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How do solitary (obsucred) accreting  
black holes grow and shape galaxies? How do massive black holes binaries form in 

concordance  with galaxy assembly?

Loudest, low redshift GW events

400,000 AGN

Athena & LISA science cases

Exploring the violent high-z universe from two different perspectives

Dimmest, low redshift X-ray transient AGN



https://www.cosmos.esa.int/documents/678316/1700384/Athena_LISA_Whitepaper_Iss1.0.pdf

What can LISA and Athena do together?

ESA- LISA-Athena joint WG: 
Paul McNAMRA, Matteo GUAINAZZI, Luigi PIRO, Andy FABIAN, Nial TANVIR

Alberto MANGIAGLI, Alberto SESANA, Antoine KLEIN 

Which additional science to anticipate  
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LISA launch ?



• UNCHARTED TERRITORY 

• No transient broad band AGN-like emission have been observed yet 
in the variable sky that could be attributed to a LISA coalescence 
event consumed over a timescale of days/hours 

• No observational guide as far as the EM light curves and spectra of 
coalescing binary black holes are concerned 

• Resort on theoretical models of gas dynamics around massive binary 
black holes CLOSE to merging 
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FIG. 3. Volume rendering of rest-mass density, normalized to its initial maximum value ⇢0,max (see color coding), magnetic field lines (solid
white curves), and velocity vectors (green arrows) at select times during the inspiral, merger and post-merger. Case A corresponds to the left
column, case B to the middle column, and case C to the right column.

with and without magnetic fields [59–63] including black hole
binaries in magnetized accretion disks [1, 36].

For the metric evolution, the code solves the equations of
the Baumgarte-Shapiro-Shibata-Nakamura (BSSN) formula-
tion of GR [64, 65] coupled to the moving-puncture gauge
conditions [66, 67] with the equation for the shift vector cast
in first-order form (see e.g. [68]). The shift vector parameter
⌘ is set to ⌘ = 1.375/M .

For the matter and magnetic field, the code solves the equa-
tions of ideal GRMHD in flux-conservative form (see Eqs.
27-29 in [56]) employing a high-resolution-shock-capturing

scheme. To enforce the zero-divergence constraint of the mag-
netic field, we solve the magnetic induction equation using a
vector potential formulation (see Eq. 9 in [57]). As our EM
gauge choice, we use the generalized Lorenz gauge condition
developed in [35]. This EM gauge choice avoids the develop-
ment of spurious magnetic fields that arise across AMR levels
(see [69] for more details). We set the generalized Lorenz
gauge damping parameter to ⇠ = 7/M .

To compare with our previous calculations [1, 36] and to
reduce the computational overhead associated with the evolu-
tions, equatorial symmetry is imposed in all cases. Equato-
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MERGING VISIONS 
Detecting  X-ray light and GW radiation  

from the violent merger between two massive black holes 
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Gold et al. 2014; Farris et al. 2014; Tang, MacFadyen, and Haiman 2018;  Hainan 2017;Bowen, 
Campanelli, et al. 2017; Bowen, Mewes, et al. 2018; Khan et al. 2018, Kelly et al. 2018  



• Inspiral GW phase - X-ray precursor (correlating X-ray variability 
pattern with GW chirp (separations <50 M)  

• Post-merger GW phase:  merger proper, the ring-down, the 
new spinning black hole -    disc  X-ray re-brightening, launch of 
an incipient jet, X-ray afterglow (?) 
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Figure 1. The top row shows snapshots of the surface density !/!0, where !0 is the initial surface density at r = a, and the bottom row shows snapshots
of the effective temperature Teff in [eV]. The horizontal and vertical axes are in units of the initial binary separation a0. The snapshots are taken, from left to
right, at the times t = 0.0τ , 0.5τ , and 0.99τ , where τ = 7.22 d corresponds to the merger. The cavity size decreases and the BHs accrete efficiently during the
entire inspiral.

Figure 2. Thermal spectrum computed from a simulation snapshot at the
beginning of the inspiral (t = 0). The full spectrum is shown by the blue
curve. The distinct components arising from gas in the minidiscs (r < a),
streams and cavity wall (a < r < 3a) and from the outer regions of the
circumbinary disc (r > 3a) are represented by the orange dashed line, green
dotted line, and red dash–dotted line, respectively.

Figure 3. Total composite thermal spectra computed from simulation snap-
shots at t = 0 (blue curve), t = 0.8τ (orange dashed), and t = 0.99τ (green
dot–dashed).

MNRAS 476, 2249–2257 (2018)
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BINARIES  
in gas rich mergers 

CIRCUMBINARY ACCRETION DISCS 



GRMHD simulations: BOWEN et al. 2018,  2019
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Figure 5. Logarithmic scale density for the innermost 4a0 ⇥ 4a0
at t = 5960M . The BHs are denoted by small black circles. The
central cutout is marked by a larger black circle at the center-of-
mass.

how large the contrast in mass between the two disks can
be, a contrast stemming from the alternation in feeding
between the two. In Figure 2, a dense band can be seen
coming o↵ the inner edge of the circumbinary disk on
the right side and connecting to the BH on the left. This
mini-disk has just past its time of maximum mass, so its
mass supply, having exceeded its internal accretion rate
for the past ⇡ (⇡/2)/⌦beat has now fallen a little below
balance with its internal accretion rate. Conversely, the
left side of the circumbinary edge produces a significantly
less dense stream that deposits material onto the BH
on the right. At the moment illustrated in the figures,
the mass supply for this BH is beginning to overcome
accretion mass-loss, so the mass of this disk is starting
to grow.

The result of the asymmetric inflow into the central
cavity is that the mini-disks exist in a persistent state
of inflow disequilibrium, with their masses constantly in-
creasing and decreasing. This can be most readily ob-
served by looking at the fraction of total mini-disk mass
that exists within a single mini-disk at a time. We de-
fine the mass contained within a mini-disk (Mi) from
the continuity equation as

Mi =

Z 0.4a(t)

r=mi

⇢u

0p�gd

3
x, (10)

where r = mi is the radial location of the horizon for
our non-spinning BH of mass mi in the PN Harmonic
coordinates which we evolve in. We integrate over the
full solid angle in angular coordinates. In Figure 6, we
plot each mini-disk mass, the combined mini-disk mass,
and M1/ (M1 + M2) as a function of time for our sim-
ulation.

