Merger-Induced Black Hole Accretion & Star
Formation: Observations vs. Simulations
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Chandra, Magellan kS
Credit: P. J. Green et al.

Binary AGNs

Fu et al. (2011a, 2011b, 2012a)
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BH Accretion in Starbursts

Fu et .ai.. (2010)



Binary AGNs
10-100 kpc few kpc
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simulation: Di Matteo et al. (2005)
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Double-Peaked [O III] AGNs: DEEP2

EGSD2 J142033.6+525917 [O IlI] -
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Double-Peaked [O III] AGNs: SDSS
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LINERSs
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log ([NII]6583/Ha)

0.2 0.4

» 271 double-peaked
[O 111] AGNs from the
SDSS at z < 0.7
(1% of SDSS AGNs)

» 41 Ty-1 & 230 Ty-2,
AV > 250 km/s

» Both components

appear photoionized
by AGNs

Wang et al. (2009)
Liu et al. (2010)
Smith et al. (2010)
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Are Double-Peaked AGNs Binaries?

Kepler

Diagram |

N

m
| == ]

N

=

- e EGSD2 J142033+525917

3l ® SDSS J143017+521735

® SDSS J094124+394441 I(3C223.1)
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» Observed:
Lljom/L2jom o« V2/V1

» Interpretation:
Assuming same Bolometric corr.:

Lliom/L2i01m % L1vot/ L2bol

Assuming same Eddington ratio:

L1vo1/L2po1 < M1/ M28H

Magorrian Relation:

M]BH/MZBH X Ml*/MZ*

Kepler’s law:

M1*/M2* = V2/V1
< Lljom/L2jom « V2/V1

Wang et al. (2009)
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&% Double-Peaked [O III]: Jet-Driven Outflow

Stockton, Canalizc¢



Possible Double-Peaked Scenarios

Spatially Resolved: O :Ot(;as Cloud
Outflows * = AGN

Stellar Bulge

Spatially Unresolved:

Polar Outflows/Peculiar NLRs * @

Spectrally Resolved Binaries: &
Spectrally Unresolved Binaries: < # &
selected because of outflow/NLR




Follow-up Observations

Keck Laser Guide Star Adaptive Optics (LGSAO
" .AOoﬁ  _

Telescope Spectrograph Spectrograph " Datacube

Input

*
Crrr s s

WA,

Fu et al. 2011a, 2012a)




Follow-up Observations

® Mergers
@® Isolated

@ Mergers

Mergers with IFS
® Isolated with IFS

Isolated




& Spectrally Resolved Binaries &
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% Spectrally Unresolved Binaries

Selected because of outtlows

OSIRIS H-band -32 km/s 170 km/s
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S Single AGNSs:
Spatially unresolved outflows/NLRs
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Constituents of Double-Peaked AGNs

Spatially Resolved (50%): O ;Ot(;as Cloud
Outflows * = AGN

Stellar Bulge

Spatially Unresolved (46%):

Polar Outflows/Peculiar NLRs * @

Spectrally Resolved Binaries (2%): &
Spectrally Unresolved Binaries (2%): < # &
selected because of outflow/NLR




Implications:
(1) Binary Fraction and Duty Cycle

-0.02% of AGNis are spectrally resolved binaries
> Binary Fraction X Completeness = 0.02%

-0.02% of AGNs are spectrally unresolved binaries but
are double-peaked b/c of outflows/NLRs

> Binary Fraction X (1—Completeness) X Double-Peaked Fraction = 0.02%
Double-Peaked Fraction = 1%

gf-'Z% of all AGNs are binaries: Binary Fraction ~ 2%
-1% of binaries are spectrally resolved: Completeness ~ 1%

M AGN duty cycle increases by -15x in kpc-scale mergers

We expect 1% of the AGNs in mergers are binaries (1% Duty Cycle: Shankar+09)
However, we observed 4 binaries in 26 AGNs in mergers (15%)
(Note that <30% of AGNs are in mergers according to our LGSAO survey)




How many binary AGNs are observable?

=152 Spiral-Spiral Merger (Van Wassenhove et al. 2012)
I | . | | | | | T T | T l -

T

» Simulation:
kpc-scale binary AGN is
observed in 16% of the
time when either BH is
an AGN (i.e. Lvo > 104 erg/s)
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separation (kpc)

» Observation:
4 binaries in 26 AGN that
are mergers (~15%)

O

SFR (M,/yr)

» Merger fraction is ~5% at
z ~ 0.5 (Hopkins et al. 2010)
= binary fraction in all

AGNs is ~0.8%

log(L,.,) (ergs/s)




Implications:
(2) Interpreting the “Kepler” Diagram

Kepler

Diagram |
Wang et al. (2009)
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» Observed:
Lljom/L2jomy o« V2/V1

1 » My interpretation:

Similar [OII]/H ratio:
LI[O III]/ ez [O 1] & Mlgas/ Mzgas

Bipolar outflow:

M1 gos/ M24as = V2/V1
2 Lljom/L2jom « V2/V1

: » Wang+09’s Interpretation:

Lliomn/L2jomm < Llvor/ L2bol
L1vo1/ L2bo1 « M1pr/ M2

Kepler’s law:

Milgy /M2y = V2/V1
> Lljom/L2ijomm « V2/V1




Implications:
(3) Radiation-Pressure Driven Outflow?

