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SMBH binaries should be common

1. Orbital decay slow:

- pair of BHs can spend a fair fraction of the Hubble

time at small (sub-parsec) separations
- gas expected to be delivered to nucleus, can fuel BHs

2. Observational evidence is scant:

- Binary quickly decays to unresolvable separations
- need indirect signatures in spectra, light-curves

3. Indirect searches: variability

- Any emission before, during, and after coalescence
is likely variable (t,,<10 yr, if caught close enough)

- EM signatures alone — time-domain astronomy
- counterparts to gravitational wave sources (PTA, eLISA)




Active BH pairs in galactic nuclei

* Chandra X-ray image
of NGC 6240 (Komossa et al. 2003) .

* Many ~10kpc “dual” or “offset” AGN
in optical (Comerford et al. 2013)

*7.3pc double AGN in radio galaxy 0402+379 by VLBA (Rodriguez et al. 2006)




Add second BH to standard AGN model

Unstable region
Q(Toomre) <1

Stable accretion disk,
geometrically thin,
optically thick




Hydrodynamics of Binary + Disk system

1. EM signatures: - Is there gas near (few R;) of the BHs?
- What is the mode of the accretion?

affects observability through total
luminosity, spectral shape, variability

2. Orbital decay: - How long does binary spend at each
orbital separation?
- Can BHs merge in a Hubble time?

affects observability through
distribution of separations, periods

3. Gravitational waves: can waveforms be modified by gas?
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Hydrodynamics of Binary + Disk system

Stellar + SMBH Stellar + MBH ~ SMBH + SMBH
()MBH + SMBH




2D Hydrodynamical Simulations

D’Orazio, ZH & MacFadyen (2013)
Farris, Duffell, MaFadyen, ZH (2014, 2015a,b)
D’Orazio et al. 2015 (in prep)

Use moving-mesh [AMR] grid code DISCO

2D, hydrodynamics only (no GR or MHD)

a-viscosity (a=0.1)

Cooling (rad. diffusion) + heating (viscosity, shocks)
BHs are on the grid (but not yet “live”)

Initial Shakura-Sunyaev disk 0 < r < 100a,,,

=» vary mass ratio over expected range g=M./M, = 107 — 1
= run for ~10,000 binary orbits (>viscous time, steady-state)
= study morphology, mass accretion rate inside cavity
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Binary-disk interaction
Abrupt change in behavior at g~0.05
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Origin of transition: loss of stable orbits
Restricted 3-body orbits: morphology similar to hydro

D’Orazio et al. 2015, in prep
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Abrupt change in behavior for q > 0.05

A '"'phase transition':

(1) Accretion rate becomes strongly variable

(2) Annular gap = central cavity
(3) Circumbinary disk becomes strongly lopsided

(4) Strong eccentricity growth for binary

Accretion rate never suppressed

Accretion rate 1s same (or enhanced) compared to single BH

Secondary out-accretes the primary (by factor of up to 20)
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Thermal Emission from Cavity

Farris et al. (2015a,b)  strong accretion all the way through merger

q:Mz/Mlz 1

Surface density Surface luminosity:
shocks in streams and minidisks




Composite Spectrum

Farris et al. (2015b)

* Spectrum brighter, harder, variable compared to single BH
* opposite of some previous expectations based on empty cavity!
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PG1302-102

Bright z=0.3 quasar M,,=10°3-10°*M, @a=0.01 pc (280 Rs)
+14% variability with 5.16 £ 0.2 yr period (in 250,000 quasars)

Graham et al. (2015)
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Is the sinusoidal modulation caused by
relativitistic boost, not hydrodynamics:?

D’Orazio, Haiman, Schiminovich (Nature, 2015)

M, 1/3 p ~1/3 B
km s
1085M, 4.04 yr

mmp F °°° =D 4F =
D=F(1-Bcos9)'1
AF °°° JF °=(3-0)(v/c) cos sini

Need: v sini=22,000 km s’
or (v/c) sini=0.074




Requirements for Doppler boost

Observed ¥14% modulation expected if:

- Total mass large (M, > 2x10° M)

- Mass ratio low (q<0.2
- Luminosity mostly from secondary ( >90%
- Not too far from edge-on (£30°)

How can we verify / falsify Doppler boost hypothesis?

e 0 e spectral curvature
AF > [F,"=(3-a)(v/c) cosB sini

Optical (V-band): a=1.1 -2 3-a=1.9
Uv (~0.2um): a=-2 > 3-a=5

— clear robust prediction: AF/F ) = 2.6 x AF/F




Archival UV data consistent with boost

Magnitude
=
N
0
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July 17, 1992 (HST FQOS)
Aug 21, 2001 (HST STIS)
Mar 8, 2008 and Apr 6, 2009 (GALEX)

Jan 28,2011 (HST COS)




A binary overcame the final pc bottieneck!
OK, but who cares?