Observing the top panel of Figure 6, we note that the
overall secular decay in the mini-disk masses appears to
level out by the end of our simulation. Next, we note
that there are quasi-periodic modulations in each mini-
disk mass and the total mini-disk mass. However, neither
of the oscillation periods of the combined mini-disk mass
matches the oscillation period of the individual mini-

Figure 6. (Top) Total integrated mass in each mini-disk and com-
bined total mini-disk mass. (Bottom) Fraction of total mini-disk
mass contained within mini-disk one. Time is in units of binary
orbital periods. The vertical line denotes the end of the simulation
previously reported in Bowen et al. (2018).

disk masses (see Section 3.4). Finally, we observe that
while the mass contained within one mini-disk increases,
the mass contained within the other mini-disk decreases.
This leads to quasi-periodic fluctuations in the fractional
mass contained within a single mini-disk.

We now turn our attention to the mini-disk mass frac-
tions in the bottom panel of Figure 6. First, at least
70% of the total mini-disk mass is contained within a
single mini-disk at six times throughout the simulation.
Second, the quasi-periodic nature of the mini-disk fill-
ing/depletion cycle is fairly regular throughout the sim-
ulation and significantly more noticeable than in the first
few orbits. Finally, the degree to which the mass frac-
tion oscillates through our simulation does not appear to
have significant dependence on binary separation.

3.4. Frequencies of Quasi-Periodic Behavior

Just as the azimuthal Fourier modes cleanly revealed
azimuthal spatial structure, the power spectral density
(PSD) picks out the principal timescales of variation.
From Figure 7, we see that the time-dependence of four
properties of the system—total mass of the mini-disks,
the two individual mini-disk masses, and the orbital fre-
quency of the lump—can all be described in terms of
periodic behavior at three frequencies: the orbital fre-
quency of the lump, the beat between the lump’s orbital
frequency and the binary orbital frequency, and twice
the beat frequency. In other words, the interaction of
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the lump with the binary orbit drives the mass of the
mini-disks.
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Figure 7. Power Spectral Density of various quantities in our
simulation. We use a hamming window and Welch PSD algorithm.
A linear fit is subtracted from the raw data before calculating the
PSD. Frequency is in units of average binary orbital frequency.
The beat frequency is calculated using �� =

���lump � �BH

�� for
all time. All other quantities are calculated from Norbits = 2 to
the end of the simulation to remove noise associated with secular
equilibration. The vertical dash lines denote ⌦beat and 2⌦beat.

The total mini-disk mass is modulated at a frequency
slightly greater than the lump orbital frequency and at
twice the beat frequency, but not at ⌦beat, the oscillation
frequency of the individual mini-disks. The reason is that
the symmetry of the binary makes the filling/depletion
cycles for the two BHs exactly ⇡ out of phase and of
roughly equal amplitude. However, the total mass sup-
ply into the central cavity is tied to phase-matching the
lump and either partner in the binary. The total mass
of the mini-disks can oscillate because the lump’s injec-
tion of mass each time it comes into phase with a BH
is irregular, and the inflow time in each mini-disk is so
short (⇠ 2⇡/⌦beat) that inflow equilibrium within the
mini-disks is never achieved.

The two mini-disk masses vary primarily at the beat
frequency, ⇡ 0.72⌦̄bin, where ⌦̄bin is the average binary
orbital frequency from Norbits = 2 to the end of the sim-
ulation (the same range over which the PSD is calcu-
lated). As already pointed out, this value corresponds
to the mean beat frequency ⌦beat = ⌦̄bin � ⌦̄lump, when
⌦̄lump is taken from Figure 4. Although there is power
outside of this peak in the PSD for M1, we do not be-
lieve this to be a robust signal because the location and
structure of this peak depend on the starting point of
data we include in the PSD calculation.

The lump orbital frequency (in units of the binary or-
bital frequency) is itself modulated at two frequencies.
The low frequency modulation in the lump motion ap-
pears at ⇡ 0.2⌦̄bin. Due to the close proximity to the or-
bital frequency of the lump, we speculate that this mod-
ulation may be a result of eccentricity of the lump’s orbit
in the circumbinary disk (Shi et al. 2012).

The lump motion’s high frequency modulations corre-
spond to precisely twice the beat frequency, or the fre-
quency at which the lump comes into phase with either
BH. We speculate that this modulation is due to the
time-dependent gravitational force exerted by a BH onto
the lump. As an individual BH starts coming into phase

with the lump, it is gravitationally pulled toward the
BH in the opposite direction of the lump orbital veloc-
ity. Since the BH orbits more quickly than the lump,
it then passes the lump and exerts a gravitational pull
in the same direction of the lump orbital velocity. This
could result in a gravitationally-driven slow down and
then reacceleration of the lump with each BH passing at
twice the beat frequency, ⇡ 1.44⌦bin. Alternatively, this
could be the result of shocks when the streams are flung
back into the lump (which would also occur at twice the
beat frequency).

4. DISCUSSION

4.1. Quasi-Periodic Oscillations in Relativistic Binaries

Our simulation finds that the dynamics of the central
cavity and circumbinary are tangled together, with one
informing the evolution of the other in a feedback cy-
cle. As the binary performs many orbits, the azimuthal
structure of the circumbinary disk becomes increasingly
more m = 1 dominant (Noble et al. 2012; Shi et al. 2012;
D’Orazio et al. 2013; Farris et al. 2014, 2015a,b; D’Orazio
et al. 2016). However, previous simulational studies (Far-
ris et al. 2014, 2015a,b; D’Orazio et al. 2016; Tang et al.
2018) have all reported that the individual mini-disks
around each BH should be nearly symmetric for q = 1
binaries.

Our results contrast with the previous work because
our binary has such a small separation; there is then
only a short distance between the outer and inner radii
of the mini-disks (rt ⇠< 2.4rISCO), and their inflow times
become as short as the binary period. As a result, the
quasi-periodic modulations in the mass supply into the
central cavity directly imprint themselves onto the total
mass within the central cavity, and therefore the rest-
mass energy available for photon radiation. For example,
the primary modulations in mini-disk mass occurs at the
frequency of their respective BHs coming into phase with
the lump. Meanwhile, the total combined cavity mass is
modulated at the same frequencies as the lump orbital
frequency. This seems to imply that the binary evolution
significantly impacts the mini-disk evolution via binary–
lump and lump–mini-disk coupling.

