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Electromagnetic  
Surveys


Gravitational Wave 
Observatories


Pan-STARRS: 
•Running, 4 skies per month


Large Synoptic Survey Telescope (LSST): 
•2021-2032, one sky every 3 days


Multimessenger Synergy


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


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


• --> independently constrain models;


• Follow up (X-ray, sub-mm) observations can often be made via coordinated alert systems; 


•Cosmological “Standard Sirens”:  New Distance vs. Redshift Measurement
     Schutz 1986,  Chernoff+Finn 1993, Finn 1996,  Holz & Hughes 2005 


eLISA/NGO


~2034?


~2020
All-Sky Automated Survey for Supernovae (ASAS-SN) 
•Running, 1 sky a night, not very sensitive;
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Figure 3. Snapshots of surface density Σ during quasi-steady state after t ≈ 460tbin ≈ 1.5tvis. Surface density is normalized by the maximum value at t = 0 and
plotted on a logarithmic scale. For each snapshot, we plot both the inner ±6a (top panel in each pair), and the inner ±1.5a (bottom panel in each pair). Mass ratios
are, from left to right and top to bottom, q = 0.026, 0.053, 0.11, 0.25, 0.43, 0.67, 0.82, and 1.0. Orbital motion is in the counterclockwise direction. Green arrows
represent fluid velocity.
(A color version of this figure is available in the online journal.)
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In each of our simulations, we evolve for ∼1.5tvis(2a). We
find that this is sufficient in order to reach a quasi-steady
state in the inner region of the disk, as reflected in relatively
steady density profiles that we achieve after t ! tvis. The mass
ratios and time averaged accretion rates for each simulation
are summarized in Table 1. Time averaged accretion rates are
normalized by the time averaged accretion rate onto a single
BH, Ṁ0. We note that although the normalized accretion rate
tends toward unity for small q as expected, it remains greater
than unity for all cases considered. We caution that while these
accretion rates remain steady over hundreds of orbits, we expect
them to slowly relax to unity over much longer timescales as
the outer regions of the disk relax to their quasi-equilibrium
state. Thus, Table 1 should not be interpreted as evidence for
binaries causing an enhancement in accretion. Rather, it should
be interpreted as evidence that binaries are unable to fully clear a
cavity and significantly suppress accretion, contrary to previous


Table 1
Summary of Mass Ratios and Average Accretion Rates


Mass Ratio q ⟨Ṁ⟩/⟨Ṁ0⟩
0.026 1.06
0.053 1.56
0.11 1.76
0.25 1.68
0.43 1.62
0.67 1.60
0.82 1.58
1.0 1.55


arguments (Milosavljević & Phinney 2005). We note that such
arguments may underestimate the role that non-axisymmetric
accretion streams play in allowing gas to penetrate into the
cavity. Furthermore, binary torques may be responsible for
moving gas near the inner disk edge onto more eccentric orbits,
causing them to be captured by one of the BHs, thus increasing
the accretion rate relative to that of a single BH.


Snapshots from each simulation are shown in Figure 3. In
each case, a low density cavity is maintained surrounding the
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Fig. 9.— Fourier decomposed power spectrum of the
accretion through the inner boundary of a q = 1 binary
(top panel) and a q = 0.1 binary (bottom panel).


stand this result. The first point to raise is that
it is unlikely ✏ > 1 can persist for a long period
of time. If it were to do so, the inner region of
the circumbinary disk (r & 2a) would be drained
of mass, inevitably leading to a reduction in the
accretion rate onto the binary. Thus, the better
way to think about the values of ✏ seen in our sim-
ulations, a few tens of percent greater than unity,
is that the spiral waves excited in a circumbinary
disk by the members of the binary create a su�-
cient enhancement of the Reynolds stress to raise
the accretion rate per unit mass in the inner disk
by a few tens of percent. By this means, an ac-
cretion rate equal to that injected at large radius
can be sustained by a surface density somewhat
smaller than required when the potential is due to
a point-mass. Over longer times than we can fol-
low with this kind of simulation, we expect that
the surface density in the inner disk will decline
to this level, leaving the disk in true inflow equi-
librium.


With that clarification, it is time to consider
the question of why 2D and 3D simulations consis-
tently see substantial accretion from circumbinary
disks onto the central binary despite the contrary
prediction made by 1D studies. One clue to the


answer comes from the structure of the accretion
flow through the cavity: narrow streams.


