
Scott C. Noble (NASA/U. Tulsa)

D. Bowen (RIT)
Stephane d'Ascoli (RIT, ENS – Paris)
V. Mewes (RIT)
M. Campanelli (RIT)
J. Krolik (JHU) 

B. Mundim (IBM)
H. Nakano (Kyoto U.)
H. Shiokawa (CfA/Harvard)
M. Zilhao (Barcelona U.)
Y. Zlochower (RIT)

1st LISA Astrophysics Working Group Workshop
December 14, 2018

Thanks to NSF PRAC OCI-0725070, NSF CDI AST-1028087, NSF ACI-1515969, 
NSF AST-1515982 Computing resources provided by NCSA/BlueWaters and 

TACC/Stampede

Based on:
• d’Ascoli++2018; arxiv:1806.05697
• Bowen++2017, Bowen++2018
• Noble++2012, Mundim++2014
•  Zilhao & Noble 2014, Zilhao++2015

Lighting Up Magnetized Mini-Disk Simulations about 
Binary Black Holes

J. Baker (NASA)
J. Camp (NASA)
T. Dal Canton (NASA)
B. Kelly (NASA)
A. Mangiagli (U. Milano Bicocca)
A. Ptak (NASA)
J. Schnittman (NASA)



Why Binary SMBHs?
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/•  Binary AGN are a primary multi-messenger 
source for LISA and PTA campaigns. 

•  Likeliest EM-bright binary black hole system, 
as embedded binaries in AGN disks may be too 
dim w.r.t. their host.
•—> Best candidate for exploring plasma 
physics in the strongest and most dynamical 
regime of gravity.

•  Little is really known theoretically of these 
systems, in part because it is a tough problem:

•  Initial conditions >> size of formed binary >> 
horizon size >> turbulence scale

• Requires MHD with dynamic/numerical GR, 
old hat by now… 



4 A. Derdzinski

resolution is adequate, we have performed a test run with
800 radial grid cells, and found that our measured torques
do not change. We employ Dirichlet (fixed) conditions at the
inner and outer boundaries to ensure a constant mass flux
rate.

The disc is parameterised by a constant aspect ratio
h/r=M�1, where h is the disc scale height, r is the distance
from the SMBH, and M is the Mach number, assumed to be
constant (independent of r). Under this assumption, gas dy-
namics is scale-free as the black hole migrates through the
domain, and the sound speed varies as cs = v�/M, where
v� = r⌦ is the orbital velocity and ⌦ is the initial Keplerian
orbital frequency at r. Viscosity is set with an ↵-law prescrip-
tion. We neglect radiative cooling and instead assume the
disc is locally isothermal and we set the vertically integrated
pressure to p = c2

s⌃. Here ⌃ is the vertically-integrated sur-
face density, which is assumed to follow

⌃(r) = ⌃0

✓
r
r0

◆�1/2

, (1)

where ⌃0 ⌘ ⌃(r0). Since the orbit of the secondary BH is
imposed by hand (§ 3.2) and we have no self-gravity, ⌃0 can
be scaled to any value. Gas forces on the BH simply scale
linearly with ⌃0, as long as ⌃0 remains low enough not to
significantly modify the orbit. This assumes that the evo-
lution of the binary is overwhelmingly dominated by GWs,
which we show to be valid in § 4.1 below.

For parameters describing the disc temperature and vis-
cosity, we choose M=20 and ↵=0.03. While neither of these
values are typical of what we expect in AGN discs (where we
believe the gas is highly supersonic, with M⇠100 and highly
ionised leading to ↵ ⇠ 0.1�0.3), we implement these values
here because they are (i) numerically easier to simulate and
(ii) this particular combination of M and ↵ leads to a gap
with a similar depth to a disc with AGN-like parameters.

Fig. 1 shows a snapshot of the logarithmic 2D surface
density over the whole computational domain, at the end of
an illustrative run.

3.2 The migrator and the GW inspiral

The primary BH is held at the origin which is excised from
the simulation domain. The secondary BH is placed in a pro-
grade orbit, and modeled by a ‘vertically averaged’ potential
of the form

�2 =
GM2

(r2
2 + ✏2)1/2

, (2)

where r2 is the distance to the secondary BH and ✏ is a
smoothing length, which we set to one half the scale height.
The purpose of smoothing the potential is not only to avoid
the singularity at the position of the secondary, but to mimic
the vertically integrated forces that the two-dimensional
fluid elements feel within a scale height of the BH (see
Tanaka et al. 2002; Masset 2002; Müller et al. 2012).

While the disc is initially steady, it experiences pertur-
bations in response to the placement of the secondary BH.
These perturbations are transient and decay after a viscous
time. The viscous time is given by

tvisc(r) =
2

3

r2

⌫
=

M
2

3⇡↵
torb(r) ⇡ 1415

 
M

20

!2  
↵

0.03

!�1

torb (3)

Figure 1. The logarithmic surface density over the whole com-
putational domain, at the end of a simulation run. The primary
BH is at the origin, and the gas disc and the secondary BH are
both orbiting counter-clockwise. The secondary BH is located at
(x, y) = (1, 0), marked by a large overdensity.

where ⌫ = ↵csh = ↵h2⌦, is the kinematic viscosity, and
we define tvisc as a function of orbital time torb at the sec-
ondary location r. We therefore disregard the dynamics dur-
ing the first 1400 orbits of the simulation when measuring
the torques, to avoid including numerical transients. (Note
that the secondary only moves a distance of ⇠ 0.1r0 during
this phase.)

For a binary being driven together by gravitational
waves, the quadrupole approximation (Peters 1964) for the
evolution of the orbital separation is

€rGW = �
64

5

(GM)
3

c5

1

1 + q�1

1

1 + q
1

r3
, (4)

where G is the gravitational constant, c is the speed of light,
and M = M1 + M2 is the total binary mass. Integrating this
expression, the secondary’s position can be written as

r(t) = rmin [1 � 4R(t � ttotal)]
1/4 , (5)

where t is the elapsed time, ttotal is the total simulation time,
rmin is the final separation at t = ttotal, and R ⌘ €rGW/r is the
inspiral rate defined at the final separation. In principle, we
have the choice of specifying the initial and final position
of the secondary in code units, as well as the physical scale
for the total mass M (note that q = 10

�3 has already been
fixed). In practice, we are numerically limited by the total
number of orbits we can simulate (⇡ 10, 000 at our chosen
resolution). Our choice for, say rmin and the physical mass
scale, is further constrained in order for the binary to be
chirping (i.e. changing its separation noticeably during the
simulation), and for the GW frequency to fall in the LISA
band. We therefore chose parameters that are appropriate
for a LISA IMRI: M1 = 10

6M�, q = 10
�3, rmin = 5rS (where

rS = 2GM1/c2 is the Schwarzschild radius). Our choice of
covering ⇠ 10, 000 orbits leads to an initial position of the
secondary BH being rmax = 11rS . Simulation parameters are

MNRAS 000, 1–?? (2017)
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sion of the metric that can be calculated e�ciently by
Pandurata as a post-processor of the MHD data. As
described in [95], the binary four-metric can be instan-
taneously described by a three-metric �ij , lapse ↵, and
shift �i, according to:

gµ⌫ =

 
�↵2 + �

2
�j

�i �ij

!
. (22)

Following [96], we use ↵ = 2/(1 +  
4), �j = 0, and �ij =

�ij 
4. The conformal factor  is given by

 = 1 +
m1

2r1
+

m2

2r2
, (23)

with r1 and r2 being the simple Cartesian distances be-
tween the spatial coordinate and the primary/secondary
masses. For the Christo↵el-symbol components �⇢

µ⌫ we
take the spatial and temporal metric derivatives analyt-
ically based on the puncture trajectories calculated by
the apparent horizon finder used in our GRMHD simu-
lations. One advantage of using this simplified metric is
that we can easily calculate the photon trajectories “on
the fly” and thus do not need to rely on the fast light
approximation used by many ray-tracing codes.

