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What will we learn from multi-messenger detections of MBHBs?

MBH formation and 
growth

Co-evolution of MBHs 
with their host galaxies

Tests of cosmology and 
fundamental physics

But close and merging MBHBs have not yet been definitively detected



The landscape of simulations

2D/3D Hydro

~103-104 orbits

3D GRMHD

O(10) orbits

3D RMHD

O(10) and O(1) orbits

More computationally expensive per binary orbit
because the new run has comparable or better numerical
resolution.

Treating magnetic fields in such an approach creates a
special difficulty in that the magnetic field is subject to an
independent constraint: zero divergence everywhere. The
FluxCT algorithm ensures that a field that begins with zero
divergence everywhere in a problem volume interior acquires
nonzero divergence only in its ghost cells; it is therefore a
powerful tool for enforcing this constraint in single-patch
simulations. However, the approximations inherent in any
interpolation create divergence during the interpatch boundary
data exchange. Put another way, connecting adjacent cells
across a patch boundary inevitably leads to random errors that
violate the conservation of magnetic flux across that boundary.
Heuristically, one may think of the time development of these
errors as a random walk process that leads to steadily growing
flux-conservation errors at the boundary, or incompletely
closed field loops. Although the FluxCT algorithm acting
within the patches fixes the associated magnetic monopoles to
the patch boundaries, their presence can cause inaccuracies in
the evolution to bleed into the patches’ interiors by generating
erroneous magnetic forces on the fluid.

To solve this problem, we invented a routine to suppress the
growth of magnetic divergence at patch boundaries by inserting
into the FluxCT algorithm a damping term proportional to the
local magnetic divergence. This routine, along with another one
that reduces magnetic divergence related to interpolation error
arising when the patches move relative to one another, are
described in the Appendix, and, in greater detail, in a
forthcoming methodology paper (M. J. Avara et al., in
preparation).

2.3. Details of the Grid and Boundary Conditions

Figure 1 shows the midplane of the two stationary patches
we use for this work, the inner Cartesian and the outer spherical

polar. Where the grids overlap, MHD evolution is evaluated on
the outer, spherical patch.
The actual code coordinates in all our simulations are called

“modified Kerr–Schild” (MKS). That is, they adopt the Kerr–
Schild description of a Kerr spacetime, but the spatial
coordinates (labeled x( i) for i= 1, 2, 3) are not necessarily
linearly proportional to either ordinary Cartesian or spherical
coordinates. In all cases, the MKS spatial coordinates internal
to the code are discretized uniformly to minimize computa-
tional expense.
In the outer patch the grid is identical in shape to that used

in Noble12 (logarithmic in the radial direction (i.e.,
[ ]( )µr xexp 1 so that Δr/r is constant) and uniform in

azimuthal angle, but the polar angle cells are compressed near
the midplane and stretched near the polar axis:
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Here the parameters n, ξ, and θc are, respectively, 9, 0.87,
and 0.2. The parameter θc defines the opening angle of the
cutout around the polar angle. There are 260 (reduced from 300
in the source snapshot) radial cells (spanning the range from
22M to 260M), 160 polar angle cells (154 for the high-
resolution run), and 400 azimuthal angle cells in the outer patch
in all of the simulations reported here. For further details of the
grid and physical setup of RunSE see Noble12.
The grid in the inner Cartesian patch is uniform in the orbital

plane and occupies a range of 45.8 M in both the x- and y-
coordinates centered on the origin, which coincides with the
binary center of mass. The cells in the z-direction span a
distance of 200 M centered on the orbital plane, but squeezed
toward the plane in order to match the resolution in the outer
patch, with roughly constant vertical cell aspect ratio of
Δθouter/Δθinner∼ 4/5 along that interface:

( ) [( )( ) ( ) ] ( )( ) ( ) ( )x x= - - + -z x x x100 1 2 1 2 1 , 9n3 3 3

Figure 1. An equatorial slice showing density (on a logarithmic color scale) in the orbital plane as given by the moderate-resolution simulation PM.IN20s. The left
panel shows a radial extent of ∼ 100 M and highlights the azimuthal overdensity, “lump” structure. The gray grids represent every 50th cell boundary in the Cartesian
inner and polar outer patch. Where they overlap, the outer patch computes the system evolution. Right: a zoom-in view of the central region, where the gray grid
represents every 40th cell boundary. BH1 and BH2 in both panels are identified with filled and open circles, respectively. This snapshot taken just before t ∼ 52,000M
is chosen so that BH1 is in the disk-dominated state and BH2 accretion is stream dominated as it closely approaches the CBD lump. An animation of the simulation
can be found on YouTube: https://youtu.be/q6bMg9CV0TA and in the online Journal. The animated simulation proceeds from t = 50,000 M to 62,926 M.
(An animation of this figure is available in the online article.)
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(Talks by Campanelli, Noble)

This talk

requires that each parcel of accreted gas delivers on average at
least 50% more specific angular momentum than that of the
binary. ℓ0>ℓc implies that the torque applied by the accreting
gas overcomes the orbital hardening associated with the
increasing binary mass.

Measurements of the migration rate reported in Section 3 are
obtained by inserting the simulation-computed time series M
and L into Equation (10). Mara3 is configured to compute
these time series in a conservative fashion, such that the total
mass removed by the sink term S dAsink during each time step
Dt exactly equals DM t ,

òD = D SM t dA. 11sink ( )

Similarly, the angular momentum impulse delivered to the
black holes in a time step Δt is precisely the angular
momentum ΔL removed from the gas in that time interval.
The increments ΔM and ΔL are then time-integrated according
to the same Runge–Kutta stepping as is used to advance
Equations (1) and (2).

