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® wider black holes mass spectrum - lower metallicity
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® | |IGO-VIRGO - With these historical discoveries, the strongest
evidence of the existence of “STELLAR BLACK HOLES” for which
we have a “leading order theory” on the physics of their
formation

® cra of precision in experimental gravity

Hanford, Washington (H1) Livingston, Louisiana (L1)
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EM Observations

® Existence of AGN - QSOs - powered by accretion onto
supermassive black holes of millions to billions suns

® Black Hole masses correlate with physical properties of galaxies
—M-sigma relation — feedback from the AGN

® | ess massive black holes live in less massive galaxies - correlation
is highly scattered - nuclear star clusters

® | ocal census of supermassive black holes in spheroids

® Combining data from the unresolved X-ray background with
those on the local census of silent black holes we learned
supermassive black holes have grown mainly by radiatively
efficient accretion during the last e-folding time below z~3
during the peak of the star formation rate

® Supermassive black holes weighing billion suns (QSOs) are in
place @ z~7/



® Supermassive black holes come to birth  “light”

® Conceptof “SEEDS” - fintermediate mass” black holes
forming at high redshifts in high-sigma density peaks under
extreme conditions (low or null metallicities)

® “seeds” are “transitional objects” — single epoch
forming —grow through (merger induced) accretion and
mergers

® Accretion & mergers erase information on their birth
properties

® To recover their properties with need to have access to @
huge cosmological volume — observe @z>10

® EM - low accretion luminosities



ELECTROMAGNETIC UNIVERSE
SUPERMASSIVE BLACK HOLES
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® [uminosity gives only lower limit on the mass

Athena white paper
2013

® Correlated studies in the optical to infer the mass from the

dynamics of the BLR
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unanswered guestions

® HOW did supermassive black holes form? From the
gravitational collapse of a yet unknown class of compact
objects with mass in the hundred thousands ?

® |s there a deep PHYSICAL LINK between STELLAR and
SUPERMASSIVE black holes? (only “stars” form black holes
of any mass scale through accretion and mergers)

® WHEN - WHERE did the seeds form? (cosmology)

® HOW did they evolve - mass & spins ?  (structure formation)



® “high redshift”

® “low metallicity environments”

H molecular cooling
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runaway
star collisions
in dense(nuclear)
star clusters
at the centre
of forming disc
galaxies
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1 log (mass distribution)
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® How 1o detect “seeds” ?
® How to track their growth?



BLACK HOLE GROWTH DURING GALAXY ASSEMBLY
COSMOLOGICAL DRIVEN MERGERS

COLAESCENCES

doubling mass
changing the spin

REDSHIFT

accretion
shaping spin
during the
e-folding
Increase of the
MAss

Volonteri 2010,
Amaro Seoane + 2014, Latif & Ferrara 2016, Colpi & Sesana 2017

seed

spin & Mass key
tracers of black
hole evolution
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LISA cosmic horizon for massive black holes is the entire universe
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® Accretion might alone explain high z QSOs but accretion is likely modulated by
halo-halo mergers - halo dynamics leads to black hole binary formation
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Characteristic Strain
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number fraction

0.4

Seed black holes in the cosmological context
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® distribution in redshift of light (selected as the most massive

black hole present in a halo) and heavy seeds

Valiante+2016




“tfailed”
non-evolved
Seeds

Valiante +
In preparation

MERGER TREE OF HIGH z QSOs
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® dot= halot+halo merger with two nuclear light seeds merging



Black Holes in the Gravitational Universe
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Waterfall plot for non spinning black holes: PhenomC
ET_D sensitivity curve + LISA
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Characteristic Strain
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Key role of Einstein Telescope
Detecting ‘failed seeds” will be a challenge

the only avenue to unveil the ‘seed’ and weight their mass |
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® How do black holes pair ?
® How fast do they coalesce?
® Rates?




