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= Need dynamical models to predict source variability accurately
Lang & Hughes 2009 Kocsis et al 2007

» GW constraints <--> EM constraints
Science Impact:

= SMBBH Merger Rates, SMBH Evolution/History

= Plasma physics in limit of strong-field, dynamic GR

Connecting robust theoretical predictions to event observations may be
first evidence of BBH mergers (hopefully not!)

= “LISA” expected to launch in...., ??
» LIGO sensitive to smaller BBHs that are most likely in vacuum
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Sub-kpc Resolved Dual Nucle

0402+379:
(Xu et al. 1994, Maness et al. 2004, Rodriguez et al. 2{}06)

e Radio, Elliptical galaxy host
e z=0055, d=5pc M ~ 108M,

NGC 6240:; (Komossa et al. 2003)
e Optical ID: (Fried & Schulz 1983)

e HST, Ultra-lum. IR galaxy host
e z=0024 d=05kpc
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0J287: Pre-minor-merger??

Lento & Valtonen 1996:
M; =17x10°My; M, =10°Mg
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Valtonen et al Nature 2008:

e 20 days earlier than expected

® Consistent to 10% predicted by radiation decay

100800

Valtonen et al 2010;
Fit with 2.5PN expansion = a = 0.28 4= 0.05M




Post-merger

Mass Loss Bode & Phinney 2007 GW Dissipation in Disk

O'Neill et al. 2009 Kocsis & LLoeb (2008)
Megevand et al 2009

Krolik 2010

Disk’s Response to Recoll
Shields & Bonning 2008

Schnittman & Krolik 2008
Lippal et al 2008
Corrales et al 2009
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= Milosavljevic & Phinney 2005, Shapiro 2010
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Recolled SBH? SDSS J0927+42943

Komossa, Zhou, Lu (2008)

2=0.713 raL ~0.1pc
vp — U = 2650km /s

~

(

Other Explanations:
Heckman et al 2009, Shields et al. 2009,

Bogdanovic et al. 2009, Dotti et al. 2009 estimleai rbELE (A)

Another Similar Candidate;
SDSS J105041.354+345631.3 (Shields et al. 2009) vBL — UNL = 3500km/s
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» a = BHB’s radial separation

Circumbinary Disks

x Consider SMBHs with mass ratio Mo/M¢ ~ 1 ... though M2/M1 << 1 may be more common

= BHB exerts torque on gas via its _
time-varying mass quadrupole r
moment #

= BHB torque restores some of the :
accreting gas’ angular ; :
momentum , thereby diminishing L a

the mass accretion rate through
the gas Cuadra et al 2009

MacFadyen & Milosavljevic 2008

= Surface density tends to build-up Newtonian
atr ~ 2a as matter accretes faster  Hydrodynamic

beyond gap Simulations




» a = BHB’s radial separation

Circumbinary Disks

» Consider SMBHs with mass ratio Mo/M¢ ~ 1 ... though M2/M¢1 << 1 may be more common
] 4 :

BHB exerts torque on gas via its
time-varying mass quadrupole
moment

accreting gas’ angular
momentum , thereby diminishing

the mass accretion rate through 3 .
the gas Newtonian Shi++2011

MHD S

Surface density tends to build-up Simulations

at r ~ 2a as matter accretes faster
beyond gap

MHD torques seem to be able to
accrete more material through the
gap, but gap still exists



» a = BHB’s radial separation

Circumbinary Disks

x Consider SMBHs with mass ratio Mo/M¢ ~ 1 ... though M2/M1 << 1 may be more common
BHB exerts torque on gas via ite 10° | —
time-varying mass quadrupole "alpha" disk ..

moment theory -

BHB torque restores some of the
accreting gas’ angular

10 b=

/M

momentum , thereby diminishing 1o

the mass accretion rate through -

the gas . __..-tbmorbit

Surface density tends to build-up mz'“'”"r .

