10-6, respéctively, in order to resolve much less
is expected by the cosmological simulation (Kase et al. 2005 a sub-pc scale. The effect of gravitational wave is not
In order to investigate effects of the compactness and thi¢ o, ynsidered.
of the dwarf galaxy on the dynamical evolution of the SMBH The fourth-order Hermite scheme (Makino and Aarseth
binary, we assume variowg, and various initial orbits for the 1992) is used for time integration. The predictors are
dwarf galaxy.

The initial positions, the initial velocities, and/y of the :v,,(to—i—At):mo(to)—i—vo(to)At—i-lao(to)AtQ—ylao(to)At3(3)
dwarf galaxy are shown in table 1. For the motion of the dwarf 2 6
galaxy, two cases are considered. One is the zero impact pad
rameter case and another is the nonzero impact parameter cas 1. 9
In the nonzero impact parameter cases, thréz dWF:';\rf galaxy hadr(to + A1) =vo(to) + ao(to) Al + 20 (to)AL”. )
the initial orbital angular momentum. The specific angular M The correctors are
mentum,.J,, are assumed to ke36 and0.6 which are in the 1 1
range expected from cosmological simulations as discussed x.(to + At) =z, + ﬂa(g)At4 + 1—20a(3)At5 (5)

d*rpp;
dt?

=apyfi+app; 1)



No. ] Dynamical Evolution of a Supermassive Black Hole Binar 3

and 3.2.1. Minor mergers of zero impact parameter
1 1 In Fig. 3, we show the time evolution of the binding en-
— Za@D A L gB A A . .
ve(to + At) = vp + 6% At + o1 At7 (6) ergy and the semi-major axis of the SMBH binary frétan 1

to Run 3 in which the dwarf galaxy moves with zero impact
parameter. After the dwarf galaxy passes through the cen-
(7) ter of the host galaxy df’ = 31, the hardening rate becomes

a? anda® are
o — —6lao—a1) — At(day +2a1)

At? ) ) high. The average hardening rate frafh= 31 to 7' = 60
a® — 12(ag — a1) + 6At(ag + a1) (8) 1S 8 =0.0015—0.0016 in all these models, which is about
A3 ’ 2.0 times higher than that of the case without a minor merger

wherea; anda, is the acceleration and its time derivative aB =0.0008. Although the core of the dwarf galaxy is destroyed

t = (to + At). The individual timesteps are combined to thigy the tidal force of the SMBHSs after the first encounter with

scheme (Makino 1991). The timestep formulais given by  the binary in these simulations, the high hardening rate con

) A tinues. In these cases, the minor merger reduces the binding
|ail|a®™ ] +|ail (9) energy of the binary effectively. As a result, the rapid tabi

lail|a®;2 +|a®,;[2 decay of the binary occurs and the semi-major axis shrinks

wherey is the parameter which controls the integration a¢a@pidly. The rate of the shrink becomes similar to the case
curacy. In our simulations, we adopt= 0.005 for SMBHs Withouta minor merger after aboilit= 45. _ _
andn = 0.02 for field stars, respectively. The acceleration and The high hardening rate and the rapid shrink of the semi-
the time derivative of the acceleration by field stars are cdl@jor axis are caused by following process: The core of the
culated by GRAPE-6 (Makino et al. 2003) which is a speci&warf galaxy passes through the central region of the host
purpose hardware to make those calculations very fast. erh@&laxy without the destruction by the tidal force, sincedbe-

by SMBHs are calculated by a host computer in order to maRBY of the core is higher than that of the host galaxy. When
energy error small. In our all simulations, the error of thiat the core is close to the center of the host galaxy, it perturbs

At; =

energy is less tha 1 % of the initial total energy. the gravitational potential of the host galaxy. Due to the pe
turbed potential, orbits of star particles change and tHarge
3. RESULTS number of star particle orbits are able to pass through te lo
_ cone.
3.1. Loss Cone Depletion In Fig. 4, we show the distribution of the star particles @ th