The total torque = +L L Lgrav acc   consists of the gravita-
tional torque Lgrav on the binary, and the rate Lacc of angular
momentum consumed directly through the sinks. The change
D = DL L t of binary angular momentum in each time step Δt

is computed according to
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where the four linear impulse terms are computed in a
conservative fashion as mentioned previously,
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2.3. Resolution and Convergence

Mara3 employs block-structured static mesh refinement in a
nested-box topology in order to concentrate numerical resolu-
tion on the minidisks and inner cavity. The computational
domain extends from −R to R in both directions. The mesh
blocks are square, with nc zones per side, and are refined by
factors of 2 up to a maximum depth d such that the finest grids
have mesh spacing

D =
-

r
R

n2
. 12

d
c

min 1
( )

Simulations reported here all have R=32a and d=6. In
order to establish numerical convergence, we have performed

Figure 1. Snapshots of the surface density distribution for four different values of the Mach number after about 500 orbits. Qualitatively, with increasing we see
the development of slightly larger cavities as well as a marked growth in the pile-up of material at the cavity wall.
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Tiede et al. 20

(Talk by Haiman)

3D MHD

O(100) orbits

Rayleigh–Taylor fingers is not unlike accretion states that
have been found for T Tauri stars (A. K. Kulkarni &
M. M. Romanova 2008; S. Takasao et al. 2022), low-mass

X-ray binaries (K. Parfrey & A. Tchekhovskoy 2023;
A. Murguia-Berthier et al. 2024), and magnetically arrested
black holes (M. C. Begelman et al. 2022; V. Zhdankin et al.

Figure 1. Initial circumbinary evolution toward a magnetically arrested state over the first 110 binary orbits. (Top and bottom)Meridional slices along the orbital axis;
(center) equatorial slices. Shown in color are the mass density ρ and magnetization parameter β. Times t are stated relative to the orbital period torbit, whereas distances
are stated relative to the binary separation a.
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• Use radiation MHD code Athena++


• Non-spinning MBHs accreting at about 


• Simulate the circumbinary disk and mini-disk separately

0.1 ·MEdd

Simulating LISA precursors with RMHD
Properties of SMBH binary studied

q = 1 Mtot = 2 × 107M⊙
e = 0 a = 100GMtot/c

2

Torb ≈ 7 d Tgw ≈ 24 yr

• as individuals:
LISA “verification binaries”

• as a population:
LISA “precursors”

3/14

(Stone+ 20, Jiang+ 21) 
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Simulation strategy: Divide and conquer

circumbinary disk
simulation

minidisk
simulation

Vishal
Tiwari

Edwin
Chan
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RMHD stage
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Structure of the circumbinary disk
Tiwari, Chan, TB et al. 25 (arXiv:2502.18584)

• RMHD disk is thinner, denser, and more filamentary

• Inner-edge overdensity is less conspicuous among filaments



14 Tiwari et al.

Figure 16. Top: Luminosity curves calculated at r/rg =
150, 200, 300 from the RMHD run. Bottom: Power spectral
density calculated after normalizing the light curves by their
mean luminosity, showing two prominent modes: at 2!bin

and at low-frequency 0.2-0.4!bin.

perature using only the hydrodynamical quantities. As
before, the regions with an optical depth of less than
one are not used in the calculation.
The spectra derived from both approximate methods

are shown in Figure 15. The spectrum computed from
the ω-disk model peaks in the optical and infrared band,
at frequencies lower by a factor of a few compared to our
baseline spectrum evaluated from the radiative transfer
calculation. This di!erence arises because the ω-disk
model assumes a single-MBH gravitational potential and
doesn’t capture the dynamics at the inner edge of the
CBD, leading to a temperature profile that deviates sub-
stantially from the RMHD disk.
The approximate thermal spectrum computed from

hydrodynamic properties of the gas and Te! on the other
hand peaks in the X-ray band, overestimating the peak
frequency of thermal emission by two orders of mag-
nitude. This discrepancy with our baseline spectrum
arises because the gas temperature provides a poor ap-
proximation for the e!ective temperature of radiation
at the inner edge of the CBD, where the gas and radia-
tion are not in local thermodynamic equilibrium. In this
region, the gas temperature is significantly higher than
that of the radiation, resulting in the incorrect predic-
tion of a much more energetic spectrum. These results
underscore the importance of including radiation in sim-
ulations to obtain accurate emission properties that can
be compared with observations.
Equipped with the thermal spectrum, in the next step

we calculate the corresponding luminosity of radiation

emitted by the circumbinary disk. We calculate the
radiation luminosity from three concentric hemispheres
(we choose ε < ϑ/2 hemisphere) located at the radii of
r/rg = 150, 200, 300 by integrating the radial radiation
flux over these hemispheres. This calculation includes
the radiation flux from the optically thick and optically
thin regions of the CBD that exits the hemisphere and
excludes the inwardly advected radiation prevalent in
the optically dense regions (see the streamlines in Fig-
ure 14).
The resulting light curves are presented in the top

panel of Figure 16. The CBD contributes total lumi-
nosity of → 0.01LEdd at 300 rg and → 0.018LEdd when
calculated at the outer boundary of the domain, consis-
tent with the peak luminosity inferred from the thermal
spectrum. The power spectral density after normalizing
the light curves by their mean luminosity is shown in the
bottom panel of Figure 16. The variability of the lumi-
nosity depends on the radius and is influenced by the
dynamics of the accretion streams and the inner edge
of the CBD. At radii of 150 rg and 200 rg, the luminos-
ity exhibits variability associated with half the binary
period, attributed to the emission from each stream be-
coming dominant once during each binary orbit (see sec-
tion 3.5). This e!ect is illustrated in Figure 17, show-
ing the spherical slice of the radiation energy density
at r = 80 rg from the RMHD simulation. Here stream1,
which has a higher accretion rate, has a higher radiation
energy density than stream2.
The emission from the overdensity at the inner edge

also contributes to the modulation of luminosity, evident
in the power spectral density distribution as a lower fre-
quency mode 0.2 ↑ 0.4”bin. At r = 300 rg hemisphere,
the variability associated with twice the binary orbital
frequency diminishes and is diluted by contributions to
the luminosity from the inner regions of the CBD. As a
result, the modulation in the light curve caused by the
energy dissipation at the inner edge of the CBD domi-
nates. This e!ect can be seen in Figure 17, which shows
that the CBD’s inner edge exhibits significantly higher
radiation energy density than the rest of the disk be-
cause of the stream impacts.

