








Chapter 4. Magnetohydrodynamic Structure of the Central Cavity

note that this is likely a strong function of both poloidal and azimuthal angle and will be a topic

of discussion in (d’Ascoli et al., 2017).
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Figure 4.15: Flux density for sub-
Eddington accretion plotted against pho-
ton energy in units of keV. We plot the
contributions to the total flux from the regions
interior and exterior to r = a in addition to
the total flux density from the entire simulation
domain. As the units of flux density here are
arbitrary, we normalize to the peak value of the
combined flux density.
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Figure 4.16: Total flux density for sub-
Eddington accretion plotted against pho-
ton energy in unit of keV. We plot the total
flux density for 3 viewing angles of 0, 45, and
90 degree. Viewing angle is fixed perpendicular
to the line connecting the BHs.

4.4 Discussion

4.4.1 Mini-Disk Asymmetry and a Possible Lump Mini-Disk Coupling

In the absence of external sources of asymmetry, the mini-disks of Chapter 3 were symmetric

with respect to one another. This was to be expected due to the symmetry of an equal-mass

binary. Despite the equal-mass symmetry of the gravitational field and being initialized with the

same parameters, we find that this mini-disk symmetry vanishes once the mini-disks are coupled
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to the circumbinary in full 3D GRMHD. Perhaps the most striking form of the asymmetry is the

different qualitative structure of the spiral density waves in the equatorial plane of Figure 4.7.

While both mini-disks have a clear m = 1 component to the spiral structure extending down to the

central BH, the opening angles of these waves are largely different.

On the logarithmic scale of Figure 4.7, we observe potential hints to the cause of this asymmetry.

Here, we observe that the two time-averaged circumbinary streams accreting into the central cavity

are not identical. This is likely due to an m = 1 mode present within the circumbinary disk (Noble

et al., 2012). We note that our time-averaging actually smooths the m = 1 mode out because it

orbits at a different frequency than the binary orbital frequency (see below). Such m = 1 modes

have been shown to modulate the accretion rate into the central cavity (Shi et al., 2012; Noble

et al., 2012; D’Orazio et al., 2013; Farris et al., 2014). We speculate that the mini-disk asymmetry,

particularly the differing spiral structure, is driven by circumbinary streams shocking against the

outer edges of the mini-disks. As the streams ballistically shock against the outer edges of the mini-

disks, they raise the mini-disk temperature, thus altering the opening angle of the spiral density

wave (Savonije et al., 1994; Ju et al., 2016). These stream-disk shocking events are capable of driving

the formation of additional spiral density waves which constructively/destructively interfere with

spiral density waves excited near Lindblad resonances. We observe possible evidence for spiral

patterns in the mini-disks from accretion stream impacts in Figure 4.5. Here, the stream impacting

the mini-disk around BH2 appears as a direct continuation of a spiral arm extending into the

mini-disk.

To further examine this, we consider the frequency at which streams enter the central cavity

from the over-density in the circumbinary. The over-density, or lump, orbits at≈ 2.4a away from the

center-of-mass at a frequency of Ωlump = 0.26Ωbin (Noble et al., 2012). A stream will depart from

the lump whenever the lump comes into phase with an individual BH. This happens at a frequency

of 2 (Ωbin − Ωlump) = 1.48Ωbin. Because the stream departs from an over-density in the disk, it

caries excess momentum flux relative to streams departing from other portions of the circumbinary.

This can be seen easily from Figure 6 of Noble et al. (2012). In the Figure, the streams peeled off
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the edge of the circumbinary develop an increasing asymmetric nature as the lump grows. This is

due to an increasing disproportionality of available material to be peeled off the inner edge of the

disk. We note that our circumbinary initial data is taken at the start of the development of the

lump in Noble et al. (2012). If we speculate our mini-disk asymmetry arises from a quasi-periodic

“strengthening” of streams departing from the lump in the circumbinary, such streams will impact

an individual mini-disk at the rate at which the lump comes into orbital phase with that mini-disk.

