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OUTLINE

1- The hierarchical model: MBH
assembly and growth

2- MBH binary formation and dynamics

3- Gravitational Waves: probing the Babies
with LISA and the Beasts with PTAs



1- In all the cases where the inner core of a galaxy has been resolved (i.e.
In nearby galaxies), a massive black hole (MBH) has been found in the
center (massive galaxies).

2- Galaxy form hierarchically. But where are the MBH binaries?

3- MBHBs are expected to be the loudest gravitational wave (GW) source
in the Universe (invaluable tool for cosmology and fundamental physics)

How do sub-parsec binary evolve?
How MBHBs shape their host galaxies?
Can we find observational diagnostic?
Can we draw prediction for future GW

experiments? What we will see? What
can we learn?
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According to our best cosmological models, we live in a ACDM Universe. The energy
content of the Universe is 27% in the form of ordinary matter (~3% baryons, ~24% dark
matter) and 73% in the form of a cosmological constant (or dark energy, or whatever),

which would be responsible of the accelerated expansion.
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z=20
z=10

The typical halo mass is
an increasing function of
time: bottom-up or

0.1

HIERARCHICAL
structure formation! > 0.01

© 0.001
The halo mass function
evolves in time (redshift) 0.0001
with larger halos forming
at lower redshifts (later 10-5
times).
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What happens to the baryons? In the early Universe most of the baryonic
matter is in form of hot atomic (H) or molecular (H,) Hydrogen.

Baryons need to cool down (i.e.
loose energy) in order to condense
in dense structures and form
stars.

Atomic Hydrogen can cool only at
temperatures>10°K, while H, can

cool already at 103K.

The dynamics depends also on the
metallicity.

-POPIIl: light seeds (Madau & Rees
2001, Volonteri Haardt & Madau 2003)

Z
?
%
|

/ -Direct collapse: heavy seeds (Loeb
L & Rasio 1994, Koushiappas et al. 2004,
Begelman Volonteri & Rees 2006)

10-3

-mild metal enrichment: light
seeds+nhuclear cluster (Devecchi &
Volonteri 2009, Devecchi et al 2010)



According to the hierarchical scenario, protogalaxies formed in the first
halos at high redshift merge feel each other gravitational attraction and
merge together to form the galaxies we see today in the local Universe
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From De Lucia et al. 2006
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Massive black holes (MBHs) are ubiquitous in the galaxy centres.
In the last decade, tight relation have been discovered, correlating the

MBH mass with the host galaxy bulge mass (Magorrian et al. 1998) and with
the host bulge velocity dispersion (Gebhardt et al. 2000, Ferrarese & Merrit
2000). This relation are a clear hint of a
coevolution of MBHs and host galaxies.
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THE MODEL (Volonteri, Haardt & Madau 2003)

MBHS are grown from seeds
BHs. These seeds are
incorporated in larger and
larger halos, accreting gas and
interacting each with other
after mergers.

OBS. CONSTRAINTS:
1. LF of quasars
2. X-ray unresolved bkg
3. M_ -bulge relations

4. Local MBH MF
5. Galactic cores




THE MODEL (Volonteri, Haardt & Madau 2003)

MBHS are grown from seeds

BHs. These seeds are
incorporated in largerg

larger halos, accre’; During ga|axy
interacting eag

after me mergers, MBHBs will

I ]
OBS. CONSTRA Inevitably form!

1. LF of quasars
2. X-ray unresolved bkg
3. M_ -bulge relations

4. Local MBH MF
5. Galactic cores






1. dynamical friction (Lacey & Cole 1993, Colpi et al. 2000)

® from the interaction between the DM halos to the formation of the BH binary
® determined by the global distribution of matter, driven by stars and/or gas

® cfficient only for major mergers against mass stripping

2. ha rdening of the binary (Quinlan 1996, Miloslavljevic & Merritt 2001, Sesana
et al. 2007, Escala et al. 2004, Dotti et al. 2007)

® 3 bodies interactions between the binary and the surrounding stars

® the binding energy of the BHs is larger than the thermal energy of the stars
® the SMBHs create a stellar density core ejecting the background stars
® Dynamical drag caused by a thick circumbinary disk

3. emission of gravitational waves (Peters 1964)
® takes over at subparsec scales
® |eads the binary to coalescence

The two MBH separation has to decay from 10 kpc to 10°pc
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From Colpi & Dotti 2009

From Milosavljevic & Merritt 2001

Dynamical friction is initially very efficient in shrinking the binary, but on
parsec scales the mechanism is no longer efficient:

BINARY STALLING???