Even though Pandurata uses a slightly di↵erent met-
ric than that of the GRMHD simulations, the quali-
tative properties of the spacetime are expected to be
very similar. We can avoid some potential numerical
problems by normalizing the IllinoisGRMHD fluid 4-
velocity everywhere by using the coordinate 3-velocity
from IllinoisGRMHD and then using the analytic metric
to solve for ut via gµ⌫u

µ
u
⌫ = �1.

Given the fluid velocity at each point and for each data
snapshot, a local tetrad can be constructed as in [56],
from which photon packets are launched and then propa-
gated forward in time until they reach a distant observer
or are captured by one of the black holes. Those that
reach the observer are combined to make images, light
curves, and potentially spectra. We ignore scattering or
absorption in the gas, so that all photon packets travel
along geodesic paths.

One of the challenges with this approach is the inherent
uncertainty of what emission mechanism is most appro-
priate, and even then, the electron temperature Te is not
known explicitly from the simulations, so it can only be
approximated with an educated guess. For this paper, we
focused on a single simplified emission model of thermal
synchrotron, where the emissivity is isotropic in the local
fluid frame with bolometric power density given by

Psyn =
4

9
nr

2

0
c�

2
�
2
B

2
, (24)

with r0 the classical electron radius, n the electron num-
ber density, � ⌘ v/c, and �2

�
2 ⇡ Te/me (see, e.g. Chap.

6 of [97]). We use the magnetic field strength and fluid
density specified by IllinoisGRMHD, along with the code-
to-cgs conversion described above. We estimate the elec-
tron temperature from the simulation pressure, assuming

FIG. 17. Snapshots from Pandurata post-processing of the
simulation data at a separation of 10M (about 1000M be-
fore merger), viewed by an observer edge-on to the orbital
plane. Top panel: thermal synchrotron emission; middle
panel: magnetic contribution only (/ B2); bottom panel:
gas contribution only (/ ⇢T ).

a radiation-dominated fluid with p = aT
4

e , reasonable for
the � = 4/3 polytrope used here. Thus the synchrotron
power scales as

Psyn / B
2
⇢
4/3 / ⇢

7/3
0

, (25)

since B
2 ⇠ ⇢.

In the top panel of Fig. 17 we show the observed syn-
chrotron intensity on a log scale for a single snapshot of
IllinoisGRMHD data when the binary separation is 10M .
The observer is located edge-on to the orbital plane and
the black hole on the left is moving towards the observer,
resulting in a special relativistic boost.
In an attempt to understand the features seen in

Fig. 17, we repeat the Pandurata calculations with two
other emissivity models, in one case focusing just on 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)2vorb, 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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Periodic Signal
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Density

MHD Simulations Predict a New EM Signature:
Noble++2012
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• Gas follows binary as it shrinks 
from 20M to 10M in separation.
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GR Radiative Transfer Methodology
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APPENDIX

THE LORENTZ INVARIANT RADIATIVE TRANSFER EQUATION

Let I, ↵, and j be the Lorentz invariant intensity, absorption coe�cient, and emissivity, respectively, and let I⌫ , ↵⌫ ,
and j⌫ be the values measured by a local observer that measures the photon to have frequency ⌫. The relationship
between these two sets of quantities is

I =
I⌫
⌫3

, j =
j⌫
⌫2

, ↵ = ↵⌫⌫ . (A1)

The RTE in this observer’s frame is

@I⌫
@s

= j⌫ � ↵⌫I⌫ , (A2)

where ds is the incremental distance along the geodesic as seen by the local observer. Inserting Equations (A1) into
(A2) yields

@I

@s
=

1

⌫
(j � ↵I) . (A3)

We wish to use the a�ne geodesic parameter to evolve this di↵erential equation. If we denote the local observer’s
4-velocity by vµ and the photon’s wavevector by kµ, we have the following relations:

⌫ = �vµkµ
2⇡

, (A4)

ds = c dtobs = �vµdxµ

c
. (A5)

(A6)

Using the freedom we have to choose � up to an a�ne transformation, we define the normalized wavevector Nµ =
@x

µ

@�
⌘ c

2⇡k
µ. Equations (A4) and (A5) yield ds = ⌫d�, and we may rewrite (A3) in the simple form:

@I

@�
= j � ↵I . (A7)

CONVERSION FACTORS

In order to convert variables used in Harm3d and Bothros to cgs units, we need to match numerical scales to
cgs scales. In the following, we subscript with an “n” the variables in numerical units, with a “c” those in cgs units
and with “c/n” the conversion factors between the two system of units, Xc/n ⌘ Xc/Xn. Let us now discuss how ⌫c is
calculated from ⌫n. We have:

⌫c/n = �
(uµNµ)

c/n

c
. (B1)

Since the conversion factors should all be constants along the geodesics, we can evaluate them at the camera. We
denote by Cµ the 4-velocity of the camera, which we set to (1, 0, 0, 0), and the subscript 1 denotes a quantity evaluated
at the camera. If the camera observes the photon at a given frequency ⌫c1, we then get:

(uµN
µ)

c/n
=

(CµNµ)
c1

(CµNµ)
n1

= � c ⌫c1
(CµNµ)

n1
. (B2)

As we mentioned in Section 2.3.1, Nµ

1 is set such that the geodesics is null (NµNµ = 0), points to the camera from
the field, and moves forward in time. Putting this into (B1), we obtain:

⌫c/n = �
(uµNµ)

c/n

c
= � ⌫c1

(CµNµ)
n1

. (B3)

The other quantities are more straightforward to transform, and the scales used are shown in Table 1.
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Note that the light coming from an optically thick
medium is e↵ectively radiated from its photosphere (the
surface at which its optical depth passes through unity).
If a geodesic encounters a photosphere, the RTE will be
integrated from there to the camera, with initial con-
dition I0 = Iphotosphere; otherwise the integration starts
from the end of the geodesic with I0 = 0. In other words,
we only have to integrate the RTE in optically thin re-
gions.
In order to create spectra, we vary the frequency in

cgs units at the camera, ⌫1. At each point X along the
geodesic, we can calculate the corresponding Doppler and
gravitational shifted frequency ⌫X via

⌫|
X

= �F (⌫1) (kµuµ)|X , (6)

where F (⌫1) is the conversion factor from numerical
units to cgs units (see App. B), kµ is the 4-velocity of
the photon, and uµ is the 4-velocity of the gas in global
inertial coordinates. Given a fluid-frame model for j⌫ and
↵⌫ , we can then find j(X) and ↵(X) from Equation (A1)
to discretely integrate Equation (5). The integration is
performed using the same 5th-order Cash-Karp algorithm
used to integrate the geodesic equations.