For equal-mass, these lump streams will alternate from one mini-disk to the other. As the mass

ratio deviates significantly from unity, all accretion streams will impact the mini-disk orbiting the

secondary. Therefore, an individual mini-disk comes into phase with the lump at precisely half the

rate at which such lump streams enter the central cavity, 0.74Ωbin. Given these frequencies, our

time-averaged state includes only one such crossing. In practice, streams are continually pulled

from the edge of the circumbinary. Therefore, the quasi-modulated stream-disk impacts would

have a time period of strengthening associated with the overall size of the lump. However, this

broadening would not alter the frequencies discussed. This quasi-periodic modulation of the stream

momentum flux could help to explain the asymmetry in the mini-disks. To confirm this, one would

need to perform a longer simulation and average over a longer period of time; taking care to include

precisely two sets of streams departing from the lump. However, we note that the binary evolves

appreciably over as little as a single binary orbital period at the separations considered in this

Chapter (ȧ/a ∝ a4). Therefore, in terms of single binary separation, the system will be marked

by an individual mini-disk being singled out for streams departing from the lump. Further studies

will be necessary to explore the inter-play of the time periods of modulating accretion stream flux

due to the lump with the orbital and inspiral periods of the binary. More specifically, how these

various timescales can alter the mini-disk dynamics.

Finally, we conclude by mentioning possible electromagnetic consequences of stream-disk in-

teractions. Noble et al. (2012) reported a modulation in the luminosity of the circumbinary at

≈ 1.47Ωbin. This frequency corresponded to the frequency at which portions of the accretion

streams are flung back into and shock against the lump. These interactions occur with the same

102



Chapter 4. Magnetohydrodynamic Structure of the Central Cavity

frequency as streams departing from the lump. If the stream asymmetry is associated with the lump

and the shock heating events are strong enough to alter the dynamics of the mini-disks, the quasi-

periodic lump streams impacting the mini-disks could serve to further enhance any quasi-periodic

signal at 1.47Ωbin.

4.4.2 Effects of the Central Cutout

Our simulations are performed in a topologically spherical coordinate system (Zilhão & Noble,

2014). We must therefore excise the coordinate singularity located at the origin to ensure a stable

evolution. To examine the effects of our central excision, we performed evolutions excising a sphere

of radius M (small cutout) and 2M (large cutout). While one would wish to limit the radius of

such excisions as much as possible, it is important to note that the Courant factor in spherical

grids is highly demanding. The timestep in such simulations will go as rdx at the central-most cells

due to a focusing of cells near the origin. Using the large cutout, our simulations required 28 days

on 19,200 processes of the BlueWaters supercomputer. Evolving with the excision set to M as in

Chapter 3 would have roughly been twice as computationally expensive. We therefore elected to

evolve using the small cutout for just over half a binary orbital period to examine the influence of

increasing the central cutout size.

We begin by examining the mass loss through the central excision boundary in Figure 4.17.

We normalize the mass flux and mass lost to the central excision to the initial total mass of our

system. Though this can lead to numerical values that are misleadingly small (a significant fraction

of the gas is in the circumbinary disk), it is a consistent means of normalization that is not subject

to any mass fluxes passing through arbitrarily defined regions. We find that the largest rate at

which material is exiting the domain occurs at roughly t ≈ 300M ≈ 0.5tbin. This corresponds

to the point where the mini-disks reach their maximal extent during the initial pressure driven

expansion period. While the absolute scale of the mass flux at the central excision is dependent on

the size of the cutout, the over-arching shape is similar in both runs. Finally, we note that the mass

flux through the central excision settles to a mean value of O(10−7)M0 through the quasi-steady
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Figure 4.17: (Left) Mass flux integrated over the spherical excision boundary for both
the small and large cutout runs normalized to the total initial mass of the system. (Right)
Total integrated mass lost through the central excision boundary normalized to the total
initial mass.

state. Another means of observing this is through the total integrated mass passing into the central

excision. We observe noticeable upticks in the total mass lost at t ≈ 300M and t ≈ 500M resulting

from the spikes in Ṁ/M0. Once the system enters the quasi-steady state, the total mass lost to

the central cutout is approximately 1.72 × 10−4M0. After this point, the mass lost rate is nearly

fixed resulting in a total mass lost through the entire simulation of approximately 2.25× 10−4M0.