5. DISCUSSION

Given that RMHD simulations are relatively compu-
tationally expensive and not yet a commonplace when it
comes to simulations of accreting MBHBs (or even sin-
gle MBHs), it is important to use them judiciously. In
this section we discuss questions that particularly ben-
efit from the RMHD approach (Section 5.1) and the as-
pects of circumbinary accretion where due to the limi-

Circumbinary disk: Light curve Tiwari et al. 25

• Light curve shows periodicity due to the binary and overdensity



14 Tiwari et al.

Figure 16. Top: Luminosity curves calculated at r/rg =
150, 200, 300 from the RMHD run. Bottom: Power spectral
density calculated after normalizing the light curves by their
mean luminosity, showing two prominent modes: at 2!bin

and at low-frequency 0.2-0.4!bin.

perature using only the hydrodynamical quantities. As
before, the regions with an optical depth of less than
one are not used in the calculation.
The spectra derived from both approximate methods

are shown in Figure 15. The spectrum computed from
the ω-disk model peaks in the optical and infrared band,
at frequencies lower by a factor of a few compared to our
baseline spectrum evaluated from the radiative transfer
calculation. This di!erence arises because the ω-disk
model assumes a single-MBH gravitational potential and
doesn’t capture the dynamics at the inner edge of the
CBD, leading to a temperature profile that deviates sub-
stantially from the RMHD disk.
The approximate thermal spectrum computed from

hydrodynamic properties of the gas and Te! on the other
hand peaks in the X-ray band, overestimating the peak
frequency of thermal emission by two orders of mag-
nitude. This discrepancy with our baseline spectrum
arises because the gas temperature provides a poor ap-
proximation for the e!ective temperature of radiation
at the inner edge of the CBD, where the gas and radia-
tion are not in local thermodynamic equilibrium. In this
region, the gas temperature is significantly higher than
that of the radiation, resulting in the incorrect predic-
tion of a much more energetic spectrum. These results
underscore the importance of including radiation in sim-
ulations to obtain accurate emission properties that can
be compared with observations.
Equipped with the thermal spectrum, in the next step

we calculate the corresponding luminosity of radiation

emitted by the circumbinary disk. We calculate the
radiation luminosity from three concentric hemispheres
(we choose ε < ϑ/2 hemisphere) located at the radii of
r/rg = 150, 200, 300 by integrating the radial radiation
flux over these hemispheres. This calculation includes
the radiation flux from the optically thick and optically
thin regions of the CBD that exits the hemisphere and
excludes the inwardly advected radiation prevalent in
the optically dense regions (see the streamlines in Fig-
ure 14).
The resulting light curves are presented in the top

panel of Figure 16. The CBD contributes total lumi-
nosity of → 0.01LEdd at 300 rg and → 0.018LEdd when
calculated at the outer boundary of the domain, consis-
tent with the peak luminosity inferred from the thermal
spectrum. The power spectral density after normalizing
the light curves by their mean luminosity is shown in the
bottom panel of Figure 16. The variability of the lumi-
nosity depends on the radius and is influenced by the
dynamics of the accretion streams and the inner edge
of the CBD. At radii of 150 rg and 200 rg, the luminos-
ity exhibits variability associated with half the binary
period, attributed to the emission from each stream be-
coming dominant once during each binary orbit (see sec-
tion 3.5). This e!ect is illustrated in Figure 17, show-
ing the spherical slice of the radiation energy density
at r = 80 rg from the RMHD simulation. Here stream1,
which has a higher accretion rate, has a higher radiation
energy density than stream2.
The emission from the overdensity at the inner edge

also contributes to the modulation of luminosity, evident
in the power spectral density distribution as a lower fre-
quency mode 0.2 ↑ 0.4”bin. At r = 300 rg hemisphere,
the variability associated with twice the binary orbital
frequency diminishes and is diluted by contributions to
the luminosity from the inner regions of the CBD. As a
result, the modulation in the light curve caused by the
energy dissipation at the inner edge of the CBD domi-
nates. This e!ect can be seen in Figure 17, which shows
that the CBD’s inner edge exhibits significantly higher
radiation energy density than the rest of the disk be-
cause of the stream impacts.

5. DISCUSSION

Given that RMHD simulations are relatively compu-
tationally expensive and not yet a commonplace when it
comes to simulations of accreting MBHBs (or even sin-
gle MBHs), it is important to use them judiciously. In
this section we discuss questions that particularly ben-
efit from the RMHD approach (Section 5.1) and the as-
pects of circumbinary accretion where due to the limi-

Circumbinary disk: Light curve Tiwari et al. 25

• Light curve shows periodicities due to the binary and overdensity
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Figure 16. Top: Luminosity curves calculated at r/rg =
150, 200, 300 from the RMHD run. Bottom: Power spectral
density calculated after normalizing the light curves by their
mean luminosity, showing two prominent modes: at 2!bin

and at low-frequency 0.2-0.4!bin.

perature using only the hydrodynamical quantities. As
before, the regions with an optical depth of less than
one are not used in the calculation.
The spectra derived from both approximate methods

are shown in Figure 15. The spectrum computed from
the ω-disk model peaks in the optical and infrared band,
at frequencies lower by a factor of a few compared to our
baseline spectrum evaluated from the radiative transfer
calculation. This di!erence arises because the ω-disk
model assumes a single-MBH gravitational potential and
doesn’t capture the dynamics at the inner edge of the
CBD, leading to a temperature profile that deviates sub-
stantially from the RMHD disk.
The approximate thermal spectrum computed from

hydrodynamic properties of the gas and Te! on the other
hand peaks in the X-ray band, overestimating the peak
frequency of thermal emission by two orders of mag-
nitude. This discrepancy with our baseline spectrum
arises because the gas temperature provides a poor ap-
proximation for the e!ective temperature of radiation
at the inner edge of the CBD, where the gas and radia-
tion are not in local thermodynamic equilibrium. In this
region, the gas temperature is significantly higher than
that of the radiation, resulting in the incorrect predic-
tion of a much more energetic spectrum. These results
underscore the importance of including radiation in sim-
ulations to obtain accurate emission properties that can
be compared with observations.
Equipped with the thermal spectrum, in the next step