2.3.5. Opacity Model

The radiative model chosen in a region strongly de-
pends on whether the gas is thermalized. Typically, the
gas inside a disk can be considered thermalized if the
vertically integrated e↵ective optical depth of the disk,
⌧e↵ ⇠

p
⌧a(⌧a + ⌧s), is much larger than one, where ⌧a

and ⌧s are the optical depths from absorptive and scat-
tering processes, respectively. At the densities and tem-
peratures of interest here, the dominant source of opac-
ity is electron scattering, so we neglect absorptive pro-
cesses. Even though we do not calculate ⌧a and, rigor-
ously speaking, ⌧ = ⌧a+⌧s � 1 does not ensure thermal-
ization, we make the reasonable assumption that there
is still enough absorption in the disks for them to be
thermalized.
We therefore assume a grey (frequency-independent)

Thomson opacity for electron scattering:

↵⌫ = T ⇢, (7)

where ⇢ is the gas density and T = �T /mH is the Thom-
son opacity (obtained by dividing the Thomson cross
section by the mass of an hydrogen atom). Each seg-
ment along the ray contributes a Lorentz-invariant opti-
cal depth di↵erential equal to

d⌧ = ↵⌫ ds = ↵ d� . (8)

Here, we are interested in the optical depth relative to the
observer, so we integrate Equation (8) from the camera
to the source along the geodesic.
In Figure 4, we show the calculated optical depth

in the super-Eddington case at inclination ✓cam = 0�,
which e↵ectively corresponds to a vertical integration.
We see that the image bifurcates neatly into two zones:
those whose geodesics encounter gas (mini-disks, accre-
tion streams, circumbinary disk) for which ⌧ � 1, and
those whose geodesics only traverse cavities (⌧ ⌧ 1).

2.3.6. Emissivity Model

Figure 4. Logarithmic scale optical depth with ṁ = 5, rmax =
60M , ✓cam = 0�, and t = 2.8tbin. The bright rings circling the
horizons correspond to the photon spheres, where the geodesics
wrap round the BHs multiple times, allowing the ray to integrate
more optical depth.

Below the photosphere (the ⌧ = 1 surface), we assume
the disk’s gas is in thermal equilibrium. We therefore
initialize the specific intensity at the photosphere with a
black-body spectrum,

I⌫ = B⌫(⌫, Te↵) =
2h⌫3

c2
1

e
h⌫

kTeff � 1
. (9)

The e↵ective temperature, Te↵ , is the temperature as-
sociated with the local radiative cooling flux (F) at the
photosphere and can be found using Stefan-Boltzmann’s
law:

Te↵ = (F/�)1/4 , (10)

where � is the Stefan-Boltzmann constant. The flux is
found by integrating the cooling function vertically inside
the photosphere:

F =
1

2

Z

⌧>1
Lc ds =

1

2

Z

⌧>1
Lc ⌫ d� , (11)

where the factor of 1/2 comes from the fact that the
disk has two photospheric surfaces from which heat can
escape. This integral is approximately vertical through
the disk for views with ✓cam ' 0�; we restrict our ex-
ploration of optically thick models to this viewing angle
because applying our ray-tracing method at other view-
ing angles would locate the photosphere at an artificially
high altitude from the disk midplane. Figure 5 gives a
representation of the photosphere and the e↵ective tem-
perature at its surface.
Outside thermalized regions, the predominant radia-

tive process is inverse Compton scattering. In such
regions, the dimensionless temperature ⇥ ⌘ kT/mec2

rarely exceeds ' 0.2 because the Compton scattering
energy-loss rate increases as electrons become relativistic
and further plasma cooling can be accomplished by pair
production (see the pedagogical review in Krolik (1999)).
When the optical depth is small, the energy spectrum of
photons is exponentially cut o↵ above ⇥ and follows a
power-law below ⇥. In observed AGN, the power-law
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Figure 5. Representation of the e↵ective temperature on the pho-
tosphere, projected into the binary’s orbital plane, for ṁ = 5. Te↵
in the fluid frame is shown in units of T0 = 3 ⇥ 105K. The e↵ec-
tive temperature at infinity is altered by gravitational redshift and
Doppler-boosting; the former dominates for face-on views, so the
observed e↵ective temperature seen at ✓cam ' 0� would be rather
lower near the black holes than shown here.

(for intensity) varies from ' �0.3 to ' �1.3 (Trakhten-
brot et al. 2017); for simplicity, we set it to -0.5. We then
take the emissivity to be

j⌫ / W⌫ =

✓
h⌫

⇥

◆�1/2

e�
h⌫
⇥ (12)

with ⇥ = 0.2. We normalize the spectrum in such a
way that the bolometric emissivity matches the cooling
function at every point:

R
j⌫d⌫d⌦ = Lc. This gives:

j⌫ =
Lc

4⇡A
W⌫ , (13)

A =

Z
d⌫W⌫ =

⇥

h

p
⇡. (14)

The transfer equation is integrated, starting with I⌫ of
the disk at the photosphere (9), using the emissivity (13)
and the scattering opacity (7).

3. RESULTS

As mentioned in Section 2.3.3, the lack of both a gas-
mass scale and a BH mass-scale in the simulations per-
mits arbitrary assignment of both a gas density scale and
a lengthscale in post-processing; we choose a total sys-
tem mass M = 106M� to define the length scale, and
determine the gas density by choosing an accretion rate
in Eddington units. To illustrate the range of possible
phenomena, we choose two contrasting accretion rates,
ṁ = 5 (high, Section 3.2) and 0.1 (low, Section 3.3).