The most obvious impact of extending the central cutout is in the sloshing region at the center-

of-mass, precisely because any mass lost to the central excision would have proceeded to the other

mini-disk through this region. We define the sloshing region in the equatorial plane as a rectangle

in the corotating frame with dimensions 0.4a × 0.6a. In these units, our central excisions have

radii of 0.05a and 0.1a. Because the area of the excision scales as r2, we note that increasing the

cutout size amounts to increasing the fraction of the equatorial sloshing region contained within the

excision from ≈ 3.27% to ≈ 13.1%. Additionally, in Figure 4.9 we observe that the central cutout

is vertically extended above and and below the bulk of the mini-disks. Given these considerations

and that the sloshing streams pass through the L1 point at the center-of-mass, we conclude the
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absence of significant sloshing in our run is due to the increased central cutout. In order to study

the vertical structure of the sloshing and the potential impact on the electromagnetic emission,

future studies which do not excise the center-of-mass from the domain will be required. In Section

5.2 we discuss work towards performing such simulations.

Figure 4.18: Logarithmic density contours of the innermost 3a0 × 3a0 in the equatorial
plane for the (Left) small cutout and (Right) large cutout runs at t ≈ 0.5tbin. Both
frames have a central mask placed for values radially interior to 2M so as to compare regions in
both domains.

Finally, we confirm that the size of our cutout has no influence on the bulk of the mini-disks.

In Figure 4.18 we plot density contours in the equatorial plane of the evolution at 0.5tbin evolution

masking values radially interior to 2M . In both frames we note that the overall structure and density

scale of the mini-disks is unaffected by the size of the central cutout. The only noticeable differences

are the structure of the material directly near the central cutout. We note that the streams of

material passing around the smaller central cutout appear “fuller”. This is because portions of the

material in this region fall into the central cutout and exit the domain of the simulation for the

large cutout. The other noticeable difference is some minor evidence for the zeroth order linear
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interpolation at the boundary in the large cutout frame, which may be a visualization artifact of

the contour interpolation. We therefore conclude that while we are unable to study the sloshing,

all other aspects of our simulation will be unaffected by the extended central cutout.

4.4.3 Emission Model Limitations and Considerations

We used the energy extracted from our simulation in the cooling function as a proxy for the bolo-

metric luminosity of the accretion disks. To calculate accurate spectra of an inspiraling SMBBH,

one must describe the emission of the accretion disks and jets. As we are only able to evolve the ac-

cretion disks and do not resolve any jets, we can only speak to a portion of the total electromagnetic

radiation. Our simulations do not couple the radiative equations to the GRMHD equations of the

disk. We therefore must assume an emission model a posteriori. By constructing a two-part model,

we can describe systems with high optical depths provided we can calculate the location of the

photosphere along our geodesics. We find that such calculations are problematic at viewing angles

far from zero degrees. This is chiefly because the optical depth along the line-of-sight no longer

has any physical association with the photosphere. This places a restriction on our calculations, as

the strongest dependence on viewing angle will likely be intimately tied to obscuration of emission

from the central cavity by the surrounding circumbinary disk. Therefore, accurate predictions of

the spectral dependence on viewing angle will require a more sophisticated method of photosphere

calculations.

Additionally, our proxy for bolometric luminosity has several ad-hoc pieces that need be con-

sidered. Firstly, our four part cooling region model results in discontinuities in the cooling rate at

the transitions. Additionally, we arbitrarily chose a cooling timescale in the central cavity between

the circumbinary and mini-disks. We do not expect this will have a significant impact on the total

emission. The total cooling function in this region, which is dominated mostly by voids of low

density, scales linearly with the density. This, in turn, produces relatively little emission using our

model as expected. Finally, we note that our test to only cool bound material is gauge depen-

dent. In the coordinate system in which we perform the calculations, the warped center-of-mass

106



Chapter 4. Magnetohydrodynamic Structure of the Central Cavity

grid, we likely over-estimate the amount of bound material. This leads to excessive cooling in the

corona, potentially overestimating the total X-ray flux. We have resolved this issue in the data

by neglecting contributions below a density cutoff of 10−4. This cutoff was selected to be orders

of magnitude below the density peaks of the disks and effectively removes unphysical energy dissi-

pation in the low density floor states. In addition to more sophisticated photosphere calculations,

accurate electromagnetic emission templates will likely require a less ad-hoc cooling prescription

which can accurately differentiate between bound material and hot winds, as well as smoothly

transition between individual cooling regions.

