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ABSTRACT

We analyze the effect of dissipation on the orbital evolution of supermassive black holes (SMBHSs) using high-
resolution self-consistent gasdynamical simulations of binary equal- and unequal-mass mergers of disk galaxies.
The galaxy models are consistent with th€ DM paradigm of structure formation, and the simulations include
the effects of radiative cooling and star formation. We find that equal-mass matgeays lead to the formation
of aclose SMBH pair at the center of the remnant, with separations limited solely by the adopted force resolution
of ~100 pc. Instead, the final SMBH separation in unequal-mass mergers depends sensitively on how the central
structure of the merging galaxies is modified by dissipation. In the absence of dissipation, the satellite galaxy
can be entirely disrupted before the merger is completed, leaving its SMBH wandering at a distance too far from
the center of the remnant for the formation of a close pair. In contrast, gas cooling facilitates the pairing process
by increasing the resilience of the companion galaxy to tidal disruption. Moreover, we demonstrate that merging
disk galaxies constructed to obey thl,, o relation move relative to it depending on whether they undergo a
dissipational or collisionless merger, regardless of the mass ratio of the merging systems. Collisionless simulations
reveal that remnants tend to move away from the mean relation, highlighting the role of gas-poor mergers as a
possible source of scatter. In dissipational mergers, the interplay between strong gas inflows associated with the
formation of massive nuclear disks and the consumption of gas by star formation provides the necessary fuel to
the SMBHs and allows the merger remnants to satisfy the relation

Subject headings: black hole physics — cosmology: theory — galaxies: interactions — hydrodynamics —
methods: numerical

1. INTRODUCTION angular momentum by dynamical friction during the merger.
Once the two cores have merged, the SMBHs may decay further

black holes (SMBHSs) with masses ranging fronf i above and eventually form a binary owing to the drag exerted by the

10° M., reside at the centers of most galaxies hosting Spheroidsbackground mass distribution. This problem has been inves-

: ; tigated numerically by a number of authors (e.g., Governato
(Kormendy & Richstone 1995). The available data show the ) : : . o - g
existence of a remarkably tight correlation between the masset al. 1994; Makino & Ebisuzaki 1996; MilosavljevécMerritt

of the SMBHs,M.,,, , and the stellar velocity dispersion of the 2001). but the galaxy models used in these studies were ide-
host galaxy spheroidal compones{Ferrarese & Merritt 2000 alized, spherical systems that could at most faithfully represent
Gebhardt et al. 2000), suggesting a fundamental mechanis he central spherom!al components of real gaIaX|es. Hence, the
that connects SMBH assembly and galaxy formation (Silk & (&/9€r scale dynamical evolution of the merging systems and
Rees 1998). According to the currently favored cold dark matter :Ee cnos:[mt())llog|§al frgmnewforllg welre bct)thlmgs(,)lgg. Mtzn(r)%a\éer, mth
(CDM) cosmological model, structures in the universe are the € notablé exception of scala et al. (. 44, ), ese
end result of a complex hierarchy of mergers and accretion of Studies did not explore the role of a dissipative component in
smaller subunits. Thus, the hierarchical buildup of SMBHs by dr'v'i%yﬂtr;e e;]/(cj)ilgtlﬁn 011‘ En S:VIBT plalr.rH?V\1e¥e(;, tlf "’;ﬂd Ih?w .
massive seed black holes present at the center of protogalaxieg1e al conditions of =scala €t al. are refated 1o the farge

and the formation of SMBH binaries appear as a natural con- >ca/€ dynamics involved in galaxy merging is still unclear.
sequence in any “bottom-up” cosmogony. Recently, the dis- In this Letter, we report on the effects of gaseous dissipation

covery of a binary active galactic nucleus (AGN) in the in- on the fate of SMBHSs using high-resolution binary disk galaxy

: merger simulations. Governato et al. (1994) have already high-
tsirssg?tgts)ﬁgngi::\ltag 6240 by Komossa et al. (2003) has IentIighted the difficulty of forming a close SMBH pair when tidal
The formation and subsequent orbital evolution of an SMBH disruption of one of the host systems intervenes. As we illus-

pair depends on how efficiently the host galactic cores lose [Faté below, gaseous dissipation is vital for the survival of the
host galaxies by deepening their potential wells and provides

the necessary fuel for the SMBH growth. Finally, we analyze

Irrefutable dynamical evidence indicates that supermassive

* Institute for Theoretical Physics, University of @ch, Winterthurerstrasse

190, CH-8057 Ztich, Switzerland: stelios@physik.unizh.ch. the stellar kinematics and distribution of gas in the central
2 Dipartimento di Fisica G. Occhialini, Universith Milano Bicocca, Piazza regions of the merger remnants to investigate for the first time
della Scienza 3, 1-20126 Milan, Italy. how merging galaxies move with respect to their initial location

