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* Step 1: Dynamical friction quickly brings 
the black holes to the inner few parsecs 
of the new galaxy - forming a binary

* Step 2: Binary either stalls at ~1pc, or 
gas, non-spherical stellar distribution, 
or… shrinks the orbit further

* Step 3: If the binary orbit can decay to 
~0.01-0.1pc, gravitational radiation will 
merge the binary in less than a Hubble 
time

Galaxies merge, but do the black holes?

Begelman, Blandford, Rees 1980



* The low frequency gravitational wave background 
and merger events will probe the MBHB 
environment at late inspiral

* Electromagnetically identified population could 
directly trace MBHB evolution over a wider range 
of evolutionary states (orbital separations)

Galaxies merge, but do the black holes? 
How do we find out?

* The fraction of MBHBs at different separations would 
elucidate the mechanisms which bring MBHBs together 



Grav waves

Electromagnetic MBHB evidence/searches 

250 J. Kormendy

11. Two kinds of elliptical galaxies have different AGN feedback

The rest of this paper discusses evidence for the two different kinds of AGN feedback
that are introduced in the second paragraph of Section 10. They happen in two different
kinds of elliptical galaxies summarized here and in Kormendy & Bender (2013) and
reviewed in Kormendy et al. (2009, hereafter KFCB). These are illustrated in Figure 10.

Giant ellipticals (MV
<
∼
−21.6 for H0 = 70 km s−1 Mpc−1) generally (1) have cores,

i. e., central missing light with respect to an inward extrapolation of the outer Sérsic profile
(Figure 10, left); (2) rotate slowly, so rotation is of little importance dynamically; (3)
hence are anisotropic and modestly triaxial; (4) have boxy-distorted isophotes; (5) are
made of very old stars that are enhanced in α elements; (6) often contain strong radio
sources, and (7) contain X-ray-emitting gas, more of it in more luminous galaxies.

Smaller ellipticals with MV
>
∼
−21.5 generally (1) are coreless – they have central extra

light with respect to an inward extrapolation of the outer Sérsic profile (Figure 10, left);
(2) rotate rapidly; (3) are nearly isotropic and oblate spheroidal; (4) have disky-distorted
isophotes; (5) are made of (still old but) younger stars with little α-element enhancement;
(6) rarely contain strong radio sources, and (7) rarely contain X-ray-emitting gas.

The SAURON/ATLAS3D division of ellipticals into fast and slow rotators (Emsellem
et al. 2007, 2011; Cappellari et al. 2007, 2011) is closely similar.

Figure 10. (left) From KFCB, brightness profiles of prototypical elliptical galaxies (top) with
and (bottom) without cores. The core is defined to be the region of missing light with respect
to the inward extrapolation of the outer Sérsic (1968) function brightness profile. KFCB showed
that all Virgo cluster ellipticals with MV ! −21.6 have cores, whereas all Virgo ellipticals with
MV " −21.5 have central extra light above the inward extrapolation of the outer Sérsic profile.
This core–no-core difference correlates with many other physical parameters that distinguish
the two kinds of ellipticals. (right) Stellar mass density profile of the remnant of a merger of
progenitor galaxies that each consisted of a stellar disk containing 92 % of the mass plus cold gas
containing 8 % of the mass plus a dark matter halo. During the merger, the gas falls to the center
and produces the ‘Starburst’ profile. Note that the outer profile is well described by a Sérsic
function with n < 4, exactly as in the extra light elliptical. From Mihos & Hernquist (1994).
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(a ‘damped random walk’24) described by two additional parameters.
This analysis returns a best-fit with a non-zero eccentricity of
e~0:09z0:07

{0:06, although a Bayesian criterion does not favour this
model over a pure sinusoid with fewer parameters (see Methods).
We considered an alternative model to explain optical variability of
PG 1302-102, in which the luminosity variations track the fluctuations
in the mass-accretion rate that is predicted in hydrodynamic simula-
tions9–11,13,25. However, the amplitude of these hydrodynamic fluctua-
tions are large (order one), and their shape is ‘bursty’ rather than
sinusoid-like11,13,15; as a result, we find that they provide a poorer fit
to the observations (see Fig. 2 and Methods). Furthermore, for mass
ratios q00:05, hydrodynamic simulations predict a characteristic
pattern of periodicities at multiple frequencies, but an analysis of
the periodogram of PG 1302-102 has not uncovered evidence for mul-
tiple peaks26.

A simple observational test of relativistic beaming is possible, owing to
the strong frequency dependence of the spectral slope of PG 1302-102:
a 5 dln(Fn)/dln(n). The continuum spectrum of PG 1302-102 is nearly
flat with a slope bFUV ; dln(Fl)/dln(l) 5 0 in the far-ultraviolet (FUV;
0.145–0.1525mm) band, where Fl is the apparent flux at an observed
wavelength l, and shows a tilt with bNUV 5 20.95 in the near-ultraviolet
(NUV; 0.20–0.26mm) range; see Fig. 3 and Methods. These slopes trans-
late to aFUV 5 22 and aNUV 5 21.05 in the respective bands, compared
to aopt 5 1.1 in the optical. The UV emission can be attributed to the
same minidisks that are responsible for the optical light, and would
therefore share the same Doppler shifts in frequency. These Doppler
shifts would translate into UV variability that is larger by a factor of
(3 2 aFUV)/(3 2 aopt) 5 5/1.9 5 2.63 and (3 2 aNUV)/(3 2 aopt) 5 4.05/
1.9 5 2.13 compared to the optical, and reaches maximum amplitudes of
637% (FUV) and 630% (NUV).
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Figure 2 | The optical and ultraviolet light curves of PG 1302-102. The grey
filled circles with 1s errors are the optical data6, superimposed with a best-fit
sinusoid (red dashed curve). The solid black curve is the best-fit relativistic
light-curve. The blue dashed curve is the best-fit model that was obtained by
scaling the mass-accretion rate determined from a hydrodynamic simulation of
an unequal-mass (q 5 0.1) binary11. The red and blue filled circles with 1s
errors correspond to archival NUV (red) and FUV (blue) spectral observations;
the red filled triangles (with 1s errors) represent archival photometric NUV
data (see Fig. 3). The UV data include an arbitrary overall normalization to
match the mean optical brightness. The red and blue dotted curves are the best-
fit relativistic optical light curves with amplitudes scaled up by factors of 2.17
and 2.57, which best match the NUV and FUV data, respectively. MJD,
modified Julian day.
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Figure 3 | Archival UV spectra of PG 1302-102 from 1992–2011. FUV and
NUV spectra obtained by instruments on the HST and by GALEX, as labelled.
COS, cosmic origins spectrograph; FOS, faint object spectrograph; STIS,
space telescope imaging spectrograph. Numbers in brackets are the dates (in
MJD 2 49,100) the data were collected. Vertical yellow bands mark regions
outside the spectroscopic range of both GALEX and the HST and contain no
useful spectral data. Assignments of the main peaks are given. Lya, Lyman a.
From each spectrum, average flux measurements (shown in Fig. 2) were
computed in one or both of the UV bands over the frequency range indicated by
the horizontal bars. The full GALEX photometric band shapes for FUV and
NUV photometry are shown for reference as shaded blue and red curves,
respectively. Additional GALEX NUV photometric data were also used
in Fig. 2. The UV spectra show an offset by as much as 630% relative to one
another, close to the value expected from relativistic boost (see Methods).
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Figure 1 | Binary parameters producing the optical flux variations of
PG 1302-102 by relativistic boost. Combinations of total binary mass M,
mass ratio q 5 M2/M1, and inclination i that cause .13.5% flux variability (or
line-of-sight velocity amplitude (v/c)sin(i) $ 0.07) in the emission from the
primary and secondary black holes, computed from the Doppler factor D3 2 a