We have assumed that our mini-disks are in inflow equilibrium. Given the short time-scale of

our simulations, this is likely not the case. We have done this due to the complications of measuring

the accretion rate directly in the warped grid and the relatively short length of our simulation. By

making the inflow equilibrium assumption, we were able to make proof of principle type calculations

of the spectra. This scaling of code units to physical units alters the physical emission scale of the

system. Additionally, the accretion rates selected in these calculations may not directly correspond

to the physics of the accretion disks. This is because the vertical structure of the accretion disks is

intimately tied to the radiation pressure, which is in turn a function of the selected accretion rate.

4.5 Conclusions

In this Chapter, we have presented the first magnetohydrodynamic or general relativistic sim-

ulation of mini-disks coupled to the circumbinary in binary systems; observing for the first time

the inclusion of vertical structure, magnetic accretion stresses, and continuing accretion from the

circumbinary in individual mini-disks when the binary separation is small enough to include general

relativistic effects in the spacetime.

We observe that the mini-disks are subject to the MRI, quickly developing turbulent magnetic

flows. The overall magnetization level, β ≈ 1− 10 in the mid-plane of the mini-disks, is consistent

with simulations of circumbinary accretion disks of binary separations a ≈ 20M (Noble et al.,
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2012). Moving above or below the mid-plane, we observe an increase in magnetization in the hot

corona of each mini-disk by approximately half an order of magnitude.

It has long been known that tidal forces can drive spiral waves in disks within binary systems;

in the Newtonian limit, these have an exclusively m = 2 character. On the other hand, even the

lowest-order relativistic corrections can introduce m = 1 perturbations into the binary potential

while also altering the m = 2 component. In consequence, Bowen et al. (2017) demonstrated

that the m = 1 component becomes the dominant feature at the binary separation considered

here. Despite the fact that magnetic turbulence may disrupt spiral density waves launched within

accretion disks, such as the m = 2 spiral density waves in the circumbinary disk, we observe the

unabated development of m = 1 spiral density waves in the mini-disks. Finally, we note that within

the mid-plane of the disk we observe spiral waves of increased magnetization. These spiral patterns

are likely intimately tied to the spiral density waves present within the mini-disks.

Most strikingly, we observe that the mini-disks in our equal-mass simulation are not symmetric

with respect to one another. This is in direct conflict with previous SMBBH accretion simulations.

Such simulations have either enforced α-disk model accretion within the mini-disks (Farris et al.,

2014; D’Orazio et al., 2016), evolved only a single accretion disk (Ryan & MacFadyen, 2017), or

failed to include continuing accretion from the circumbinary (Bowen et al., 2017). We speculate that

this mini-disk asymmetry is driven by a coupling of the individual mini-disks to an m = 1 mode,

or lump, in the circumbinary disk via accretion streams. As a mini-disk comes into phase with the

lump at a frequency of 0.74Ωbin, the mass flux contained within the stream is quasi-periodically

strengthened. This in turn, produces a quasi-periodic modulation of the mass flux imparted into

the mini-disks by the accretion streams and ultimately modifies the spiral density wave structure.

Simulations of circumbinary accretion disks have demonstrated that the lump secularly evolves over

many binary orbital periods (Noble et al., 2012; Shi et al., 2012; Farris et al., 2014), continually

growing in size and further enhancing the accretion stream asymmetry. In astrophysical systems,

which have evolved through the entire Newtonian and Relativistic inspiral stages, this lump could

be quite extensive. This could serve to further enhance the mini-disk-lump coupling reported here.
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We presented the first ray tracing calculations of accretion disks in an inspiraling SMBBH.