we calculate the corresponding luminosity of radiation

emitted by the circumbinary disk. We calculate the
radiation luminosity from three concentric hemispheres
(we choose ε < ϑ/2 hemisphere) located at the radii of
r/rg = 150, 200, 300 by integrating the radial radiation
flux over these hemispheres. This calculation includes
the radiation flux from the optically thick and optically
thin regions of the CBD that exits the hemisphere and
excludes the inwardly advected radiation prevalent in
the optically dense regions (see the streamlines in Fig-
ure 14).
The resulting light curves are presented in the top

panel of Figure 16. The CBD contributes total lumi-
nosity of → 0.01LEdd at 300 rg and → 0.018LEdd when
calculated at the outer boundary of the domain, consis-
tent with the peak luminosity inferred from the thermal
spectrum. The power spectral density after normalizing
the light curves by their mean luminosity is shown in the
bottom panel of Figure 16. The variability of the lumi-
nosity depends on the radius and is influenced by the
dynamics of the accretion streams and the inner edge
of the CBD. At radii of 150 rg and 200 rg, the luminos-
ity exhibits variability associated with half the binary
period, attributed to the emission from each stream be-
coming dominant once during each binary orbit (see sec-
tion 3.5). This e!ect is illustrated in Figure 17, show-
ing the spherical slice of the radiation energy density
at r = 80 rg from the RMHD simulation. Here stream1,
which has a higher accretion rate, has a higher radiation
energy density than stream2.
The emission from the overdensity at the inner edge

also contributes to the modulation of luminosity, evident
in the power spectral density distribution as a lower fre-
quency mode 0.2 ↑ 0.4”bin. At r = 300 rg hemisphere,
the variability associated with twice the binary orbital
frequency diminishes and is diluted by contributions to
the luminosity from the inner regions of the CBD. As a
result, the modulation in the light curve caused by the
energy dissipation at the inner edge of the CBD domi-
nates. This e!ect can be seen in Figure 17, which shows
that the CBD’s inner edge exhibits significantly higher
radiation energy density than the rest of the disk be-
cause of the stream impacts.

5. DISCUSSION

Given that RMHD simulations are relatively compu-
tationally expensive and not yet a commonplace when it
comes to simulations of accreting MBHBs (or even sin-
gle MBHs), it is important to use them judiciously. In
this section we discuss questions that particularly ben-
efit from the RMHD approach (Section 5.1) and the as-
pects of circumbinary accretion where due to the limi-
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Circumbinary disk: Radiation temperature Tiwari et al. 25

• Flung-out streams deposit energy at the inner edge producing radiation

• Trad ~ 2x104 K at the photosphere

RMHD Simulation of sub-Eddington Circumbinary Disk around an MBHB 13

Figure 14. Left: Slice of the ratio of gas to radiation temperature at ω = 0 (left half-panel) along with azimuthally averaged
radiation temperature (right half-panel) derived from the RMHD simulation of the disk. The lines show the location of the
photosphere calculated using the Rosseland (black) and e!ective opacity (cyan). The streamlines illustrate the direction of
radiation flux. Right: Radiation temperature calculated at the Rosseland photosphere. In the innermost regions where the
photosphere is not defined (because ε < 1), the figure shows the radiation temperature at the mid-plane of the disk.

With the benefit of the thermal spectrum calculated
from the first principles from our simulation with radia-
tive transfer, it is worth examining how well it compares
to the predictions of some of the approximate methods
commonly used in the literature. For example, some of
the earlier studies have computed thermal spectra by
either assuming an ω-disk analytic model truncated at
the cavity edge or by inferring the e!ective temperature
from hydrodynamic properties of the gas in simulations.
To compare our spectra with these methods, we calcu-
late two additional spectra.
First, we compute the spectrum using the ω-disk

model, whose temperature profile is given by Equa-
tion 25:

T (r) =

{
3GMṀ

8εr3ϑ

[
1→

(
rin

r

)1/2
]}1/4

(25)

where rin is the truncation radius, M is the mass of the
MBH and Ṁ is the mass accretion rate through the disk.
For the purposes of this comparison, we adopt a point
mass of 2 ↑ 107M→ accreting at 15% of the Eddington
rate (assuming 10% e”ciency), and rin = 200rg.
The second approximate spectrum, based on hydrody-

namic properties of the gas in simulations, is calculated
using the e!ective temperature defined by:

T
4

e!
=

4

3

↓Tgas↔4ω,ε
ϖT #

(26)

where ↓Tgas↔ω,ε is the density-weighted vertical average
of the gas temperature around the midplane and # is

Figure 15. Thermal spectrum calculated from the Rosse-
land (solid black) and e!ective opacity (dashed cyan), as
described in Section 4. For comparison, we also show the
spectra calculated with two approximate methods commonly
used in the literature: the ϑ-disk model (dotted blue) and
the model using Te! based on the hydrodynamic properties
of the gas (dash-dot orange). All spectra were integrated to
the radius set by the outer edge of the computational do-
main. See the text for more details.

the surface density of the disk. Note that in this ap-
proximation, the Thomson opacity ϖT ↗ 0.4 cm2 g↑1 is
assumed to be the dominant form of opacity, contrary
to what we find from the radiative transfer calculation.
This approach allows us to calculate the e!ective tem-
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radiation flux. Right: Radiation temperature calculated at the Rosseland photosphere. In the innermost regions where the
photosphere is not defined (because ε < 1), the figure shows the radiation temperature at the mid-plane of the disk.
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the surface density of the disk. Note that in this ap-
proximation, the Thomson opacity ϖT ↗ 0.4 cm2 g↑1 is
assumed to be the dominant form of opacity, contrary
to what we find from the radiative transfer calculation.
This approach allows us to calculate the e!ective tem-
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Figure 17. Left: Spherical slice of radiation energy density at r = 80 rg from the RMHD run at t→ 73 binary orbits. The
stream with higher accretion rate (stream1) has higher radiation energy density than stream2. Right: Density weighted vertically
averaged radiation energy density for the RMHD run at t → 73 binary orbits. The streams flung-out by the binary shock and
deposit energy at the inner edge of the CBD producing radiation.

tations of our calculations other, established numerical
methods are better suited (Section 5.2).