with the effective spectral slope of aopt 5 1.1 in the V band. The solid lines

correspond to different values of q as labelled; the shaded regions correspond to
intermediate values. We assume that a fraction f2 5 1.0, 0.95, or 0.8 of the total
luminosity arises from the secondary black hole; these values are consistent
with fractions found in hydrodynamic simulations13 (see Methods). The
inclination angle is defined such that i 5 0u corresponds to a face-on view of
PG 1302-102, and i 5 90u corresponds to an edge-on view.
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FIG. 11.— An example of double-peaked broad line AGNs from SDSS.
The black lines show the original SDSS spectrum (upper) and the contin-
uum/iron flux subtracted spectrum (bottom). The red and magenta lines show
the overall model fits. The orange and blue lines are the power-law contin-
uum and iron template fits. The three Gaussian components in cyan are the
narrow lines Hβ, [O III]λ4959 and [O III]λ5007, fixed to have the same
redshifts and line widths. The two green Gaussian components are for the
double-peaked broad line profile, which are separated by ∼ 3000 kms−1, and
have FWHMs∼ 2200 kms−1 and∼ 10000 kms−1 for the blueshifted and red-
shifted components respectively. This object and many others will be good
candidates for spectral monitoring and reverberation mapping programs.

of both the clouds dynamics and illumination. Our treatment
is more quantitative than earlier qualitative arguments that the
double-peaked components are from individual BLRs (e.g.,
Gaskell 2010, and references therein).
In our BLR model for single BHs we assumed a rather sim-

plistic thin shell distribution of clouds. To check the sensitiv-
ity of our results to this assumption, we examine the effects
of a more extended cloud (not all line-emitting clouds) dis-
tribution for single BHs. The upper panel of Fig. 10 shows
an example for the distribution of clouds around a 108M⊙

BH, where the clouds were initially populated between 0.5
and 2 times the characteristic BLR size with a power-law
number density n(r) ∝ r−1 and then relaxed for 30 years us-
ing their Keplerian orbits. The initial random velocities of
each cloud are assigned using the same scheme described in
§2.1. The starting configuration for the numerical orbit inte-
gration is a more extended distribution of clouds compared to
our fiducial model. We integrate an equal-mass binary sys-
tem (Mtot = 2×108M⊙) using the new single BLR model and
compute emission line profiles in the same way as in §2.1.
The bottom panel of Figure 10 shows the resulting line profile
at phase angle φ = 0◦ and with a binary separation d = 0.05pc.
Compared with our previous result, i.e., the middle panel of
Fig. 2, the double-peaked feature is much less prominent.
This is expected because now the two cloud regions over-
lap more than in the previous case and more clouds become
circumbinary, diluting the distinction between the two BLRs.
In practice, the two emission line components will not have
equal strength, so some asymmetry is expected in the overall
line profile, similar to those shown in Fig. 5. Secular changes
in the line profile due to the orbital motion of the binary, or
velocity resolved reverberations of the blue and red wings of
the line, can still be monitored even though the two peaks are
blended with each other.
Our toy models confirm the feasibility of using spectral

monitoring (for radial velocity drifts) and reverberation map-
ping (for line responses) to disentangle SMBH binaries from
disk emitters. These observations can also be achieved with
less expensive narrow-band filters. However, there are some

practical difficulties with these techniques. The spectral mon-
itoring for radial velocity changes works best for binaries with
d ≈ RBLR,1 + RBLR,2. At larger binary separations, the two
broad components will blend with each other in the spec-
trum, making it less likely to be flagged as a binary candi-
date, and the orbital period is too long to be detectable. At
smaller separations, the BLRs are no longer distinct and the
velocity structure becomes more complex with no coherent
radial velocity drifts in the peak locations. Thus, the spec-
tral monitoring is suitable for identifying low mass SMBH
binaries (M ∼ 106 M⊙). On the other hand, reverberation
mapping is a powerful tool for distinguishing a SMBH binary
from a disk emitter, but more complex BLR geometries and
kinematics (such as those involving inflows or outflows) will
certainly complicate the situation (e.g., Sergeev et al. 1999;
Denney et al. 2009).

4.2. Case Studies: 3C 390.3, SDSS J1536+0441 and others
Although there are a few dedicated spectral monitoring pro-

grams for double-peaked broad line objects (e.g., Gezari et al.
2007, and references therein), there is currently no reverber-
ation mapping program for a large sample of such objects.
Among the ∼ 40 AGNs that are included in the reverberation
mapping sample (Peterson et al. 2004), there are several ob-
jects that clearly show double-peaked broad line features. In
particular 3C 390.3 is a strong double-peak object with good
reverberation mapping data (Dietrich et al. 1998). The time-
ordered data of this source show that the blueshifted and red-
shifted components respond to the continuum variations al-
most simultaneously. Thus, it is more likely that the double-
peaked emission originates from a disk rather than from two
corotating BLRs in a binary system.
The quasar SDSS J1536+0441 was recently suspected

to be a sub-pc binary SMBH (Boroson & Lauer 2009) be-
cause of its double-peaked broad Hβ line in the SDSS
spectrum. It has therefore received much attention (e.g.,
Chornock et al. 2010; Gaskell 2010; Wrobel & Laor 2009;
Decarli et al. 2009; Tang & Grindlay 2009). The discovery
of an additional redshifted component, most notably in Hα
(e.g., Chornock et al. 2010; Lauer & Boroson 2009), favored
a disk emitter origin for the double peaks rather than a binary
SMBH. If we nevertheless assume this is a binary SMBH and
use constant Eddington ratios λEdd = 0.1 for both BHs, and
the FWHM values measured in Boroson & Lauer (2009), we
get from equation (3)M1 = 8×108 M⊙ andM2 = 2×107 M⊙

for the red and blue systems, respectively, similar to those
reported in Boroson & Lauer (2009). We also derive BLR
sizes R1 ≈ 0.063 pc and R2 ≈ 0.01 pc. Substituting the
BH masses and vlos = 3500 kms−1 in equation (4) we get
d = 0.27[sin I sin(2πt/P)]2 pc. However, in order to produce
the comparable strength of both components and hence two
distinct peaks, it requires that the smaller BH (blue compo-
nent) is ∼ 40 times more efficient at producing the broad-
line emission than the larger BH. Furthermore, by compar-
ing the spectrum taken ∼ 1 yr after (Chornock et al. 2010)
with the original SDSS spectrum, it appears that both the
blueshifted and the redshifted components become slightly
weaker whereas the central component (which would be the
classic BLR in the disk emitter scenario) remains almost un-
changed. This strengthens the association of a disk emitter
origin with the double-peaked feature.
There have been a significant number of double-peaked or

highly asymmetric broad line AGNs known in the literature,
and large spectroscopic surveys such as SDSS are provid-