3.1. Optical Depth Images

We begin by using Thomson optical depth maps for
ṁ = 5 to display the basic geometry of the system (Fig-
ure 6); these images can be readily scaled to other accre-
tion rates because they are linearly proportional to ṁ.
The twelve panels show snapshots seen from three di↵er-
ent polar angles at four equally-spaced times spanning
150M , a quarter of a binary orbit.
The face-on view (0� inclination) provides an approx-

imate view of the surface density of the gas. The cir-
cumbinary disk is generally quite optically thick (⌧ ⇠> 5),
especially in the overdensity or “lump” feature near its
inner edge (Shi et al. (2012a); Noble et al. (2012)). As
is usual for disks around binaries with order-unity mass-
ratios, the region within ' 2a of the center-of-mass has
very low density except in a pair of spiral streams and
in a pair of mini-disks, one surrounding each member of
the binary. However, there is also a high optical depth
ring around each BH. Rays reaching us from this close to
a BH wrap around it several times before heading o↵ to
infinity, acquiring extra optical depth by traversing extra
path length. The characteristic magnitude of the opti-
cal depth increases with inclination, reaching ' 20–50 at
✓ = 80�, as the path through the BBH system is longer
by a factor of sin(✓cam)�1. Note, however, that the opti-
cal depth we measure at edge-on views is not meaningful
because real rays would traverse parts of the disk well
outside our simulation domain.
At intermediate viewing angles (e.g., the 45� inclina-

tion shown in the middle row of Figure 6), the optical
depth images still show the circumbinary disk geometry
clearly. However, at large viewing angles (80� inclina-
tion, the bottom row of Figure 6), gravitational e↵ects
distort the image very strongly. We observe a region
of high optical depth below the BHs, where the pho-
tons travel through the circumbinary disk twice: start-
ing above the circumbinary disk on the far side of the
BHs, they pass downward behind the BHs through the
disk, curve through the cavity underneath, and are finally
gravitationally pulled upward (by the BHs) and traverse
a second time through the circumbinary disk toward the
camera. The low optical depth region above the BHs
arises from those photons which travel over the BHs and
the circumbinary disk and then fall downward through
the cavity, avoiding the dense gas found in the disks al-
together.
Subtler relativistic features also appear at large view-

ing angles. A mass moving along the line of sight to
an observer creates a gravitationally-lensed image of a
source on its far side that is smaller than its true size if
the BH approaches the observer (Heyrovský 2005). More
exotic but perhaps less apparent, the appearance of a sec-
ondary image of one BH on the opposite side of the other
BH can be noticed, due to the extreme light deflection
close to the horizons. This is best seen in the third frame
of the bottom row of Figure 6), where a small dark patch
forms on the left side of the BH on the left. Regrettably,
it is highly unlikely that any of these imaging features
will be spatially resolvable in the foreseeable future.

3.2. High Accretion Rate

Our high accretion rate case, ṁ = 5, is designed to
demonstrate the interplay between optically thick and
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Krolik 1999). When the optical depth is small, the energy
spectrum of photons is exponentially cut off above Θ and
follows a power law below Θ. In observed AGNs, the power-
law (for intensity) varies from 0.3-� to 1.3-� (Trakhtenbrot
et al. 2017); for simplicity, we set it to −0.5. We then take the
emissivity to be
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with kT 100 keV= , or 0.2Q � . We normalize the spectrum in
such a way that the bolometric emissivity matches the cooling
function at every point: j d d c$ò n W =n . This gives:
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In these optically thin regions, the transfer equation is
integrated starting with Iν of the disk at the photosphere
(Equation (9)) or zero if this geodesic does not encounter a
photosphere. For jν and αν, it uses the emissivity
(Equation (13)) and the scattering opacity (Equation (7)).

3. Results

As mentioned in Section 2.3.3, we chose a total system mass
M M106= : to define the length scale and made two choices of
gas density scale through two choices of accretion rate in
Eddington units: m 0.5=˙ (high, Section 3.2) and m 8 10 4= ´ -˙
(low, Section 3.3).

3.1. Optical Depth Images

Thomson optical depth maps for m 0.5=˙ at a variety of
polar angles and times illustrate the basic geometry of the
system (Figure 6); these images can be readily scaled to other
accretion rates because they are linearly proportional to ṁ . The
16 panels show snapshots seen from four different polar angles
at four equally spaced times spanning M150 , a little more than
a quarter of a binary orbit.

The face-on view (0° inclination) provides an approximate
view of the surface density of the gas. The circumbinary disk is
generally quite optically thick ( 502t ), especially in the
overdensity or “lump” feature near its inner edge (Noble et al.
2012; Shi et al. 2012). As is usual for disks around binaries
with order-unity mass-ratios, the region within a2� of the
center of mass has very low density except in a pair of spiral
streams and in a pair of mini-disks, one surrounding each
member of the binary. However, there is also a high optical
depth ring around each BH. Rays reaching us from this close to
a BH wrap around it several times before heading off to
infinity, acquiring additional optical depth by traversing extra
path length. The characteristic magnitude of the optical depth
increases with inclination, reaching ;600–900 at 90camq = ,
as the path through the BBH system is longer by a factor of
sin cam

1q -( ) . Note, however, that the optical depth we measure at
edge-on views is not meaningful because real rays would
traverse parts of the disk well outside our simulation domain.

At intermediate viewing angles (e.g., the 39° inclination
shown in the second row of Figure 6), the optical depth images
still show the circumbinary disk geometry clearly. However, at
large viewing angles ( 71. inclination, bottom two rows of

Figure 6), gravitational effects distort the image very strongly.
There is a region of high optical depth below the BHs, where
the photons travel through the circumbinary disk twice: starting
above the circumbinary disk on the far side of the BHs, they
pass downward behind the BHs through the disk, curve through
the cavity underneath, and are finally gravitationally pulled
upward (by the BHs) and traverse a second time through the
circumbinary disk toward the camera. The low optical depth
region above the BHs arises from those photons that travel over
the BHs and the circumbinary disk and then curve upward
through the cavity, avoiding the dense gas found in the disks
altogether.
Subtler relativistic features also appear at large viewing

angles. A mass moving along the line of sight to an observer
creates a gravitationally lensed image of a source on its far side
that is smaller than its true size if the BH approaches the
observer(Heyrovský 2005). More exotic but perhaps less
apparent, the appearance of a secondary image of one BH on
the opposite side of the other BH can be noticed; this image is
due to the extreme light deflection close to the horizons. A
good example can be seen in the third frames of the bottom two
rows of Figure 6, where a small oval feature forms on the left
side of the BH on the left. Regrettably, it is highly unlikely that
any of these imaging features will be spatially resolvable in the
foreseeable future.

3.2. High Accretion Rate

Our high accretion rate case, m 0.5=˙ , is designed to
demonstrate the interplay between optically thick and optically
thin regions. In the former, dissipated heat emerges in a
thermalized spectrum; in the latter, it is radiated by inverse
Compton scattering from a very hot electron population.
Source-integrated features such as spectra may be observable

soon. To compute spectra from our data, we take two time-
averages of the flux from face-on viewing angles, one over the
second binary orbit, the other over the third. The averaging
suppresses statistical fluctuations. We prevent blurring of the
different components of the disk in the images by rotating the
camera orientation camf at the binary orbital frequency. We
choose a face-on view at which our criterion for distinguishing
thermalized from coronal regions, namely whether the ray
optical depth is greater or less than unity, is well justified. At
higher inclinations it becomes increasingly suspect for two
reasons. First, the optical depth unity point on a geodesic is
found above the actual photosphere because the path-length is

sec camqµ . Second, actual systems viewed edge-on may be
obscured by material at distances not included in our
simulation.
Figure 7 shows the spectral luminosity density in this face-

on view. We define it as L r I d4 coscam
2 òp y= Wn n ( ) , where ψ

is the angle between the geodesic’s direction at the camera and
the line of sight to the center of mass. Images of the system
surface brightness at various frequencies in the face-on view
are shown in Figure 8.
Like classical AGN spectra, this spectrum can also be

described in terms of two components: a thermal UV/soft
X-ray portion and a coronal hard X-ray spectrum. The thermal
UV originates from the photospheres of the system; the hard
X-rays are emitted in optically thin regions, predominantly on
the top and bottom surfaces of the disks. All three locales—the
circumbinary disk, the accretion streams, and the mini-disks—
contribute to both the thermal and coronal spectral components.
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spectrum of photons is exponentially cut off above Θ and
follows a power law below Θ. In observed AGNs, the power-
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(Equation (13)) and the scattering opacity (Equation (7)).