Remarkably, after a transient period lasting ⇠ 3 orbits,
our simulation settles into a very regular behavior pat-
tern in which all characteristic timescales maintain con-
stant ratios even while the fundamental timescale, the
binary orbital period, evolves. The longest timescale,
the orbital period of the lump, is / a

3/2 exactly like the
binary orbital period: this determines the slow modula-
tion of the lump’s angular velocity and the slow modu-
lation of the total mini-disk mass. The middle timescale
is the inverse of the beat frequency, and it governs the
modulation of the individual mini-disk masses. The beat
frequency is ⌦bin � ⌦̄lump; with both pieces / a

�3/2, the
inverse is also / a

3/2. The shortest timescale, account-
ing for the rapid modulation of both ⌦lump and the total
mass, is half the inverse beat frequency, so it is likewise
/ a

3/2. Even the inflow time is related to a

3/2 because
the tidal truncation radius rt / a in both Newtonian
(Paczynski 1977; Papaloizou & Pringle 1977; Lin & Pa-
paloizou 1979; Artymowicz & Lubow 1994; Mayama et al.
2010; de Val-Borro et al. 2011; Nelson & Marzari 2016)
and relativistic conditions (Bowen et al. 2017), and the

• cavity contains considerable amount of 
gas (thick discs) 

• black holes remain surrounded by gas 
that follows the binary - dense streams 
feed the two black holes - mini discs  

• expected periodicity commensurate with 
the fluid patterns - beat frequency: lump 
and orbital period

• discs are not any longer stationary-(mass sloshing)  

• tidally truncated  

• decrease in the accretion rate across the horizon 
(might depend of q - EM chirp?) 

Pre-merge/post-decoupling  phase 
probing accretion in variable spacetimes with GR MHD simulations 

2254 Y. Tang, Z. Haiman and A. MacFadyen

Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the

MNRAS 476, 2249–2257 (2018)
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TANG et al. 2018

20 h before merging
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Figure 7. Time-averaged luminosity (⌫L⌫) spectrum obtained at ✓

cam

= 0� and r

cam

= 1000M with ṁ = 0.5 using simulation data
from the second orbit (left) and the third orbit (right). We have separated contributions from the mini-disk regions (r < a), the accretion
streams (a < r < 2a) and the circumbinary region (r > 2a). The shaded region around each curve represents the temporal variability of
each component, one standard deviation above and below, using a cadence of 10M for each orbit (60 samples). The cusps on the lower
side of the mini-disks’ shaded region in the left-hand panel represent points lying o↵ the scale because the mini-disks’ thermal emission
fluctuates by an order of magnitude in the second orbit.

luminosity contributions cannot be directly compared.
Although the images of surface brightness are qualita-
tively similar to those of (Tang et al. 2018) at times well
before merger in their simulations, and the mass of the
system they simulate is only twice that of ours, the ef-
fective temperatures Tang et al. (2018) find (⇠ 1 keV
in the circumbinary disk, tens of keV in the mini-disks)
are much higher than ours. It is possible this contrast
arises because their simulation treats a case with an ac-
cretion rate ⇠> 104⇥ ours (in order to support tempera-
tures ⇠> 10⇥ higher on a similar thermally-radiating sur-
face area), but they explicitly state neither the accretion
rate they found nor the magnitude of their initial gas
surface density.

3.3. Low Accretion Rate

As explained earlier, we have complete freedom to
choose the inclination of the camera only if the whole
domain is optically thin. To enable further study of in-
clination e↵ects, we also studied a low accretion rate,
ṁ = 8 ⇥ 10�4. Because the density is 625⇥ lower in
this case than in the high accretion-rate case, the sys-
tem stays optically thin along all directions except those
within ⇡ 20� of the orbital plane. For high inclination
angles (✓

cam ⇠> 45�), the camera’s azimuthal angle also
becomes important. Note that here the azimuthal angle
is measured in the corotating frame of the binary, with
�
cam

= 90� when the camera is aligned with the two BHs.
If, as is more likely in reality, the camera is stationary in
an inertial frame, the camera’s e↵ective azimuthal angle
varies periodically as the binary members orbit.
We first display images of very hard X-ray (1019 Hz,

' 400 keV) intensity at three di↵erent inclination an-
gles, each viewed at four di↵erent times spread over a
quarter-period (Figure 9). These images somewhat re-
semble those of optical depth presented in Section 3.1
because the cooling function, like the scattering coe�-
cient, is proportional to the density. However, while the
optical depth of the inner circumbinary disk was gener-
ally ' 5⇥ the optical depth of the mini-disks, the X-ray

surface brightness of the mini-disks is ' 5⇥ that of the
circumbinary disk. This is, of course, because the rate of
energy dissipation per unit mass is much higher so close
to the BHs.
The spectrum of the optically-thin case looks very

much like the high-energy (⌫ > 3 ⇥ 1016 Hz) portion
of the spectrum shown in Figure 7 because we assumed
that the fluid-frame coronal spectrum is the same every-
where. Relativistic e↵ects, however, lead to significant
viewing-angle dependence.
Although the shape of the spectrum depends only very

weakly on viewing angle, relativistic e↵ects alter the an-
gular distribution of its intensity strongly enough to be
observationally interesting. Figures 10 and 11 display
how the observed bolometric flux depends on both the
polar and azimuthal angle of an observer. We show only
bolometric luminosity because the spectral shape is much
less sensitive to viewing angle than its overall level.
At most inclinations (✓

cam ⇠< 70�), the flux is almost
independent of azimuthal angle, but increases with incli-
nation due to relativistic beaming of light emitted by gas
moving toward the observer. However, for nearly edge-
on viewing angles (✓

cam ⇠> 70�), the angular-dependence
becomes more complex due to three e↵ects. First, lens-
ing of the farther BH by the nearer one when �

cam

' 90�

or 270� significantly brightens the image; the peak flux
can be a factor of 3 higher than at other azimuthal angles
with the same inclination. Second, relativistic beaming
increases sharply with greater polar angle. Third, even
for ṁ as low as 8 ⇥ 10�4, the circumbinary disk can in-
tercept light along rays passing close to the orbital plane.
Smaller values of ṁ would diminish the range of angles
around the plane a↵ected by optical depth. Because the
bright peak is due to lensing, it is not particularly af-
fected by the optical depth through the disk. However,
at other azimuthal angles, the disk cuts o↵ the rise in
flux due to Doppler beaming, running almost all the way
around the orbital plane in which the flux at ✓

cam

= 90�

is almost a factor of 2 smaller than that at ✓
cam

= 70�.

