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EM Signatures Through BBH Lifetime

Galaxy Mergers X-Shaped Lobes
R ~Mpc t ~ Myrs

Dual AGN Relaxing Disk
R ~kpc t ~ yrs

\“ Immediate

t ~=+ hrs
r <107 pc

Circumbinary Disks
R ~pc

See Schnittman (arXiv:1307.3542) for a good review



Multi-Messenger Astronomy

Credit: NASA

Credit: NASA, ESA, the Hubble Heritage
(STScl/AURA)-ESA/Hubble Collaboration, and K.
Noll (STScl)

Synergistic Measurements — Extra Information — “Standard Sirens it TR0 Eetsmiors

 Source Localization: EM better than GW
e Indep. Redshift & Luminosity distances
e (@Galactic Evolution & Nuclel Environments

e Supermassive BH growth methods

See e.g., Schutz ('86). Holz & Hughes (2005)




EM + GW Detections
Sight & Sound

o Credit: NASA, ESA, the Hubble Heritage
(STScl/AURA)-ESA/Hubble Collaboration, and K.

-~ Noll (STScI)
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Credit: NASA Credit: eLISA/NGO

Supermassive Black Holes

« 10°-10'M__ — edge of eLISA/NGO (2028) frequency band

« Fiducial = m /m <2 binaries, whose vacuum solutions are thoroughly studied




(Galactic Nuclei

Inefficient Cooling — ADAFs (Advection Dominated Accretion Flows) / RIAFs

Like Sgr A*, observations point to SBH
environments where accretion is suppressed
below its expected rate for the surrounding

material.

NASA/CXC/MIT/Frederick K. Baganoff et al.

Efficient Cooling — Circumbinary Disk

Suggested configuration from Newtonian, .
N-Body, and SPH simulations. Binary
torques evacuate the central region.

MacFadyen and Miloasavljevi¢, ApJ 672, 83 (2008)




(Galactic Nuclei

Inefficient Cooling — ADAFs (Advection Dominated Accretion Flows)

Efficient Cooling — Circumbinary Disk

Magnetic Fields




Fully-Coupled Numerical Relativistic Hydro Simulations
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Luminosity from Hydro/MHD Fields
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Luminosity from Hydro/MHD Fields
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Hot Accretion Flows




Hot Accretion Flows

Astronomical basis — RIAFs

— Low-luminosity AGN (e.g., Elitzur and Ho 2009)

— Sgr A* (e.g., Narayan et al. 1995, 1998)

2 - Temperature ( T, « T ) Ideal Gas

Mass of flow motivated by an external circumbinary disk at much
larger radii:

Mgas up to ~ 1% M, at decoupling (Colpi et al. 2007)

Environment parameters

Density, Temperature, & Equation of State
BBH parameters




Hot Accretion Flows:

Basic Features

Emissivity,

Interbinary Bar

Gas falls into interbinary
region, creating a dense, hot
bar.

Density Wakes

Moving BHs shock the gas as
they move through and accrete
the surrounding gas, creating
trailing wakes wrapped around
the BHs by their spin.

(Bode et al '10, '12
Farris et al '10)




Hot Accretion Flows:
Temperature dependence
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Hot Accretion Flows:
Pre-merger Luminosity Oscillations
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Hot Accretion Flows:
Pre-merger Luminosity Oscillations
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Hot Accretion Flows:
Pre-merger Oscillations




Hot Accretion Flow Simulation Samples

Examples:
Equal-mass,
varying spin

Qualitative Features
— Interbinary bars
— Density wakes




Hot Accretion Flows:
Black Hole Parameter Dependence
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Observability

Artist's Conception of IXO, Credit: NASA

For an AGN with RIAF at z~1,
Pre-merger flares visible by planned International X-ray Observatory (IXO)
& Energetic X-ray Imaging Survey Telescope (EXIST)

e High-luminosity obscured AGN out to z~2.5
e Low-luminosity AGN (LLAGN) out to z~0.5



Circumbinary Disk




Circumbinary Disk

With enough viscosity, disk can decouple much closer to merger and follow the
binary inwards as it heads to merger

GW shedding of orbital eccentricity
dominates for a < 120 M, so quasi-circular orbits

Inner edge at r ~ semi-major axis
Environmental Parameters

Thickness (H/R), Inner Edge, Equation of State
BBH Parameters

Emission from disk vs gap compete




Circumbinary Disk in HD




Circumbinary Disk:
Inner Gap Luminosities
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Circumbinary Disk:
Unequal Mass Binary Accretion Signature
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Vacuum EM / Force-Free
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Degrees of Magnetic Influence
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Magnetized Circumbinary Disks
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Magnetized Circumbinary Disks

No cooling L,

t /M
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