Broad line monitoring 

12 Coughlin et al.
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Figure 11. The x-y projection of the debris produced from six di↵erent simulated TDEs at a time of 1.5 binary orbits. The top two
plots were disruptions by the secondary SMBH, while the bottom four were disrupted by the primary. The colors, plot ranges, etc. are
all identical to those of Figure 9.
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MBHB candidate: PG 1302

Graham+2015, Nature 
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MBHB Candidates from periodic quasar searches

~150 MBHB Candidates from
Graham+2015b (CRTS)

Charisi+2016(PTF)

PG 1302

OJ 287

12 M. Charisi et al.

expected distribution from eq. (15), for N
sample

= 243,500.
Given that G15 searched for periods between 400 d and 6 yr
(at least 1.5 cycles within the 9-year baseline), and given
the redshift, magnitude distributions of quasars analyzed in
their sample, shown in Fig. 5 and Fig. 6 in G15, we can es-
timate the observable fraction f

o

(tres) for this sample. The
residence time distributions accounting for the finite base-
line, expected from eq. (18), are shown by the solid curve
in each panel. Moreover, as G15 pointed out, they identify
⇠25% of the theoretically expected quasars (which could be
attributed to only a quarter of all quasars being activated by
mergers). We scale the expected distribution by this factor
to facilitate the comparison, shown by the dashed curves.
We see that the unequal-mass case (q = 0.01) indeed fits
the observed distributions better.

The figure above also reveals a discrepancy between
the results from the two studies, in terms of the fraction
of quasars that host a SMBHB. Our results indicate that
all quasars may harbor a SMBHB, whereas the findings
in G15 suggest that this fraction is ⇠25%. Nevertheless,
the periodicity was identified in two distinct datasets us-
ing completely di↵erent search algorithms, making a direct
comparison challenging. For instance, we note that there
is a potential selection e↵ect favoring the brighter quasars
in the sample of G15. More specifically, if G15 had limited
their analysis to the brighter end of the sample (e.g., quasars
with mag<19), they would have identified 104 candidates in
a sample of ⇠78,000 quasars (see Fig. 5 and Table 2 in G15),
resulting in a similar fraction of quasars hosting SMBHBs as
in our sample. Therefore, it is possible that the decreased oc-
currence rate of periodic quasars in the sample of G15, and
thus the discrepancy in the two samples, can be explained
due to the limited photometric accuracy of CRTS at fainter
magnitudes compared to PTF. We will address the question
of the fraction of quasars with SMBHBs in a future study.

Mass ratios of SMBHBs have been discussed for a hand-
ful of individual candidates in the past, and have been in-
ferred to be low. For instance, the variability of the well-
studied SMBHB candidate OJ287 can be explained under
the assumption of a very massive (⇠ 1010M�) primary BH
with a ⇠100 times smaller secondary BH on a highly ec-
centric orbit, perpendicular to the accretion disc of the pri-
mary BH (Valtonen, Ciprini & Lehto 2012). Furthermore,
D’Orazio, Haiman & Schiminovich (2015) proposed that
the observed periodic variability of the recently identified
SMBHB candidate PG1302-102 may be due to relativistic
boosting of a steady accretion flow onto the rapidly mov-
ing secondary BH in a highly unequal-mass system, with
q
⇠

< 0.05 favoured. An unequal mass binary (with q = 0.026)
has also been proposed for the quasar Mrk 231 (Yan et al.
2015). This candidate was identified from its peculiar spec-
trum, which the above authors interpreted as a signature of
a circumbinary disc with a central cavity, cleared by the mo-
tion of the secondary BH (although we note that for such a
low mass ratio, a cavity may not be present; D’Orazio et al.
2015b; Farris et al. 2015). The recently detected SMBHB
candidate SDSS J0159+0105 (Zheng et al. 2015), which
shows two periodic components in the optical variability,
also requires the existence of an unequal-mass binary with
0.05 < q < 0.8.

The above results raise the intriguing possibility that
SMBHBs with low mass ratios may be more common than
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Figure 10. Histograms of residence time inferred for 98 of the 111
SMBHB candidates identified by G15, assuming di↵erent mass
ratios: q = 1, 0.1 and 0.01 (top, middle and bottom panel, respec-
tively). The dotted curves show the distribution expected without
accounting for observational limitations; the solid curves incorpo-
rate these observational constraints. The dashed curves are the
same as the solid curves, scaled down by 25%, which is the frac-
tion of all quasars inferred to host SMBHB.

near-equal-mass binaries. This is not entirely surprising, in
light of cosmological galaxy merger models, which predict
that at moderate redshift (e.g., z < 10), most BH pairs will
have unequal masses (Volonteri, Haardt & Madau 2003). We
note that unequal-mass binaries are fairly unexplored from a
theoretical point of view. In particular, this low mass-ratio
regime is typically ignored in hydrodynamical simulations
of binaries with circumbinary gas discs, with only a handful
of exceptions (D’Orazio, Haiman & MacFadyen 2013; Farris
et al. 2015; D’Orazio et al. 2015b; see also Shi & Krolik 2015
for simulations of a q = 0.1 binary).

The above conclusion should be considered with cau-
tion, since it could be the result of a strong selection e↵ect.
Both the algorithm developed here and the one employed
by G15 are optimized for detecting sinusoidal variations.
Hence, they may be preferentially sensitive to binaries with
significant Doppler boosting (e.g., see D’Orazio, Haiman &
Schiminovich 2015), which is more prominent for unequal-
mass binaries. More nearly equal-mass binaries may produce
more “bursty” light curves, as a result of periodic fluctu-
ations in the accretion rate onto the BHs (Hayasaki, Mi-
neshige & Sudou 2007; MacFadyen & Milosavljević 2008;
Roedig et al. 2012; Noble et al. 2012; D’Orazio, Haiman
& MacFadyen 2013; Farris et al. 2014, 2015; Shi & Krolik
2015; D’Orazio et al. 2015b). The latter are likely to remain
undetected with the current searches for periodicity.

4.4 Extended light curves

For the candidates identified in PTF, we extended the light
curves adding points from iPTF and CRTS. The iPTF light
curves are practically an extension of PTF, since the data
are obtained with the same telescope and filter, following
a similar observing strategy as in PTF. On the contrary,
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How do we know if these are real?

* Some new tools?

3) Sub-mm VLBI Imaging!?

2) MBHB self lensing 
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MBHB self lensing: further evidence for MBHBs?
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MBHB self lensing: further evidence for MBHBs?
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Figure 3. Magnification of Doppler boosted and lensed emission from primary and secondary point source emission for binary parameters (P,M) =
(4.0yr, 109M�) and for the stated values of the binary orbital inclination, listed in the legend in terms of NE defined in Eq. (7). Both primary and secondary
discs are assumed to emit at the same brightness. The first lensing flare is due to lensing of the secondary accretion disc by the primary and the second lensing
flare is due to lensing of the primary accretion disc by the secondary. The inclination of the binary that could generate the orange light curve has probability
given by the black-dashed lines in Figure 2.

where (u0, v0) is the position of the secondary in lens-centred, po-
lar coordinates: u0 is given by Eq. (5) in units of Einstein radii and
v0 = tan

�1
[sin I tan⌦t]; J is the inclination of the source disc to

the line of sight (see Figure 1), and � is the polar coordinate in the
disc-centred frame. To evaluate Eq 14, we then set F⌫ = 0 when
r is less than the ISCO radius or r is greater than the truncation
radius discussed above.