atr ~ 2a as matter accretes faster . binary separgtion

beyond gap torbit{r=3a)- - torit (r=3a) ™
a=0.1

MHD torques seem to be able to y

accrete more material through the Can "_"ﬂHD torques keep the disk/gap near

gap, but gap still exists the binary?
or

BHB torque on gas removes ang. At what radius is the MHD disk left behind?

mom. from BHB, meaning BHB
may inspiral on inflow timescale
until GW emission sheds ang.
mom. even faster

e Mass distribution is critical for accurate EM
models as emissivity typically scales ~v pﬂ‘



van Meter et al 2009 “Stirring Test Particles”
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Bode et al. 2009 “Stirring Hot Gas” G3
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Relatristic Mergers of Supermassive Black Haoles Relativistic Mergers of Supermassive Black Holes
and their Electromagnetic Signatunes and their Electromagnetic Signatures
Tanja Bode, Roland Haas, Tamara Bogdanovid, Tanja Bode, Roland Haas, Tamara Bogdanovid,
Pablo Laguna and Deirdre Shocmaker ¥
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Simulation: GO Simulation: G3
) (3’ Relativistic Mergers of Supermassive Black Holes Relativistic Mergers of Supermassive Black Holes
o _— and their Electromagnetic Signatures and their Electromagnetic Signatures
Tanja Bode, Roland Haas, Tamara Bogdanovid, Tanja Bode, Roland Haas, Tamara Bogdanovid,
5000 <400 L 5 “
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Farris, Liu, Shapiro 2009 Binary Bondi-Hoyle-Lyttleton Accretion
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Bode++ 2011

oull GR, circumbinary disk
eHydro, no cooling, inviscid

Farris, Liu & Shapiro 2011

oull GR, circumbinary disk

®Hydro, No cooling, Inviscid . .
o Thin dicke ® [ hick disks




BBH Merger in
Magnetic Field

Mosta et al 2009




Palenzula++ 2010, 2010 BBH Merger iﬂ FF Plasma.
s Jets

LOx10” 2.0010° 1010”7 ; Lkl 0 2010 b0 400107
frequency |Ha/M_ | frequency |Ha/M. |

::'--|||‘ |.|-|||' i (k=
frequency [Ha™

Nellsen++ 2011

Luminosity

e Head-on BBH




Prior Work:

Gravity Matter : Resolved | ..
Refs. Model Model Code |Algorithm SRRy Timescales
. Hydro Cloud Ul's Eulerian, | |
Filisies Sl (cold) Hydro Disk| Cactus HRSC YES | tdisk > Tshrink
Hydro Cloud Eulerian, | |
Bode++ GR BB ET/Cactus HRSC YES | tdisk > tshrink
HAD & :
Eul
Palenzuela++| GR | oi® o whiskyw | o | YES N/A
Mosta)
MacFadyen & . . Eulerian, | |
Milosavljevic Newtonian | (cold) Hydro Disk| FLASH LRSC NO e e
Newtonian, .
Cuadra++ B AT (cold) Hydro Disk | Gadget-2 =l NO tdisk < tshrink
Shi++ Newtonian | (cold) Hydro Disk| Zeus EUEBBH’ NO tdisk < tshrink

Acronyms: Ul = Univ. of lllinois,

ET = Einstein Toolkit,

HRSC = High-Resolution Shock-Capturing, FD = finite difference

HAD = Hydro. ADaptive mesh refinement,




Prior Work:

Refs. ﬂi::f :*‘Iitc::: Code |Algorithm ﬁi?s:ﬁ: Timescales

Bode++ GR m:'t‘;"fl'fdgﬂ[;:k ET/Cactus Eli‘i':g‘g“ N I Tk
Palenzuela++| GR | o oo o Whisky E“'I‘fga”= YES N/A

Mosta)

Ours 25PN | (coo) MHD Disk | HARMSd Elj':g%“ ool | tas <=> towik

hr:q?;l:.ﬂ?;::.f Newtonian | cold) Hydro Disk| FLASH Elfi':g?;’ NO | tdisk < tshrink

Cuadra++ E:E ;gﬁg ' | (cold) Hydro Disk | Gadget-2 SPH NO tdisk < tshrink

Shi++ Newtonian | (coid) MHD Disk |  Zeus E“E{f‘”* NO taisk < tshrink

Acronyms: Ul = Univ. of lllinois,

ET = Einstein Toolkit,

HRSC = High-Resolution Shock-Capturing, FD = finite difference

HAD = Hydro. ADaptive mesh refinement,




Why do we need GR?