• Using a ray-tracing code to post-process the data from the GR 
simulation, D’Ascoli+2018 generate images and spectra / inclination 
effects  - relativistic Doppler, gravitational redshift and light bending  

• Posit a thermal Compton  hard X-ray spectrum from coronal emission on 
top of the mini discs

Broad Band Spectrum
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FIG. 5. The Poynting luminosity LEM and accretion rate ˙M vs. time for all cases and the strain of the “plus” polarization of the gravitational
waveform h+. The GWs are computed as described in [72]. The dotted-dashed lines on the top panel indicate the expected Blandford-
Znajek luminosity from a single BH with the same mass, spin and quasistationary polar magnetic field-strength as found for each case.
The normalization ˙Meq in each panel is the time-averaged accretion rate onto the post-merger remnant black hole over the last 500M of the
evolution. The displacements in the dashed vertical merger line in the luminosity and GW plots with respect to the merger lines in the accretion
plots accounts for the light travel time between the BH and the radiation extraction radii.

3. Outflows and jets

In all three cases we find that at t ⇠ 2500M after the start
of the simulations, collimated and magnetically dominated
outflows emerge in the disk funnel independently of the disk
model. The timescale over which these incipient jets emerge
is consistent with those we reported in [1, 35, 36]. The in-
cipient jets persist through inspiral, merger and post-merger,
as seen in Fig. 3. During merger we find that the magneti-
zation in the funnel grows and after the merger the magne-
tization reaches b2/2⇢0 & 100, indicating that the jets are
magnetically powered. Here b = B/4⇡ with B the magnetic
field measured by a comoving observer, and ⇢0 is the rest-
mass density. The region above and below the BH remnant
is nearly force-free – a prerequisite for the Blandford-Znajek
(BZ) mechanism [76]. A representative plot of b2/2⇢0 and
the magnetic field lines in the funnel is shown in Fig. 4. Asso-
ciated with these outflows is a large scale outgoing Poynting

flux.

We calculate the outgoing Poynting luminosity on the sur-
face of coordinate spheres S as L(EM) =

H
S
T r
0, (EM)dS,

where T ⌫
µ, (EM) is the EM stress-energy tensor. L(EM) as a

function of time is shown in Fig. 5 for all cases. Following
binary merger, the luminosity ramps up to a nearly constant
value in all cases for the duration of the simulation. After
merger, we find that the “efficiency” ✏EM ⌘ LEM/Ṁeq (Ṁeq

is the time-averaged accretion rate onto the post-merger rem-
nant BH over the last 500M of the evolution) increases as the
disk thickness decreases. However, we note that since our
goal here is to test the robustness of global BHBH-disk fea-
tures across different disk models, we did not prepare initial
disks with the same initial amount of poloidal magnetic flux,
which has been found to be one of the major determining fac-
tors for the efficiency of the outgoing Poynting luminosity in
MHD BH accretion disks (see e.g. [77, 78]).

In [36] we discovered that following merger there is a boost

Post-merger phase

KHAN et al. 2018

• collimated magnetized outflows in the 
polar regions even prior merging 

• new black hole is highly spinning 

• Poynting luminosity rises  in the early 
merger aftermath and stays constant 
(jet from a million sun back hole?) 

• need of microphysics to model 
calling, radiative transport and  
extract light curves and spectra
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FIG. 3. Volume rendering of rest-mass density, normalized to its initial maximum value ⇢0,max (see color coding), magnetic field lines (solid
white curves), and velocity vectors (green arrows) at select times during the inspiral, merger and post-merger. Case A corresponds to the left
column, case B to the middle column, and case C to the right column.

with and without magnetic fields [59–63] including black hole
binaries in magnetized accretion disks [1, 36].

For the metric evolution, the code solves the equations of
the Baumgarte-Shapiro-Shibata-Nakamura (BSSN) formula-
tion of GR [64, 65] coupled to the moving-puncture gauge
conditions [66, 67] with the equation for the shift vector cast
in first-order form (see e.g. [68]). The shift vector parameter
⌘ is set to ⌘ = 1.375/M .

For the matter and magnetic field, the code solves the equa-
tions of ideal GRMHD in flux-conservative form (see Eqs.
27-29 in [56]) employing a high-resolution-shock-capturing

scheme. To enforce the zero-divergence constraint of the mag-
netic field, we solve the magnetic induction equation using a
vector potential formulation (see Eq. 9 in [57]). As our EM
gauge choice, we use the generalized Lorenz gauge condition
developed in [35]. This EM gauge choice avoids the develop-
ment of spurious magnetic fields that arise across AMR levels
(see [69] for more details). We set the generalized Lorenz
gauge damping parameter to ⇠ = 7/M .

To compare with our previous calculations [1, 36] and to
reduce the computational overhead associated with the evolu-
tions, equatorial symmetry is imposed in all cases. Equato-
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• LISA black hole binaries with EM counterpart  are always “on”
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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• Level of  VARIABILITY  during inspiral and merger is critical
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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•observing strategy pre/post merger 

• how early can we determine the parameters of the GW source? 

• how early can we localize the source with LISA to inform Athena? 



Athena Wide Field Imager 
(WFI)

• Energy range between 0.2 keV  to 15 keV  

• Field of view of 0.4 square degrees (40’x40’)  

• Time resolution  of 5 milliseconds 

• Angular resolution of 5”on axis 

• Averaged flux sensitivity limit  ~ 7x10-17 (cgs units) 

• Slew rate of 4 deg/s 

• FAST RESPONSE TIME  comparable to  or less than 4 hours,   to enable 
observing any Target of Opportunity in a random field of the sky 

• Athena covers a 10 square degree field of view in 3 days with a raster scan of 
at least 23 observations in sequence of 10 ksec each (it can be faster we can 
reduce tiling the sky to 5ksec each if the source is indeed brighter)  

http://www.mpe.mpg.de/ATHENA-WFI/ 
MEIDINGER et al. 2015

http://www.mpe.mpg.de/ATHENA-WFI/


Table 1: Fluxes (in cgs units) and exposure times (in brackets, units of ks) to detect a X-ray unobscured
AGN at the Eddington limit with the current configuration of the Athena mirror+WFI.

M=106 M� M=107 M�
z = 1 8⇥10�16 (5) 8⇥10�15 (<1)
z = 2 1.5⇥10�16 (70) 1.5⇥10�15 (2)

Table 2: The same as Tab. 1 for an AGN obscured by a column density NH=1023 cm�2.
M=106 M� M=107 M�

z = 1 8⇥10�17 (200) 8⇥10�16 (5)
z = 2 5⇥10�17 (400) 5⇥10�16 (10)

reasonable probability of following them up.

