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* Black holes are found in the
centers of most nearby galaxies

¥ Stellar dynamics
-~ O Gas dynamics

¥ Masers

[ Excluded

@ Elliptical
SO P

* Scaling relations between BHs
and host galaxies provide |
evidence for co-evolution

(Mg~ 0, May-L Map-Mpyige)

* BHs should naturally grow along
with galaxies through accretion
and mergers and influence the
galaxy through feedback

from Gultekin et al.2009




How do MBHs grow to become supermassive!?
and

Infalling matter

Outflow

Need to probe both processes to understand MBH
growth and co-evolution with host




* LCDM: galaxy mergers are an integral part of
structure evolution

* MBHs co-evolve with their host galaxies
* MBHs must take part in galaxy mergers

- merger-driven accretion
- MBH merger rates




* When and where MBHs grow most efficiently

* Whether MBHs merge as efficiently as their host
galaxies

* How we can interpret observations of MBH
activity — AGN
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If most galaxies host MBHSs and galaxy mergers trigger accretion,
duals should be common.

Optical surveys:
* Spectroscopy: search for galaxy spectra with pairs of AGN

emission lines

Kl EGSD2 J142033.6+525917
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OFFSET AGN
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If most galaxies host MBHSs and galaxy mergers trigger accretion,
duals should be common.

* Spectroscopy: search for galaxy spectra with pairs of AGN
emission lines
* Imaging: search for AGN pairs that are not lenses

LBQS 0103-2753
(Junkkarinen et al. 2001)
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* Serendipitous discovery, eg, NGC 6240; Arp 299; NGC3393
* Search for AGN in companion galaxies of hard X-ray AGN
(Swift)

* Dual fraction increases for galaxies with small separations

Il BAT AGN
I SDSS Seyfert
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Koss et al. 2012
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NGC 6240, Komossa et al. 2002




* Consider a realistic parameter space, not just
|:1 mergers - 1:2; 1:4 and |:10 mergers

* Discs and spheroids

* Focus on observational counterparts to MBH
activity



Galaxies are constructed out of nested profiles
of dark matter, stars, and gas

Spiral gas disks have gas fractions of 30%

One MBH placed in each galaxy according to
scaling relations

z=3 => peak of merger rate



* Includes star formation, supernova feedback,
radiative cooling, BH accretion and feedback

Bondi-Hoyle-Lyttleton accretion
€ ¢, = 0.001 of accreted energy

deposited in nearby gas

* Gravitational softening lengths are 10-20 parsecs
to resolve MBH pairing




|:2 Spiral-Spiral Merger
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* Both galaxies and
BHs grow quiescently
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* AGN activity is not
triggered by galaxy
dynamics, any dual
activity is random
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. . |:2 Spiral-Spiral Merger
* Tidal forces trigger
strong gas inflows in

both galaxies
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* Star formation rates
and AGN activity peak
together following
pericenter passages
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* BHs reach 10* erg/s
and have better
correlated accretion,
producing dual AGN
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* Weaker SFR in primary, |:4 Spiral-Spiral Merger
stronger central SF in *
the companion
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dense cusp whereas
primary does not -
primary nucleus
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* Accretion mostly
uncorrelated
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|:2 Elliptical-Spiral Merger

* Elliptical initially
completely gas poor
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* As mass ratio
decreases
merger timescale
lengthens
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Flux/luminosity threshold

Imaging: separation between AGN > resolution
element of telescope

* few kpc for, e.g., Chandra, HST

* tens of kpc for, e.g., SDSS

Spectroscopy: velocity offset > spectral resolution of
spectrograph
* ~|50 km/s for DEEP2, SDSS




Luminosity threshold — —

L,, > 10* erg s
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Low threshold: active
most of the simulation;
lots of dual AGN
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Intermediate threshold:
apocenter — where MBHs
spend most of their time,
or pericenter — where
most active

High threshold: probes
times when AGN
accretion is triggered
by merger dynamics
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Bolometric

luminosity BH, BH, Both AGN - Dual
1042 erg/s 1047 Myr 876 Myr 703 Myr ] A realistic
10%ergls 286 Myr 207 Myr 69 Myr threshold cuts
out most of the
10* erg/s 36 Myr 35 Myr 12 Myr ~~’  dual emission
Much of the dual
Bolometric [2-10] kev B-band activity is difficult to
luminosity luminosity luminosity detect
1042 erg/s 104! erg/s 4x 100 erg/s
1043 erg/s 1042 erg/s 7x10% erg/s