3. Results
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Eddington units: m 0.5=˙ (high, Section 3.2) and m 8 10 4= ´ -˙
(low, Section 3.3).

3.1. Optical Depth Images
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polar angles and times illustrate the basic geometry of the
system (Figure 6); these images can be readily scaled to other
accretion rates because they are linearly proportional to ṁ . The
16 panels show snapshots seen from four different polar angles
at four equally spaced times spanning M150 , a little more than
a quarter of a binary orbit.

The face-on view (0° inclination) provides an approximate
view of the surface density of the gas. The circumbinary disk is
generally quite optically thick ( 502t ), especially in the
overdensity or “lump” feature near its inner edge (Noble et al.
2012; Shi et al. 2012). As is usual for disks around binaries
with order-unity mass-ratios, the region within a2� of the
center of mass has very low density except in a pair of spiral
streams and in a pair of mini-disks, one surrounding each
member of the binary. However, there is also a high optical
depth ring around each BH. Rays reaching us from this close to
a BH wrap around it several times before heading off to
infinity, acquiring additional optical depth by traversing extra
path length. The characteristic magnitude of the optical depth
increases with inclination, reaching ;600–900 at 90camq = ,
as the path through the BBH system is longer by a factor of
sin cam

1q -( ) . Note, however, that the optical depth we measure at
edge-on views is not meaningful because real rays would
traverse parts of the disk well outside our simulation domain.

At intermediate viewing angles (e.g., the 39° inclination
shown in the second row of Figure 6), the optical depth images
still show the circumbinary disk geometry clearly. However, at
large viewing angles ( 71. inclination, bottom two rows of

Figure 6), gravitational effects distort the image very strongly.
There is a region of high optical depth below the BHs, where
the photons travel through the circumbinary disk twice: starting
above the circumbinary disk on the far side of the BHs, they
pass downward behind the BHs through the disk, curve through
the cavity underneath, and are finally gravitationally pulled
upward (by the BHs) and traverse a second time through the
circumbinary disk toward the camera. The low optical depth
region above the BHs arises from those photons that travel over
the BHs and the circumbinary disk and then curve upward
through the cavity, avoiding the dense gas found in the disks
altogether.
Subtler relativistic features also appear at large viewing

angles. A mass moving along the line of sight to an observer
creates a gravitationally lensed image of a source on its far side
that is smaller than its true size if the BH approaches the
observer(Heyrovský 2005). More exotic but perhaps less
apparent, the appearance of a secondary image of one BH on
the opposite side of the other BH can be noticed; this image is
due to the extreme light deflection close to the horizons. A
good example can be seen in the third frames of the bottom two
rows of Figure 6, where a small oval feature forms on the left
side of the BH on the left. Regrettably, it is highly unlikely that
any of these imaging features will be spatially resolvable in the
foreseeable future.

3.2. High Accretion Rate

Our high accretion rate case, m 0.5=˙ , is designed to
demonstrate the interplay between optically thick and optically
thin regions. In the former, dissipated heat emerges in a
thermalized spectrum; in the latter, it is radiated by inverse
Compton scattering from a very hot electron population.
Source-integrated features such as spectra may be observable

soon. To compute spectra from our data, we take two time-
averages of the flux from face-on viewing angles, one over the
second binary orbit, the other over the third. The averaging
suppresses statistical fluctuations. We prevent blurring of the
different components of the disk in the images by rotating the
camera orientation camf at the binary orbital frequency. We
choose a face-on view at which our criterion for distinguishing
thermalized from coronal regions, namely whether the ray
optical depth is greater or less than unity, is well justified. At
higher inclinations it becomes increasingly suspect for two
reasons. First, the optical depth unity point on a geodesic is
found above the actual photosphere because the path-length is

sec camqµ . Second, actual systems viewed edge-on may be
obscured by material at distances not included in our
simulation.
Figure 7 shows the spectral luminosity density in this face-

on view. We define it as L r I d4 coscam
2 òp y= Wn n ( ) , where ψ

is the angle between the geodesic’s direction at the camera and
the line of sight to the center of mass. Images of the system
surface brightness at various frequencies in the face-on view
are shown in Figure 8.
Like classical AGN spectra, this spectrum can also be

described in terms of two components: a thermal UV/soft
X-ray portion and a coronal hard X-ray spectrum. The thermal
UV originates from the photospheres of the system; the hard
X-rays are emitted in optically thin regions, predominantly on
the top and bottom surfaces of the disks. All three locales—the
circumbinary disk, the accretion streams, and the mini-disks—
contribute to both the thermal and coronal spectral components.
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 Energy Spectrum vs. Time Face-on View,  
Optically Thick Case



 Energy Spectrum vs. Time Face-on View,  
Optically Thick Case

•Gap in UV not obvious  (Roedig+
+2014). 

•Though UV peak is broadened by 
mini-disk emission. 

•Higher X-ray luminosity fraction 
than typical AGN:  

•Shocked gas from stream/mini-
disk interaction. 



 Angle Dependence Optically Thin Case X-rays



 Angle Dependence Optically Thin Case X-rays



•Near edge-on views see more relativistic 
beaming/boosting from line-of-sight motion 
of the disks and binary. 

•Extreme edge-on views obscured by 
significantly larger column densities 
(absorption), making these views dimmer on 
average. 

 Inclination Angle Dependence Optically Thin Case

•Near edge-on views see more relativistic 
beaming from line-of-sight motion of the disks 
and binary.

•Phase modulation only significant for near edge-
on views.

•The curves (shaded regions) show time averages 
(std. deviations) over each orbit. 
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sion of the metric that can be calculated e�ciently by
Pandurata as a post-processor of the MHD data. As
described in [95], the binary four-metric can be instan-
taneously described by a three-metric �ij , lapse ↵, and
shift �i, according to:

gµ⌫ =

 
�↵2 + �

2
�j

�i �ij

!
. (22)

Following [96], we use ↵ = 2/(1 +  
4), �j = 0, and �ij =

�ij 
4. The conformal factor  is given by

 = 1 +
m1

2r1
+

m2

2r2
, (23)

with r1 and r2 being the simple Cartesian distances be-
tween the spatial coordinate and the primary/secondary
masses. For the Christo↵el-symbol components �⇢

µ⌫ we
take the spatial and temporal metric derivatives analyt-
ically based on the puncture trajectories calculated by
the apparent horizon finder used in our GRMHD simu-
lations. One advantage of using this simplified metric is
that we can easily calculate the photon trajectories “on
the fly” and thus do not need to rely on the fast light
approximation used by many ray-tracing codes.

