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ratios of 9.9 (southern nucleus) and 3.5 (northern nucleus).
We do not detect any X-ray emission from the location of
the steep off-nuclear velocity gradient 52
(Bland-Hawthorn, Wilson, & Tully 1991; Gerssen et al. 2001), which was recently
suggested to be possibly due to a kinematic gradient in a starburst wind. No correlation of X-ray emission with the radio
arm west of the nuclei, described by Colbert, Wilson, & BlandHawthorn (1994) and suggested to be linked to superwind activity, was found. Finally, no X-ray point source was detected
from the direction of the supernova SN 2000bg.

Systems with Two Black Holes
Fig. 2.—X-ray image of NGC 6240 in the energy range of 2.5–8 keV,
zoomed on the two nulcei. The circles mark the optical positions of the nuclei.

0402+379: 	


one X-ray source is detected within the optical confines of NGC
6240. Its spectrum is rather hard. The source could be a background AGN. In particular, the following features stand out in
energy images of NGC 6240:
The 0.1–3.0 keV band.—Below 0.5 keV, barely any X-ray
photons are detected. This can be traced back to the high absorption toward NGC 6240. Above 0.5 keV, extended
looplike
8
emission and several knots appear. They are prominent below
2.5 keV. Of special interest is the “blob” southwest of the southern nucleus, which appears above 1 keV (see Figs. 1 and 2). It
is the strongest feature between 1.0 and 1.5 keV and is spatially
extended. Inspecting HST images of Gerssen et al. (2001), we
find that it correlates with a region of increased Ha emission
and may correspond to a more recent superwind outflow than
the more widely extended structures. Above 1.5 keV, X-ray emis-
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(Xu et al. 1994, Maness et al. 2004, Rodriguez et al. 2006): 	

• Radio observation	

54
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4. X-RAY SPECTROSCOPY
• Separation = 5 pc 	

4.1. Extended Emission

• M ⇠ 10 M

NGC 6240: (Komossa et al. 2003)
•
•

Representative of the extended emission, we report here results of spectral fits to the northeastern loop extended emission
(Fig. 1). Source photons were extracted from an elliptical region
s
centered at R.A. p 16h52m59.3,
decl. p 02!24"08!. 1 (ellipse
radii: 8!. 9 and 10!. 6, angle p 45!). We find that the X-ray
spectrum is well described by a MEKAL model (Mewe, Kaastra, & Liedahl 1995) with kT p 0.81 " 0.05 keV and absorption with column density NH p (3.1 " 0.4) # 10 21 cm!2

	

Optical ID: (Fried & Schulz 1983) 	

Separation = 0.5 kpc

Chandra/Komossa et al. 2003

X-rays

Fig. 4.—Components model for the VLBA observations of 0402+379 at
frequencies of 5 GHz and above. The arrows shown represent the direction of
motion found for each component, relative to the position of C1, obtained from
a time baseline of 15 yr. Arrow lengths have been multiplied by a factor of 200.
See x 3.2 for more details. Note that we placed arrows even for those components for which we are not claiming motion. The specific model shown corresponds to a frequency of 5 GHz.

Fig. 5.—Light curves of the different components of 0402+379 at 5 GHz.
The flux densities that produced this graph were taken from Table 2 and are discussed in x 3.2. The displayed light curves were created by dividing each region’s
flux at each epoch by the mean region flux found from averaging all observed
epochs. The aligned core candidate, the northern lobe, and the southern lobe are
displayed on the y-axis by 1, 2, and 3 units, respectively. Errors are estimated from
Vol. 703
the rms noise and the absolute flux calibration errors for each epoch.

Not close enough to make detectable gravitational waves!
932
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image is pointing in the northeast direction, suggesting that at
some point the jet changes direction and starts moving northward,
were able to probe motion and variability in this source over a
probably as a consequence of interactions with the surrounding
time baseline of 15 yr.
medium. The VLA 1.5 GHz image (Maness et al. 2004) also shows
Motion and variability studies were performed by fitting eight
the extended emission going northward. The southern jet seen in
elliptical Gaussian components in Difmap to the 2003 visibility
our 5 GHz image is pointing in the southwest direction, which is
data. Then we used this model to fit the 5 GHz data correspondconsistent with both the 1.5 GHz and the 5 GHz VLA images.
ing to the 1990, 1994, 1996, 1999, and 2005 epochs. We let only
Figure 3 shows naturally weighted 8, 15, 22, and 43 GHz imposition and flux density vary; all other parameters were held fixed
ages from the 2005 VLBA observations. For both the 8 and 15 GHz
at the 2003 values. Results from our fits are listed in Table 2, and
images, the overall structure of the source is similar to that at 5 GHz,
Figure 4 shows the components model, where we have labeled
both jets are present as well as the two central components (C1
each of them and also added arrows showing the direction of moand C2).
tion of each component, as explained below.
It is clear that for higher frequencies the two central compoTo study component variability in 0402+379, we compared
nents are easily distinguished and remain unresolved, while both
the flux density for components C1 and C2, the mean flux denjets become fainter and are heavily resolved. At 22 GHz these efsity of the southern components (S1, S2, S3, and S4), and the
fects are readily apparent, and become more prominent at 43 GHz,
mean flux density of the northern components (N1 and N2) over
where the jets can barely be detected. Before these observations
each of our six epochs at 5 GHz. The above regions were chosen
were made, the highest frequency for which data had been taken
primarily on the basis of their isolation relative to other compofor this source was 15 GHz.
Fig. 3.—Naturally
weighted
2005 VLBA
images
of 0402+379
at 8, 15,on
22the
and 43 GH
nents
in the source.
Errors for
each region
were computed
Elliptical or circular Gaussian components were
the density
basis
thenoise
rms noise
and our
estimated
calibration
Thefitted
peaktoflux
andofrms
for each
frequency
areabsolute
given influx
Table
1. The labels sh
visibility data using Difmap. We obtained an estimate
for the sizesderivederrors
the 1990 and 1994 Mk II VLBI epochs and
components
from("20%
model for
fitting.
of C1 and C2 based on our 15, 22, and 43 GHz model fits. In this
"5% for the 1996, 1999, 2003, and 2005 VLBA epochs). The re-