5.1. Implications for the Emission Properties of
Circumbinary Disks

One advantage of the RMHD simulation presented
here is that the location of the photosphere can be cal-
culated directly, given the information about the density
and opacity of the emitting gas. Combined with the in-
formation about the radiation temperature on this sur-
face one can calculate thermal emission from the gas
from first principles. These predictions provide an im-
portant benchmark for more approximate methods. As
discussed in Section 4 and illustrated in Figure 15, the
predicted thermal spectrum from the CBD can be o! by
orders of magnitude if the method does not capture the
hydrodynamic e!ects, like shocks (in the case of analytic
models), the opacity of the gas and the local properties
of radiation (hydrodynamic models without radiative
transfer). Therefore, the emission and radiative prop-
erties of the gas are the most important aspects that
benefit from the calculation of radiative transfer. This
includes not only the calculation of spectra but also the
light curves and variability.
For example, thermal spectra calculated from our

RMHD simulation (section 4) show that the thermal
emission from the CBD peaks at around the optical/UV
band for a 2→107 M→ separated by 100 rg and accreting
at 0.15 times the Eddington rate. This is in contrast
with studies that find soft X-ray emission at the inner
edge from similar MBHB and disk configurations. The
predicted UV emission can in principle be targeted by

the next generation of UV observatories, like ULTRA-
SAT (Shvartzvald et al. 2023), which will observe in the
ultraviolet band (230290 nm) and provide months-long
light curves with minute-level cadence. Its sensitivity
will allow it to target thermal emissions from the CBD
around LISA binaries with mass ↑ 107 M→, which will
be bright enough to be detected to redshift z ↭ 0.7,
assuming a CBD luminosity of 0.01 LEdd.
The upcoming Vera Rubin observatory (Ivezić et al.

2019) will be highly e!ective in detecting more mas-
sive sub-parsec binaries (↑ 108 ↓ 109M→), which are
of interest to Pulsar Timing Arrays (PTAs). Its wide
field of view, long observational baseline, and high ca-
dence in the optical and near-infrared bands make it
well-suited for targeting the thermal emission signatures
from the circumbinary disks surrounding these binaries.
For example, assuming that the e!ective temperature
of the CBD scales with the binary mass as ↔ M

↑1/4
tot

,
we estimate that the thermal emission from binaries
with masses around 108M→ and CBDs luminosity of
0.01LEdd

2 will be detected in the optical bands up to
a redshift of approximately 1.4. These systems would
exhibit modulation in their light curve with periods of
order 100 days, which are longer than the survey’s ca-
dence and fit well within the survey’s 10-year projected
observation period. More massive binaries, with masses

2
Note however that the approximate extrapolation to higher

MBHB masses does not take into account the di!erences in den-

sity and temperature of the CBDs that may arise from di!erent

opacity values, potentially altering the disk luminosity and spec-

trum.

Radiation energy density

Trad = (Er /aSB)1/4

Radiation temperature at the 
photosphere



Structure of the mini-disk
Chan, Tiwari, TB et al., in prep.

• Mini-disk fed by a stream with a constant accretion rate

• RMHD mini-disk is thinner, denser and non-axisymmetric
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MHD simulations in the literature and to examine the impact of
radiation by contrasting the MHD and RMHD branches.

In the first stage, we follow gas and magnetic field buildup in
the minidisk in MHD. We employ a locally isothermal equation
of state: for every time step, we evolve MHD under an adiabatic
equation of state with 𝐿 = 5

3 , and then we set the gas pressure
to 𝑀 = 𝑁𝑂

2
s,inj𝑃/𝑃inj with 𝑂s,inj and 𝑃inj from Section 2.4. This

locally isothermal equation of state imitates rapid cooling and
encourages minidisk formation. The simulation is run in this
stage for 5.4 𝑄orb, or equivalently, → 260 orbits at 𝑃 → 6𝑅𝑆tot/𝑂2.
The minidisk density distribution does not change qualitatively
after 𝑄 → 𝑄orb.

In the second stage, the simulation splits into MHD and RMHD
branches. The MHD branch is a straightforward extension of
the first stage. The RMHD branch requires us to first replace the
gas pressure everywhere by a combination of gas and radiation
pressures under thermal equilibrium: given the gas temperature
𝑇old at the end of the first stage, we solve the equation 𝑁𝑈B𝑇old/𝑉 =
1
3𝑊SB𝑇

4
new + 𝑁𝑈B𝑇new/𝑉 for the gas and radiation temperature

𝑇new at the start of the RMHD branch. We then continue the
simulation in full RMHD using an adiabatic equation of state with
𝐿 = 5

3 . The second stage is terminated after 0.46 𝑄orb, or → 22
orbits at 𝑃 → 6𝑅𝑆tot/𝑂2, at which point the minidisk density
distribution has adjusted to the di!erent force distribution in the
presence of radiation and the minidisk luminosity has reached
steady state.

2.6. Simulation domain and boundary conditions

The simulation domain stretches from the stream injection point
down to the photon orbit of the MBH and covers the full solid
angle around the MBH. The 𝑃-, 𝑋-, and 𝑌-coordinates range over
[1.5, 50] in units of 𝑅𝑆tot/𝑂2, [0, 𝑍], and [0, 2𝑍], respectively.
The spatial grid is uniform in the polar and azimuthal directions
but logarithmic in the radial direction. On top of that, we
impose five levels of static mesh refinement on the region
𝑃 ↑ 10𝑅𝑆tot/𝑂2 and |𝑋 ↓ 1

2𝑍 | ↑ 0.1, achieving an e!ective
resolution of 1024↔768↔768 and a cell size of (ω𝑃/𝑃,ω𝑋,ω𝑌) ↗
(3, 4, 8) ↔ 10↓3 at the highest resolution. Thanks to refinement,
more than half of the radial cells are at 𝑃 ⊋ 5𝑅𝑆tot/𝑂2. Intensity
is discretized on an angle grid consisting of 80 rays. The
angle grid is identical for all cells and does not rotate with the
coordinate basis vectors.