3 Department of Physics, University of California at Santa Cruz, 1156 High on theM,, o plane.
Street, Santa Cruz, CA 95064. BH

4 Institut fir Astronomie, ETH Zuch, Scheuchzerstrasse 7, CH-8093-Zu
ich, Switzerland. 2. NUMERICAL SIMULATIONS

® Department of Physics and Astronomy, McMaster University, 1280 Main : - . : :
Street West, Hamilton, ON L8S 4M1, Canada. We perform four types of high-resolution simulations of bi-

® Department of Astronomy, University of Washington, Physics/Astronomy Nary C_"Sk galaxy mergers with mass ratios_ of1:1and 4:1
Building, Stevens Way, Box 351580, Seattle, WA 98195. including different physical processes. We simulate purely col-

L67



L68 KAZANTZIDIS ET AL. Vol. 623

lisionless mergers and mergers in which we follow the gas 101 ¢ . .
dynamics “adiabatically,” i.e., without radiative cooling. A y 1 X
third set of simulations includes radiative cooling, while in the 101 [ 1y,
fourth set we also allow the cold gas to form stars. The sim- AN R
ulations were performed with GASOLINE, a multistepping,
parallel treeSPH-body code (Wadsley et al. 2004). We include
radiative and Compton cooling for a primordial mixture of
hydrogen and helium. The star formation algorithm is based i
on that by Katz (1992) and reproduces the Schmidt law. The o g
star formation efficiency was set to 0.1, which yields a star i

g

» (Mg/kpe?)

Collisionless 4:1
.—-- Collisionless 1:1
Y E — Cooling+SF 4:1 (10%) E
F e Cooling 1:1 (10%) E
F — — CoolinF+SF‘ 1:1 (50%)

formation rate of 1-M_, yr* for models in isolation that have O 1 1o
a disk gas mass and surface density comparable to those of the r {kpe) r (kpe)
Milky Way. Fic. 1.—Spherically averaged density distribution for different components

The multicomponent galaxy models are constructed usingin the initial models Igft) and some of the remnantsight) plotted from the
the technique described by Hernquist (1993), and their struc-force resolution outwardLeft: Different thick curves show the totabdid

; ; ; curve), DM density after the adiabatic contraction due to baryafeshed
tural parameters are consistent with theDM paradlgm for curve), and total density of baryongldt-dashed curve) in the basic galaxy

struc.ture formatlon_(Mo et a,l' 1998)' To this end, each galaxy model. The dotted curve shows the DM density before the baryonic contraction.
consists of a spherical and isotropic Navarro et al. (1996) dark The thin solid curve shows thetal density of the satellite galaxy. After the
matter (DM) halo (Kazantzidis et al. 2004b), an exponential adiabatic contraction, the central density slope is close to isothermal with
disk, and a spherical, Hernquist (1990) nonrotating bulge. Eor »(r) o< r™2 for both galaxy modelsRight: Total density profiles for some of

: a4, the merger remnants in the coplanar encounter geometry. The numbers in
the basic galaxy model, we adopted parameters from the Milky parentheses indicate the values for the gas fraction, , used in the particular

Way model Al of Klypin et al. (2002). Specifically, the DM simulation. The center of each remnant was defined as the location of the
halo had a virial mass oM,;,, = 10" M, , a concentration minimum of the gravitational potential. In dissipative simulations, the remnants