® black holes are minuscule

® coalescing binary black holes are minuscule

2GM M
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5 ¢ a
Leoal = e)(1 — e2)7/?
= 256 e )l ) v M3
Y= % = fq)Q Mp = Mpu1 + Mpn,2
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Portrait of an isolated gas-rich major (1:4) merger

MBH,primary =3 X 106 M@ ==
Mhalo = 2.2 X 10" Me; Myyge = 2 x 107 Mg,
Mgige,x = 6 x 10° Mg; Mgise gas = 3 X 10° M,

First pericentre First apocentre

® Clock: time “zero”

/0x70 kpc box

1:4 merger between
two disc galaxies

Second pericentre 7 Second apocentre Third apocentre

gas fraction 30%

Capelo+2014

End of the merger stage




BH sepoarotion [kpc)

O x

Vi or \'% or
Fstars — _4rln AGZM]%HP*F ( BH, b) BH,orb

VBH ,orb

All cop pro—pro, low-gos —frac with e, =0.001

10.000

1.000

0.100

0.010

AAAAA

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

o

G Mg ( Mz ><5Okms_1)2
~ g~ parsec



Portrait of a cosmological merger
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® first ab initio simulation of a galaxy group @ z=3.5 from Argo cosmological simulation

® dentification of the two main spirals undergoing a major merger (1:3.6 mass ratio) on @
nearly parabolic orbit with co-rotating stellar discs inclined by 67 degrees

® gaos fractions of about 10%

My, ~ 10" Mg
My . ~ 3.6 x 10'° M,
Mhalo ~ 1013 M@ @ z=0



® gas inflows in the inner 500 pc from cosmological streams o
are conducive to an intense burst of star formation around l - |

the secondary black hole ;" \

® the black holes are surrounded by a stellar cusp which :
enhances their “effective mass” - the orbital decay is . ' @
governed by dynamical friction of the stellar cusps o :Q

® the binary hardens by the slingshot mechanisms with individual stars
impugning on the binary form low-angular momentum orbits in a triaxial
potential. The binary mergers 10 Myrs after the merger of the stellar
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of T I B B B 11
10 3 — Major merger 1 Oi ]
101E ---  Direct N? . o ¥
3 T Direct N? + PN 0.9F Lot
= 10 WA 1. 08 A
I | COF 1.
= 1071 v 1 = z |-
= 2: E < 0.7F 71
© —= i ]
= 1077 e =5pe L M ; é 0.6/ i
21078 : e |-
— 10_4: \ a " — =233 Myr ° f
- 5 10 mpc — 2.5PN \ 0-4;’ === =253 Myr -
10— f.f ..... ? i ,,,,,,,, — 293 Myr j
] Oogilllxlllxlllxlllxllli
0 o 10 15 20 25 30 35 0.0 02 04 06 08 1.0

t (Myr) r (kpc)



Black hole dynamics in massive circum-nuclear gas discs on ~(100 - 1)pc

Maise = 10% M
Mgy, = 107 Mg

t = 3.00 Myr

t = 10.00 Myr

MBH,Q =5 X 105 M@

t = 4.00 Myr

t = 20.00 Myr

orbit
circularization

fast decay to
the binary state
on a timescale

Souza Lima+2016
Dotti+2007-2010
Fiacconi+2013
Lupi+2015

del Valle+20135,
Roskar+2015,
Tamburello+ 2016



bt =500 My,

................ —

10g10(M®/p02)

® fragmentation from inside out occurs on a timescale smaller than the orbital
decay time

® dense gaseous clumps form, interact, merge to form fewer and larger clump,
and migrate to the centre

® clumps can have masses comparable or larger than the black hole masses
® high density contrast leading to a completely different dynamics

Souza Lima+2016, del Valle+2015, Fiacconi+2013



Type |l migration in a circum-binary disc

Courtesy by Zoltan Haiman +2017
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® Dblack holes deposit orbital angular momentum exciting both leading and
trailing spiral waves opening a gap of size twice the size of the binary
separation
Kocsis+ 2007,2012; MacFadyen+2008; Roedig et al.
2011,12,14; D’ Orazio et al. 2013; Farris et al. 2015; Dunhil

et al. 2015; Tang et al. 2017; Maureira-Fredes 2018;
Dotti+2015
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® stars have a stabilizing role in the dynamics of black holes

® in high zmergers also the stellar distribution create e fluctuating background which
randomize the black hole dynamicst

® need of sufficient “heavy seeds”



® |[nside a relic asymmetric galaxy
® Stalling of the binary due to loss of stars

® Triple interaction with a third black
holes

® Kozail resonances
® Chaotic three body interaction
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summary

Detecting coalescing binary black holes across cosmic ages and
over a wide range of masses, which implies detecting low and
high frequency gravitational waves will lead to a deep
understanding on the origin and evolution of the black holes of
the universe

understanding the nature of massive black holes is of extreme
Importance

the two main avenues — light versus heavy—- may not be the
only possible and we need to critically study formation and
dynamical processes to establish their role

only LISA and Ill generation of ground based telescopes will let us
understand black holes

the gravitational universe promises many discoveries