The radial direction uses diode boundary conditions: if a
cell in the ghost zone is occupied by the injected stream, we
set its properties to those of the stream; otherwise, we copy
all variables from the last physical cell, and we zero the radial
velocity component and all magnetic field components if the
velocity points inward. The polar direction uses polar boundary
conditions that allow gas and radiation to pass over the pole. The
azimuthal direction uses periodic boundary conditions.

3. RESULTS

3.1. Minidisk structure

The stream mimicking gas supply from the circumbinary disk self-
intersects and forms a minidisk. Figure 1 shows the minidisk
at the end of the MHD and RMHD branches. The minidisk
consists of a circular, geometrically thin ring of dense gas at
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Figure 1. Density of the minidisk at the end of the MHD branch in the left
column and the RMHD branch in the right column. The top row shows midplane
slices, the middle row shows zoomed-in versions of the same, and the bottom
row shows zoomed-in azimuthal averages. In all panels, one MBH of the binary
is at the origin, the other is to the left outside the simulation domain, and the
stream is injected from a point to the right. NOTE NOTE

𝑃 → 6𝑅𝑆tot/𝑂2 as well as a di!use envelope that extends radially
to 𝑃 → 12𝑅𝑆tot/𝑂2 and vertically above and below the stream
plane. Gas in both the ring and the envelope feeds the accretion
flow toward the MBH at 𝑃 ⊋ 5𝑅𝑆tot/𝑂2. All these structures
are nestled well within the Roche lobe of the MBH, which has an
e!ective radius ↗ 38𝑅𝑆tot/𝑂2 (Z. Kopal 1959; P. P. Eggleton
1983).

The stream feeding the minidisk does not directly collide with
the ring; rather, it shocks against the geometrically thicker and
less dense envelope surrounding the ring, intermixing into the
envelope and eventually the ring. The geometrical thinness of
the ring is the result of rapid cooling: in the MHD case, it is
emulated through the use of a locally isothermal equation of
state; in the RMHD case, it is due to the actual escape of radiation
from the minidisk.

The ring, envelope, and accretion flow are persistent minidisk
components. Moreover, the compact minidisk does not appear
strongly perturbed by the tidal forces of the companion MBH.
These properties contrast with the transience and strong tidal
distortion characteristic of minidisks in tighter binaries with
orbital separations ⊋ 20𝑅𝑆tot/𝑂2 (<empty citation>). In our
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MHD simulations in the literature and to examine the impact of
radiation by contrasting the MHD and RMHD branches.

In the first stage, we follow gas and magnetic field buildup in
the minidisk in MHD. We employ a locally isothermal equation
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equation of state with 𝐿 = 5
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(3, 4, 8) ↔ 10↓3 at the highest resolution. Thanks to refinement,
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is discretized on an angle grid consisting of 80 rays. The
angle grid is identical for all cells and does not rotate with the
coordinate basis vectors.

The radial direction uses diode boundary conditions: if a
cell in the ghost zone is occupied by the injected stream, we
set its properties to those of the stream; otherwise, we copy
all variables from the last physical cell, and we zero the radial
velocity component and all magnetic field components if the
velocity points inward. The polar direction uses polar boundary
conditions that allow gas and radiation to pass over the pole. The
azimuthal direction uses periodic boundary conditions.

3. RESULTS

3.1. Minidisk structure

The stream mimicking gas supply from the circumbinary disk self-
intersects and forms a minidisk. Figure 1 shows the minidisk
at the end of the MHD and RMHD branches. The minidisk
consists of a circular, geometrically thin ring of dense gas at
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Figure 1. Density of the minidisk at the end of the MHD branch in the left
column and the RMHD branch in the right column. The top row shows midplane
slices, the middle row shows zoomed-in versions of the same, and the bottom
row shows zoomed-in azimuthal averages. In all panels, one MBH of the binary
is at the origin, the other is to the left outside the simulation domain, and the
stream is injected from a point to the right. NOTE NOTE

𝑃 → 6𝑅𝑆tot/𝑂2 as well as a di!use envelope that extends radially
to 𝑃 → 12𝑅𝑆tot/𝑂2 and vertically above and below the stream
plane. Gas in both the ring and the envelope feeds the accretion
flow toward the MBH at 𝑃 ⊋ 5𝑅𝑆tot/𝑂2. All these structures
are nestled well within the Roche lobe of the MBH, which has an
e!ective radius ↗ 38𝑅𝑆tot/𝑂2 (Z. Kopal 1959; P. P. Eggleton
1983).

The stream feeding the minidisk does not directly collide with
the ring; rather, it shocks against the geometrically thicker and
less dense envelope surrounding the ring, intermixing into the
envelope and eventually the ring. The geometrical thinness of
the ring is the result of rapid cooling: in the MHD case, it is
emulated through the use of a locally isothermal equation of
state; in the RMHD case, it is due to the actual escape of radiation
from the minidisk.

The ring, envelope, and accretion flow are persistent minidisk
components. Moreover, the compact minidisk does not appear
strongly perturbed by the tidal forces of the companion MBH.
These properties contrast with the transience and strong tidal
distortion characteristic of minidisks in tighter binaries with
orbital separations ⊋ 20𝑅𝑆tot/𝑂2 (<empty citation>). In our

Properties of SMBH binary studied

q = 1 Mtot = 2 × 107M⊙
e = 0 a = 100GMtot/c

2

Torb ≈ 7 d Tgw ≈ 24 yr

• as individuals:
LISA “verification binaries”

• as a population:
LISA “precursors”
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Structure of the mini-disk

• RMHD mini-disk is thinner, denser and non-axisymmetric

RMHD MINIDISKS IN MBHBS 7
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Figure 4. Density and radiation temperature of the minidisk at the end of the
RMHD simulation on various poloidal slices. The solid and dotted contours are
the e!ective photosphere and scattering photosphere, respectively.