Figure 1 shows the time evolution of the binding energjost galaxy (left panel) and the dwarf galaxy (right panel) i
and the semi-major axis of the SMBH binary without a mindihe (J/, £) plane inRun 2 atT = 31, here the center is set at
merger. The SMBH binary loses its binding energy becausetbe center of gravity of the binary. In the left panel, ther sta
the dynamical friction from field stars. As a result, the semparticles with low.J and low E increase in comparison with
major axis shrinks rapidly. Aftel’ = 20, the hardening rate, the right panel of Fig. 2 in which the loss cone depletion is
which is defined by3 = |AE,/At|, becomes very low and is established. These star particles of the host galaxy amisdp
almost constant. They are abgiit= 0.0008 and 3 = 0.0006 into the loss cone. In the right panel of Fig. 4, there are star
in the simulations withV;,.«; = 100000 and N;,. = 200000, particles with low.J. Such star particles of the dwarf galaxy
respectively. Then, the semi-major axis hardly shrinks. are also supplied into the loss cone. These star partickes ar

The reason that the hardening rate becomes low is the |@&4e to interact gravitationally with SMBHs.
cone depletion. As evidence of the loss cone depletion, inln the case of the zero impact parameter, the hardening rate
Fig. 2 we show the distribution of star particleszat= 0 and ©of the SMBH binary becomes high and the semi-major axis
T =30 in (J, E) plane whereJ is a specific angular momen-shrinks rapidly in all dwarf galaxy models wit; = 9 and
tum about the center of mass of the galaxy #@hi$ a specific Wo =11. Those evolution does not depend on the compactness
binding energy of each star particle. The number of the stkthe dwarf galaxyJ¥y. The numerical results show that the
particles with low.J and E, which are supplied into the lossminor merger during which the dwarf galaxy passes through
cone, decreases significantly from the initial staté’at 0 to  the binary is an effective mechanism to decrease the binding
T = 30 at which the hardening rate is already low. This is clenergy of the binary.
evidence of the loss cone depletion. 3.2.2. Minor mergers of nonzero impact parameter

The hardening rate and time evolution of the semi-major axisWWe show the results of the dwarf galaxy model with the
of the binary strongly depend on the particle number of tH¥®nzero impact parameter. The time evolution of the binding
host galaxy. The hardening rate is smaller in higher reisiut €nergy and the semi-major axis are shown in Fig. 5.
simulations with a larger number df-body particles. This  In Run 4, Run 5, and Run 6 in which initial specific an-
is because the timescale of the two body relaxation by whighllar momentum of the dwarf galaxy i& = 0.36, the time
star particles are supplied into the loss cone is longer én tBvolution of the binding energy is resemble to the results of
simulation with a larger number of particles. This propésty the dwarf galaxy models with the zero impact parameter. The

reported by Makino and Funato (2004). hardening rate becomes highlat- 31 when the dwarf galaxy
, comes close to the galactic central region. The hardenteg ra
3.2. Effects of a Minor Merger is about3 = 0.0013 — 0.0014. It continues to the end time of

We add the dwarf galaxy to the host galaxylat 30 when our simulations. The rate is much higher than the case withou
the loss cone depletion is already realized. a minor merger and little lower than that of the dwarf galaxy
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models with the zero impact parameter. the case without a minor merger. As a result, the semi-major