4.1. Stream Structure


Fig. 10.— Left column: Time averaged midplane
density (top), midplane (middle) and inner bound-
ary (bottom) accretion rate ⇢vrr


2 sin ✓, both for the
q = 0.1 binary over the last 50⌦�1


bin of the simulation.
All figures in a frame comoving with the binary. Right
column: same as left, but for q = 1 binary. Here neg-
ative means inflow. The plus symbols in the midplane
plots mark the L2 and L3 points. Summed separately,
regions of inward and outward mass flux have compa-
rable magnitude; their net, although smaller in mag-
nitude, is consistently inward.


In the body of an accretion disk, the inflow
speed is generically much slower than the orbital
speed, ⇠ ↵(H/r)2v


orb


, where ↵ is the usual ratio of
vertically-integrated stress to vertically-integrated
pressure, and H is the local scale height. On
the other hand, this flow, although only ⇠ H
thick in the vertical direction, takes place, on av-
erage, around the entire circumference of the disk,
through an area 2⇡r wide.


By contrast, the flow across the cavity (see
Fig 10) is restricted to very narrow streams. Along
the central density maximum of the streams, they
are typically ⇠ 2–3H wide if measured sideways
from the maximum to where the density drops by
90%. Moreover, the density in the streams as they
approach the inner boundary is⇠ 3–10 times lower
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FIG. 13 (color online). Contours at select times of rest-mass density normalized to the initial maximum ρmax (log scale) in the
equatorial plane. The plot corresponds to the q ¼ 0.25 cooling case. Here ρmax ≃ 3.75 × 10−11ð _M


2.27M⊙=yr
Þð M


108M⊙
Þ−2 g cm−3≃


3.75 × 10−11ð Lb
LEdd


Þð M
108M⊙


Þ−1 g cm−3.


FIG. 14 (color online). Contours at select times of rest-mass density normalized to the initial maximum ρmax (log scale) in the


equatorial plane. The plot corresponds to the q ¼ 0.1 no-cooling case. Here ρmax ≃ 6 × 10−11ð _MBHBH
11M⊙yr−1


Þð M
108M⊙


Þ−2 g cm−3.


FIG. 15 (color online). Contours at select times of rest-mass density normalized to the initial maximum ρmax (log scale) in the
equatorial plane. The plot corresponds to the q ¼ 0.1 cooling case. Here ρmax ≃ 3.5 × 10−11ð _M


2.85M⊙=yr
Þð M


108M⊙
Þ−2 g cm−3≃


3.5 × 10−11ð Lb
LEdd


Þð M
108M⊙


Þ−1 g cm−3. The gas is denser everywhere compared to mass ratios closer to unity; compare to Figs. 8–13.
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Gravity: GR







Motivation of Simulation Design


Better Models
+MHD 
+3-d 
+GR 


+Radiative Cooling 
+Radiation Feedback


• MHD stresses —> Ang. Mom. transportation;
• Field dissipation and growth cannot be modeled w/ 


hydrodynamics;


• Buoyancy, and lasting turbulence only possible in 3-d.


• Post-Newtonian (PN) accuracy required for binary 
separations below ~100M;


• Significant mass can follow binary through much of 
this period (Noble++2012);


• NR needed for merger proper;
• Analytical metric provides freedom to grid for the 


gas instead of the spacetime. (Mundim++2014)


• Cooling provides a way to include more realistic 
thermodynamics consistent with its luminosity 
predictions; 


• No longer have to rely on L ~ Mdot ;
• Eventually radiation feedback important in regions of 


non-smooth optical depths (e.g., “gap”)
• Mundim++2014







Log Density


• “Excise” BBH to afford 
O(100) orbits and arrive at 
relaxed disk;


• Will soon use for runs with  
resolved BH’s;


• Disk starts in 
“equilibrium”, threaded by 
poloidal magnetic field;







Periodic Signal


!peak = 2 (⌦bin � ⌦lump)


⌦K(rlump)
rlump ' 2.5a


1.47⌦bin


Surface Density


MHD Simulations Predict an EM Signature:
Noble++2012


(in frame co-rotating with lump)







•Slightly weaker m=1 mode or over-density (lump) feature;
•Also, hints that thicker disks may weaken lump mode;


Variabality vs. Post-Newtonian Accuracy:


Zilhao++2015


Top-down view of Surface Density


Less accurate metrics result in:


2.5PN 
Benchmark


(Noble++2012)