parameter ot = 12 , and a dimensionless spin parameter ofexhibit an increase in the central density resulting from strong gas inflows and
A = 0.031 The mass, thickness, and resulting scale length of Sta formation associated with the merger.
the disk wereM, = 0.04M,,, Zz, = 0.1R, , an®, = 3.5 kpc , . . -
respectively. The bulge mass and scale radius Viéje= bit of two point masses. In collisionless mergers, we used
0.008M,,, anda = 0.2R,, respectively. The DM halo was ad- N = 1.2 x 10° particles in total, with each galaxy consisting
iabatically contracted to respond to the growth of the disk and ©f 10 disk particles, 10bulge particles, and 2@M particles.
bulge (Blumenthal et al. 1986), resulting in galaxy models with 1h€ 9as component in gasdynamical simulations was repre-
a central total density slope close to isothermal (Fig. 1). The Sented by 10particles. We adopted a gravitational softening
companion galaxy is either a replica of the same model in equal-°f € = 0-1kpc for both the DM and baryonic particles of the
mass mergers or a system containing one-fourth of the masd@/9er galaxy, and for its SMBH = 0.03 kpc, which is small
in each component in which lengths and velocities are renor- €nough to follow its orbital evolution. For the sate!lslte galaxy,
malized according to the cosmological scaling for virialized &/l Softening lengths were scaled according ta m™ . In all
systems (Mo et al. 1998). The disk scale length of the satellite Simulations, the merger remnants were allowed to settle into
galaxy is equal t&, = 2.2 kpc. Given the uncertainties in the equilibrium ~15 dynamical times at the disk half-mass radius
adoptedVI/L , our galaxies are consistent with the stellar massftér the merger was completed.
Tully-Fisher and size-mass relations. To each of the galaxy
models we added a particle representing an SMBH at the center 3. RESULTS
of the bulge component that was initially at rest. For the larger o :
galaxy model, we used an SMBH mass equatg, = 3 x 3.1. SMBH Pairing in Binary Disk Galaxy Mergers
10° M. The galaxies merge in three to five orbits (between 5.5 and
We considered two values for the gas fractign, , namely, 7 Gyr), depending on the mass of the companion, a timescale
10% and 50% of the total disk mass. We shut off radiative that is set by dynamical friction and tidal stripping (e.qg., Taffoni
cooling at temperatures belogvx 10* K, which is about a et al. 2003). These timescales are longer than those reported in
factor of 2 higher than the temperature at which atomic radiative earlier studies (e.g., Barnes & Hernquist 1996) owing to the
cooling would drop sharply owing to the adopted cooling func- larger and more realistic pericentric distances adopted here. In
tion. With this choice, we take into account nonthermal pres- equal-mass mergers, the cuspy potentials of both galaxies are
sures and approximate the simulated gas with the warm inter-deep enough to allow the survival of their inner regions until
stellar medium of a real galaxy (Barnes 2002). Moreover, this orbital decay by dynamical friction is complete. This result holds
choice enables us to simulate very gas-rich disks that wouldfor both collisionless and gasdynamical mergers. In the latter,
otherwise become strongly gravitationally unstable and un- during the first two orbits a strong spiral pattern appears in both
dergo widespread fragmentation. Two main encounter geom-the stellar and the gaseous component and mild nonaxisymmetric
etries were adopted: prograde coplanar mergers and mergerorques redistribute mass and angular momentum driving ap-
in which one of the disks was inclined with respect to the proximately 20% of the gas toward the center. However, the
orbital plane. We also simulated a single retrograde equal-massentral bulges stabilize the galaxies against bar formation. Shortly
merger in which both disk spin vectors were antiparallel to the before the galaxies merge, a second much stronger gas inflow
orbital angular momentum vector. The galaxies approachedoccurs caused by strong tidal torquing as the galaxies perform
each other on parabolic orbits with pericentric distances thata close flyby. However, only in the simulations with radiative
were 20% of the more massive galaxy’s virial radius, typical cooling does this inflow result in a significant central concen-
of cosmological mergers. The initial separation of the halo tration of cold T~ 2 x 10* K) gas. In this case, more than 80%
centers was twice their virial radii, and their initial relative of the gas that was originally in the disks is collected within the
velocity was determined from the corresponding Keplerian or- central 500 pc. This results in a considerable steepening of the
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reversed, as the gas inflow becomes particularly strong in the
companion galaxy. We measured an inflow of abovt3 ~*yr
within approximately the central kiloparsec, compared with
<0.5M, yr* for the larger galaxy. This striking difference in
the gas inflows is attributed to a tidally induced strong stellar
bar observed in the satellite galaxy approximately 1.5 Gyr be-
fore the final passage. More than 50% of the gas is funneled
into the center owing to gas shocking in the bar potential. At
this stage, the companion galaxy has about 20% more gas
within approximately its central kiloparsec relative to the larger
galaxy. Dissipation enables the core of the infalling galaxy to
survive complete tidal disruption by deepening its potential
well, resulting in an SMBH pair separated {00 pc as in

the equal-mass mergers.