The distribution of the star particles in thig, F') plane at axis shrinks rapidly. This result confirms that a minor merge
T =40 in Run 5 is shown in Fig. 6. In the left panel whichtriggers rapid shrink of a SMBH binary in higher resolution
shows the distribution of the star particles of the hostxgala simulations.
the number of star particles with lowand low E increase in ~ The effect of a minor merger on time evolution of the hard-
comparison with the right panel of Fig. 2. The number of suaning rate and the semi-major axis becomes clear in the simu-
star particles is almost similar to the cases of the dwaibgal lation of Ny, = 200000 than the results oiVy,,s, = 100000.
models with the zero impact parameter. These star particlHsis is because the timescale of the two body relaxatiaN-of
are supplied into the loss cone. However, there are a few dbady particles is longer in the simulation &f,.sc = 200000
particles of the dwarf galaxy with low and low £ in the right and the number of supplied star particles by the two bodxrela
panel which shows the distribution of the star particleshef t ation is less than the simulation 8,5, = 100000. Therefore,
dwarf galaxy. This result indicates that star particlesha t effects of the two body relaxation become fewer and effetts o
dwarf galaxy are hard to be supplied into the loss cone, apntr a minor merger become clear. This result indicates thatfthe e
to the cases of the zero impact parameter. In these cases félcts of minor mergers appear clearly in higher resolution s
SMBH binary loses the binding energy mainly by disturbedlations.
stars of the host galaxy. Since there are a few star partifles
the dwarf galaxy which interact with the binary, the haradeni 4. DISCUSSION
rate is slightly lower than the dwarf galaxy models with thﬁ 1
zero impact parameter. o

Since the SMBH binary loses the binding energy effectively, We demonstrate that separation of a SMBH binary shrinks
the semi-major axis shrinks rapidly. The rapid shrink oscurapidly after a compact dwarf galaxy comes close to the cen-
as soon as the dwarf galaxy comes close to the galactic tentrral region of a host galaxy. It is important for our scenario
region. It continues until abodt = 45. After aboutT = 45, that the dwarf galaxies are compact and are able to come close
the decrease rate of the semi-major axis becomes same agdhe galactic central region without their destructiontbg
case without a minor merger. tidal force of the host galaxy. In this section, we discuss th

For J; = 0.36, time evolution of the binding energy and ofpossibility that such minor mergers occur.
the semi-major axis does not depend on the compactness ddwarf galaxies formed in the early universe are compact,
the dwarf galaxiesiVy, although the destruction timescale okince the mean density of dark matter halos is higher in the
the core of the dwarf galaxy for each model is different, fagarlier universeppyi(z) o< (1 + z)~3. Therefore, many com-
examples, the core is destroyed at abibut 35 in Run 4 and pact dwarf galaxies are expected to form in the early univers
at aboutl’ =45 in Run 5. and merge to their host galaxy. This is confirmed by the cos-

In Run 7 and Run 8, in which initial specific angular mo- mological numerical simulations of the galaxy formatiorg(e
mentum of the dwarf galaxy ig; = 0.6, increase of the hard- Saitoh et al. (2006)).
ening rate of the binary is delayed till the dwarf galaxy ceme To trigger the rapid shrink of a SMBH binary, such com-
close to the galactic central region. After the core is climse pact dwarf galaxies need to come close to the central region
the galactic central region within about= 0.2 without their of a host galaxy. To investigate the possibility, we caltula
destruction by the tidal force, the hardening rate and timee e the motions of the dwarf galaxies with various initial odbit
lution of the semi-major axis become high similarly to those parameters which are in the range expected from the cosmo-
Run 4-6. logical numerical simulations. Here, the fourth order Remng

These results show that the dwarf galaxy with nonzero irkutta method is used for the time integration. We assume that
pact parameter also increases the hardening rate of the SMiBiE dark halo and stellar potentials of the host galaxy aeslfix
binary, since it can disturb orbits of star particle by itawta- For the dynamical friction force, we use the formula given by
tional potential and such star particles are supplied mtddss Fukushige et al. (1992). The initial position of the dwaregy
cone. is set ats0 kpc from the center of the host galaxy which is
3.2.3. Effects of the particle number vicinity of the virial radius of the dark halo. The initial pam-