2.4.1 Wavelength dependent effects

Figure 5 plots the wavelength-dependent, finite-size source lensing
light curves, neglecting other sources of periodicity, and zoomed in
on the flare produced by lensing of the secondary accretion disc.
The top row is for an edge-on binary inclination while the bottom
inclines the binary to ⇠ 0.7� from edge on, corresponding to a
minimum sky separation of 0.5rpE . Both rows vary the inclination
of the accretion disc source to the line of sight from nearly edge on
(J = 0.1) to face on (J = ⇡/2).

In each of the panels we have assumed a binary with total mass
10

6M�, mass ratio of q = 0.1, and an orbital period of 4 years.
According to Eq. (11), this places the peak wavelength of emission
at the tidal truncation radius of the secondary at �out = 2.3µm,
in the near infrared. The tidal truncation radius of the secondary
accretion disc is rsout ⇠ 0.14a corresponding to ⇢smax = 11.3,
hence finite-size source effects should be prominent in the optical
and UV wavelengths, approaching the point source case for far UV
and X-ray wavelengths.

In Figure 5 we plot the simulated lensing flare in far ultravi-
olet (FUV; 150 nm) to red optical (I band; 806 nm). Because the
disc is hotter at its centre, and hence emits shorter wavelength ra-
diation there, the FUV represents the smaller inner region of the
secondary disc while the optical represents the larger outer por-
tion of the disc. The result, seen in Figure 5, is that the optical
lensing is spread out, beginning earlier, ending later, and reaching
a lower peak magnification than the flares at shorter wavelengths.
The shorter wavelength, NUV and FUV flares approach the shape
and peak magnification predicted by the point-source case.

The finite-size source lensing depends not only on the size of

the source, but also the shape. The inclination of the disc to the
line of sight changes the shape of the emitting region from a large
face-on disc at J = ⇡/2 to a more narrow ellipse constricted in the
direction perpendicular to motion across the sky. The result is that
more edge-on discs approach more closely the point-source case
because the elongated edge-on discs are less smeared out over the
u = 0 caustic. This can be seen in Figure 5 where, from left to right,
the disc is inclined from nearly edge on to face on and the redder
wavelength light curves decrease in peak magnitude. The width of
the lensing curve does not change greatly because we only allow
the disc to be inclined to the line of sight. Future parameter studies
could allow a more general parameterization of the accretion disc
shape, this could result in a larger range of possible flare durations.

We investigate the effect of changing binary inclination angle
by comparing the top and bottom rows of Figure 5. Just as for the
point source case depicted in Figure 3, increasing the binary incli-
nation away from the line of sight decreases the peak magnitude of
amplification. In the finite-sized source case, increasing the binary
inclination also rounds the light curve from a cuspy spike at edge-
on inclination, caused by a direct crossing of the source through
the u = 0 caustic, to a rounder flare when the source passes just
above or below the caustic. In the bottom row, for which the binary
is inclined from edge on, we have drawn the point-source case as a
dashed black line. We do not draw the point source light curve for
the edge-on binary because it results in an infinite magnification.
This infinite magnification is smeared out for the finite-size source
cases plotted in Figure 5.

For a binary inclined to the line of sight (I 6= 0), Figure 5
shows that the magnification of the shorter wavelength emission
does not change appreciably with J , and is similar to the point
source case. The longer wavelength emission, however, is magni-
fied over a shorter timescale as J is increased towards face on. This
shows that binary orbital inclination affects different wavelength
emission differently in the finite-size source case. Generally, if the
extended source, at a given wavelength, has components that inter-
sect the lensing caustic, these wavelength components are affected
by finite-size source affects; it is the shape of the emitting region
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Figure 3. Magnification of Doppler boosted and lensed emission from primary and secondary point source emission for binary parameters (P,M) =
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where (u0, v0) is the position of the secondary in lens-centred, po-
lar coordinates: u0 is given by Eq. (5) in units of Einstein radii and
v0 = tan

�1
[sin I tan⌦t]; J is the inclination of the source disc to

the line of sight (see Figure 1), and � is the polar coordinate in the
disc-centred frame. To evaluate Eq 14, we then set F⌫ = 0 when
r is less than the ISCO radius or r is greater than the truncation
radius discussed above.
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on the flare produced by lensing of the secondary accretion disc.
The top row is for an edge-on binary inclination while the bottom
inclines the binary to ⇠ 0.7� from edge on, corresponding to a
minimum sky separation of 0.5rpE . Both rows vary the inclination
of the accretion disc source to the line of sight from nearly edge on
(J = 0.1) to face on (J = ⇡/2).

In each of the panels we have assumed a binary with total mass
10

6M�, mass ratio of q = 0.1, and an orbital period of 4 years.
According to Eq. (11), this places the peak wavelength of emission
at the tidal truncation radius of the secondary at �out = 2.3µm,
in the near infrared. The tidal truncation radius of the secondary
accretion disc is rsout ⇠ 0.14a corresponding to ⇢smax = 11.3,
hence finite-size source effects should be prominent in the optical
and UV wavelengths, approaching the point source case for far UV
and X-ray wavelengths.

In Figure 5 we plot the simulated lensing flare in far ultravi-
olet (FUV; 150 nm) to red optical (I band; 806 nm). Because the
disc is hotter at its centre, and hence emits shorter wavelength ra-
diation there, the FUV represents the smaller inner region of the
secondary disc while the optical represents the larger outer por-
tion of the disc. The result, seen in Figure 5, is that the optical
lensing is spread out, beginning earlier, ending later, and reaching
a lower peak magnification than the flares at shorter wavelengths.
The shorter wavelength, NUV and FUV flares approach the shape
and peak magnification predicted by the point-source case.

The finite-size source lensing depends not only on the size of

the source, but also the shape. The inclination of the disc to the
line of sight changes the shape of the emitting region from a large
face-on disc at J = ⇡/2 to a more narrow ellipse constricted in the
direction perpendicular to motion across the sky. The result is that
more edge-on discs approach more closely the point-source case
because the elongated edge-on discs are less smeared out over the
u = 0 caustic. This can be seen in Figure 5 where, from left to right,
the disc is inclined from nearly edge on to face on and the redder
wavelength light curves decrease in peak magnitude. The width of
the lensing curve does not change greatly because we only allow
the disc to be inclined to the line of sight. Future parameter studies
could allow a more general parameterization of the accretion disc
shape, this could result in a larger range of possible flare durations.