Dynamical friction is efficient in driving the two
BHs to a separation of the order
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The evolution of the semimajor axis in stellar environments is given by
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However only stars on intersecting orbits (i.e. belonging to the so called binary
loss cone) can interact with the binary. The total mass of the stars in the loss

cone is given by - L .1
My(a) = m, / dE / dL N(E,L?)
. < 0

And it is of the order

:'sf? o ( a h) ~ 3R i

differentiating the energy carried away by the
stars and integrating one finds (Merritt 2006):

THIS MEANS THAT THE SHRINKING IS AT MOST OF ORDER 10, MUCH
LESS THAN WHAT NEEDED TO REACH THE GW EMISSION PHASE!!!



There are several additional mechanisms that may be effective in
shrinking the binary, overcoming the final parsec problem:

> MBHB random walk
(e.g. Quinlan & Hernquist 1997, Chatterjee et al. 2003)

> Star diffusion in the loss cone via two
body relaxation (milosavljevic & Merritt 2001)

> Axisymmetric and triaxial potentials, and nuclear cluster
rotation (vu 2002, Merritt & Poon 2004, Berzcik et al. 2006, Berentzen et al. 2009)

> Extraction of potential energy from a bound stellar cusp
(Zier 2006, 2007, Sesana Haardt & Madau 2008)

> Torques exerted on the MBHB by a gaseous disk
(Armitage & Natarajan 2002, Escala et al. 2005, Dotti et al. 2006, 2007)



Shrinking factors 6<x<18
MBHB eccentricity grows

10 20 0 500 1000 0  2x10
t/P,

Sesana Haardt & Madau 2008




From Berczik et al. 2006
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Simulation of binary hardening in a circumbinary massive disk performed
by Dotti using the hydrodynamical SPH code GADGET. The resolution of
the simulation is ~0.1pc. The binary shrinks to the resolution without any
apparent stalling problem.



Eccentricity may
be crucial for the
final coalescence

>Unequal MBHBs in dense

CUSPS (Baumgardt et al. 2006,

Matsubayashi et al. 2007, Sesana et al.
2008 )
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>IMBH binaries in dense
stellar clusters: N body
simulation+

3-body scattering+GW

(Amaro-Seoane et al. 2008) 0.4 0.6

Eccentricity

>MBHBSs in rotating nuclear

clusters with PN corrections
(Preto et al. 2009, Berentzen et al. 2009)

>Circumbinary disk
simulations (cuadra et al 2009)




Evolution of MBHBSs in stellar environments

Hybrid model for 3-body scattering of Gravitational wave
bound cusp erosion ¥ unbound stars + emission
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Very first results: eccentricity can be as high as few% in the LISA
band (but still the parameter space has to be sampled).




MBH evolution is a complex mix of mergers and accretion
Merger vs. coherent acc. vs. episodic acc.
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Fig. 5.— Spin evolution of all BHs due to mergers only (left), mergers plus standard accretion (center) and mergers plus chaotic accretion
(right).

-mergers tend to randomize the spin Volonteri & Berti, 2008
-coherent accretion tend cause spin-up
-non-coherent episodic accretion tend cause spin-down

...and no decisive observational information yet...
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If the binary overcome the final parse¢ problemithen it coalesces on a
timescale given by: Al e e

> My’ 0.001pc

Fle)™

&

Simulated LISA data stream at merger event,
two 10°Mg BH at z=5 including simulated noise (S/N~500)
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LISA is sensitive at mHz
frequency, where the evolution
of MBHBs is fast.
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>VHM model (volonteri et al. 2003)
-light seeds
-forming in high sigma density peaks
at z=20

>KBD model (Koushiappas et al. 2006)

-massive abundant seeds
-forming in haloes with efficient H,

cooling at 15<z<20

>BVRhf model (Begelman et al. 2007)
-massive rare seeds
-forming in haloes with efficient H
cooling at 18<z<20
-high metal enrichment feedback