How likely is it that the X-ray glow is su�ciently bright to be detectable in the WFI? The answer is in
Tab. 1 and Tab. 2, where we show the expected fluxes and required Athena exposure time to detect an AGN
at the Eddington limit, (what fraction into X-rays?) assuming the flux limit is reached over at least 90
percent of the Athena field-of-view in order for the object to be identified in a search. These results indicate
that follow-up of BH of mass 106 M� could require considerable Athena observing time, particularly if the
source is obscured. See Sect. 9 for a more detailed discussion of the expected luminosity and associated
detection likelihood.

Even if a raster scan strategy of short observations could allow Athena to detect the counterpart of the
GW-emitting SMBHM in one of the WFI observations, a a significantly more challenging issue is identifying
which of the hundreds of WFI sources is the true counterpart of the forthcoming merger. A possible ”smoking
gun” is the variability pattern in the soft and hard X-ray light curves, mirroring the GW strain (cf. Sect. 6).
The expected variability time-scales could vary from minutes to hours. This implies that it may be hard to
disentangle the variability pattern due to space-time deformation from the commonly observed variability in
the X-ray light curves of many classes of celestial sources, most notably AGN, unless at least a few cycles
are observed. The accurate measure of the strain pattern will represent a key prior in the analysis.

It comes naturally from the discussion so far that a strategy solely based on Athena rapid-response
Target-of-Opportunity (ToO) is insu�cient. Even for the ‘Platinum standard’ events, and assuming an
almost simultaneous transmission of the merging coordinates by LISA to the Athena Science Operation
Center, only short observations of the order of a few ks at most would be possible if one would rely on ToO
only, give the 4 hours response requirement for Athena. A full scanning of the predicted merging region as
early as possible is mandatory, implying significant investment of the observatory’s time for each precursor
event.

By the time Athena flies, eROSITA (Merloni et al. 2012) will have monitored the full X-ray sky with a
sensitivity of ⇠10�14 erg cm�2 s�1 in the 0.5-2 keV energy band. While this sensitivity is insu�cient to detect
even the best SMBHM ‘Golden Standard’ sources, eROSITA may provide a reference sky template to refine
the selection of sources that are unlikely to be the SMBHM counterparts. It is unclear, however, which X-ray
emission (if any) one should expect from a SMBHM system several years (�10) before the merging, hence
whether the eROSITA reference sky can be used to e�ciently point out counterpart candidates. Likewise,
while the LISA error box will be covered by LSST it remains still unclear whether this would help identifying
possible counterparts that could be high-priority targets for Athena.

In summary, our current understanding of the localization capability of LISA, of its operational con-
straints, of possible mechanisms producing X-rays in circum-binary disks and mini-disks, of the possible
variability pattern of this emission, as well as (and not the least importantly) of AGN astrophysics conspire
in making a measurement of the X-ray counterpart of a SMBH binary merging during the pre-merging phase
an extremely challenging, albeit exciting, possibility.
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following questions: if a BH is detected by LISA, is it feasible
to carry out a targeted follow-up X-ray observational campaign
covering the whole GW position error-box on the sky? And in turn
how deep can the X-ray observations go (and therefore what fraction
of GW-detected events could they reach) either to detect prompt
X-ray emission following the merger, or diffuse X-ray emission
from the surrounding environment? The answer to these questions
depends on the performances of the instruments at one’s disposal
and, possibly more significantly, on the actual details of physical
processes at work, which currently are largely uncertain (see, e.g.,
Armitage & Natarajan 2002; Milosavljević & Phinney 2005; Chang
et al. 2010; Palenzuela et al. 2010; Bode et al. 2010; Gold et al.
2014; Cerioli et al. 2016; Tang et al. 2018; d’Ascoli et al. 2018).
These uncertainties in turn reflect the substantial discovery space
that these observations will access.

As reference performance of a GW instrument we consider
the current design of the LISA mission. A 2.5 million-km arm
interferometer in heliocentric orbit with operational requirements
as described in Amaro-Seoane et al. (2017) (corresponding to the
noise spectral density of their Fig. 2). For the X-ray observatory we
use the design specifications of the Athena WFI detector (Rau et al.
2013). We assume a field of view of 0.4 deg2 and a flux sensitivity
for a 5s detection in an integration time T of

F

X

= 3⇥10�17
✓

106 sec
T

◆1/2

ergcm�2 s�1 . (1)

In absence of solid predictions, in this feasibility study we
use Eddington luminosity, LEdd = 1.26⇥1038 (M/M�) ergs�1 as a
proxy for the possible prompt X-ray emission associated to a merger
of a binary black hole. We assume that 10% goes into X-ray (e.g.
Lusso et al. 2010) and that the typical X-ray spectrum is a power
law with spectral index of 0.7, consistent with the power-law found
for quasars (Reeves & Turner 2000). The luminosity is integrated
in the hard-X band so that the results shown are independent on
obscuration due to photoelectric absorption up to a column density
1023 cm�2. For the diffuse X-ray emission from the hot gas in the
environment we will discuss our assumptions in the next section.

2 THE ASSEMBLY OF MASSIVE BLACK HOLE
BINARIES AND THEIR HOSTS

LISA will track the assembly history of SMBHs throughout cosmic
time by detecting binary mergers of systems in the (rest-frame) mass
range ⇠ 103 �107

M� anywhere in the Universe, reaching redshift
z ⇡ 20 and beyond, if such systems are present (Amaro-Seoane et al.
2017). The detection rate is uncertain, in the range ⇠ 10�1000 for
a planned 4 year mission duration (Klein et al. 2016). The mass-
redshift distribution of the observed systems is subject to large
uncertainties, and based on modelling, the majority of the detections
will be of systems with masses <⇠ 105

M� at redshift z

>⇠ 5, although
a few detections of black holes with masses >⇠ 106

M� at z

<⇠ 2 are
expected. This is a quite extraordinary sample of objects, selected
in a radically different way from AGN and/or time-domain surveys.