We perform simulations witVy,,s; = 200000 andNgw.f =  eter of the nondimensional orbital angular momentum of the
20000 in order to investigate effects of the particle number. Théwarf galaxy is from\ = 0.01 to 0.04 which is the range of
dwarf galaxy is added to the host galaxylat= 35 when the the spin parameter distribution of sub halos in a host daldk ha
semi-major axis of the SMBH binary is similar scale to thaiSharma & Steinmetz 2005).
atT = 30 in the simulation withV},.s; = 100000. The dwarf The time which is needed for the dwarf galaxies to move to
galaxy models correspond #®un2 and Runb. The time evo- the galactic central region (withitD0 pc) is shown in the left
lution of the binding energy and the semi-major axis of theanel of Fig. 8. The dwarf galaxy with0® M, can move to
binary is shown in Fig. 7. the galactic center for the spin parametet 0.01-0.04 within

Time evolution of the binding energy and semi-major axis & x 10° yr. Such dwarf galaxies can come close to the galactic
the binary is similar to the results &f,,s; = 100000. The hard- center within much less thar0'® yr. For the dwarf galaxies
ening rate becomes high after the dwarf galaxy comes closentith 10% M, they can come close to the center withint® yr
the galactic central region. The average hardening rat@s frin the case of the spin parameterof 0.01 and\ = 0.02.

T =35t T =60 are 3 = 0.0014 — 0.0015 in Run 9 and The right panel of Fig. 8 shows the specific angular momen-
8 =0.0012 — 0.0013 in Run 10, which is much larger than tum of the dwarf galaxy when it passes througk- 1 from

Minor Mergers of the Compact Dwarf Galaxies
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the galactic center of the host galaxy. In the casa 6f0.01, 002 e e
the specific angular momentum is abOwi7. For larger), it 0 Nos=200000 | ol Niosi=200000 ]
ranges fron?.5 to 0.6. The models fronRun 4 to Run 6 and R

Run 10 correspond to the case af= 0.01. The models of @004 r

Run 7 and Run 8 correspond to the case af= 0.02 — 0.04. ooer

Then, it is needed for our scenario that dwarf galaxies have |

mass more thah08 M, and smallep than = 0.03. o

4.2. Conclusions

. . Fig. 1. The time evolution of the binding energy (left) and the semi—
We have performedV-body simulations and have shown  major axis (right) of the SMBH binary in the host galaxy. Tlee and

that a minor merger is an effective process to resolve the 10S blue lines are for the cases df,os; = 100000 and Ny,oq; = 200000,

cone depletion problem. If the core of the dwarf galaxy is not respectively, wheréVy,.; is the particle number of the host galaxy.

destroyed by the tidal force and comes close to the galastic ¢

tral region, disturbed stars of the host galaxy are supjiitx

the loss cone. If the dwarf galaxy passes through the SMBH

binary directly, stars of the dwarf galaxy are also suppitd

the loss cone. After that, SMBHSs can interact gravitatipnal = -

with these stars and the binary loses its binding energy. In .

this process, three body interactions of the SMBH binarhwit ¢} o ] ' =20 |

these stars should be important (Perets et al. 2007; Perets & “¢ oo ow oe oo oos P oo o 0o oo s

Alexander 2008). As a result, the hardening rate of the linar ' ’

becomes high and the semi-major axis can shrink rapidiyan th Fig. 2. Distributions of the field stars in the host galaxy of

host galaxy. Npost = 100000 in the (J, E) plane atT = 0 (left) and atT = 30
We have also performed high resolution simulations of (right) at which the loss cone depletion is already esthbtis