We calculated the time-averaged spectrum of the binary, separating contributions from the mini-

disks and circumbinary/streams using a two part emission model. For a total binary mass of

106M� accreting at 5 times the Eddington accretion rate, we found a double-peaked spectrum

corresponding to black body emission at the photosphere for energies of tens to hundreds of eV

and inverse Compton scattering at energies of 2 − 1000 keV. The mini-disks produce a hotter

photosphere and dominate the spectrum at nearly all X-ray energies with a turn-over in the UV

emission where the circumbinary dominates the total spectrum. We observed that our two-emission

model was only valid when viewing the binary face-on. By shifting the accretion rate to 10% the

Eddington accretion rate and considering only inverse Compton scattering, we found that the X-ray

emission was again dominated by the mini-disks. In this simplified model, we found that moving

from face-on to edge-on produces a monotonic shifting to smaller fluxes at the camera.

Newtonian studies (Mayama et al., 2010; Farris et al., 2014; D’Orazio et al., 2016) had previously

shown that a small fraction of the disks’ mass can be removed from the individual disks within a

binary and placed in the region stretching from one disk to the other through the L1 point. General

relativistic studies (Bowen et al., 2017) showed this effect to be greatly enhanced in the PN regime,

and demonstrated a quasi-periodic behavior linked to the binary orbital frequency. Although the

increased size of our central excision boundary prohibits the study of sloshing in our simulation, we

observe evidence that such streams formed within our simulation near the edges of the mini-disks.

As it was speculated that the sloshing may be related to the spiral density wave structure within

the mini-disks (Bowen et al., 2017), the mini-disk asymmetry observed in our simulation could lead

to an asymmetric sloshing of material from one mini-disk to another. Any such asymmetry in the

sloshing could serve to further enhance the mini-disk asymmetry and provide a net transfer of mass

from one mini-disk to another (particularly once the mass-ratio departs from unity). Future studies

which include the center-of-mass on the computational domain with longer evolution lengths will

be necessary to fully study the sloshing in 3D GRMHD. This will be the study of future works.
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DISCUSSION

5.1 Summary and Conclusions

In this Dissertation, we presented the first simulations of mini-disks during both the quasi-

Newtonian and GW-dominated inspiral regime of BBHs (a . 100M). In our approach, we used

an approximate general relativistic spacetime (Mundim et al., 2014; Ireland et al., 2015; Zlochower

et al., 2016; Nakano et al., 2016), which accurately describes the dynamics of BBHs during the inspi-

ral phase by asymptotically matching BH perturbation theory to PN theory (Blanchet, 2014) and

evolving the BBH trajectory at 3.5PN-order. Although our implementation of general relativistic

effects is valid for any BH mass-ratio (q ≤ 1) and can accommodate spins, the work reported here

focused on equal-mass, non-spinning BHs. The Dissertation is divided into two main studies, each

representing a first ever simulation of its kind. In Chapter 3, we presented a suite of simulations at

binary separations ranging from the quasi-Newtonian regime (a ≈ 100M) down to well within the

relativistic, PN regime of SMBBH inspiral (a ≤ 20M) in 2D, inviscid hydrodynamics. In Chapter

4, we extended this to a full 3D GRMHD simulation of an inspiraling SMBBH at a ≈ 20M , includ-

ing mini-disks coupled to the circumbinary accretion disk. These studies both contain extensive

improvements over previous SMBBH simulations of the central cavity which either used Newtonian
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gravity and ad-hoc accretion models (Farris et al., 2014, 2015a; D’Orazio et al., 2016), or simulated

only a single accretion disk (Ryan & MacFadyen, 2017). Our mini-disk simulations included, for

the first time, a fully consistent, general relativistic prescription of tidal gravity, and a coupling of

the mini-disks to the circumbinary accretion disk including vertical structure and magnetic fields.

Finally, we presented the first ray-tracing calculations of SMBBH accretion. Ultimately, we find

that relativistic effects can create qualitative changes to the mini-disks when the binary separation

shrinks to several tens of gravitational radii or less.