» Radiation Pressure:
Prad =T Lvol/ c
Bolometric Luminosity:
Lol = 3500L aqrm =€Mprc2
0 < T < 1. the optical depth.

» Average p Injection Rate:
pgas = Mgasvgas/ t
Gas Momentum:
Pgas=Mgas Voas < Ly Vgas
Dynamical Timescale:
t = Rnir/ maX(Vgas)

Momentum Injection Rate

BH Accretion Rate
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Implications:
(4) Stromgren Spheres” of AGNs

Slze Lummosﬂy Relatlon

e=e = .
_ Greene 1 » log(Rnir) = a log(Lio m)+c
| — — Bennert06 L - :
.~ Schmitt03 ® o ] a- 0.5 implies constant U
(ionization parameter):

U « Liomy/R?

» Separation < Rnrr implies
that one of the merging
components may not have
an active nucleus

Separatlons of =
Binary AGNS .

@ ENLR .
O Unresolved.

Fu et al. (2012a)
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Summary

[ -2% of AGNs are kpc-scale binaries, consistent with
simulations of 2:1 S-S mergers. But hints that AGN

merger fraction is -2x higher than L* galaxies.
[ Duty cycle increases by >15x in kpc-scale mergers.
[F -1% of binaries are spectrally resolved (AV > 250 km/s).

[ Double-peaked selection is extremely incomplete:
98% are radiation-driven outflows or peculiar NLRs.

[ Optically-selected binary AGNs need confirmations.
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BH Accretion in (U)LIRGsS

Fu et al (2010)



Luminous Infra-Red Galaxies (LIRGs)

Cosmic Star Formation History

Le Floch et al. (2005)
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Total IR Luminosity Functions
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of mid-IR Luminosity
Functions

F24 [mJdy] at z=0.7
G 1.0 HO5E

15um :

Schechter (1976) |
Function

CREE (i [SEoei )
Log [vL,7eet / Lo
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The Magorrian Scaling Relation

» Magorrian relation:
M*/Mgu ~ 1000
given ~50% of M* recycled
% <SFR/Mgu> = 2000

» Energy conversion:
Lagn/ Le = 2%1012 Mpu/ Mo yr-1
Lsr/ Lo = 1010 SFR/ Mo yr-!
> Lagn/Lsr = 10%

Bennert+11 (1<z<2)
Active Galaxies (z~0) o

Inactive Galaxies (z~0) a Hdring & Rix (2004)
X/Illll | | ||||||| | | ||||||| | | ||||||| Benneﬁetal'(zo‘la)

10° 1010 1011 1012
Mstellar (Sph; M(D)




Why Mid-Infrared Spectroscopy?

X-ray/Opt: Extinction NIR FIR: Featureless
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COSMOS Spitzer/IRS Sample

M 0.6<z<0.8
™ F24 > 0.7 mJy
™M Inside HST Field

M Completeness:
68% (48/70)
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AGN/Star Formation
Decomposition

AGN: power-law

O Star Formation:

templates from
Rieke et al. (2009)

Moditfied
Galactic Center

Extinction Curve
(Smith et al. 2007)

Luminosity

T T
Wavelength (micron)




PAH EQW vs. 15um Luminosity

o AGNs dominate E PureSESystems o 0010)
at high 15um '
luminosity
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The Decomposed 15pm LF

F24 J t z=0.7
[my] o 1.ZO 10.0
Star-forming LF: g 15um

" L Fu et al. (2010a)

Schechter profile extends
to ¢ =10-5 Mpc-3 dex!

AGN LF:
shallow bright-end slope

O LF w/ MIPS 24um

F O Starburst LF (IRS)
~® AGN LF (IRS)

[ Ty1 AGN LF

f—Ty1 AGN LF (Ext Cor)
e Xu00 Local LF
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Black Hole Accretion in
(U)LIRGs at z~0.7

© L15(AGN) © Lol © MBH: L/ Le = 2x1012 Mpp/ Mo yr-!
Li15(SF) © Lir © SFR: Lr/Le=1010SFR/ M, yr-!

© 31/48 have Li15(SF) > 3x1010 Le
7/31 have Li5s(AGN) > 3x1010 Lg
© AGN Duty Cycle = 7/31 = 23%

= 3. Mpu /Y SFR x DutyCycle = 4.6x10-3 x 23% =
10-3
MgH/ MBuige @ z~0 ~= MBH/ Magalaxy @ z~1.5
~= [1.0-2.5|x1073 (Héring & Rix 2004, Jahnke et al. 2009)




Comparison with the
70pm-derived SFR Function

. ._. .'.1.00_ 1000

'8-1000um

Ny COSMOS 70um

COSMOS 24um€F /
O

/ MIPS 70um

N

§
¥
=10}
=
—

S5um) x 19
5um) ® scatter
ders+03 LLF

Fraction

8-1000um Luminosity [log(Le)]
Fu et al. (2010)




SUMMARY

» Mid-IR spectra nicely separates AGN and
star formation

» BH accretion in the (U)LIRG phase
preserves the Msu—Mga scaling relation.

» SF luminosity functions are Schechter;
AGNs LFs are double power-laws.

» AGN may produce >50% of the FIR flux
> Spitzer/IRS + Herschel (coming soon)