SDSS J153636.22+044127.0
(Lauer & Boroson 2009)

Separation = 0.1pc

1pc = 1 parsec = 3.26 light-years	

= 1.9 x 1013 miles

Multimessenger Synergy
Electromagnetic
Gravitational Wave
Surveys
Observatories

Pan-STARRS:

•2010-??
•4 skies per month

eLISA/NGO

Large Synoptic Survey Telescope (LSST):

•2021-2032
•1 sky every 3 days

• GW Detection/Localization <---> EM Detection/Localization;	

• GW and light are connected theoretically but originate in wholly different mechanisms 	

• --> independently constrain models;	

• Either GW or EM observations of close supermassive BH binaries would be the first of its kind!	

• Cosmological “Standard Sirens”: New Distance vs. Redshift Measurement	

Schutz 1986, Chernoff+Finn 1993, Finn 1996, Holz & Hughes 2005 	

Need accurate predictions of the sources temporal variability and energy spectrum as many
sources will be spatially unresolved;	


Circumbinary Accretion Problem:

Hopkins, Hernquist, Di Matteo, Springel++

Farris++2011
Noble++2012

Physical Time (not to scale)
Galactic Merger Binary Formation

Inspiral

Newtonian Gravity
Eulerian, high-resolution/shockcapturing, 3-d, ideal MHD, dynamical
GR, HLL fluxes, parabolic
reconstruction, dynamical FMR

Merger

Re-equilibration

Numerical Relativity
Post-Newtonian

Static GR

Harm3d

Harm3d

Key Challenges
1) Include the necessary physics to yield realistic EM predictions:
•
•
•
•

Ideal MHD;
Thermodynamics (radiative cooling);
Post-processing radiative transfer tools;
Accurate solution of the spacetime metric (gravity);

2) Establish natural initial conditions for inspiral and merger runs:
•
•

At what binary separations are our results valid?
How many orbits yield a reasonable “steady-state”?

3) Develop the necessary computational tools:
•
•
•

Resolve BHs: dynamic warped coordinates;
Evenly balance uneven spacetime computational effort;
Magnetic monopole cleaner to remove magnetic divergences after
interpolating to grids to start closer separation runs;

Why We Need Blue Waters
•

Early runs with unresolved BHs (BHs excised from domain):
•
•
•

O(107) cells
O(107) time steps integrated;
O(102) binary orbits;
O(105) BW SUs;

1 BW SU = 1 node-hour on BW

!
•

Extrapolating to the case with resolved BHs (WITHOUT new schemes):
•
•
•
•

O(109) cells
O(108) time steps integrated;
O(102) binary orbits;
4x slower from costlier spacetime calculation;
O(109) BW SUs;

!
•

Extrapolating to the case with resolved BHs (WITH new schemes):
•

•
•
•

New schemes:
Optimize spacetime code;
Load balance to even out nonuniform spacetime calculation;
Use warped coordinates to implement FMR-like solution;
O(107) cells;
O(108) time steps integrated;
1.2x slower spacetime calculation with optimizations;
O(106) BW SUs;

coordinates. Electric and magnetic mu
Approximate Two Black
tidalHole
field Spacetimes
effects.

Yunes++2006, Noble++2012, Mundim++2014
Near Zone (ri >> mi and r ⇥/2⇤):
• Solve Einstein’s Equations approximately,
2 ) post-Newtonian
=
m
/r
⇤
(v
/c)
i
i i
i
perturbatively to orders of 2.5 Post-Newtonian
order;	

harmonic coordinates (Blanchet-Faye• Used as initial data of Numerical Relativity
radiation contents
are treated
perturb
Ricci Scalar
0
simulations;	

• Black hole orbits include radiation-reaction
Far Zone (r ⇥ ⇥/2⇤): post-Minkowsk
terms;	

coordinates.
Expansion
in
terms
of
rad
• Closed-form expressions allow us to discretize
Non-perturbative gravitational radiatio
the spatial domain best for accurate matter
solutions and is much simpler to implement; 	

Bruno C. Mundim
Approximate Black Hole Binar
• Novel approach for simulating matter in
dynamical spacetimes!

Matter’s Response to PN-Order and Binary Separation
Relative deviations of density from initial conditions
averaged in azimuth, plotted versus radius and time:
Tori of gas in orbit of the
binary responds in different
ways at closer separations
between the two orders of
Post-Newtonian accuracy;

1 PN

a = 100M

Differences seen between
PN orders are because
circular orbits are less
stable in the 2PN spacetime
and its higher-order terms
result in a greater
gravitational torque on the
gas;

2 PN

Implies that ~20M is a good
starting point for our runs
with the 2PN spacetime, but
1PN is valid for larger
separations.

30M

20M

MHD Simulations with Unresolved BHs:
Noble++2012

Periodic Signal
rlump ' 2.5a
⌦K (rlump )

!peak = 2 (⌦bin

Surface Density

1.47⌦bin

⌦lump )

!peak
1<
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Variabality vs. Post-Newtonian Accuracy:
2.5PN 	

(more accurate)
⌦K (rlump )

q=1

1.5PN 	

(less accurate)
⌦K (rlump )

1.47⌦bin

•Stronger variability at lump’s orbital frequency;	

⌦
bin
Power
at
beat
frequency
spread
to
larger
range
of
frequencies;	

•
•More complex lump/binary modulation;
Noble++2014

Dynamic Coordinates to Resolve Binary Black Holes

• Previous runs excised a sphere encompassing the

orbit of the black holes since we lacked the ability
to stably, accurately evolve the gas there;	


• Grid distortions follow black holes to resolve
accreting gas;	


• Coordinates are isomorphic to spherical

coordinates to conserve angular momentum well;	


• Avoids the problems (e.g., infrastructure

development, signal reflection/diffraction)
associated with refinement level interfaces of AMR;
Zilhao & Noble 2014

Dynamic Coordinates to Resolve Binary Black Holes
Zilhao & Noble 2014

Advection of Magnetic Field Loop

“Linear”
= Linear reconstruction
“Parabolic” = Parabolic reconstruction

grid leads to an effective higher resolution
• Warped
calculation with little additional dissipation/diffusion!
•Additional overhead is insignificant!

384x384 cells

Magnetic Monopole Cleaner
• Need to transfer “unresolved BH”
sim. data to the warped
coordinates of “resolved BH” sims.;
!
• Process is straightforward except
interpolation introduces magnetic
monopoles with our Contrained
Transport scheme;
• We developed the first (?) monopole
cleaner for arbitrary spacetime
metrics:
• Idea from Brackbill & Barnes (1980)
who solved uniform, flat Cartesian
case;
• We use SOR to solve fully GR eq.;
• Will be very helpful when we start
transferring data between groups
simulating different phases of the
binary’s evolution.

“A” = Amplitude of random perturbation
used on magnetic field
“Clean” = Whether the magnetic field was
cleaned of monopoles after
perturbation;

Putting It All Together

• Non-magnetized, non-viscous gas in orbit about the
•
•

BHs, in the plane of the BHs;	

Binary’s inspiral at the rate set by gravitational wave
emission; 	

3-d MHD simulation currently underway…

Noble, Zilhao, Campanelli,++2014

Summary and Future Plans

Key Challenges
1) Include the necessary physics to yield realistic EM predictions:
•
•
•
•

Ideal MHD;
Thermodynamics (radiative cooling);
Post-processing radiative transfer tools;
Accurate solution of the spacetime metric (gravity);

2) Establish natural initial conditions for inspiral and merger runs:
•
•

At what binary separations are our results valid?
How many orbits yield a reasonable “steady-state”?

3) Develop the necessary computational tools:
•
•
•

Resolve BHs: dynamic warped coordinates;
Evenly balance uneven spacetime computational effort;
Magnetic monopole cleaner to remove magnetic divergences after
interpolating to grids to start closer separation runs;

Key Challenges Accomplished &
Future Challenges to Pursue
1) Include the necessary physics to yield realistic EM predictions:
Ideal MHD;
Non-ideal effects? (being explored now with single BHs)

Thermodynamics (radiative cooling);
Explore effects from different cooling models…

Post-processing radiative transfer tools;
Include in-situ, back-reacting radiation processes;

Accurate solution of the spacetime metric (gravity);
Explore vast parameter space of binary black hole configurations;

2) Establish natural initial conditions for inspiral and merger runs:
At what binary separations are our results valid?
How many orbits yield a reasonable “steady-state”?
Developed methodology for identifying steady-states;
Likely no general solution, requires case-by-case determination;

3) Develop the necessary computational tools:
Resolve BHs: dynamic warped coordinates;
Evenly balance uneven spacetime computational effort;
Magnetic monopole cleaner to remove magnetic divergences after
interpolating to grids to start closer separation runs;