Effects of the Binary Potential and Tidally Truncated Mini-Disks

The gravitational potential along the line between the two masses becomes shallower, and its

gradient gentler, as the system becomes more relativistic. Within the secondary’s Roche lobe, this

contrast between relativistic disks and Newtonian grows with mass-ratios further from unity. One

result, apparent in our hydrodynamic simulations, is that, particularly as the separation becomes

. 30M , the mini-disks stretch toward the L1 point. The resulting asymmetry, with respect to the

central BH, is large enough that the outer rims of mini-disks in a relativistic binary are significantly

non-circular, so that thinking in terms of a “tidal truncation radius” for such mini-disks can be

misleading. As inspiral progresses to yet smaller separations, relativistic effects discussed here are

likely to become stronger.

Sloshing

Newtonian studies (Mayama et al., 2010; Farris et al., 2014; D’Orazio et al., 2016) had previously

shown that a small fraction of the disks’ mass can be removed from the individual disks within

a binary and placed in the region stretching from one disk to the other through the L1 point. A

further consequence of the shallower gradient in the relativistic regime is a sharp increase in that

fraction, an order of magnitude increase between binary separations of 50M and 20M . At this level,

the “sloshing mass” can play a significant role in the system. For example, when the mass-ratio is

not unity, asymmetry in the sloshing may create an entirely new way for mass to pass from one
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part of the binary system to another.

This sloshing may also result in a striking and unique electromagnetic signal of a BBH system in

the period shortly before merger. In the regime of separations in which the sloshing mass is sizable,

the repeated shocks it suffers may account for ∼ 10% of the bolometric luminosity; in addition, in

many circumstances the region in which the heat is released may be optically thin enough for its

lightcurve to follow the periodic character of the heat release. For the q = 1 case, there are two

frequency components in the modulation, one at twice the binary orbital frequency and another at

' 2.75× that frequency. For binary separation 20M , these correspond to periods ' (1/2)M6 hr,

for M6 the total binary mass in units of 106M�.

Spiral Density Waves and Mini-Disk-Lump Coupling

We have also discovered that relativistic alteration of the tidal forces leads to other contrasts

with Newtonian behavior. It has long been known that tidal forces can drive spiral waves in disks

within binary systems; in the Newtonian limit, these have an exclusively m = 2 character. On

the other hand, even the lowest-order relativistic corrections can introduce m = 1 perturbations

into the binary potential while also altering the m = 2 component. Higher-order terms such as

those associated with gravitational radiation and the orbital evolution it creates can also lead to

new m = 1 and m = 2 components in disk dynamics. In consequence, the m = 1 component can

become the dominant feature even when the separation is as large as ∼ 100M .

We observe the unabated development of m = 1 spiral density waves in the magnetized mini-

disks. This is despite the fact that magnetic turbulence may disrupt spiral density waves, as is the

case for the m = 2 spiral density waves in the circumbinary disk. As evolution is included above and

below the mid-plane, the m = 1 spiral density waves exhibit a more lobe-like structure on the side

nearest the L1 point with a flatter and elongated structure near the L2/L3 point. Additionally, we

note that we observe spiral waves of increased magnetization within the mid-plane of the mini-disks

which are likely tied to the spiral density structure.

Finally, we observe that the m = 1 spiral density waves present in the magnetized mini-disks
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may couple dynamically to an m = 1 mode, or lump, in the circumbinary accretion disk via the

accretion streams. This coupling ultimately leads to qualitatively different spiral density wave

structure within each mini-disk. As a mini-disk comes into phase with the lump, the available mass

to be peeled off the inner edge of the circumbinary is quasi-periodically enhanced at a frequency

of 0.74Ωbin. This enhancing of the accretion streams ultimately increases the momentum flux

imparted into the mini-disk, asymmetrically altering the spiral density wave structure. The lump

present in the circumbinary accretion disk has been shown to evolve secularly over time, continually

growing in size (Noble et al., 2012; Shi et al., 2012; Farris et al., 2014). This continued growth of

the m = 1 of the circumbinary drives a continued growth of the accretion stream asymmetry. This

could serve to further enhance the mini-disk-lump coupling reported here. For the equal-mass case,

further studies will be necessary to study the relaxation time of the impact of the strengthened

stream impacts to determine if such asymmetry persists through all orbital phases. This relaxation

time becomes of particular importance as the mass-ratio deviates significantly from unity and all

accretion streams impact the mini-disk orbiting the secondary. Finally, we note that this coupling

has gone previously unreported by previous SMBBH accretion simulations. This is because such

simulations have either enforced α-disk model accretion within the mini-disks (Farris et al., 2014;