The large gas inflows observed in the cooling and star for-
mation simulations always produce a rotationally supported nu-
clear disk with a size in the range of 1-2 kpc and a temperature
set by our temperature floof (= 2 x 10* K). In adiabatic sim-
ulations, the gas remains in a hot phase and forms a pressure-
supported cloud of similar size. The reported nuclear disks are
tilted by several to a few tens of degrees relative to the orbital
plane of the galaxies. They have peak rotational velocities and
masses in the range of 250-300 knt and ~10°-1C° M,
respectively, and they are well resolvéd®£ 10* ). Nuclear disks
cho Yo i s Sl At oy Rmain B 3003 Of olezur gas of 2 fow huncred parsecs to approximately a
the solid line correspgondsyto ther-)ir best-fF;t corrglation. Results for simuiated kiloparsec scale have been Ide.ntlfled spectroscopically for several
remnants are shown in color, and the initial galaxy models are denoted by starAGNS and ULIRGs (e.g., Davies et al. 2004), whose observed
symbols. Open and filled symbols correspond to collisionless and gasdynamicalSizes, masses, and rotational velocities are comparable to those
simulations, respectively. Circles and squares show equal- and unequal-masgneasured in our simulations. The nuclear disks reported here

mergers, respectively. The filled triangle corresponds to an unequal-mass, ; ;
merger in which the larger disk was inclined by 4fith respect to the orbital prowde the reservoir of gas that fuels the central SMBHs.

plane. Symbols outlined with crosses correspond to mergers with 50% gas

fraction in the disks. The error bars show the spread about the mean value of 3.2. My,-0 Relation in Binary Disk Galaxy Mergers
o in each remnant. BH

——— T T T
Collisionless %
Adiabatic
Cooling
Cooling+SF

IOID

10®

107

Ye¢Initial Conditions

Open = Collisionless

108

Filled = Gasdynamical

1 1 1 1 I 1 1 1
60 80 100 200 300 400

o (kms-')

For each remnant, we calculate line-of-sight aperture stellar
central density slope of the combined distribution of DM and velocity dispersiong within one effective radiuR, (Gebhardt
baryons (Fig. 1). In adiabatic simulations, only 20%—-30% of the et al. 2000) and we use a range of viewing orientations, namely,
initial gas mass collects within the central kiloparsec. This gas inclinationsi = 0°, 60, and 90. Fori = 60° andi = 90° , we
is heated to temperaturés> 10° K by shocks and compressionsotate the system about an axis perpendicular to the inclination
during the merger and subsequently expands since it cannotixis through an angle set to 0, 45°, 9¢°, and 135. Thus,
radiate away its energy. Large central gas inflows were alreadyfor each simulation we obtain nine different orientations. For
noticed in lower resolution merger simulations (e.g., Barnes & each of these viewing angles, we measured the mass density
Hernquist 1996; Barnes 2002). In simulations with star forma- profiles in circular apertures out to two radii (8 and 25 kpc)
tion, these large inflows result in a central starburst and moreunder two assumptions: (1) the system is a disk galaxy, and
than 90% of the central gas distribution is converted into starswe decompose the mass density profile into ssi8dulge and
in less than 10yr. The peak star formation rates range from 30 an exponential disk; (2) the system is a pure spheroid, and we
to >100 M, yr*, comparable to those of luminous infrared fit it with a pure Sesic profile. This procedure ensures that the
galaxies and ultraluminous infrared galaxies (ULIRGS), sug- measurements &, , and thereforespthat we obtain are very
gesting that our modeling of star formation and the amount of robust.
cold gas present are realistic. The two SMBHs end up orbiting In cases when the two SMBHs form a close pair, kg,
at the center of the remnant on eccentric orbits and fodose assigned to each remnant is calculated by summing the masses
pair at a separation comparable to the adopted force resolutiorof the two SMBHs and adding the gas mass contained within
of ~100 pc. Significantly higher mass and force resolution would the resolution of our gasdynamical simulations. In doing this,
be needed to follow the SMBHs at relative separations wherewe implicitly assume that any close pair will actually form an
they would form a binary system. SMBH binary that will subsequently coalesce. Indeed, this is