1.5PN 1.5PN-H
Same parameters 
thinner initial disk


Different parameters 
same initial thickness







•Differences between PN orders is no larger than small differences in initial data 
that help determine the disks’s evolution;
•These differences provide us with a  measure of the systematic error involved in 
our predictions;
•MHD turbulence  >> 2.5PN order terms at   a=20M;


Variabality vs. Post-Newtonian Accuracy:
2.5PN 
Benchmark


(Noble++2012)


1.5PN 


Zilhao++2015


1.5PN-H
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FIG. 11: FFT of luminosity for our MHD simulations MHD1PN l (left), MHD1PN H (middle), MHD2.5PN (right). Highlighted
frequencies include the orbital frequency at time-average radius of max(⌃) ⌘ ⌦1 (green line); ⌦2 ⌘ 1.375⌦ bin (blue dashes);
⌦1 ± ⌦2 (blue dots); and the overtones of ⌦1 ± ⌦2 (red dots) and ⌦2 (red dashes). Green, blue and red lines appear in the
leftmost, central and rightmost part of the figure respectively.


disk between PN orders, but even down to a ' 30M
there are very little di↵erences in the bulk dynamics of
the disk. At separations of a . 20M , there are notice-
able di↵erences in the bulk dynamics of unmagnetized
gas between the 1PN and 2.5PN spacetimes.


We next looked at full MHD simulations of magne-
tized disks at a = 20M . We performed two MHD simu-
lations using the 1PN spacetime to compare with the re-
sults obtained from 2.5PN accurate spacetime, published
in [18]. We only observed small di↵erences between all
three MHD simulations in the bulk of the disk, e.g. the
di↵erences between the 1PN and 2.5PN cases are of the
same order of that between the two 1PN runs. This leads
us to conclude that di↵erences between 1PN and 2.5PN
are of the same order of magnitude as di↵erences that one
would find from di↵erent initial conditions. This is be-
cause the MHD dynamics, which drives accretion, seems
to e↵ectively mask the e↵ects from the high-order PN
terms. In all three MHD runs, we discovered a unique
and exciting periodic EM signature that could be used
to both identify SMBH mergers in the time domain and
measure their mass ratio. This signal is robust down to
small binary separations, such as 20M, though it is the
strongest signal over the entire frequency range for only
the 2.5PN order simulation. Of course, it remains to be
seen if the quantitative di↵erences are larger than the sys-
tematic error arising from our choice of initial conditions
and our choice to excise the binary. This will require fur-
ther studies and simulations that are beyond the scope
of this paper.


While the bulk of the disk is largely una↵ected by PN
order, the surface density at the inner edge of the disk
shows a more significant lump for 2.5PN than 1PN. These
di↵erences are most likely due to enhanced torque den-
sities in the 2.5PN metric within the gap. If one is in-
terested in understanding the physics at the interface be-
tween the gap and the inner edge of the disk, our results
suggest that the 2.5PN metric should be used at sepa-
rations of 20M and smaller. This result, is particularly
interesting in the context of a new type of simulation we


are exploring, where each BH resides on the numerical
domain. With this new study, we intend to explore how
mini-disks form, how the accreting matter is distributed
about the two SMBHs, and how the orbital dynamics of
the BHs is a↵ected by accretion. The distribution of gas
and dissipation of internal stresses will provide us with
the means of tracking when and where light is radiated in
the system and answer key questions about the accretion
dynamics of merging SMBHs.
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Appendix A: Numerical Details


In order to make sure that our results were not an
artifact of numerical errors accumulating with time, we
have repeated runs hydro1PN a20 and hydro2.5PN a20
using 480 ⇥ 480 cells (instead of our “standard” 320 ⇥
320). In Fig. 12 we plot the corresponding relative change
in ⌃, since this quantity proved to be quite sensitive to
small changes in configurations. These plots should be
matched against the lower panel of Fig. 5, depicting its
lower resolution counterpart. As can be observed, the
figures are remarkably similar, which gives us confidence
that numerical errors are not masking the results we have
found.
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the others and the runs with larger q overall demonstrate higher maxima in L(t) and plateua over


longer stretches of time. Both observations are consistent with the expectation that that the smaller


torques from smaller q binaries will perturb the surrounding gas more weakly, which thereby leads


to less overall dissipation and temporal modulation.