D’Orazio et al., 2016), evolved only a single accretion disk (Ryan & MacFadyen, 2017), or failed to

include continuing accretion from the circumbinary (Bowen et al., 2017).

Ray-Tracing and Electromagnetic Spectra

We performed the first proof of principle type ray-tracing calculations of an inspiraling SMBBH

including mini-disks. By selecting two nominal accretion rates, which we call the super-Eddington

and sub-Eddington models, and a total binary mass of 106M�, we calculated spectra of the time-

averaged state of the binary. We separated emission coming from the mini-disks and the cir-

cumbinary and found a double peaked spectrum. Once the system becomes optically thick, the

mini-disks produce a hotter photosphere and dominate the spectrum at nearly all X-ray emission

with a turn-over in the UV emission where the circumbinary dominates the total spectrum. The
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combined photosphere emission results in a broadened thermal spectrum including contributions

from the photospheres of the mini-disks and circumbinary at energies of tens to hundreds of eV.

The high energy peak in the range of 2 − 1000 keV corresponds to inverse Compton scattering in

the mini-disks. Ultimately, we found that our two-emission model was only valid when viewing the

system face-on where the geodesics travel approximately vertically through the disks. Shifting to

the sub-Eddington accretion rate, we find that the inverse Compton scattering emission was again

dominated by the mini-disks. By altering the inclination angle, we observed an obscuration of the

mini-disks by the torus.

5.2 Future Work

In the immediate future, much work will be dedicated towards extending the analysis presented

in Chapter 4. From this in-depth analysis shall arise two papers; one paper on the GRMHD evolu-

tion of the mini-disks when coupled to the circumbinary disk and another on the electromagnetic

emission using Bothros (d’Ascoli et al., 2017). In these papers we intend to further explore the

interplay between the mini-disks and circumbinary accretion disks, as well as further investigate

the spiral shocks in the MHD mini-disks. Furthermore, in future simulations we would like to

improve the physicality of our cooling function by improving the bound material test and imple-

menting a transition between the various cooling regions. This may have a significant impact on

the predictions made from post-processing calculations. Finally, we note that Bothros is not the

only general relativistic ray-tracing tool. Others, such as Pandurata (Schnittman & Krolik, 2013),

can apply different radiative models to produce spectra by integrating from the source data to the

camera instead of from the camera to the source data as is done in Bothros. In the future, it will

be useful to compare our ray-tracing results to those produced by tools such as Pandurata using

the same data set.

Though the work presented in this Dissertation and these upcoming papers represents a signifi-

cant milestone in the scientific goal of simulating the entire inspiral and merger of SMBBHs, much
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work remains to be done. Most notably, reducing the computational expense of our current simu-

lations. Our simulations with the large cutout required approximately six million CPU hours and

two weeks walltime on the BlueWaters supercomputer to perform a single binary orbit at a ≈ 20M .

As the timestep scales with the spacing at the smallest cell at the central cutout, this all but elim-

inates any hope of simulating from larger separations to merger. Additionally, the electromagnetic

signal emanating from SMBBHs requires an understanding of a vast set of parameters including

binary mass-ratio, BH spin, and thermodynamic and magnetic properties of the accretion disks.

For instance, the warped grid used in our simulations would require a cutout in the middle of the

mini-disk around the primary BH for mass-ratios far from unity.