The first step is to identify the performance of LISA in ob-
serving MBHBs. For the problem at hand there are two quantitative
indicators of the performance: the signal-to-noise ratio (S/N) at
which a binary of a given mass and redshift can be observed and
the error-box in the sky associated with the detection. The specific
numbers for a given system depend on a large number of factors
that introduce many complications that prevent us from giving a
clear-cut picture of the science potential of these observations and

Figure 1. Feasibility of joint GW/X-ray observations of MBHB mergers in
the mass-redshift plane. Green-yellow contours mark the median sky location
accuracy (in deg2) of mergers achievable by LISA observations. Grey shaded
contours represent the total exposure time needed by Athena to cover the
corresponding LISA error-box, assuming 10% Eddington-limited accreting
MBH. Red-purple lines denote the exposure needed to detect diffuse X-ray
emission from the merger host (see main text for details).

go beyond the scope of this work in which we look at broad order
of magnitude results. In this spirit, to derive an empirical relation
between the total mass of the MBHB M and the S/N, r , at which it
is observed, we consider the set of simulations performed by Klein
et al. (2016). They are based on population models from Barausse
(2012), which feature different seed BH formation and subsequent
accretion histories, also resulting in a wide range of spin and mass
ratio distributions. We include all the observed systems in all mod-
els and we find the median angular resolution DW is related to the
median S/N, r , at which a system is observed by

DW ⇡ 0.5
⇣ r

103

⌘�7/4
deg2 . (2)

Note that the relation is slightly flatter than the standard DW µ
r�2 dependency. This is due to the fact that larger r are generally
obtained for more massive binaries, which tend to stay in band
for a shorter time. The scatter around the median is large, 0.7dex,
and is found to be dominated by the range of source sky location,
inclination and polarization angles, rather than the individual mass,
mass ratios and spin values of the systems.

With a scaling in hand, we compute the sky-inclination-
polarization averaged S/N for an equal-mass MBHB as a function of
M and z, using the latest LISA sensitivity curve (Amaro-Seoane et al.
2017) and PhenomC waveforms for non-spinning, circular binaries
(Santamarı́a et al. 2010). To each (M,z) pair we can then associate
a median sky localization through Eq. (2). Although the scaling was
obtained from a binary population featuring more complex proper-
ties than the systems used to compute S/N’s on the mass–redshift
grid, we note that the distribution of MBHB mass ratios in Klein
et al. (2016) peaks at unity; moreover the exact spin value does not
have a major impact on the S/N calculation which makes the use of
non spinning waveforms acceptable. Contour plots of median DW in
the (M,z) plane are shown in green scale in Fig. 1.

We can now turn to the question of whether any X-ray radiation
could be observed, and we consider two scenarios: i) a prompt
emission triggered at the merger, and ii) diffuse X-ray emission
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• LISA antenna pattern is time dependent  and long lasting sources are 
localized better by exploiting LISA motion around the sun 

• sky localization error decreases with measurement time and  improves 
significantly @ merger

McWilliams et al. 2011 

• an ensemble of binaries with random: sky position, orientation and spin, using 
precessing waveforms including contribution of higher harmonics in the 
inspiral portion of the signal (Klein, Cornish and Yunes, 2014) 

• match the SNR with that of the merger and ring-down PhenomC waveform

Robson, Cornish, Liu 2018   
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Figure 3: S/N ratio (left) and fractional error on the measurement of the redshifted chirp mass (right) as
a function of time. The binary hosts a primary with mass 106 M� in the source frame, and has mass ratio
q = 1/3. From top to bottom, the GW source is located at redshift z = 0.5, 1 and 2, respectively. Full inspiral
(with higher harmonics), merger and ringdown waveforms for spinning and precessing black holes are used
to carry on the analysis (Klein et al.). Shaded areas are the 68% and 95% confidence interval computed
over 1000 systems and the dark solid line is the median value. The horizontal dotted line denotes the field
of view (⇠ 0.4 deg2) of the WFI onboard Athena.The horizontal dotted line denotes the SNR threshold to
positively identify a source.

simulations, in Newtonian and pseudo-Newtonian potentials [] when the binary is still far from coalescence,
and most recently in full general relativity in proximity of the merger proper, when space-time is highly
dynamical and accretion flows are far from equilibrium [].

These studies show a richness of states and configurations as the flow pattern depends on the black hole
mass, mass ratio and, to a higher level of sophistication, on the black hole spins. Spin-orbit and spin-spin
relativistic precession may induce modulation in the accretion flows which are coupled to the spin via the
Bardeen-Peterson e↵ect []. This might lead to variability and spectral signatures that are still di�cult to
quantify and separate. But despite these complexities, all models share important commonalities and basic
traits that we summarize shortly.

Consider, with no loss of generality, the case of a black hole binary with total mass of MB = 106 M�, mass
ratio q . 1 surrounded by a circumbinary disc (of negligible mass and aspect ratio H/R . 1). Prior to its
entrance in the LISA band, the binary may already have experienced a phase of accretion-driven inspiral. The
picture is that the binary quadrupolar gravitational potential exerts a torque on the gas at the inner edge of
the disc clearing a central cavity. Viscous torques in the circumbinary disc drive gas inwards and the balance
between the binary and disc torques set, at twice the black hole binary separation, the location of the disc’s
inner edge, and thus size of the cavity. This is conducive to black hole migration inside this hollow region.
For a long time accretion was thought to be negligible or absent, due to the presence of the cavity, preventing
the possibility of emitting a multi-color spectrum. But, 2D and 3D numerical simulations have shown that
the system evolves into a highly non-axisymmetric configuration with the cavity becoming highly lopsided
and filled of tenuous, shocked plasma, in part ejected against the disc wall where it loses angular momentum
to feed the black holes. This leads eventually to the formation of two narrow streams which periodically
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Figure 4: Fractional error in the measure of the luminosity distance to the sources (left) and of the mass ratio
q (right), as a function of the observing time. The binary hosts a primary with mass 106 M� in the source
frame, and has mass ratio q = 1/3. From top to bottom, the GW source is located at redshift z = 0.5, 1
and 2, respectively. Full inspiral (with higher harmonics), merger and ringdown waveforms for spinning and
precessing black holes are used to carry on the analysis (Klein et al.). Shaded areas are the 68% and 95%
confidence interval computed over 1000 systems and the dark solid line is the median value. The horizontal
dotted line denotes the field of view (⇠ 0.4 deg2) of the WFI onboard Athena The horizontal dotted line
denotes the 10% fractional error level.

convey mass onto the black holes in the form of ’mini discs’ extending down to the innermost stable circular
orbit (ISCO) (Farris et al. 2014; Shi & Krolik 2015, + Bowens+2017, Bowens+2018,Tang+2018). This
feature appears to be universal.