10* erg/s 6x10%2 erg/s 103 erg/s



Bolometric
luminosity

BH, BH,

Both AGN - Dual

1042 erg/s 1047 Myr 876 Myr

1043 erg/s
10* erg/s

No cutoff
d> | kpc
d> 10 kpc

v > 150 km/s

286 Myr 207 Myr
36 Myr 35 Myr

Dual Timescale

703 Myr
69 Myr
12 Myr

Dual Fraction

|2 Myr
|0 Myr
0.06 Myr

3 Myr

19.2%
16.5%
0.1%
4.8%

A realistic
threshold cuts
out most of the
~~  dual emission

Observational limitations
reduce dual emission
further to < a few %, in
rough agreement with
optical survey results




BHs Alone Duals Observational Limitations

Simulation Threshold BH1 BHs | Dual | d>1kpc d>10kpc Av > 150 km s}
AGN | (imaging) (imaging) (spectroscopy)

1:2 Spiral-Spiral Lyor > Lao 7T7.8 64.9 | 57.6 53.4 43.9 35.7
Ly >Lsz | 212 153 | 16.3 13.5 5.61 8.23

Lyot > Las_| 268 2.61 | 192 16.5 0.10 4.76

fEaa > 0.005 | 59.9 63.0 419.3 45.9 36.8 31.1

f,,m >0.05 | 11.1 142 | 13.8 11.8 3.99 6.51

feqq >05 | 1.47 226 | 185 17.2 0.07 3.44

1:4 Spiral-Spiral Lyor > Lao 74.9 53.9 | 47.7 44.2 38.3 27.1
Lyor > Lag 21.3 11.7 | 11.0 7.57 3.75 6.09

Lz,ul > Ly4 1.80 247 | 2.90 1.25 0 1.36

fEda > 0.005 | 56.7 66.9 | 47.8 15.1 39.5 28.7

feaq >0.05 | 108 17.3 | 8.95 7.03 4.01 5.18

fEdaa > 0.5 0.70 2.94 1.28 0.67 0 0.56

In | ﬁ,mwge&mwr?g occurs dikdviingiondiRitoganeasliges
DiEhEth AP SEEXREEL, gﬁﬁ?lﬂa‘louty offstipengtehasfcifehentiggoetiggint
| ysgbsimghtiney dual fraction




Dual fraction generally under a few % for observable
conditions, in agreement with observations

AGN activity increases as the galaxy separation
decreases, also in agreement with observations

Hard X-ray surveys circumvent obscuration, may find
higher dual fraction because they probe stronger AGN

No obscuration or dilution from star formation included
in observability test




Form a dense stellar cusp that will resist
stripping and deliver the MBH to the center of
the merger remnant

A gas rich secondary galaxy is important!



* Spiral-spiral simulations
end with BHs at
separations of tens of
parsecs — binary will form
soon
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* More concentrated
elliptical disrupts
secondary at hundreds of
parsecs — binary should | | 1
form within a few hundred Time (Gyr)
Myr




* Strong central SF in both
galaxies triggered after
pericenter passages

* Both galaxies build up a

™ i W-} M‘ similar amount of mass on
uﬁ m i ,
M i m“ Lil \.mll small scales, but companion

has slightly more

* At the fourth pericenter
passage, the primary nucleus
is disrupted and the primary
SMBH is left orbiting around

the secondary nucleus and
0.5 BH
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SFR and mass enclosed in central 100 pc near each BH




Primary Secondary

Mass Enclosed (M)

0.5 1
Time (Gyr)

SFR and mass enclosed in central 100 pc near each BH

Weaker SFR in primary, less
perturbed by smaller
companion

Stronger central SF in the
companion — almost all of
the global SF occurs there

Companion builds up dense
cusp whereas primary does
not

Primary nucleus again
disrupted, but "easier’ than
in the 1:2 merger




Inclined
Coplanar

Less central SF in the secondary
leads to disruption at ~kpc

u“ separations rather than efficient
i
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Weaker gas inflows and early
disruption lead to significantly less
dual AGN activity than in the
coplanar merger
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* Strong gas inflows in the
secondary galaxy drive
stronger accretion onto 1:2 Elliptical-Spiral

. — 1:4 Spiral—Spiral
the secondary BH

—  1:2 Spiral—-Spiral

* BH mass ratio increases
significantly throughout
the merger in coplanar

mergers
= |:2 Sp-Sp: 32% 0.5 1
= |:2 EI-Sp: 24% Time (Gyr)
" |:4 Sp-Sp: 70%




* Star formation and BH activity peak late in galaxy
mergers — much of the dual AGN activity occurs
at small separations and velocity offsets, making it
difficult to detect (Van Wassenhove, MV et al. 2012)

* Central star formation is key to efficient pairing in
unequal MASS MEIFZErS (Callegari et al. 2009)

* In some situations, the secondary nucleus may
disrupt the primary, resulting in a ‘nuclear coup’