= Q Wworld US. Politics N.Y. Business Opinion Tech Science Health Sports Arts Style Food Travel

Certificates for
Children

Power Line May Have Started a
Deadly California Wildfire

New White House Campaign
Will Encourage Legal
Immigrants to Become Citizens

Politics »

First Draft: Jeb Bush
Doubles Down in
Defending His Brother:
‘He Kept Us Safe’

First Draft: 23 Million Watched
Republican Debate

First Draft: Fact Check:
Republicans Run Afoul of
Medical Thinking With Autism

Assertions

Cuomo and de Blasio’s Feud Has
Hurt New York, Voters Say

Christine Quinn to Lead
Nonprofit Group for New York’s
Homeless Women and Children

New York »
Big City: An Atheist
Group Asks, Should

New York Be in the
Pope Business?

Science »

More Evidence for

OK, but who cares?

e [New York Times, Sept. 22, 2015]

The New York Times - Breaking News, World News & Multimedia

China Tries to Extract Pledge of
Compliance From U.S. Tech
Firms

State of the Art: Udacity Says It
Can Teach Tech Skills to Millions,
and Fast

Fashion & Style »

Givenchy’s Riccardo
Tisci Is the King of
Fashion Week

Fashion Review: At Michael Kors

and Oscar de la Renta, Dressing
Up the Dresses

Kanye West’s Line Yeezy Causes
a Stir

Sports »

Where the DugoutIsa |
Stage and Baseball Isa &
Reason to Sing

On Baseball: Mets Juggle Their
Pitchers, and Warily Eye the
Dodgers’ Strong Arms

Marlins 6, Mets 0: Mets’ Offense
Is Silent, and East Lead Shrinks

Obituaries »

Melvin Bernhardt,

Candidates Into Ring -

An ‘Otello’ Without Blackface
Highlights an Enduring Tradition
in Opera

New Art Galleries Enjoy a Los
Angeles Advantage: Space

Movies »

Review: ‘Black Mass,’
With Johnny Depp as
the Dead-Eyed Killer
Whitey Bulger

Review: ‘Everest’ Revisits a
Fateful Adventure in 3-D

Review: ‘Pawn Sacrifice, Another
Take on the Royal Game

Theater »

Christopher Shinn
Returns With ‘An &ﬁ
Opening in Time' » ’
ArtsBeat: Broadway’s ‘Amazing
Grace’ Will Close in October

Clive Owen, Suave and Roguish,
on Making His Broadway Debut
in ‘Old Times'

Television »

Ask a Show Runner:

MOST EMAILED

Magazine T Magazine Real Estate

MOST VIEWED

STATE OF THE ART

Udacity Says It Can Teach Tech Skills to
Millions, and Fast

' Antidepressant Paxil Is Unsafe for Teenagers,

New Analysis Says

More Evidence for Coming Black Hole
Collision

NICHOLAS KRISTOF

" When Crime Pays: J&J's Drug Risperdal

Handcuffed for Making Clock, Ahmed
Mohamed, 14, Wins Time With Obama

FRANK BRUNI
An Overdose of Donald Trump at the G.O.P.
Debate

THE UPSHOT

" California’s Upward-Mobility Machine

THOMAS L. FRIEDMAN

Iran Deal Players’ Report Cards

GAIL COLLINS

At Debate, Republicans Talk the Talk

A binary overcame the final pc bottleneck!

RECOMMENDED FOR YOU

A
ty

i

HOEDTHOEN

©




Conclusions

Binaries can be bright: gas accretion rate into cavity via

streams is not reduced by the binary “propeller”

Accretion onto minidisks strongly periodic for g > 0.05

Period dominated by lump in cavity, t = few x t_ ., for g>~0.3

orb,

Migration: periodic sources with t,,, < 10 yr not rare
PG 1302 optical periodicity consistent with ~1 or 4 yr binary

UV + optical data favors 4 yr orbital period, arising from
Doppler-boosted emission from secondary in circular orbit