We investigate the effect of changing binary inclination angle
by comparing the top and bottom rows of Figure 5. Just as for the
point source case depicted in Figure 3, increasing the binary incli-
nation away from the line of sight decreases the peak magnitude of
amplification. In the finite-sized source case, increasing the binary
inclination also rounds the light curve from a cuspy spike at edge-
on inclination, caused by a direct crossing of the source through
the u = 0 caustic, to a rounder flare when the source passes just
above or below the caustic. In the bottom row, for which the binary
is inclined from edge on, we have drawn the point-source case as a
dashed black line. We do not draw the point source light curve for
the edge-on binary because it results in an infinite magnification.
This infinite magnification is smeared out for the finite-size source
cases plotted in Figure 5.

For a binary inclined to the line of sight (I 6= 0), Figure 5
shows that the magnification of the shorter wavelength emission
does not change appreciably with J , and is similar to the point
source case. The longer wavelength emission, however, is magni-
fied over a shorter timescale as J is increased towards face on. This
shows that binary orbital inclination affects different wavelength
emission differently in the finite-size source case. Generally, if the
extended source, at a given wavelength, has components that inter-
sect the lensing caustic, these wavelength components are affected
by finite-size source affects; it is the shape of the emitting region
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Figure 1. The lensing geometry at maximum magnification for a given
binary inclination I and disc inclination J : viewed as the light emitting
secondary BH passes behind the primary BH at a closest angular separation
of a sin I/DL, at time ⌦t = ⇡/2. Also labeled is the outer radius of the
secondary accretion disc rout and the Einstein radius of the primary BH at
this moment in the orbit, rmax

E , where Rp
S is the Schwarzschild radius of

the primary. L̂bin is the binary angular momentum unit vector.

where the subscripts s and p refer to the binary component that
is being lensed, rmax

E is the Einstein radius when the source is di-
rectly behind the primary (I = 0 and ⌦t = ⇡/2 for the primary
Einstein radius) and na ⌘ a/RS is the binary separation in units of
the Schwarzschild radius of the total binary mass. Note that when
na ! 2, emission during the entire half-orbital period for which
the source is behind the lens is strongly lensed (though we would
no longer be in the weak-field regime and relativistic ray tracing
must be carried out).

A significant lensing event occurs when the source passes
within one Einstein radius of the lens. Hence, the probability of
observing a lensing event, after observing the binary for an entire
orbit, is the ratio of binary inclination angles for which the source
falls within one Einstein radius of the lens to the total possible range
of inclinations,

Ps ⇠ 2

⇡
sin

�1
⇣
rmax
E

a

⌘
⇡ 2

Ts

P
,

Pp = q1/2Ps, (3)

where again the subscripts s and p refer to the binary component
that is being lensed. In deriving Eq. (3) we have neglected a factor
of (cos I)�1/2, which is near-unity for the cases considered here.
It is interesting to note that in the na ! 2 limit mentioned above,
emission from the secondary is strongly lensed at any binary incli-
nation.

Figure 2 plots the lensing timescales (orange lines) and proba-
bilities (dashed black lines) for a range of binary masses and pe-
riods amenable to observation through time domain surveys. To
compute timescales and probabilities we choose mass ratios of
q = 0.05 and q = 0.5 and a redshift of z = 1.03 corresponding
to the average of the samples of Graham et al. (2015a) and Charisi
et al. (2016). For reference, the masses and periods of these MBHB
candidates are overplotted as black circles. The delineation of the
binary parameter space into finite-size source (blue), point-source
(white), and strong-field (red) regimes is discussed in more detail
in the next section. We find that for MBHBs with masses and pe-
riods representative of those that can be identified in time-domain
surveys, the probability of a lensing event (Eq. 3) is significant,
ranging from ⇠ 1% chances for the smallest, 105M� � 10

6M�
MBHBs to 10’s of percent for the highest mass ⇠> 10

8M� binaries.
The magnification of a point source by a point mass is

(Paczynski 1986),

MPS =

u2
+ 2

u
p
u2

+ 4

, (4)

where u is the angular separation of source and point mass in units
of the Einstein radius. For the orbiting secondary,

us = Re

⇢
a
rpE

p
cos

2
⌦t+ sin

2 I sin2
⌦t

�
, (5)

where Re denotes the real part and rpE is given by Eq. (1). In the
case that the secondary lenses the primary, we simply swap rpE with
rsE and ⌦t with (⌦t � ⇡). The total magnification of both lensing
events is then found by inserting u = Re{us + up} in Eq (4). The
binary inclination angle written in terms of projected angle on the
sky in units of Einstein radius is,

sin I = A

p
4 +A2

2A
� 1

2

�1/2

; A ⌘ N2
E
2Rp

S

a
, (6)

or in the limit of of small I ,

I ⇡ NE

r
2Rp

S

a
, (7)

where we measure I in units of the Schwarzschild radius of the
primary, Rp

S , and the number of Einstein radii separating source
and lens at closest approach, NE .

Figure 3 uses Eqs. (4) and (5) to compute sample light curves
of observed emission from a steadily accreting secondary in a bi-
nary with a total mass of 109M� and a period of 4 years. We as-
sume the case of Doppler-boost induced broadband periodicity: we
allow both primary and secondary BH to emit at the same total
brightness and combine the competing contributions from the rel-
ativistic Doppler boost, each multiplied by the appropriate lensing
magnification (see D’Orazio et al. 2015b). In each panel we plot
light curves for different binary inclinations to the line of sight.
Note that, because the total emitted light is split between the two
binary components, the maximum magnification of a lensing flare
is smaller than if we assumed all light came from one component
(compare the peaks in Figure 3, with the corresponding values in
Figure 4).

In the left panel of Figure 3, we assume a binary mass ratio of
q = 0.05, then for NE ⇠< 1.5 (⇠ 11

� from edge on) we find an ap-
preciable lensing flare as the secondary passes behind the primary,
reaching a factor of ⇠ 1.6 in magnification when NE ! 0.5 (⇠ 4

�

from edge on). In the right panel we consider a larger, q = 0.5,
mass ratio binary. In this case we see two lensing flares. The first
is similar to the more extreme mass ratio case, corresponding to
when the secondary passes behinds the primary, and a second flare
now occurs as the primary (if it is accreting) passes behind the sec-
ondary. In both cases, the lensing flares disappear as the binary
inclination increases, first for the lensed primary and then for the
lensed secondary, leaving only the sinusoidal Doppler-boost signal
(dashed-blue line) which then also disappears as the binary inclina-
tion approaches face on (dot-dashed black line).

We see only a small secondary flare in the more extreme mass
ratio case (right panel of Figure 3) because, for small u, MPS (Eq.
4) goes as 1/u and u / 1/rE / M�1/2, then the maximum
lensing magnification by the secondary BH (second, smaller flare)
is related to the maximum lensing magnification by the primary
BH (first, larger flare) by p

q. Hence the binary with q = 0.05 does
not exhibit a significant secondary flare as this flare is ⇠ 4.5 times
smaller than the primary flare. The q = 0.5 (right panel) binary
does exhibit a secondary flare as its magnification is only ⇠ 1.4
times smaller than the primary flare.