A remarkable recent finding is that this type of environment appears to be present even when the binary
dynamics are overwhelmingly dominated by its GW radiation, and the circumbinary disc decouples, due to
the viscous time being longer than the GW timescale. Recent 2D [] and 3D [] general relativity magneto-
hydrodynamic simulations have shown that accretion continues all the way to the merger. Accordingly,
this type of environment is expected to be present also when the two black holes enter the LISA band
around ⇠ 10�4 Hz, at a distance of ⇠ 80 gravitational radii GMB/c

2. On these scales, relativistic e↵ects
have been shown to alter the gas dynamics in several ways. Bowen+ found that the gravitational potential
between the two black holes is shallower than in the Newtonian regime so that gas is exchanged across the
inner Lagrangian point. This mass transfer, termed sloshing, which increases sharply with decreasing binary
separation, is quasi-periodically modulated at 2 and 2.75 times the binary orbital frequency, corresponding
to timescales of hours. In addition, strong gravity adds an m = 1 over-density, a ‘lump’ at the inner edge
of the circumbinary disc so that whenever each stream supplying the mini-disc comes into phase with the
lump, at a frequency 0.74 times the binary orbital frequency, this creates a modulation in the accretion flow.

In summary, both sloshing and spiral waves may create periodicities in the accretion rates that uniquely
mark massive binary black holes in the relativistic regime. These periodicities appear generic and may result
in distinctive radiation features that could be detected by Athena in those nearby binaries (the plantinum
binaries) for which sky localization is so rapid to allow for the detection of precursor emission during the
last hundred to tens of cycles prior to coalescence.
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Figure 2: Sky localization error in deg2 versus time to merger for non-spinning massive black hole binaries
with mass of the primary, in the source frame, equal to 106 M� (left panel) and 107 M� (right panel). The
binary mass ratio q is set equal to 1/3. From top to bottom, the GW source is located at redshift z = 0.5, 1
and 2, respectively. Full inspiral (with higher harmonics), merger and ringdown waveforms for spinning and
precessing black holes are used to carry on the analysis (Klein et al.). Shaded areas are the 68% and 95%
confidence interval computed over 1000 systems and the dark solid line is the median value. The horizontal
dotted line denotes the field of view (⇠ 0.4 deg2) of the WFI onboard Athena.

appears to be indeed promising.

In light of the above findings in the next section 6 we outline scenarios for the fueling of ‘Platinum’ and
‘Gold’ binaries, focusing first on the precursor emission and later on the post-merger prompt or afterglow
emission.

6 Mapping matter in the space-time of merging massive binary
black holes

6.1 Gas dynamics around coalescing binary black holes

The EM light-curve and spectrum of a coalescing massive black hole binary are unknown. No transient broad-
band AGN like emission that could be attributed to the coalescence of a LISA binary has been observed
in the variable sky yet, at any wavelength. Thus, we have to resort on theoretical models of gas dynamics
around massive binary black holes to infer characteristics of their emission: (i) whether there are spectral
variabilities and periodicities in the light curve related to the binary orbital motion and to non-axisymmetric
patterns rising in the fluid flow, (ii) the launching of a (dual) jet(s), and (iii) accretion sustained at high
enough rates to stand above the red background noise (Vaughan).

Joint and contemporary observations of the GW and EM signals require the presence of a rich reservoir
of gas, possibly in the form of a circumbinary disc surrounding the binary and of mini discs, which feed
the black hole engines. Circumbinary discs have been extensively studied in 2D and 3D hydro-dynamical
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Figure 5: Fraction of massive black hole binaries with LISA sky localization better than 0.4 deg2 at 10 hours
before merger (orange) 5 hours before merger (purple) and after merger (blue). Each panel is for a di↵erent
mass of the primary black hole (M1 = 3⇥105 M�, 106 M� and 107 M�). Crosses (triangles) refer to binaries
with mass ratio q = 1 (q = 1/3). Results are shown as a function of redshift.

Concerning gas-dynamics during the merger and post merger phase, recent larger-scale hydrodynamic
simulations of magnetized circumbinary discs onto non-spinning black hole binaries [Khan+2018] have shown
that collimated and magnetically dominated outflows emerge from the disc funnel independently of the size,
extension and mass of the disc model. Incipient jets form and persist through the very late inspiral, merger
and post-merger phases. During merger proper the magnetization in the funnel grows, and after merger
the jet around the new black hole becomes magnetically powered. The region above and below the new
black hole is nearly force-free, a prerequisite for the Blandford-Znajek (BZ) mechanism to be at work.
Quite interestingly, after a few days from the merger, the EM luminosity reaches values comparable to the
Eddington luminosity, enabling follow-up EM observations, after the GW source has been localized with the
highest accuracy.

6.2 Light curves and spectra from coalescing binary black holes

There is no general consensus on the electromagnetic spectrum emerging from a coalescing black hole binary
[Tang et al. 2018, D’ascoli et al. 2018 , Roedig et al. 2014], nor on the extent of the modulation in
the accretion luminosity which tracks the variability in the accretion rate. The broad-band emission is an
uncharted territory, and no guidance from current observations of variable AGN.
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• By exploiting the power of higher harmonics in the ring-down 
signal,  sky localization can be improved significantly for the 
most massive, unequal mass black hole binaries 

Vishal Baibhav et al. in preparation
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FIG. 8. We plot the median errors for sky localization and luminosity distance. Empty circles are CRTS binary candidates from [14]. [VB:

Longer Ticks]

For both loci corresponding to Q1 and Q2, one can put
bounds on the latitude, �um(Q2) < u < um(Q2) where

um(Q) =

s

�1 +
2

Q � 2
p
1�Q
Q . (31)

While solving for sky position, one will end with multiple so-
lutions, we’ll need more information to find the right solution.
To further localize the signal, one can use time delay between
different spacecrafts. These time delay contributions appear
as higher order corrections to the phase through projected arm
lengths Lij = L (1� n̂ · r̂ij), where where Lij is arm length
connecting spacecraft i and j with the unit-separation vector,
r̂ij while n̂ is the unit vector pointing towards the source [27].
Since these projected arm lengths can be related to the sky
location, an accurate measurement of phase could give more
insight on sky-location. However, this is more effective for
signals with higher frequencies, while low frequency signals
are harder to characterize this way. Ref. [27] studied localiza-
tion of sine-Gaussian bursts by measuring time delay between
different spacecraft. They found that bursts with short duration
could be localized much better than those with longer dura-
tion. This is due to degeneracy between the central time of the
wavelet and the sky location. So, bursts with a longer duration
have a poor constraint on the central time, and hence a poor
sky localization. The same should also be applicable to ring-

down signals as well. But for ringdown, t0 (analogue of central
time in burst case) is known to good accuracy from relative
phase calculations. So, one can get some more insight from
the higher order phase corrections and this should improve the
sky-localization calculated from relative amplitude alone.