In the future, such simulations will be performed using an on-going development called Patch-

work (Shiokawa et al., 2017). This new code infrastructure allows for multidata, multiphysics

simulations. Using Patchwork, one may perform a single simulation running multiple codes us-

ing different physics and different coordinate systems that communicate boundary conditions to one

another through MPI under the multiple program multiple data (MPMD) paradigm. Each local

system, or “patch”, need only know how to relate its local motion to an over-arching global patch

that it moves on top of. In the context of SMBBH accretion; the global patch will be a spherical

coordinate system with center-of-mass at the origin to resolve the circumbinary accretion disk’s

symmetry, a Cartesian patch placed over the central cutout to fully resolve the sloshing region for

the first time, and additional spherical patches placed around each individual BH to minimize cell

count and numerical diffusion in the mini-disks. In addition to reducing the number of necessary

cells and resolving the entire domain, Patchwork will significantly increase the timestep of the

evolution by fully exploiting the symmetries of individual parts of the global system. Overall, this

will result in significant reductions in the computational expense of these simulations; this could

allow for many more binary orbits in our simulation and facilitating parameter space studies never

before available.

Patchwork has been implemented and tested in hydrodynamics in a standalone version of

Harm3d. Currently, work is on-going amongst collaborators at RIT and elsewhere to implement
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magnetic fields into Patchwork and fully incorporate it into the version of Harm3d used in our

simulations. We have extended our version of Harm3d to handle arbitrary spacetimes, in arbitrary

coordinates, moving at an arbitrary velocity ; this is an integral part of incorporating Patchwork

into our version of Harm3d and a necessary step to evolve moving patches in our BBH spacetime.

Using Patchwork, we will continue our GRMHD simulation described here, evolving until the

breakdown of our analytic spacetime at binary separations of ≈ 10M and including the entire

sloshing region in the computational domain. We will explore the full vertical structure, time de-

pendence, and electromagnetic output of sloshing predicted by (Bowen et al., 2017). Ultimately, the

data of that simulation may then be passed to full numerical relativity coupled to magnetohydro-

dynamics to simulate the final merger proper, making predictions of the electromagnetic emission

of the final moments before merger.

116



BIBLIOGRAPHY

Abbott, B. P., et al. 2016a, Astrophys. J., 818, L22

—. 2016b, Phys. Rev., X6, 041015

—. 2016c, Phys. Rev., D93, 122003

—. 2016d, Phys. Rev. Lett., 116, 241103

—. 2017, Phys. Rev. Lett., 118, 221101

Abramowicz, M. A., & Fragile, P. C. 2013, Living Reviews in Relativity, 16, 1

Adams, F. C., Ruden, S. P., & Shu, F. H. 1989, ApJ, 347, 959

Amaro-Seoane, P., et al. 2012, Classical and Quantum Gravity, 29, 124016

—. 2013, GW Notes, Vol. 6, p. 4-110, 6, 4

Artymowicz, P., & Lubow, S. H. 1994, ApJ, 421, 651

—. 1996, ApJ, 467, L77

Baker, J. G., Boggs, W. D., Centrella, J., Kelly, B. J., McWilliams, S. T., et al. 2007, Astrophys.

J., 668, 1140

117



Bibliography

—. 2008, Astrophys. J., 682, L29

Balbus, S. A. 2012, Monthly Notices of the Royal Astronomical Society, 423, L50

Balbus, S. A., & Hawley, J. F. 1991, ApJ, 376, 214

—. 1998, Reviews of Modern Physics, 70, 1

Bansal, K., Taylor, G. B., Peck, A. B., Zavala, R. T., & Romani, R. W. 2017, ApJ, 843, 14

Batcheldor, D., Robinson, A., Axon, D. J., Perlman, E. S., & Merritt, D. 2010, ApJ, 717, L6

Begelman, M. C., Blandford, R. D., & Rees, M. J. 1980, Nature, 287, 307

Belczynski, K., Holz, D. E., Bulik, T., & O’Shaughnessy, R. 2016, Nature, 534, 512

Bell, J. B., Colella, P., & Glaz, H. M. 1989, Journal of Computational Physics, 85, 257

Binney, J., & Tremaine, S. 1987, Galactic dynamics

Blanchet, L. 2014, Living Reviews in Relativity, 17
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