Even though Pandurata uses a slightly di↵erent met-
ric than that of the GRMHD simulations, the quali-
tative properties of the spacetime are expected to be
very similar. We can avoid some potential numerical
problems by normalizing the IllinoisGRMHD fluid 4-
velocity everywhere by using the coordinate 3-velocity
from IllinoisGRMHD and then using the analytic metric
to solve for ut via gµ⌫u

µ
u
⌫ = �1.

Given the fluid velocity at each point and for each data
snapshot, a local tetrad can be constructed as in [56],
from which photon packets are launched and then propa-
gated forward in time until they reach a distant observer
or are captured by one of the black holes. Those that
reach the observer are combined to make images, light
curves, and potentially spectra. We ignore scattering or
absorption in the gas, so that all photon packets travel
along geodesic paths.

One of the challenges with this approach is the inherent
uncertainty of what emission mechanism is most appro-
priate, and even then, the electron temperature Te is not
known explicitly from the simulations, so it can only be
approximated with an educated guess. For this paper, we
focused on a single simplified emission model of thermal
synchrotron, where the emissivity is isotropic in the local
fluid frame with bolometric power density given by

Psyn =
4

9
nr

2

0
c�

2
�
2
B

2
, (24)

with r0 the classical electron radius, n the electron num-
ber density, � ⌘ v/c, and �2

�
2 ⇡ Te/me (see, e.g. Chap.

6 of [97]). We use the magnetic field strength and fluid
density specified by IllinoisGRMHD, along with the code-
to-cgs conversion described above. We estimate the elec-
tron temperature from the simulation pressure, assuming

FIG. 17. Snapshots from Pandurata post-processing of the
simulation data at a separation of 10M (about 1000M be-
fore merger), viewed by an observer edge-on to the orbital
plane. Top panel: thermal synchrotron emission; middle
panel: magnetic contribution only (/ B2); bottom panel:
gas contribution only (/ ⇢T ).

a radiation-dominated fluid with p = aT
4

e , reasonable for
the � = 4/3 polytrope used here. Thus the synchrotron
power scales as

Psyn / B
2
⇢
4/3 / ⇢

7/3
0

, (25)

since B
2 ⇠ ⇢.

In the top panel of Fig. 17 we show the observed syn-
chrotron intensity on a log scale for a single snapshot of
IllinoisGRMHD data when the binary separation is 10M .
The observer is located edge-on to the orbital plane and
the black hole on the left is moving towards the observer,
resulting in a special relativistic boost.
In an attempt to understand the features seen in

Fig. 17, we repeat the Pandurata calculations with two
other emissivity models, in one case focusing just on the
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contribution from the magnetic field, and in the other
case on the electron density and temperature. As can be
seen in Fig. 3, the gas forms two very small, thin disks
with magnetically dominated cavities above and below
each black hole. From this picture alone, it is not clear
where most of the synchrotron flux might originate.

However, when comparing the three panels of Fig. 17,
we see that the gas contribution is almost uniformly dis-
tributed, and even the thin disks evident in Fig. 3 are
almost indiscernible when all the relativistic ray-tracing
is included. The reason for this is two-fold. First, the
disks are quite small in extent, and the gas is moving
almost entirely radially, so the emitted flux is beamed
into the horizon, and thus the disks themselves are not
clearly visible in the ray-traced image. Second, the over-
density of gas in the disks is only a factor of a few or
at most ten greater than the background density. On
the other hand, in the funnel regions, B2 can be more
than four orders of magnitude greater than the ambient
or initial pressure, yielding much more significant spatial
variations. Thus the synchrotron image (top panel) most
closely traces the magnetic field, with a slight enhance-
ment of emission where the gas density and temperature
rise near the black holes.

FIG. 18. Bolometric luminosity generated in the region
r < 30M for the X1 d14.4 configuration, assuming the canon-
ical initial density ⇢0 = 10�13 g cm�3. We model local syn-
chrotron emissivity, also showing the development of two con-
tributing components as described in the text.

In Fig. 18 we show the light curve generated by syn-
chrotron emission along with analogous traces computed
from the density and magnetic-field components for the
X1 d14.4 configuration. To calculate these curves, mil-
lions of photons must be launched at each time step, so
for e�ciency’s sake, we use a relatively coarse time sam-
pling of 200M . We only consider emission from inside
r < 30M , consistent with the Poynting flux extraction
radius.

Figure 18 shows that, unlike the Poynting flux, the lo-

cally generated EM power is nearly constant throughout
the inspiral leading up to merger. There is a small burst
of luminosity preceding merger, followed by a dip of al-
most 50% for the synchrotron light curve, but the other
models show almost no discernible sign of the merger
at all. The dip is caused by the sudden expansion of the
horizon volume at merger, rapidly capturing the gas with
the highest temperature and magnetic field.
Another curious result of the Pandurata calculation is

that, for a single snapshot, there is very little di↵erence in
the flux seen by observers at di↵erent inclination angles
or azimuth (of order ⇠ 10%), suggesting that variability
in the EM light curves on the orbital time scale will be
minimal.
In principle, Pandurata can also be applied to study

the spectra of EM emissions including e↵ects, such as
inverse-Compton scattering as photons interact with hot
atmospheric plasma, that have been found to be impor-
tant in modeling black hole accretion disk spectra [98].
Our present simulations, however, do not provide a re-
alistic treatment of atmospheric densities and tempera-
tures. Future studies with more detailed physics may
reveal more interesting time development in spectral fea-
tures of the emission.
The above simplifications and caveats mean that we

cannot make robust statements about the observability
of direct emission. However, based on our optically thin
synchrotron emission model, the direct emission luminos-
ity is orders of magnitude lower than that of the Poynt-
ing flux. In addition, the synchrotron flux is roughly
isotropic, while significant beaming is observed in Poynt-
ing flux. There is no contradiction in these measures;
Poynting luminosity may manifest as photons far down-
stream from the GRMHD flows, whereas these direct
emission estimates originate in regions of high fluid den-
sity and magnetic field strength in strong-gravitational-
field zones.
When comparing these direct emissions with results

from circumbinary disk simulations, the most similar
simulation is in [53, 54]. They estimated a form of di-
rect emission, derived from a cooling function based on
hydrodynamic shock heating. The implied cooling lu-
minosity was more than an order of magnitude larger
than the Poynting luminosity, while our results sug-
gest that Poynting luminosity is larger than direct syn-
chrotron emission, at least for the canonical density of
10�13 g cm�3. We have not incorporated a similar cool-
ing function for a more direct comparison, though we
note that our gas does not exhibit strong shocks.

V. CONCLUSIONS AND FUTURE WORK

To deepen our understanding of the interplay of grav-
ity, matter, and electromagnetic forces in the vicinity of a
merging comparable-mass black-hole binary, we have car-
ried out a suite of equal-mass non-spinning BBH merger
simulations in uniform plasma environments. We con-
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FIG. 9. Rate of mass loss Ṁ to accretion into the black hole
horizons.

FIG. 10. LPoynt, the Poynting luminosity, for the d = 14.4M
configuration considered in Table III; extraction of the mode
is on a coordinate sphere of radius 30M . The merger time is
marked by a dashed vertical line.

isotropic form of exact Kerr [88]) with parameters chosen
consistent with the end-state black hole observed after
merger: mKerr = 0.97M , a/mKerr = 0.69.

In Fig. 11 we again show LPoynt at R = 30M , but for
simulations beginning at times ranging from about 200M
to 5400M before merger. For convenience, we show the
merger time of each configuration as a dashed line of
the same color. While we generally see the same set
of features for each simulation, the time delay between
features (b) and (d) shrinks as the inspiral duration be-
comes shorter. The timing of features (a) and (b) indi-
cates that they can have no dependence on the merger
of the binary, in contrast to the conclusion drawn from

TABLE II. Bowen-York parameters of the numerical config-
urations used. The holes are non-spinning, and are initially
separated in the x direction. Our canonical configuration is
shown in bold face.

run name d(M) mp Ptang(M) Prad(M)

X1 d16.3 16.267 0.4913574 0.07002189 -0.0002001

X1 d14.4 14.384 0.4902240 0.07563734 -0.0002963

X1 d11.5 11.512 0.4877778 0.08740332 -0.0006127

X1 d10.4 10.434 0.4785587 0.0933638 -0.00085

X1 d9.5 9.46 0.4851295 0.099561 -0.001167

X1 d8.4 8.48 0.483383 0.107823 -0.0017175

X1 d6.6 6.61 0.4785587 0.1311875 -0.0052388

TABLE III. Time of merger tmerge for each binary configu-
ration. As time of merger depends on resolution, we include
resolution information for each case. Our canonical configu-
ration is shown in bold face.

run name dx(M) tmerge(M)

X1 d16.3 1/48 5380

X1 d14.4 1/48 3514

1/56 3651

1/72 3797

X1 d11.5 1/48 1549

1/56 1584

1/72 1572

X1 d10.4 1/48 1054

1/72 1066

X1 d9.5 1/48 681

X1 d8.4 1/48 451

1/56 451

X1 d6.6 1/48 208

FIG. 11. LPoynt for the configurations considered in Table III;
extraction of the mode is on a coordinate sphere of radius 30M
for each case. Merger times for each binary are marked by
dashed vertical lines. (1LPoynt = 5.867⇥1044⇢-13M

2

8 erg s�1.)

•a=0, q=1

•M=108 Msun

•Full Numerical 
Relativity simulations 
of BHs in a magnetized 
gas cloud;

• Scenario for 
separations < 20M, 
when mini-disks are no 
longer stable;

• Post-processed 
radiative transfer 
(Monte Carlo) 
synchrotron emission 
with NR-like metric to 
calculate through 
merger to post-merger 
phase;
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Binary black hole (BBH) mergers provide a prime source for current and future interferometric
GW observatories. Massive BBH mergers may often take place in plasma-rich environments, lead-
ing to the exciting possibility of a concurrent electromagnetic (EM) signal observable by traditional
astronomical facilities. However, many critical questions about the generation of such counterparts
remain unanswered. We explore mechanisms that may drive EM counterparts with magnetohydro-
dynamic simulations treating a range of scenarios involving equal-mass black-hole binaries immersed
in an initially homogeneous fluid with uniform, orbitally aligned magnetic fields. We find that the
time development of Poynting luminosity, which may drive jet-like emissions, is relatively insensi-
tive to aspects of the initial configuration. In particular, over a significant range of initial values,
the central magnetic field strength is e↵ectively regulated by the gas flow to yield a Poynting lu-
minosity of 1045 � 1046⇢-13M8

2 erg s�1, with BBH mass scaled to M8 ⌘ M/(108M�) and ambient
density ⇢-13 ⌘ ⇢/(10�13 g cm�3). We also calculate the direct plasma synchrotron emissions pro-
cessed through geodesic ray-tracing. Despite lensing e↵ects and dynamics, we find the observed
synchrotron flux varies little leading up to merger.

I. INTRODUCTION

One of the more provocative developments associated
with the recent detections of gravitational waves (GWs)
from mergers of stellar-mass black holes (BHs) by Ad-
vanced LIGO [1, 2] was the subsequent announcement
of a possible electromagnetic (EM) counterpart signal,
0.4s after the GW150914 signal was observed. Fermi
found a sub-threshold gamma-ray source in a region of
the sky that overlapped the ⇠ 600-square-degree LIGO
uncertainty region for GW150914 [3]. Though it may be
impossible to confirm that the events are indeed phys-
ically related, the EM observation has inspired a num-
ber of papers exploring potential scenarios linking EM
counterparts to stellar-mass black hole mergers [4–10]—
mergers that theorists had expected to be electromagnet-
ically dark.
These events draw attention to the high potential value

of multimessenger observations of GW events. While
GW observations can provide extraordinarily detailed in-
formation about the merging black holes themselves, they
may not provide any direct information about the black
holes’ environment. Even the location of the event will
be poorly determined unless an associated EM event can
be identified. Such localization could also deepen our un-
derstanding of the astrophysical processes that form and
influence BBH systems.
Unlike the situation for stellar-mass black holes, as-

tronomers have long recognized the potential for EM
counterparts to binary supermassive (106 – 109M�) black
hole (SMBH) mergers occurring in the millihertz GW

band. These mergers are a key target of future space-
based GW observatories such as the LISA mission, which
was recently approved by the European Space Agency
[11]. Pre-merger GWs from these systems are a key tar-
get of nanoHertz GW searches with pulsar timing arrays
[12].
The large cross-section of SMBHs interacting with the

ample supplies of gas common in galactic nuclear regions
allows them to power some of the brightest, most long-
lasting EM sources in existence, including active galactic
nuclei (AGN), quasars, or radio jet emissions. A number
of mechanisms may provide signals associated with these
sources across a broad range of timescales from ⇠ 109

years before merger to ⇠ 109 years after merger [13].
Considerable evidence for binary SMBH systems has al-
ready been observed, but is restricted to those either well
before merger [14–21], or well after merger [22–28].
The greatest potential for direct association with BBH

mergers would come from strong EM emissions or mod-
ulations coincident with the GW event. Since LISA will
observe GW emission from BBH mergers for an extended
period of time, direct EM counterparts may be caused by
interaction of the BBH with a circumbinary disk, perhaps
during the final ⇠ 103 orbits prior to merger. Our ob-
jective, however, is to explore the mechanisms that may
potentially drive EM signals directly associated with the
strongest GW emissions within hours of the merger event
itself. Such emissions could be crucial, for example, in
LISA-based redshift-distance studies [29].
Unlike the clean GW predictions that numerical rela-

tivity provides, one challenge of understanding EM coun-
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Detectability of x-ray modulation
after a LISA MBH detection

Idea:

● LISA detects an imminent MBH merger

● Sky localization is too broad to single out the correct x-ray 
point source

● Start scanning the sky localization repeatedly

● Search the collected photons for pulsations phase-locked with 
the GW signal

● Detecting the modulation identifies the correct source

● Question: how feasible is it?

Detectability of modulated x-ray lightcurves from LISA’s supermassive black-hole
mergers

Tito Dal Canton, Alberto Mangiagli, Scott Noble, Jeremy Schnittman, Andy Ptak, and Jordan Camp
(Dated: November 7, 2018)

We simulate detection of systems with LISA and TAP/XRT.

I. INTRODUCTION

The Laser Interferometer Space Antenna (LISA) is ex-
pected to detect many mergers of supermassive binary
black holes [1]. Such systems could be accreting mate-
rial and producing copious amounts of radiation, includ-
ing the x-ray band [2]. The observation of such electro-
magnetic counterpart would allow the precise localization
of the system on the sky, which is generally limited to
⇠ 1 deg2 with the gravitational-wave data alone. This
identification is nevertheless complicated by the weak-
ness of the x-ray signal for distant sources, as well as by
the presence of many additional confusing sources which
are unrelated to the system emitting the gravitational
waves. However, it has been suggested that the inspi-
raling orbital motion of the black holes and the accre-
tion dynamics might produce a “chirping” modulation
in the x-ray lightcurve [3]. It is conceivable that this
modulation could aid in the detection of the x-ray coun-
terpart among the myriad of confusing sources and x-ray
background, once the imminent merger has been detected
by LISA, and thus enable the precise localization of the
source before the merger [4]. Similar ideas have also been
proposed for LISA’s white-dwarf binaries observed in the
optical band [5].

In this paper we investigate the feasibility of this
idea in detail. We perform simple simulations of x-ray-
emitting supermassive black hole mergers and assume the
characteristics of the X-Ray Telescope (XRT) on the pro-
posed Transient Astrophysics Probe (TAP) [6].

II. SIMULATION SETUP

We simulate a population of sources distributed uni-
formly in volume and with isotropic orientation of the
orbit. For each system we determine the time at which
LISA detects its gravitational-wave signal, and we start
tiling the resulting sky localization probability density
with TAP/XRT field of views. We record the x-ray pho-
tons from the pixel containing the true position of the
source, and we search the photons for a modulation in
their arrival times which is exactly in phase with the
gravitational wave. If successful, we record the earliest
time at which the modulation is detected.

The rest of this section describes the details of this
process.

A. GW detection and localization

The calculation of the SNR accumulated by LISA over
time is performed by using a waveform model which in-
cludes the inspiral, merger and ringdown epochs of the
binary black hole evolution (IMRPhenomC). We assume
that LISA claims a detection as soon as the accumulated
SNR reaches a threshold of 10.
We use a Fisher-matrix approach to obtain the size of

the sky localization uncertainty as a function of time be-
fore merger. Such calculation uses a waveform model
which includes the inspiral part only, neglecting the
merger and ringdown. Although this simplification would
not be accurate for SNR calculation, it is a su�cient
approximation for the purpose of sky localization up to
hours before merger.
In order to simulate a realistic followup campaign

with a limited field of view, we use the uncertainty
area produced by the Fisher analysis to synthesize mock
HEALPix sky localization probabilities. This is done by
drawing points from a 3-variate Gaussian distribution,
projecting the points on the sphere, and binning them
into a HEALPix array. The covariance of the Gaussian
distribution is chosen so as to match the corresponding
Fisher area, in the limit where the latter corresponds to
a small fraction of the sky.
We assume that LISA will provide an updated sky lo-

calization every two days starting from the moment of
first detection. This might sound conservative, but one
has to consider the time needed to downlink the LISA
data and process it to obtain an updated sky localiza-
tion. In any case a higher cadence would not make a
large di↵erence for the most interesting cases of detec-
tions well before the merger.

B. X-ray lightcurve

A complete physical model of the x-ray signal requires
GRMHD simulations with radiation transport such as
those described in [2]. Producing models that can cover
days or months of observations is an open research prob-
lem and well outside the scope of this paper. Here we
use a toy model with reasonable choices for how the flux
might depend on the source parameters, with a computa-
tional cost enabling a large number of rapid simulations.
We model the x-ray flux at the solar system as

F =
µXL

4⇡d2L
(1)

(to be submitted)

TAP (NASA) 
Transient Astrophysics Probe

•1 sq. degree XRT FOV;

• Sensitivity ~10-16 erg cm-2 s-1



  

Simulate x-ray lightcurve

•oppler-modulated EM Chirp 
Signal (Schnittman++2018, 
Kelly++2017, Haiman 2017);

•Parameterized to a fraction of 
Eddington;

•First step toward using 
simulation-informed light curves, 
e.g. accretion-modulated signals, 
partially obscured sources;

•See Kelley, Haiman, Sesana, 
Hernquist++2018 for similar work 
on the observability of PTA-band 
sources; 



  

Search for pulsation
with Kuiper’s test

  

Simulate LISA SNR
and sky localization

— SNR



  

Results for a population of sources

M = 5e5 M
sun

, q = 1 M = 5e6 M
sun

, q = 10

•N
ot
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Detections from the Source Sample



  

Results for a population of sourcesDetections from the Source Sample: 
Likelihood of Detection vs. Time Prior to Merger



•1st prediction of the electromagnetic spectrum 
radiated by 3-d magnetized disks about binary black 
holes in GR using radiative transfer consistent with 
simulation data’s thermodynamics. 

•Not the final word of course, but provides a picture of 
what is possible.

•SMBBHs in gaseous environments (with the same 
parameters) will likely have:

•Typical AGN luminosities;

•Broader thermal spectrum with breadth modulated by 
the mini-disk refilling period. 

•Higher X-ray to UV luminosity ratio than typical AGN, 
largely due to mini-disk dynamics. 

•Phase modulation apparent at low inclinations, 
though absorbed for higher accretion rates. 

•LISA-informed pointing strategy is expected to 
identify sources out to z~3 depending on parameters!

Summary

https://www.nasa.gov/feature/goddard/2018/new-simulation-sheds-light-on-spiraling-supermassive-black-holes/

Future Directions & Questions

•How does the circumbinary overdensity (aka 
“lump”) modulate refilling of the mini-disks?

•Simulation is now past 6 orbits…

•Dependence on : 

• Cooling rate or disk thickness;

• Accretion rate;

• Mass ratio;   (we have +10 years, right?) 

• Improved corona thermodynamic and radiation 
physics:  

•Kinch, Schnittman, Kallman, Krolik (2018).

• What level of absorption of close binaries should 
we expect and how does it affect our search 
strategy?  (likely need galaxy simulations and 
more surveys)

• Are there more robust EM signatures?  How real 
do we need to get? 
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