» Most important near the black holes, though relativistic winds/jets
may span large radial extent;

x Newtonian dynamics cannot easily fake relativistic dynamics;
x |ack of proper critical surfaces, horizons;
= MHD Riemann solution is different;
x |ack of coupling between velocity components;
x particularly important for relativistic shear flow;
x Magnetic energy density should carry inertia;

» Relativistic effects critical for accurate radiation predictions



Why do we need Dynamic GR?

» Orbital dynamics hard to predict (€.g. spin-orbit
effects);

x PN can help at large binary separation;
» Gravitational wave influence on gas/disk?
x Maybe right before plunge?
» Dynamical horizons affect innermost flow

x time-dependent spacetime results in complicated
redshifting environment (need Dyn GR ray-tracing)



ET/GRHydro Pros and Cons:

Full dynamical GR

In principle, able to do entire problem range;

Block Structured AMR

Mature code, used by many to study BBH mergers

Hydro ready, MHD is almost there (with divergence cleaning)

Can be slow:

®x  Soln of Einstein’s equations adds work;

» Analysis modules (aka thorns) hinder good scaling to >256 cores
Cartesian coordinates not well-suited to problem

Excessive dissipation at AMR boundaries

Hydro/MHD data analysis is not as mature



Harm3d Pros and Cons:

3d grMHD code, used primarily for single black hole disks
Spherical coordinates available

= well-suited to geometry of the disk (minimal numerical viscosity/
resistivity)

= Mminimizes number of grid points

Code scales well to >3000 cores

Code Is simple (to me) and more readily developable
MHD ready to go

2 ray-tracing codes are “compatible™ with its data format
No dynamical GR (problem scope Is limited)

No AMR (though FMR, and potentially dynamical FMR, pseudo-
Langrangian)



“2.5PN Spacetime” ~ BBH Spacetime Yunes++2006

® 2 5PN error --> O( (M/r)°) error

e 2 5PN metric used as initial data for Num. Rel.
e Rotation modeled as rigid rotations at PN’s Qbin
® oo = 20M

® Domain: r =[0.75 ap, 13ag] = [15M, 260M]

® Keep binary at fixed separation until t = 40,000M
® For t > 40,000M, let BHB inspiral according to PIN

Buffer Lone (0, )



Harm3d

Harm3d written largely independent of chosen
coordinate system (covariance)

= GRMHD code

= Assumes metric is static;

= Efficiency through static Fixed Mesh Refinement

(FMRY);

|n|t|a| Data

Disk extended over r = [3 ag, 10 ag)

»  Pressure maximum rp =5 ag

= Poloidal Magnet field following density
contours

»  Near “Equilibrium” Disk solution using time-
averaged spacetime

» Cool to constant entropy s.t. - H/r=0.1

»  Cooling function can be used as an
emissivity in a GR ray-tracing code....

Clilek

eHesolves the MR
eHesolves the sépwai density waves

o Ar ~ 1rAf ~ rA

oFull azimuthal extent (resolve dominant m=1 mode

oNr x Nth x Nph = [300,160,400]

Added support for non-analytic arbitrary metrics

= Modified arbitrary connection calculation to
handle time-dependent spacetimes;

= Modifled update schedule to update metrc
functions;

Added entropy cooling function (Penna++2010)

Spherical coordinates reduce numerical

viscosity;

Using FMR means that we lack extra dissipation

at AMR boundaries (see EXTRA SLIDES)

-10 =5 9 5 10




Better Initial Data

Chakrapartl (1989)
De Villiers, Hawley, Krolik (2003)

How do we minimize the initial transient behavior
of a circumbinary disk”

Our typical UBH data assumes metric with the
same zero components as Boyer-Lindquist, and is
typically only approximately “solved”

Need to “generalize” to arbitrary axi-sym
spacetimes? Can we find “time-independent”,
‘ohi-symmetric™ spacetime that approximates
“time-averaged” BBH spacetime?