A key feature of the light curves in Figure 3 is the time-order
of the flares and their magnitudes: a high magnification flare fol-
lowed by a lower magnification flare (or no detectable flare at all).
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Figure 4. Magnification of the secondary emission, at closest approach to the lens, plotted against the inclination of the binary to the line of sight in units
of the number of Einstein radii that make up the angular separation of source and lens at closest approach, NE . The finite size of the source is set by the
observed wavelength. Shorter wavelength radiation comes from a smaller inner region of the disc and so approaches the result of the point source calculation
(dashed-black line). The binary mass and period set the inclination angle in radians (see Eq. (7)). From left to right we tilt the accretion disc from a nearly
edge-on (J = 0.2) to a face-on inclination (J = ⇡/2).
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Figure 5. Zoomed-in light curves for multi-wavelength observations of a lensed, finite-size accretion disc around the secondary BH. Here we fix the binary
to have total mass 106M�, mass ratio of q = 0.1, and an orbital period of 4 years. This sets the plotted time frame to be ⇠ 2 months. Each column, from
left to right, assumes a different value of the secondary accretion disc inclination to the line of sight, from nearly edge on (J = 0.2) to face on (J = ⇡/2).
The top row assumes an edge-on binary orbital inclination (I = 0, NE = 0), and the bottom row assumes a binary orbit inclined such that the projected sky
separation of the BHs at closest approach is half of an Einstein radius (sin I ⇡ 0.5rE/a, NE ⇡ 0.5). For the binary considered here this corresponds to an
⇠ 0.7� orbital inclination to the line of sight. We assume that the source accretion disc emits the spectrum of a standard steady-state accretion disc.

tic Doppler boost. If the periodic variation from the relativistic
Doppler boost is detected, more constraints can be placed on the
system. In this case, a known mass and spectral index, in addition
to the inferred binary period, yield the Doppler magnification up to
the unknown binary inclination and mass ratio (e.g., D’Orazio et al.
2015b). Then the lensing flares can be identified by their specific
position at the average flux locations of the Doppler modulation
(e.g., Figure 3) and further constrain the binary mass ratio, incli-
nation, and the projected source shape (parameterized by J here).
A detection of a flare with appropriate properties (width, achro-
maticity) at the average flux location of the Doppler sinusoid could
even allow identification of such MBHB self-lensing systems with-
out the need for multiple cycles, lessening the period requirements
discussed in §2.1.

If lensing events from both primary and secondary can be de-
tected along with the Doppler-boost modulation, then the relative
brightness of primary and secondary accretion discs can be dis-

cerned in the given observing band. The BH that dominates the or-
bital Doppler modulation (usually the faster moving, brighter sec-
ondary) is lensed during the rising flux portion of the Doppler light
curve and the sub-dominate Doppler contributor is lensed during
the falling flux portion. Whether the dominant or sub-dominant
emission is generated by the secondary or primary can be discerned
from the relative widths and magnifications of each lensing flare,
smaller by a factor of pq for lensing by the secondary.

Eqs. (10) show that for both BH discs to enter the finite source
regime the binary separation must be,

afs ⇠> 27.5RSq
�0.6

(1 + q)�1. (17)

For both to be in the point source regime the binary separation must
satisfy,

aps ⇠< 27.5RSq
1.6

(1 + q)�1. (18)

Hence, for a mass ratio of q = 0.1, the binary must have separation
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Figure 4. Magnification of the secondary emission, at closest approach to the lens, plotted against the inclination of the binary to the line of sight in units
of the number of Einstein radii that make up the angular separation of source and lens at closest approach, NE . The finite size of the source is set by the
observed wavelength. Shorter wavelength radiation comes from a smaller inner region of the disc and so approaches the result of the point source calculation
(dashed-black line). The binary mass and period set the inclination angle in radians (see Eq. (7)). From left to right we tilt the accretion disc from a nearly
edge-on (J = 0.2) to a face-on inclination (J = ⇡/2).
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Figure 5. Zoomed-in light curves for multi-wavelength observations of a lensed, finite-size accretion disc around the secondary BH. Here we fix the binary
to have total mass 106M�, mass ratio of q = 0.1, and an orbital period of 4 years. This sets the plotted time frame to be ⇠ 2 months. Each column, from
left to right, assumes a different value of the secondary accretion disc inclination to the line of sight, from nearly edge on (J = 0.2) to face on (J = ⇡/2).
The top row assumes an edge-on binary orbital inclination (I = 0, NE = 0), and the bottom row assumes a binary orbit inclined such that the projected sky
separation of the BHs at closest approach is half of an Einstein radius (sin I ⇡ 0.5rE/a, NE ⇡ 0.5). For the binary considered here this corresponds to an
⇠ 0.7� orbital inclination to the line of sight. We assume that the source accretion disc emits the spectrum of a standard steady-state accretion disc.

Doppler boost is detected, more constraints can be placed on the
system. In this case, a known mass and spectral index, in addition
to the inferred binary period, yield the Doppler magnification up to
the unknown binary inclination and mass ratio (e.g., D’Orazio et al.
2015b). Then the lensing flares can be identified by their specific
position at the average flux locations of the Doppler modulation
(e.g., Figure 3) and further constrain the binary mass ratio, incli-
nation, and the projected source shape (parameterized by J here).
A detection of a flare with appropriate properties (width, achro-
maticity) at the average flux location of the Doppler sinusoid could
even allow identification of such MBHB self-lensing systems with-
out the need for multiple cycles, lessening the period requirements
discussed in §2.1.

If lensing events from both primary and secondary can be de-
tected along with the Doppler-boost modulation, then the relative
brightness of primary and secondary accretion discs can be dis-
cerned in the given observing band. The BH that dominates the or-

bital Doppler modulation (usually the faster moving, brighter sec-
ondary) is lensed during the rising flux portion of the Doppler light
curve and the sub-dominate Doppler contributor is lensed during
the falling flux portion. Whether the dominant or sub-dominant
emission is generated by the secondary or primary can be discerned
from the relative widths and magnifications of each lensing flare,
smaller by a factor of pq for lensing by the secondary.

Eqs. (10) show that for both BH discs to enter the finite source
regime the binary separation must be,

afs ⇠> 27.5RSq
�0.6

(1 + q)�1. (17)

For both to be in the point source regime the binary separation must
satisfy,

aps ⇠< 27.5RSq
1.6

(1 + q)�1. (18)

Hence, for a mass ratio of q = 0.1, the binary must have separation
above ⇠ 100RS for both primary and secondary discs to act as
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Figure 2. Contours in orbital period and binary mass space of the lensing timescale (orange lines) and probability that the source center passes within one
Einstein radius of the lens, after one orbital period of observation (black-dashed lines). The left (right) column is for the primary (secondary) lensing the
secondary (primary) accretion disc. The top (bottom) row assumes a mass ratio of q = 0.05 (q = 0.5). The parameter space is delineated into three regions
where different lensing effects dominate. In the blue shaded region, finite-size source effects are important due to the large relative size of the source accretion
disc to the lens Einstein radius. The red-shaded region is where strong- field gravitational effects becomes important, and the non-shaded region is where
point-lens and point-source approximations are valid. At separations larger than those delineated by the green-dashed line, the disc may be truncated by self
gravity rather than tidal forces. The black circles are MBHB candidates identified in time domain surveys as periodically varying quasars (Graham et al. 2015a;
Charisi et al. 2016). All calculations assume z = 1.03, the average redshift of the plotted MBHB candidate sample.