200000 N-body particles with for the host galaxy. We have

confirmed that the minor merger triggers the high hardenirgrried out on GRAPE system at Center for Computational

rate and the rapid shrink of the SMBH binary in the high regstrophysics, CfCA, of National Astronomical Observatofy
olution simulations. We find that the difference of time evojgpan,

lution of the hardening rate and the semi-major axis between
with and without a minor merger becomes clear in higher regeferences
olution simulations. This is because timescale of the twaybo
relaxation of N-body particles becomes longer in th@0000  Begelman, M. C., Blandford, R. D., & Rees, M. J. 1980, Nat@g,
N-dody simulations. This result indicates that effects & th 307
minor merger appear clearly in the realistic stellar system Berczik, P., Merritt, D., Rainer, S., & Hans-Peter, B. 2086,)L, 642,
which the two body relaxation time is larger than the Hubble L21
time. Dotti, M., Colpi, M., & Haardt, F. 2006, MNRAS, 367, 103
It is important for our scenario that the dwarf galaxy i®°tt: M., Colpi, M., Haardt, F., & Mayer, L. 2007, MNRAS, 379

enough compact to come close to the galactic central regjion. .
the hierarchical galaxy formation scenario, such minorgnerEscggaf é.éSLarson, B. R., Coppi, P. S., & Mardones, D. 2008).A

ers are expected to occur frequently. Therefore, we emphiasio o2 A Larson. B. R Coppi, P. S., & Mardones, D. 2006],A
that our scenario is one of the effective processes to trigge g3g 152 ' ’ ’ ' ' '

the rapid orbital decay of the SMBH binary and helps its coguykushige, T., Ebisuzaki, T., Makino, J. 1992, PASJ, 44, 281
lescence within the Hubble time together with other presioayasaki, K. 2008, astroph/0805.3408
proposed mechanisms. Ilwasawa, M., Funato, Y., & Makino, J. 2006, ApJ, 651, 1059
Kase, H., Makino, J., & Funato, Y., 2007, PASJ, 59, 1071
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Fig. 4. Distributions of the field stars in the host galaxy (left) ahd
dwarf galaxy (right) in th€J, E) plane atl’ = 31 in Run?2.
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Fig. 7. The time evolution of the binding energy (left) the semi-anaj
axis of the SMBH binary (right) in the case that particle nemsbare
Npost = 200000 and Ngyare = 20000. For comparison, the result

Fig. 8. The time that a dwarf galaxy sinks frof kpc to 100 pc from
the galactic center (left). The horizontal axis shows thia garam-
eter, \. The circles, triangles, and squares denote the caseshthat t
masses of the dwarf galaxies akéqya.s = 10" Mg, 108 M, and
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Fig. 5. The time evolution of the binding energy (left) and the semi—
major axis of the SMBH binary (right) in the cases of the noazm-
pact parameterHun 4-8). For comparison, the result without a minor
merger is also shown by the light blue line.
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10° M, respectively. The angular momentusfy, of the dwarf galaxy
of Mgwart = 10° Mg at the time when the dwarf galaxies with the ini-
tial spin parameter from = 0.01 to A = 0.04 pass through = 1 from
the center of the host galaxy in our unit (right).

Table 1. Dwarf galaxy models and the particle number of the host
galaxy and the dwarf galaxy.

Run (Ia Y, Z) (’Um » Uy, vz) Wo Ja Nhost+dwart
1 (0,—1,0) (0.0,0.7,0.0) 9 0.0 110000
2 (0,-1,0) (0.0,07,00) 11 0.0 110000
3 (0,0,-1) (0,00,07) 11 0.0 110000
4 (0,—1,0) (0.36,0.6,0.0) 9 0.36 110000
5  (0,-1,0) (0.36,0.6,0.0) 11 0.36 110000
6  (0,—1,0) (0.0,0.6,0.36) 11 0.6 110000
7 (0,—1,0) (0.6,0.36,0.0) 9 0.6 110000
8 (0,—1,0) (0.6,0.36,0.0) 11 0.6 110000
9 (0,-10) (0.0,07,00) 11 0.0 220000
10 (O, —1,0) (0.36,0.6,0.0) 11 0.36 220000

Fig. 6. Distributions of the field stars in the host galaxy (left) ahd
dwarf galaxy (right) in th€J, E) plane atl’ = 40 in Runb.