The solid contours trace the e!ective photosphere. The
location of the e!ective photosphere from above is defined to be
the polar angle 𝐿a (𝑀, 𝑁) satisfying∫ 𝐿a

0
𝑀 𝑂𝐿 𝑃𝑄eff → 1, (27)

and the location of the same from below is defined to be 𝐿b (𝑀, 𝑁)
satisfying ∫ 𝑀

𝐿b

𝑀 𝑂𝐿 𝑃𝑄eff → 1, (28)

where

𝑄eff = [𝑄a,R (𝑄a,R + 𝑄s)]1/2 (29)

is the e!ective opacity. The e!ective photosphere, 𝐿a, and 𝐿b are
undefined at some (𝑀, 𝑁) if the gas there is so optically thin that∫ 𝑀

0
𝑀 𝑂𝐿 𝑃𝑄eff < 2. (30)

The e!ective photosphere thus defined tells us approximately
where radiation is last thermalized before it escapes to infinity.
The dotted contours follow the scattering photosphere, defined
analogously as the e!ective photosphere but using 𝑄s instead
of 𝑄eff in the integrands. Both photospheres inherit the nonax-
isymmetry of the gas. The proximity of the two photospheres to
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Figure 5. Radiation properties of the minidisk at the end of the RMHD simulation.
Top-left panel: Radiation temperature in the midplane. Top-right panel: E!ective
optical depth in the vertical direction. Bottom-left panel: Height of the e!ective
photosphere above the midplane. Bottom-right panel: Radiation temperature
on the e!ective photosphere. For the bottom panels, quantities shown are the
averages for the e!ective photospheres from above and below, and empty regions
have such low optical depths that the e!ective photosphere is undefined.

each other is because the 𝑄a,R is generally not much greater than
𝑄s. Lastly, the minidisk is not optically thick in e!ective opacity
terms all the way down to the MBH at all azimuths.

The bottom panel of Figure 4 presents on the same poloidal
slices the radiation energy 4𝑅𝑆0/𝑇, expressed in terms of the
radiation temperature 𝑈rad = [4𝑅𝑆0/(𝑇𝑉SB)]1/4. The top-left
panel of Figure 5 shows the radiation temperature in the midplane.
Radiation is distributed nonaxisymmetrically like gas. Regions
of denser gas tend to have more intense radiation; however,
because radiation is not strictly bound to the gas, distributions
of gas and radiation are not identical. Notably, the suppression
of radiation within a wedge-shaped region above and below the
midplane at large radii is indicative of shadowing of emission
from the hotter inner minidisk by the colder outer minidisk.
Furthermore, certain features of the radiation distribution can
be explained in physical terms: for example, the concentration
along the 𝑀 ↑ 6𝑊𝑋tot circle is due to the presence of the dense
ring, whereas the arc running across the top half of the midplane
panel follows the spiral shock formed when the stream collides
with the less dense envelope around the dense ring.

The top-right panel of Figure 5 plots the e!ective optical
depth:

𝑌eff =
1
2

∫
𝑀 𝑂𝐿 𝑃𝑄eff . (31)

In agreement with the e!ective photosphere contours in Figure 4,
the minidisk is optically thick over most of its surface area.
Considering its optical thickness, henceforth we consider only
the thermal radiation from the minidisk, whose spectrum we
approximate as a sum of black bodies.

The bottom-left panel of Figure 5 shows that the height of the

Minidisk: Density
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Solid contour: 
effective photosphere

Chan, Tiwari, TB et al., in prep.



Mini-disk: Shape of the photosphere
Chan, Tiwari, TB et al., in prep.

• The non-axisymmetry in shape and temperature of the photosphere results in anisotropic emission of radiation

Minidisk: Photosphere shape and temperature
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Trad = (Er /aSB)1/4



Mini-disk: Anisotropic emission
Chan, Tiwari, TB et al., in prep.

Minidisk: Anisotropic emission
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Mini-disk: Anisotropic emission
Chan, Tiwari, TB et al., in prep.

Minidisk: Anisotropic emission
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Minidisk: Anisotropic emission
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• Anisotropic emission implies light curve periodicity even in the absence of relativistic Doppler boosting and lensing



Summary and the look ahead

• Produced the first RMHD simulations of MBHB accretion disks for a LISA precursor binary.

• They show some unique properties compared to those in MHD and hydrodynamic simulations.

• Preliminary analysis indicates that EM periodicities related to MBHB orbital period are present. 

• What next? Explore more binary configurations. Provide more detailed predictions for the EM 

spectra and photometric light curves.

• In 10 years to LISA: Build a parametrized bank of the EM signatures (similar to the GW templates) 

that depend only on the input accretion rate + MBHB parameters needed for description of GWs.

Tamara Bogdanović

tamarab@gatech.edu


Questions are welcome!

mailto:tamarab@gatech.edu


Circumbinary disk: Thermal spectrum Tiwari et al. 25

• Flung-out streams deposit energy at the inner edge producing radiation

• Trad ~ 2x104 K at the photosphere

RMHD Simulation of sub-Eddington Circumbinary Disk around an MBHB 13

Figure 14. Left: Slice of the ratio of gas to radiation temperature at ω = 0 (left half-panel) along with azimuthally averaged
radiation temperature (right half-panel) derived from the RMHD simulation of the disk. The lines show the location of the
photosphere calculated using the Rosseland (black) and e!ective opacity (cyan). The streamlines illustrate the direction of
radiation flux. Right: Radiation temperature calculated at the Rosseland photosphere. In the innermost regions where the
photosphere is not defined (because ε < 1), the figure shows the radiation temperature at the mid-plane of the disk.