A key feature of the light curves in Figure 3 is the time-order
of the flares and their magnitudes; a high magnification flare fol-
lowed by a lower magnification flare (or no detectable flare at all).
For a Doppler-boost plus lensing light curve this time and magni-
tude ordering always occurs unless the primary is emitting a sig-
nificantly larger fraction of the light in the observing band. This is
because:

(i) The more massive primary generates a larger magnification
of the secondary accretion disc than in the opposite scenario.

(ii) Because the secondary is expected to accrete at a higher rate
(Farris et al. 2014) and moves faster in its orbit, it dominates the si-
nusoidal Doppler-boost signature. Hence, the sinusoidal part of the
light curve in Figure 3 is increasing after the secondary is lensed,
when the secondary is moving towards the observer.

The above two points imply that the secondary passes behind the
primary during the increasing flux portion of the sinusoidal light
curve, and hence the larger flare occurs here. For flares that accom-
pany broadband periodicity due to accretion variability, the time-
ordering of flares relative to the light curve minima and maxima is
not constrained. This ordering could inform us how accretion pro-
ceeds onto the binary components.

Figure 2 encodes lensing timescales and probability but does
not show the maximum lensing magnification as a function of bi-
nary mass and period. This is because magnification depends solely
on the closest angular approach of the secondary and primary on the
sky (u), and hence depends only on the binary inclination to the line
of sight. Writing the inclination in terms of angular Einstein radii
NE (Eq. 7), the solid black line in Figure 4 shows the maximum
magnification of the secondary point source as a function of NE .
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Figure 2. Contours in orbital period and binary mass space of the lensing timescale (orange lines) and probability that the source center passes within one
Einstein radius of the lens, after one orbital period of observation (black-dashed lines). The left (right) column is for the primary (secondary) lensing the
secondary (primary) accretion disc. The top (bottom) row assumes a mass ratio of q = 0.05 (q = 0.5). The parameter space is delineated into three regions
where different lensing effects dominate. In the blue shaded region, finite-size source effects are important due to the large relative size of the source accretion
disc to the lens Einstein radius. The red-shaded region is where strong- field gravitational effects becomes important, and the non-shaded region is where
point-lens and point-source approximations are valid. At separations larger than those delineated by the green-dashed line, the disc may be truncated by self
gravity rather than tidal forces. The black circles are MBHB candidates identified in time domain surveys as periodically varying quasars (Graham et al. 2015a;
Charisi et al. 2016). All calculations assume z = 1.03, the average redshift of the plotted MBHB candidate sample.

A key feature of the light curves in Figure 3 is the time-order
of the flares and their magnitudes; a high magnification flare fol-
lowed by a lower magnification flare (or no detectable flare at all).
For a Doppler-boost plus lensing light curve this time and magni-
tude ordering always occurs unless the primary is emitting a sig-
nificantly larger fraction of the light in the observing band. This is
because:

(i) The more massive primary generates a larger magnification
of the secondary accretion disc than in the opposite scenario.

(ii) Because the secondary is expected to accrete at a higher rate
(Farris et al. 2014) and moves faster in its orbit, it dominates the si-
nusoidal Doppler-boost signature. Hence, the sinusoidal part of the
light curve in Figure 3 is increasing after the secondary is lensed,
when the secondary is moving towards the observer.

The above two points imply that the secondary passes behind the
primary during the increasing flux portion of the sinusoidal light
curve, and hence the larger flare occurs here. For flares that accom-
pany broadband periodicity due to accretion variability, the time-
ordering of flares relative to the light curve minima and maxima is
not constrained. This ordering could inform us how accretion pro-
ceeds onto the binary components.

Figure 2 encodes lensing timescales and probability but does
not show the maximum lensing magnification as a function of bi-
nary mass and period. This is because magnification depends solely
on the closest angular approach of the secondary and primary on the
sky (u), and hence depends only on the binary inclination to the line
of sight. Writing the inclination in terms of angular Einstein radii
NE (Eq. 7), the solid black line in Figure 4 shows the maximum
magnification of the secondary point source as a function of NE .
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Figure 3. Magnification of Doppler boosted and lensed emission from primary and secondary point source emission for binary parameters (P,M) =
(4.0yr, 109M�) and for the stated values of the binary orbital inclination, listed in the legend in terms of NE defined in Eq. (7). Both primary and secondary
discs are assumed to emit at the same brightness. The first lensing flare is due to lensing of the secondary accretion disc by the primary and the second lensing
flare is due to lensing of the primary accretion disc by the secondary. The inclination of the binary that could generate the orange light curve has probability
given by the black-dashed lines in Figure 2.

where (u0, v0) is the position of the secondary in lens-centred, po-
lar coordinates: u0 is given by Eq. (5) in units of Einstein radii and
v0 = tan

�1
[sin I tan⌦t]; J is the inclination of the source disc to

the line of sight (see Figure 1), and � is the polar coordinate in the
disc-centred frame. To evaluate Eq 14, we then set F⌫ = 0 when
r is less than the ISCO radius or r is greater than the truncation
radius discussed above.

2.4.1 Wavelength dependent effects

Figure 5 plots the wavelength-dependent, finite-size source lensing
light curves, neglecting other sources of periodicity, and zoomed in
on the flare produced by lensing of the secondary accretion disc.
The top row is for an edge-on binary inclination while the bottom
inclines the binary to ⇠ 0.7� from edge on, corresponding to a
minimum sky separation of 0.5rpE . Both rows vary the inclination
of the accretion disc source to the line of sight from nearly edge on
(J = 0.1) to face on (J = ⇡/2).

In each of the panels we have assumed a binary with total mass
10

6M�, mass ratio of q = 0.1, and an orbital period of 4 years.
According to Eq. (11), this places the peak wavelength of emission
at the tidal truncation radius of the secondary at �out = 2.3µm,
in the near infrared. The tidal truncation radius of the secondary
accretion disc is rsout ⇠ 0.14a corresponding to ⇢smax = 11.3,
hence finite-size source effects should be prominent in the optical
and UV wavelengths, approaching the point source case for far UV
and X-ray wavelengths.

In Figure 5 we plot the simulated lensing flare in far ultravi-
olet (FUV; 150 nm) to red optical (I band; 806 nm). Because the
disc is hotter at its centre, and hence emits shorter wavelength ra-
diation there, the FUV represents the smaller inner region of the
secondary disc while the optical represents the larger outer por-
tion of the disc. The result, seen in Figure 5, is that the optical
lensing is spread out, beginning earlier, ending later, and reaching
a lower peak magnification than the flares at shorter wavelengths.
The shorter wavelength, NUV and FUV flares approach the shape
and peak magnification predicted by the point-source case.

The finite-size source lensing depends not only on the size of

the source, but also the shape. The inclination of the disc to the
line of sight changes the shape of the emitting region from a large
face-on disc at J = ⇡/2 to a more narrow ellipse constricted in the
direction perpendicular to motion across the sky. The result is that
more edge-on discs approach more closely the point-source case
because the elongated edge-on discs are less smeared out over the
u = 0 caustic. This can be seen in Figure 5 where, from left to right,
the disc is inclined from nearly edge on to face on and the redder
wavelength light curves decrease in peak magnitude. The width of
the lensing curve does not change greatly because we only allow
the disc to be inclined to the line of sight. Future parameter studies
could allow a more general parameterization of the accretion disc
shape, this could result in a larger range of possible flare durations.