Errors

We next want to calculate the sky errors, so we again use
propagation of error. This time we have two independent
ways of calculating the source position and polarization, i.e.
using (QA, QP , Q1) and (QA, QP , Q2). The unknowns ⇥ =
{✓, �,  } can be calculated from three Qi = {QA, QP , Qi}
(where i = 1, 2) which in turn depend on the q, ◆ and detector
amplitudes. So we will go from

X⇥ ! Qi ! ⇥i (32)

where we have defined the basis X⇥ = {q, ◆, ÂI
21, ÂII

21} used
for calculating sky position, while ⇥i is the sky positions cal-
culated using Qi As mentioned earlier, here we have ignored
errors related to amplitude of phases of (2, 2) mode as these
errors are very small compared to errors associated with q, ◆ or
(2, 1) amplitudes.
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Figure 6. Gravitational wave strain (top panels) and X-ray light curves (middle and bottom) calculated at the beginning (left) and end (right) of the simulated
inspiral in the LISA band. The top panel shows the GW strain observed edge-on from a binary at redshift z = 1. The middle panel corresponds to the 2 keV
band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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band and the bottom panel to 10 keV band. The blue curves show the light curves neglecting the relativistic Doppler shift or gravitational redshift. The orange
curves show the light curves including these effects. While the Doppler effect imposes a small additional periodic modulation due to the binary’s orbital motion,
its dominant effect is a nearly uniform dimming of the light curve (this results from the asymmetry between the large blue and redshifts due to the internal
motion of gas in the minidiscs; see the text for discussion). The x-axis shows the look-back time in the source’s rest frame, and the number of binary orbits (in
parentheses).

beginning and the end of the inspiral, implying that this periodicity
is able to follow the accelerating binary orbital frequency (i.e. the
‘chirp’) throughout the entire inspiral process. The first peak in
the periodogram without rescaling arises from a dense lump in the
lopsided cavity wall, as reported in a series of previous works (e.g.
MacFadyen & Milosavljević 2008; Cuadra et al. 2009; Krolik 2010;
Roedig et al. 2011; Noble et al. 2012; Shi et al. 2012; D’Orazio et al.
2013; Farris et al. 2014; Bowen et al. 2017a). This feature is smeared
out and disappears after time rescaling, because it does not follow
the binary’s frequency chirp. More specifically, the frequency of this
low-frequency peak increases from ≈0.25!orb(0) to ≈0.4!orb(0),
but this increase is slower than the evolving binary orbital frequency
!orb(t). Just prior to the merger, the period of this low-frequency
modulation is around 15 orbits. Similarly, in Fig. 1, we see that the
overall size of the cavity is shrinking, but cannot keep up with the
binary separation, which decreases more rapidly. Nevertheless, this
low-frequency modulation persists throughout the inspiral process,
as we can clearly see in Fig. 6. In principle, the evolution of this low-
frequency modulation could be measured in the X-ray light curves,
and would probe the gas morphology near the central cavity.

4 D ISCUSSION

One of the motivations of this work was to compute the modulation
of the light curves due to relativistic Doppler effect. Naively, such
a modulation inevitably arises from the same orbital motion that
produces GWs, and therefore the GW and X-ray chirp signals should
track one another with a known phase (Haiman 2017). This would
be of particular interest for LISA, allowing a robust measurement of
the speed difference of photons and gravitons, and more generally,
a secure identification of the EM counterpart of a LISA binary.

Our results suggest that it may be difficult to extract this Doppler
modulation from the X-ray light curve. We find efficient fuelling
of both BHs through the inspiral process, with gas funnelled inside
each BH’s Hill radius, forming tidally truncated ‘minidiscs’. These
minidiscs persist nearly all the way to the merger, until the tidal
truncation radius shrinks to a size comparable to that of the ISCOs
(roughly 60 h prior to merger). However, the effective tempera-
ture, density, and velocity fields of the gas inside these minidiscs
are not stationary, and the net Doppler shift is dominated by these
large ‘internal’ gas motions, rather than the orbital velocity of the
BHs. Interestingly, as Figs 5 and 6 show, the most prominent effect
of the Doppler shift in the 2–10 keV range is an overall dimming
of the light curve, rather than a sinusoidal modulation. This is be-
cause the hot gas dominating this emission is located very close to
each BH (near or inside its Hill radius), and the velocity of this gas
is larger than the orbital speed of the BHs. Regardless of the view-
ing direction, there is always gas with both large blue and redshifts
along the line of sight, and the total composite spectrum includes
both of these shifts. The net result can be either an overall dimming
or brightening, depending on the local slope and curvature of the
spectrum. In other words, for the steeply curved blackbody spec-
tral shape, the Doppler effect is not symmetric under switching the
sign of the line-of-sight velocity. Fig. 5 shows that in the 2–10 keV
range, the redshift and the corresponding dimming from receding
gas dominate over the blueshift and brightening from approaching
gas.

We emphasize that this result is sensitive to the spectral shape.
One caveat is that, as mentioned above, due to numerical con-
straints our simulated disc is thicker than a typical active galactic
nucleus (AGN) disc of a solitary BH. If we were to scale the simu-
lation to correspond to a higher Mach number, this would shift the
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Caveat

105 � 105 106 � 106 107 � 107 108 � 108

106 � 105 107 � 106 108 � 107 107 � 105

• In absence of a periodicity detected during the inspiral phase, it will be 
difficult to identify the X-ray source  

• Extremely challenging to observe the X-ray precursor: Knowing  masses 
and spins of the merging black holes and an “X-ray” template we 
might succeed in identifying the host 

• Source confusion (two or more sources in the same pixel) 

• LSST and eROSITA provide the “reference” sky, and LSST photometric 
redshifts - galaxy selection knowing the luminosity distance 

• Euclid will provide a census of galaxies out to z~1 

• Rates are uncertain: upper limit is  ~10 in 10 years of operation  

• Obscuration matters 

• Need of numerical simulations to infer X-ray light curves and spectra 
template bank as a function of masses, spins, mass ratios … 



• The potential for post-merger followups of LISA binary mergers appears 
promising indeed, enabling detection of sources up to z~2 

• @merger: sky localization error can be reduced down to fractions of a 
square degree 

• @merger: also the “heaviest” LISA massive binaries can be detected 
within the Athena field of view (Bahibav+ in preparation) by exploiting 
the richness of the higher harmonics in the ring-down 

• LISA can provide key priors for selecting the X-ray properties of the 
putative source 

• Inspiral- X-ray precursor phase is detectable at very low z, which limits 
the number of potential events

Summary and Conclusions

105 � 105 106 � 106 107 � 107 108 � 108

106 � 105 107 � 106 108 � 107 107 � 105

• Big uncertainties - luminosities -  rates - identification host galaxy 