Fig. 8.— Spectral power distributions of the light curves during late time epochs. (Left-to-right)
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The downward trend in variability with shrinking q is also apparent in the spectral power


distributions (SPDs) of the light curves shown in Fig. 8. Not only does the overall fluctuation power


diminish, the character of the variability changes with mass ratio. Comparing Run
q=1 to Run


q=1/2,


we find that variability at the beat frequency loses power while power is gained at frequencies


below that of the beat’s. In particular, Run
q=1/2 and Run


q=1/5 both show enhanced variability at


⌦bin, implying less interaction with both BHs and an orbiting overdensity, and predominantly more


from a single perturber. This is due to the fact that the secondary BH’s orbit grows closer to the


gap’s edge as q decreases, and this closer proximity to the gas enhances power at orbital timescales


only. Eventually, the periodic signal at ⌦bin vanishes below the power-law background spectrum of


fluctuations inherent to the turbulent gas once q reaches q = 1/10. No clear signature can be seen


in the SPD of Run
q=1/10, suggesting that the the binary’s torque—at least with the assumptions


and conditions explored in these runs—has insignificant a↵ect over the light curve compared to


the inherent variability of MHD turbulence for q  10. Make sure that these comments are


consistent with the latest version of the plots.


3.4. Magnetization


An analysis of the magnetic field evolution in the systems is necessary to complete our un-


derstanding of the trends in q so far reported. Information on the magnetic field is essential for


understanding the radiative e�ciency since work done by internal magnetic stresses is what is


eventually dissipated into radiation. Plus, the transport of angular momentum via these magnetic


stresses is what controls the rate of accretion throughout most of the disk.


In order to assess how significant the disk is magnetized, or how much more the magnetic field


energy density there is compared to thermal energy, we examine the ratio of the gas pressure (p)
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Mass Ratio Noble++in-prep


Top-down view of Surface Density


Mass ratio results are similar to other 
mass ratio surveys: 


• Newtonian MHD: Shi & Krolik 2015 
• NR GRMHD:        Gold++2014
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Noble++in-prep


• “Bigger Disk”:  
• Increase radial extent of the disk, keeping H/R the same; 
• Large extent increases reservoir of magnetic flux and mass; 


• “Injected Flux”:  
• Magnetic flux from t=0 added to late-time snapshot of original run. 
• Net “vertical flux” can amplify other components and MRI.  
• Increases local magnetic energy density by only a few percent.  
• Emulates proposed explanations of state transitions in LXRB disks. 


The Lump Puzzle
•  Lump is also seen in: 


• Newtonian MHD (Shi & Krolik 2012,2015); 
• 2-d viscous hydrodynamic simulations (e.g.,D’Orazio++2012);  


• Lump is coincident with degradation of “MRI Quality Factor” or resolution within lump;  
• Is it numerical?  Do we lack the resolution to resolve the low B-field in the lump? 
• Is it artificial?  Are we draining the region of sufficiently magnetized material? 
• Is it physical?  Could the lump be a“dead zone” in which magnetic field is dissipated 


at a rate faster than can be brought in?  


Strategy:


The Astrophysical Journal, 755:51 (24pp), 2012 August 10 Noble et al.


Figure 18. ⟨Q(2)⟩ρ from RunIn (top row) and RunSE(second row) at late times
in each simulation. The times of each snapshot are specified in the upper right
corner of each frame in units of M. The plots’ vertical and horizontal scales
depict linear distances in the plane of the binary’s orbit and the disk’s midplane,
and are labeled here in units of a0. We note that the t = 40,000 M snapshot
is shared by RunIn and RunSE. The color map used to make the snapshots is
given in the bottom row.
(A color version of this figure is available in the online journal.)


APPENDIX B


RESOLUTION REQUIREMENTS


Our grid resolution was chosen to adequately resolve the MRI,
to resolve the spiral density waves generated by the binary’s
potential, and to involve cells that are nearly cubical. We discuss
each choice in turn.


Many recent studies have explored the resolution dependence
of global MHD accretion disk simulations (Hawley et al. 2011;
Sorathia et al. 2012; Shiokawa et al. 2012). Hawley et al.
(2011) found that many global properties of the disk nearly
asymptote with increasing resolution once the following criteria
are satisfied:
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where N (z) is the number of cells per scale height, H, Q(z) > 10
is the recommended quality factor of the simulation, βz ≡
⟨p⟩/⟨|√gzzB


z|2⟩. We use spherical coordinates, so N (θ) is
needed instead:


N (z) = H


∆z
= H


r∆θ
= H/r


∆θ
≡ NH/r, (B3)


where NH/r is the number of cells in the poloidal direction per
scale height. We see from prior simulations (e.g., Noble et al.