We investigate the effect of changing binary inclination angle
by comparing the top and bottom rows of Figure 5. Just as for the
point source case depicted in Figure 3, increasing the binary incli-
nation away from the line of sight decreases the peak magnitude of
amplification. In the finite-sized source case, increasing the binary
inclination also rounds the light curve from a cuspy spike at edge-
on inclination, caused by a direct crossing of the source through
the u = 0 caustic, to a rounder flare when the source passes just
above or below the caustic. In the bottom row, for which the binary
is inclined from edge on, we have drawn the point-source case as a
dashed black line. We do not draw the point source light curve for
the edge-on binary because it results in an infinite magnification.
This infinite magnification is smeared out for the finite-size source
cases plotted in Figure 5.

For a binary inclined to the line of sight (I 6= 0), Figure 5
shows that the magnification of the shorter wavelength emission
does not change appreciably with J , and is similar to the point
source case. The longer wavelength emission, however, is magni-
fied over a shorter timescale as J is increased towards face on. This
shows that binary orbital inclination affects different wavelength
emission differently in the finite-size source case. Generally, if the
extended source, at a given wavelength, has components that inter-
sect the lensing caustic, these wavelength components are affected
by finite-size source affects; it is the shape of the emitting region
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Figure 4. Magnification of the secondary emission, at closest approach to the lens, plotted against the inclination of the binary to the line of sight in units
of the number of Einstein radii that make up the angular separation of source and lens at closest approach, NE . The finite size of the source is set by the
observed wavelength. Shorter wavelength radiation comes from a smaller inner region of the disc and so approaches the result of the point source calculation
(dashed-black line). The binary mass and period set the inclination angle in radians (see Eq. (7)). From left to right we tilt the accretion disc from a nearly
edge-on (J = 0.2) to a face-on inclination (J = ⇡/2).
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Figure 5. Zoomed-in light curves for multi-wavelength observations of a lensed, finite-size accretion disc around the secondary BH. Here we fix the binary
to have total mass 106M�, mass ratio of q = 0.1, and an orbital period of 4 years. This sets the plotted time frame to be ⇠ 2 months. Each column, from
left to right, assumes a different value of the secondary accretion disc inclination to the line of sight, from nearly edge on (J = 0.2) to face on (J = ⇡/2).
The top row assumes an edge-on binary orbital inclination (I = 0, NE = 0), and the bottom row assumes a binary orbit inclined such that the projected sky
separation of the BHs at closest approach is half of an Einstein radius (sin I ⇡ 0.5rE/a, NE ⇡ 0.5). For the binary considered here this corresponds to an
⇠ 0.7� orbital inclination to the line of sight. We assume that the source accretion disc emits the spectrum of a standard steady-state accretion disc.

tic Doppler boost. If the periodic variation from the relativistic
Doppler boost is detected, more constraints can be placed on the
system. In this case, a known mass and spectral index, in addition
to the inferred binary period, yield the Doppler magnification up to
the unknown binary inclination and mass ratio (e.g., D’Orazio et al.
2015b). Then the lensing flares can be identified by their specific
position at the average flux locations of the Doppler modulation
(e.g., Figure 3) and further constrain the binary mass ratio, incli-
nation, and the projected source shape (parameterized by J here).
A detection of a flare with appropriate properties (width, achro-
maticity) at the average flux location of the Doppler sinusoid could
even allow identification of such MBHB self-lensing systems with-
out the need for multiple cycles, lessening the period requirements
discussed in §2.1.

If lensing events from both primary and secondary can be de-
tected along with the Doppler-boost modulation, then the relative
brightness of primary and secondary accretion discs can be dis-

cerned in the given observing band. The BH that dominates the or-
bital Doppler modulation (usually the faster moving, brighter sec-
ondary) is lensed during the rising flux portion of the Doppler light
curve and the sub-dominate Doppler contributor is lensed during
the falling flux portion. Whether the dominant or sub-dominant
emission is generated by the secondary or primary can be discerned
from the relative widths and magnifications of each lensing flare,
smaller by a factor of pq for lensing by the secondary.

Eqs. (10) show that for both BH discs to enter the finite source
regime the binary separation must be,

afs ⇠> 27.5RSq
�0.6

(1 + q)�1. (17)

For both to be in the point source regime the binary separation must
satisfy,

aps ⇠< 27.5RSq
1.6

(1 + q)�1. (18)

Hence, for a mass ratio of q = 0.1, the binary must have separation
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above ⇠ 100RS for both primary and secondary discs to act as
finite-size sources, or separations below 0.6 Schwarzschild radii
for both to act as point sources.

For binary separations ⇠ 100RS , the secondary accretion disc
is effectively a point source when lensed by the primary while
the primary accretion disc must be treated as a finite-sized source
when lensed by the secondary. This scenario could prove useful for
identifying the lensing system with the more highly magnified and
achromatic lensing of the secondary disc and then using the finite
source lensing of the primary disc to learn about the accretion flow
onto the primary.

Because aps is small enough that the primary and secondary
discs may be truncated behind the ISCO, we conclude that the case
where both accretion discs act as a point source is only achieved
for near-unity mass ratios, very close to merger.

3.2 The MBHB population

At the time of writing there are ⇠ 150 quasars identified as MBHB
candidates by optical periodicity (Lehto & Valtonen 1996; Graham
et al. 2015b,a; Liu et al. 2015; Zheng et al. 2016; Charisi et al. 2016;
Li et al. 2016; Dorn-Wallenstein et al. 2017; Li et al. 2017). Some of
these have corroborating UV (D’Orazio et al. 2015b), IR (Jun et al.
2015; D’Orazio & Haiman 2017), and radio (Pursimo et al. 2000))
time series data as well. Figure 2 plots these candidates in period
vs. total binary mass space. According then to Figure 2, at least
⇠ 7 (5%) of these candidates should exhibit self-lensing flares.
While we have not carried out a rigorous search for such flares in
the known candidate light curves, we note that, by eye, none ex-
hibit the expected behaviour. We do not claim any discrepancy.
However, we discuss why one might expect to find fewer lensing
candidates in the existing sample than predicted by our calcu-
lations. We further discuss the implications of this for MBHB
candidates and future searches.

First of all, the MBHB candidates found by Graham et al.
(2015a) and Charisi et al. (2016) could be in tension with upper
limits on the gravitational wave background (GWB) measured by
the pulsar timing arrays (PTAs; Sesana et al. 2017). The present
version of the work by Sesana et al. (2017), however, overes-
timates the mass of the MBHB candidates by a factor of ⇠ 4

(Alberto Sesana and Zoltán Haiman; private communication).
This mass overestimate may remove any tension with the GWB
entirely. Any remaining discrepancy between the GWB and the
known MBHB candidates, however, could mean that some of the
candidates are manifestations of red-noise rather than true peri-
odicity or resultant from non MBHB induced periodicity due to,
for example, scaled up versions of the quasi-periodic oscillations
observed in micro-quasars (e.g., