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INTRODUCTION
CLUMPY ENVIRONMENTS
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THEORY
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CLUMPY ISM AT DIFFERENT SCALES
INFLUENCE ON DUAL BHS’ DYNAMICS?

(GIANT) MOLECULAR CLOUDS (~104-106 M⊙, ~5-100 PC) 
SEEDED BY GRAVITATIONAL INSTABILITY
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Figure 4. Evolution of the galactic disk. Images are 20 kpc across and show the disk gas mass surface density, !g (integrated vertically over |z| ! 1 kpc) at
t = 50, 100, 200, and 300 Myr. The formation of rings via the Toomre instability is evident at earlier times. These rings fragment into individual clouds, which then
suffer interactions via galactic differential rotation. The properties of the clouds in this fully fragmented stage (t " 140 Myr) are the focus of this paper.
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Figure 5. Galactic disk azimuthally averaged (60 pc wide annuli) radial profiles and their evolution; from left to right: (a) gas mass surface density, !g =
! +1 kpc
!1 kpc !(z)dz,

(b) one-dimensional gas velocity dispersion, "g , (mass-weighted average over !1 kpc < z < 1 kpc utilizing only disk plane velocity components), (c) gas temperature,
T, (mass-weighted average over !1 kpc < z < 1 kpc), (d) Toomre Q parameter, evaluated using !g and "g .
(A color version of this figure is available in the online journal.)

start interacting gravitationally, there is a significant increase
in the velocity dispersion of the gas and some heating. At late
times the Toomre stability parameter rises to values above unity,
because of the strong gravitational scattering of clouds.

Figure 6 shows the probability distribution function (PDF)
for gas density. The top panel shows the volume-weighted PDF,
evaluated over a volume extending radially from 2.5 to 8.5 kpc
and ±1 kpc above and below the disk midplane. The mass-
weighted PDF is shown in the bottom panel. These figures show
the relatively fast evolution from the initial conditions caused
by the early cooling and fragmentation. Evolution after 100 Myr
proceeds more slowly: there is very little change from 200 to
300 Myr.

Figure 6 also shows a fit of a log-normal distribution,
p(ln x)d ln x = (2#" 2

PDF)!1/2exp(!0.5"!2
PDF[ln x!ln x]2), where

x = !/!, to the volume-weighted PDF at the densities rel-
evant to clouds (see also Wada & Norman 2007; Tasker &
Bryan 2008). Since we are only fitting to a portion of the
PDF, here we are only interested in the width of the distribu-
tion, "PDF, not the normalization. We find "PDF = 2.0. Fol-
lowing the empirical relation " 2

PDF = ln[1 + (3M2/4)] de-
rived from analysis of simulations of isothermal, non-self-
gravitating supersonic turbulence (Padoan et al. 1997; Padoan &
Nordlund 2002; Krumholz & McKee 2005), where M is the
one-dimensional Mach number, we estimate M = 8.5. For
a sound speed of 1.80 km s!1, this corresponds to a veloc-
ity dispersion of 15 km s!1, about 50% larger than the typical
internal velocity dispersions of clouds (Section 4.2) or the disk-
mass-averaged velocity dispersions (Figure 5). This moderate
discrepancy may be due to self-gravity skewing the high-side
of the PDF and/or the effects of shearing streaming motions

in the disk, which are removed from the disk-averaged velocity
dispersions.

The density-temperature phase space of the ISM is shown in
Figure 7. In the top row, the contours are related to the vol-
ume in the simulation at the given densities and temperatures.
After disk fragmentation, most of the volume is at low densi-
ties, nH"10!5 cm!3, and high temperatures, T "106 K. The
temperature floor of the cooling curve at 300 K is evident on
the left-hand side of these diagrams: most of the GMC mate-
rial is at this effective temperature, i.e., has an effective sound
speed of 1.8 km s!1, and these clouds occupy very little volume.
Note that cooler temperatures are possible via adiabatic cooling.
In the bottom row, the contours are related to the mass in the
simulation at the given densities and temperatures. Most mass
is in high density, nH"1–1000 cm!3, structures, including our
defined “GMCs” with nH ! 100 cm!3.

The typical local Milky Way total diffuse ISM pressure is
about 2.8 # 104 K cm!3 and its thermal components are about
an order of magnitude smaller (Boulares & Cox 1990). These
pressures are shown by straight lines in Figure 7. Our simulated
diffuse ISM is at significantly lower pressures compared to
the observed Milky Way pressures. This is not surprising
since this simulation does not include feedback from star
formation, including FUV heating, stellar winds, ionization, and
supernovae. Nevertheless, much of the volume of the simulated
ISM is in approximate pressure equilibrium. The pressure is set
by energy input from hot gas produced in shocks resulting from
cloud–cloud collisions. GMCs in the simulation are at much
higher pressures than the diffuse ISM, due to their self-gravity
(see below). In fact the thermal pressure of the cloud threshold
density at the minimum cooling temperature is about equal to

OBSERVATIONS



MBH PAIRS & CNDS: SIMULATIONS
SIMULATION SET-UP
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‣ SPH SIMULATION WITH GADGET2
‣ PLUMMER STELLAR SPHEROID
‣ SELF-GRAVITATING MESTEL GASEOUS DISK

PHENOMENOLOGICAL 
COOLING FOR CLUMPY ISM

2 Fiacconi et al.

requires including gas cooling both in the optically thin
and thick regime, SF and feedback. Relatively low BH
mass ratios, between 0.05 and 0.2, are explored in oder to
magnify the e!ect of the disk lumpiness on the dynamics
of the light, secondary BH. We show that the behavior
can be highly stochastic, often delaying but in some cases
also favoring the pairing of the BHs. In Section 2 we
describe the numerical simulations, and in Section 3 we
present the results. Section 4 contains the discussion and
our conclusions.

2. NUMERICAL SIMULATIONS

We perform a suite of numerical simulations to study
the evolution of a MBH pair embedded in a gaseous CND
which, in turn, is at the center of a stellar spheroid. All
the simulations were run with the TreeSPH N -body code
GADGET2 (Springel 2005). Our models resemble the in-
ner region of the remnant of a merger that involved two
galaxies with a central MBH each, in a fashion similar
to Escala et al. (2005) and Dotti et al. (2007; 2009).
The gaseous disk has a Mestel surface density profile
with a scale length Rd = 100 pc and a radial extent
of ! 150 pc. The vertical structure is initially gaus-
sian, with a scale height zd(R) = hR and aspect ratio
h = 0.05. The gas has an initial uniform temperature
T0 = 20 000 K. The disk is embedded in a Plummer
stellar spheroid that represents the innermost part of a
bulge, with scale radius r! = 50 pc and radial extent of
! 500 pc. Among the di!erent runs, we vary the mass
of the spheroid M! and the mass of the disk Md, but
we fix the ratio M!/Md = 5, in fair agreement with ob-
servations (Downes & Solomon 1998). We place the first
BH of mass M•1 = 107 M! at the center of the disk and
we let the models relax for 10 Myr towards equilibrium.
We assume an ideal gas equation of state for the gas
with adiabatic index ! = 1.4, in agreement with previous
theoretical (Klessen et al. 2007; Mayer et al. 2007, 2010)
and observational (Downes & Solomon 1998) works that
studied the conditions of the central gas in ongoing merg-
ers or merger remnants.
Then, we create our final models adding the second

BH of mass M•2 = qM•1 at the initial separation a0 =
60 pc from the central one. Both BHs are treated as
collisionless particles. The orbit of the secondary BH
is specified by the ratio f between the radial and the
azimuthal components of the initial velocity v0, with the
constraint |v0| = Vc(a0), where Vc(a0) is the circular
velocity in a0. f also specifies the initial eccentricity e0
of the orbit, e0 !

!

1" 1/(1 + f2). All the models are
composed of 2#105 SPH particles and 1#106 collisionless
particles for the gaseous disk and the stellar spheroid,
respectively. This corresponds to a mass resolution mp
that varies between 500 and 2500 M!, depending on the
mass of the disk and the spheroid. The force resolution
set by the gravitational softening is "g = 0.5 pc for all
the particles.
For each choice of parametersMd, q and f , we initialize

two sets of initial conditions. In the first one, which
we will refer to as the “smooth” set, the secondary BH
is introduced immediately after the 10 Myr relaxation
phase. In the second set (called “clumpy”), we forcefully
make the disk Toomre unstable by cooling it rapidly for
an additional ! 2 Myr. After the disk fragments, the

TABLE 1
List of performed simulations and of their

parameters.

Label Md qa f e0b tcool
[M!] [Myr]

q005f02LM 108 0.05 0.2 0.2 1.0
q005f1LM 108 0.05 1.0 0.7 1.0
q02f025LM 108 0.2 0.25 0.25 1.0
q02f2LM 108 0.2 2.0 0.9 1.0
q01f02HM 5! 108 0.1 0.2 0.2 0.5
q01f2HM 5! 108 0.1 2.0 0.9 0.5
q02f02HM 5! 108 0.2 0.2 0.2 0.5
q02f2HM 5! 108 0.2 2.0 0.9 0.5

a q = M•2/M•1, M•1 = 107 M!.
b e0 "

!

1# 1/(1 + f2).

secondary BH is added in the resulting clumpy medium.
Cooling is included in the internal energy equation via a
phenomenological cooling term:

"cool = "
u

tcool
, (1)

where u is the specific internal energy of the gas and
tcool is a constant cooling timescale (during the relax-
ation phase, tcool = 0.2 Myr).
Table 1 lists all the simulations and summarizes the

adopted parameters. Note that we perform di!erent
clumpy runs in which we also vary the value of tcool.
We stress that Equation (1) represents a phenomenolog-
ical way to create and maintain strong inhomogeneities
in the CND. tcool is a free parameter used to control the
degree of fragmentation into clumps.

3. RESULTS

3.1. Orbital decay in a smooth disk: overview

The secondary BH of all the smooth simulations moves
toward the disk center on a typical timescale of! 10Myr.
This is shown in Figure 1, which compares the time evo-
lution of the separation between the two BHs for all the
pairs of corresponding smooth and clumpy simulations.
The orbital decay of the secondary BH in the smooth
disk is characterized by two phases. Initially, the BH
induces a trailing hydrodynamical wake that, in turn,
makes the orbit circularize (Dotti et al. 2007) because
of conventional dynamical friction (DF; Chandrasekhar
1943; Ostriker 1999; Colpi et al. 1999). When the orbit
is close to circular, the relative velocity between the BH
and the gas becomes low. This causes a change in the
orbital decay timescale. The BH induces a density wave
perturbation, eventually amplified by the self-gravity of
the disk that exerts a global torque on the perturber it-
self, initiating its rapid sinking toward the center. The
latter phase resembles the regime of standard Type I
planet migration (Lin & Papaloizou 1986). An aspect
that has not been appreciated in the literature is that
the secondary BH’s angular momentum loss occurs on an
intrinsically shorter timescale during the latter phase, as
shown in Figure 2.
Furthermore, while DF shuts o! at separations such

that the enclosed mass within the pair’s orbit is ! M•1+
M•2, global torques will continue to act as long as a
su#ciently massive gaseous disk is present at large radii
and the BH does not open a gap (Chapon et al. 2013).

Fiacconi, Mayer, Roškar & Colpi, ApJ submitted



MBH PAIRS IN SMOOTH CNDS
REFERENCE CASE: OVERVIEW
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ORBIT CIRCULARIZATION & FAST 
DECAY ~10 MYR
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MBH PAIRS IN CLUMPY CNDS
DYNAMICS IN CLUMPY ISM: RESULTS
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MBH PAIRS IN MAJOR MERGERS
PRELIMINARY RESULTS

SECOND STEP
1:1 MAJOR MERGER OF GAS-RICH GALAXIES WITH 

MULTI-PHASE ISM

t = 5003 Myr

250 pc

t = 5005 Myr

t = 5008 Myr t = 5012 Myr UBK Stars + Gas Contours

~250 pc

INITIAL SET-UP AS IN MAYER ET AL. (2007)

Roškar, Fiacconi, et al., in preparation



MBH PAIRS IN MAJOR MERGERS
PRELIMINARY RESULTS
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BH EJECTION &
TEMPORARY STALL
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CONCLUSIONS
IS THE ISM RELEVANT FOR MBH ORBITAL DECAY?

‣ MASSIVE BH PAIRS IN GASEOUS ENVIRONMENTS: 
PATH TO BINARY FORMATION

‣ HOWEVER, ISM MATTERS! INHOMOGENEITIES LEAD TO 

BH SCATTERING AND EJECTION FROM DISC-LIKE 

CONFIGURATIONS

‣ STOCHASTIC ORBITAL DECAY: WIDER RANGE OF 

TIMESCALES, A FACTOR ≲10 LONGER/SHORTER!