Figure 19. Same as in Figure 18, but for ⟨Q(3)⟩ρ .
(A color version of this figure is available in the online journal.)


2010) that β ≃ 10 and βz/β ≃ 50 are reasonable for a disk in its
asymptotic steady state, suggesting that NH/r > 36. The initial
condition values of β ≃ 100 and βz/β ≃ 1, however, yield a
weaker constraint (NH/r > 16) on the resolution. Thus, we setup
a grid such that NH/r ≃ 36 with H/r = 0.1, our simulation’s
scale height. This is satisfied by the x(2) discretization described
in Section 3.3. We also note that our condition satisfies the
recommendation of NH/r > 32 by Sorathia et al. (2012).


The more severe constraint is on the azimuthal symmetry.
Both Hawley et al. (2011) and Sorathia et al. (2012) suggest that
past simulations underresolved the azimuthal direction and that
one should cover the full azimuthal range φ ∈ [0, 2π ] instead
of assuming quarter- or half-circle symmetry. Since ∆φ limits
the time step size, we were only able to afford N (3) = 400
as anything larger was impractical given our computational
resources at the time. We were optimistic with this resolution,
however, since the thinnest run of Noble et al. (2010) failed to
satisfy Equation (B2) yet still resolved the MRI with Q(3) > 25
throughout most of the disk’s body.


We demonstrate how well RunIn and RunSE resolve the MRI
in Figures 18 and 19, where we show mass-weighted averages
of the Q(2) and Q(3) MRI quality factors:


Q(i) = 2π |bi |
∆x(i) ΩK (r)


√
ρh + 2pm


. (B4)


The averages were made over x(2) in the following way:


⟨Q(i)⟩ρ ≡
∫ 1


0 Q(i)ρ
√−g dx(2)


∫ 1
0 ρ


√−g dx(2)
. (B5)
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MRI Quality Factor:


Noble++2010, Hawley++2011,2013
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Original


Bigger Disk







Disk’s State Noble++in-prep


Original Flux-InjectedBigger Disk


•Without lump, less coherent temporal power spectrum, resembling more a 
slightly bent power law like those seen in single black hole disks.


•Richer spectral including more beat mode present with a larger reservoir. 
•Periodic signals are present as long as there is a strong m=1 (lump) mode. 


More magnetic flux led to:







Disk’s State Noble++in-prep


Original Flux-InjectedBigger Disk


Top-down view of Surface Density


•Injected flux erased and prevented eventual development of m=1 mode. 
•Bigger disk developed lump later, once surface density reached its steady state.


More magnetic flux led to:







Disk’s State Noble++in-prep


Original Flux-InjectedBigger Disk


“Resolved MRI Turbulence”


Guan & Gammie 2009, Sorathia++2012, Hawley++2011,2013


↵mag =
hBrB�i
hpmagi


> 0.4 )


•Disks have resolved MRI throughout. 
•No transition seen in “Bigger Disk” run across transition to the lump phase. 
•Equivalent resolution in run without the lump.







Disk’s State Noble++in-prep


Original Flux-InjectedBigger Disk


•From gradual redistribution of  mass and flattening of surface density from 
initial conditions,  stress per unit mass decreases. 


•Transition to lump phase is evident, appears there is a threshold ~ 1e-4 below 
which lump forms;.


•We are trying to understand original of the this threshold value. 


Average Specific Stress = 
hBrB�i


h⇢i . 10�4 ) Lump Formation







Summary & Conclusions
•Our 3-d MHD, PN-regime simulations develop a high-Q signal that is non-
trivially connected to the binary’s orbit, but tied to the period of the beat 
mode between lump’s orbit and the binary’s orbit. 


•The signal’s strength degrades with decreasing mass ratio, implying that it 
can help diagnose properties of the binary,  and it disappears altogether 
between  1/5 < q < 1/2;


•At a separation of 20M, with equal-mass binaries, differences in the metric 
at 1.5PN and 2.5PN orders are smaller than stochastic and systematic 
uncertainties, with PN-accuracy effects being even smaller for smaller mass 
ratios.


•Over density m=1 mode (lump), develops while disk’s MRI is resolved and 
for different conditions,  implying that the lump is physical and typical for 
similar disks. 


• Beat signal is expected as long as the stress per unit mass is not too large, 
i.e. the disk is magnetically-submissive. 







The Future is Bright!  


Stay-tuned to this channel for Dennis Bowen’s talk on 
minidisk dynamics next! 


Visualization by M. Vanmoer (NCSA)