>BVRIf model (Begelman et al. 2007)
-massive rare seeds
-forming in haloes with efficient cooling
at 15<z<20
-low metal enrichment feedback




].GD IIIIIIIIIIIIIIIIII llllllllllllllll
1 BHs i_ mg,<10* M,

dNg,,/dzdt [yr-1]

VHM
KBD

dNg,,/dzdt [yr-1]
|_|.|_I'| Ty

BVRht

"N 1] \[ -
..Iﬂfllllllllll.i\.l.llll IIIIII"LIII"IJ L1 |

5 10 0 5 10 15
redshift redshift

O mEIETIY




].GD IIIIIIIIIIIIIIIIII llllllllllllllll
1 BHs i_mBH{IU“M

dNg,,/dzdt [yr-1]

We expect dozens of

GW signals

VHM
KBD

dNg,,/dzdt [yr-1]
|_|.|_I'| Ty

BVRht

\ ) :
.-IHI.‘FlIIIIIIlll.i‘l.l.I L1 |

5 10 1 5
redshift redshift

O mEIETIY




Redshift distribution of
resolvable events, peak at 5<z<70
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Sesana Berti Volonteri Gair....ongoing work
STRATEGY:

-Take the prediction for d°N/dzdMdq

from a given MBHB formation model
-Compute the 'observable distributions’
considering some LISA configuration
-Pick a Montecarlo realization of one

of the model

-Compile an observed catalogue of

events taking into account for LISA errors
-Evaluate the posterior ratio for the
different models

EARLY RESULTS (..or guesses)

-Observing >50 events over three years
will put severe constraints on the models
-Uncertainties are related to intrinsic
variance in the models, degradation in the
discrimination power due to LISA errors
iIs subdominant
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The GW passage cause a modulation of the v

MSP frequency <,
v(t) — 1 - L . ,
_— = Ahﬂb (t) — h-'[lb (tpﬂ Q) T h"ﬂ‘.-b (_.tSSbjl Q) ':-‘_In-t" pulsas
0 2 8
pulsar =V
The residual in the time of arrival of the .\ 5
pulse is the integral of the frequency \ / T
modulation over time e g
. ila] i';npwgepam
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Construct a model for the emission-propagation-detection of your
pulse. If your model is perfect, then R=0. R contains all the
uncertainties related to the signal propagation and detection plus the
effect of unmodelled physics, like -possibly- gravitational waves

R=TOA-TOA_
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MILLENNIUM RUN (Springel et al 2005) 2

> N-body numerical simulations of

the halo hierarchy

> Semi-analytical models for galaxy

formation and evolution

> We extract catalogues of merging

galaxies and we populate them with
sensible MBH prescriptions

We consider several BH-host relations: : For any relation we employ three

different accretion prescriptions:

1- M, -sigma (Tremaine et al. 2002)

2-M_ -M (Tundo et al. 2007) : a- Accretion after merger
Bh - bulae i b~ Accretion only onto M., before merger
3- M;,-M, .. z dependent (Mclure et al. 2006) y " J
: - Accretion on both MBHs before merger
4- MBH-Lbulge (Lauer et al. 2007) :



Theoretical 'average’ spectrum
Contribution of individual sources

10-14 Spectrum averaged over 1000
Monte Carlo realizations

§
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Three parameter fit to
the background
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Y/

dN(ét,,)/dlogM,

Probe systems with
mass >10°M_ at z<17

10 1 0

>a total timing precision of 5-50 ns is required to 5
detect an individual resolvable MBHB T

>Uncertainties depend on the MBH-host relation
and MBH accretion route during mergers

Sesana, Vecchio & Volonteri 2009
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> Semianalytical models are a powerful tool to investigate
the formation and evolution of MBH(B)s

> Dynamical evolution of hard MBHBSs is an interesting open
issue-->need to include many different pieces of physics

> LISA will detect 10-1000 MBHBs over a 3 yrs
lifetime --> will provide information about seed BHs

> Future PTAs will detect the unresolved
MBHB background --> will probe MBH(B)
population al low z and large masses

> A timing precision between 5-50 ns should guarantee
the detection of at least one individual MBHB