=TS TR ~T
3 3

-3

[E(t)-E(0)]/E(0)

Gro
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_ 1 I .
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t=30960. Pmag t=30980.
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t=309060.




The “Lump”

Newtonian MHD:
Shi++2012
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Anqular Momentum Trans
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Disk-Binary Decou
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Accretion Rate:
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I i i i I i i i I

t [10* M]

e B0th decrease over time
e Ndotrunt > 0.3 Mdotrune

eDecrease due largely to torques
eDecrease of Runt also due to
decoupling

—dM /dt
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Luminosity
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e 4 x 1074(M /0.01)(r /ag) ~2Zoao. B8 Laisic ~ 2.4 x 10%°(L/1073)Mgg erg/s.
T /adn

To(r = 20M) ~ 2 x 10°(a/0.1)" 1 (n/m)

T ~ 4 x 104(L /107340 Y714 K,
Typical for a AGN
--> peak In UV assuming thermal emission



Luminosity
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Variability Full view

(r, 1) space iIntegrated over radius




Variability
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Variabilit Remove secular trend
l - (linear fit)

(r, t) space iIntegrated over radius




Variability T
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Variability FET close-up

TPE&I{ Su 2.3{1

(r ,w) space iIntegrated over radius



Variability i1 close-up

Luminosity Surface Density



Variability i1 close-up

Luminosity Surface Density



t=34950.

Origin of Variability ,

Wpeak = 2 (Qbin o, Qlurﬂp)

(Qbm o5 Qlmnp)
My
0< —=<1 —2
M;
May be obfuscated by —4
“low-pass” filter of disk’s A
opacity:

8! o --> Ray-tracing may help
0.16 (ﬁ) S fsupp S 0.32 (ﬁ) determine quality of signal



Conclusions & Future Directions

® Demonstrated consistency with prior work in the Newtonian regime;
¢ |nvestigated the evolution of the disk with separation evolution;
e Separation time is consistent with alpha-disk theory using our sim’s data;
e Found that a disk can follow the binary to very small separations;

e Measured the luminosity from self-consistent (though ad-hoc) cooling rate;
o [-lux profile follows inspiral inward;
e Strong periodic signal found from binary-lump interaction;
¢ Opacity may blur the signal....? --> Need to ray-trace

eNeed to calculate dynamics in immediate vicinity of black holes:

L
]

How does lump evolve after merger”?
Does lump form in the first place, or is the m=1 mode from MHD turb.”?

DOES I < rgap dominate flux?

® Does a lump form with unequal mass or precessing binaries”?
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a i 2W|bi|
MRI Resolution Q= Ao T

Sano++ 2004 Noble++ 2010 Guan, Gammie 2010 Sorathia++ 2010, 2011
Hawley++ 2011
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Plasma Beta parameter = pgas / pmag




BBH UBH

Viscous effects from Cartesian grid



Disks with ET

Emissivity/GCooling Rate Entropy

Dissipative effects from AMR boundaries




Surveying effects of ri,

200 400 600 800 1000 1200 1400
t(QhIn)

Shi++2012




Resolution Constraints: MRI

Sano++ 2004 Noble++ 2010 Guan, Gammie 2010 Sorathia++ 2010, 2011

Hawley++ 2011

N, ~ 1000 (0.1 R/H) (8/100)'/* (Q,/10)
4H/r 3H/r 2H/r H/r N ~16(8/100)"* ((v3)/(v3,)) " (Q./10)
Q.= }t,wm/ﬂz = 2;;&?
% . B./8 ~ 50
z . 8~ 10
r Al Ny > 36 per H/r
0.0 Q.2 0.4 0.6
xp2

.

§ = g 1+ hs (222 — 1) + (1 — hy — 20c/7) (22° —1) | Ng = 160, hy = 0.13, n = 9, §, = 10715