In unequal-mass mergers, the outcome depends sensitivelpupported by the smaller scale simulations of Escala et al.
on how the internal structure of the merging galaxies is mod- (2004a, 2004b), who showed that SMBH pairs starting at a
ified by dissipation. In collisionless simulations, the tidal dis- separation of few hundred parsecs in a gaseous background
ruption of the satellite galaxy at about 6 kpc from the center will typically merge within~10" yr. When the SMBHs do not
leaves its SMBH wandering at a distance that prohibits the form a close pair, we only consider the mass of the SMBH
formation of a close pair. This “naked” SMBH would contribute located closer to the center of the remnant. Figure 2 shows the
to a population of wandering SMBHSs in galactic halos (Vo- location of all merger remnants on tih&,, ¢ plane together
lonteri et al. 2003). At such a distance, the timescale for orbital with real galaxy data and their best-fit correlation taken from
decay predicted by dynamical friction would exceed a Hubble Tremaine et al. (2002). We note that the initial galaxy models
time. In simulations with cooling, the situation is completely start very close to the mean correlation by construction. The
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error bars show the spread about the mean valueasfd are produce close SMBH pairs when the satellite galaxy is dominated
smaller in the cooling and star formation simulations, likely by a dense stellar central component, as in nucleated dwarf el-
because of the fact that these remnants are more spherical (Kaliptical (e.g., M32) and SO galaxies. Our results suggest that
zantzidis et al. 2004a). Mergers lead to an increase of the stellaisemianalytic models of hierarchical SMBH growth that neglect
velocity dispersion that is remarkably different depending on the effect of dissipation on the orbital evolution of SMBHs un-
the physics included in the simulations. The largest increasederestimate their pairing efficiency and subsequent coalescence.
occurs in simulations with radiative cooling, which exhibit the This consequently leads to overestimating the number of wan-
deepest potentials. When star formation is included, we mea-dering SMBHSs in Milky Way—sized galaxies (Volonteri et al.
sure velocity dispersions closer to that of the collisionless sim- 2003). The higher pairing efficiency ef10° M, SMBHSs re-
ulations, since the gas does not build a significant central masgorted here has important implications for the probability of
concentration. observing coalescence events with space-based gravitational
Figure 2 illustrates that collisionless mergers move remnantswaves experiments such as thaser Interferometer Space An-
away from the meaiM,, o-relation. In adiabatic simulations, tenna (Sesana et al. 2004).
the galaxies have in principle enough gaseous fuel to remain Gaseous dissipation also determines how merging galaxies
close to the relation, but the gas is too hot to accrete onto theconstructed to satisfy thd;,, o relation move relative to their
SMBHSs. In mergers with radiative cooling, the total amount initial location on theMg,, ¢ plane. The collisionless simula-
of nuclear gas is more than 1 order of magnitude larger thantions reveal that when galaxies become gas-poor, which is likely
needed to keep the galaxies close to the relation. This shouldat low z, their merger remnants will tend to move away from
also be regarded as an upper limit on the gas mass that mayhe mean relation. This suggests that gas-poor mergers act as
accrete onto the SMBHs, since feedback processes ensuin@ possible source of scatter in the meédp), o relation. The
once the AGN becomes active will regulate the inflow and natural scaling between the amount of cold nuclear gas and the
allow the accretion of only a fraction of this gas, thus limiting increase in the central stellar velocity dispersion explains why
the SMBH growth (Silk & Rees 1998). If AGN feedback is merger remnants in simulations with radiative cooling move
strong enough to suppress cooling, a hot gas phase similar tabove the mean relation. Star formation serves to move merger
that found in our adiabatic simulations is expected to form. remnants nearly parallel to the relation. The fact that unequal-
Thus, the results from cooling and adiabatic simulations likely mass mergers appear effective at building a reservoir of gas
provide upper and lower bounds to the true physical behaviorfor SMBH accretion is noteworthy, since in hierarchical struc-
of the resulting remnants. Note that the point corresponding toture formation models they are significantly more frequent than
the 4 : 1 merger is the highest with respect to the best-fit cor- equal-mass ones. Finally, the nuclear disks found in this study
relation in Figure 2. This is the product of the particularly strong show significant spiral patterns, which are sustained by the self-
gas inflow occurring in the satellite galaxy just before the gravity of the disks (Mayer et al. 2004). We measure typical
merger is completed. Overall, a higher fraction of the available inflows in the range 1G to 10° M, yr * within 1 kpc. Such
gas is driven toward the center relative to the equal-mass galaxyinflows are expected to feed the SMBHs and bridge the gap
mergers. When star formation is included, the amount of cold between the large-scale flows and the viscous accretion taking
gas in the nuclear disks is reduced by more than 90% and theplace once the gas has reached the AGN accretion disk at
merger remnants move nearly parallel to the relation. This sug-subparsec scales (e.g., Heller & Shlosman 1994). Future sim-
gests that star formation during mergers is a key ingredient for ulations will be used to explore the feasibility of such
maintaining the tightness of thd,,, o felation. mechanisms.

4. DISCUSSION AND CONCLUSIONS .
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