With the benefit of the thermal spectrum calculated
from the first principles from our simulation with radia-
tive transfer, it is worth examining how well it compares
to the predictions of some of the approximate methods
commonly used in the literature. For example, some of
the earlier studies have computed thermal spectra by
either assuming an ω-disk analytic model truncated at
the cavity edge or by inferring the e!ective temperature
from hydrodynamic properties of the gas in simulations.
To compare our spectra with these methods, we calcu-
late two additional spectra.
First, we compute the spectrum using the ω-disk

model, whose temperature profile is given by Equa-
tion 25:

T (r) =

{
3GMṀ

8εr3ϑ

[
1→

(
rin

r

)1/2
]}1/4

(25)

where rin is the truncation radius, M is the mass of the
MBH and Ṁ is the mass accretion rate through the disk.
For the purposes of this comparison, we adopt a point
mass of 2 ↑ 107M→ accreting at 15% of the Eddington
rate (assuming 10% e”ciency), and rin = 200rg.
The second approximate spectrum, based on hydrody-

namic properties of the gas in simulations, is calculated
using the e!ective temperature defined by:

T
4

e!
=

4

3

↓Tgas↔4ω,ε
ϖT #

(26)

where ↓Tgas↔ω,ε is the density-weighted vertical average
of the gas temperature around the midplane and # is

Figure 15. Thermal spectrum calculated from the Rosse-
land (solid black) and e!ective opacity (dashed cyan), as
described in Section 4. For comparison, we also show the
spectra calculated with two approximate methods commonly
used in the literature: the ϑ-disk model (dotted blue) and
the model using Te! based on the hydrodynamic properties
of the gas (dash-dot orange). All spectra were integrated to
the radius set by the outer edge of the computational do-
main. See the text for more details.

the surface density of the disk. Note that in this ap-
proximation, the Thomson opacity ϖT ↗ 0.4 cm2 g↑1 is
assumed to be the dominant form of opacity, contrary
to what we find from the radiative transfer calculation.
This approach allows us to calculate the e!ective tem-

RMHD Simulation of sub-Eddington Circumbinary Disk around an MBHB 13

Figure 14. Left: Slice of the ratio of gas to radiation temperature at ω = 0 (left half-panel) along with azimuthally averaged
radiation temperature (right half-panel) derived from the RMHD simulation of the disk. The lines show the location of the
photosphere calculated using the Rosseland (black) and e!ective opacity (cyan). The streamlines illustrate the direction of
radiation flux. Right: Radiation temperature calculated at the Rosseland photosphere. In the innermost regions where the
photosphere is not defined (because ε < 1), the figure shows the radiation temperature at the mid-plane of the disk.
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Mini-disk: Radiation temperature
Chan, Tiwari, TB et al., in prep.

• Trad ~ 105 K at the photosphere

• Stream-disk collision shock hidden by optically thick gas

Minidisk: Density
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Figure 4. Density and radiation temperature of the minidisk at the end of the
RMHD simulation on various poloidal slices. The solid and dotted contours are
the e!ective photosphere and scattering photosphere, respectively.

The solid contours trace the e!ective photosphere. The
location of the e!ective photosphere from above is defined to be
the polar angle 𝐿a (𝑀, 𝑁) satisfying∫ 𝐿a

0
𝑀 𝑂𝐿 𝑃𝑄eff → 1, (27)

and the location of the same from below is defined to be 𝐿b (𝑀, 𝑁)
satisfying ∫ 𝑀

𝐿b

𝑀 𝑂𝐿 𝑃𝑄eff → 1, (28)

where

𝑄eff = [𝑄a,R (𝑄a,R + 𝑄s)]1/2 (29)

is the e!ective opacity. The e!ective photosphere, 𝐿a, and 𝐿b are
undefined at some (𝑀, 𝑁) if the gas there is so optically thin that∫ 𝑀

0
𝑀 𝑂𝐿 𝑃𝑄eff < 2. (30)

The e!ective photosphere thus defined tells us approximately
where radiation is last thermalized before it escapes to infinity.
The dotted contours follow the scattering photosphere, defined
analogously as the e!ective photosphere but using 𝑄s instead
of 𝑄eff in the integrands. Both photospheres inherit the nonax-
isymmetry of the gas. The proximity of the two photospheres to
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Figure 5. Radiation properties of the minidisk at the end of the RMHD simulation.
Top-left panel: Radiation temperature in the midplane. Top-right panel: E!ective
optical depth in the vertical direction. Bottom-left panel: Height of the e!ective
photosphere above the midplane. Bottom-right panel: Radiation temperature
on the e!ective photosphere. For the bottom panels, quantities shown are the
averages for the e!ective photospheres from above and below, and empty regions
have such low optical depths that the e!ective photosphere is undefined.

each other is because the 𝑄a,R is generally not much greater than
𝑄s. Lastly, the minidisk is not optically thick in e!ective opacity
terms all the way down to the MBH at all azimuths.

The bottom panel of Figure 4 presents on the same poloidal
slices the radiation energy 4𝑅𝑆0/𝑇, expressed in terms of the
radiation temperature 𝑈rad = [4𝑅𝑆0/(𝑇𝑉SB)]1/4. The top-left
panel of Figure 5 shows the radiation temperature in the midplane.
Radiation is distributed nonaxisymmetrically like gas. Regions
of denser gas tend to have more intense radiation; however,
because radiation is not strictly bound to the gas, distributions
of gas and radiation are not identical. Notably, the suppression
of radiation within a wedge-shaped region above and below the
midplane at large radii is indicative of shadowing of emission
from the hotter inner minidisk by the colder outer minidisk.
Furthermore, certain features of the radiation distribution can
be explained in physical terms: for example, the concentration
along the 𝑀 ↑ 6𝑊𝑋tot circle is due to the presence of the dense
ring, whereas the arc running across the top half of the midplane
panel follows the spiral shock formed when the stream collides
with the less dense envelope around the dense ring.

The top-right panel of Figure 5 plots the e!ective optical
depth:

𝑌eff =
1
2

∫
𝑀 𝑂𝐿 𝑃𝑄eff . (31)

In agreement with the e!ective photosphere contours in Figure 4,
the minidisk is optically thick over most of its surface area.
Considering its optical thickness, henceforth we consider only
the thermal radiation from the minidisk, whose spectrum we
approximate as a sum of black bodies.

The bottom-left panel of Figure 5 shows that the height of the

Stream-disk 
collision happens 

here

Solid contour: 
effective photosphere

Trad = (Er /aSB)1/4


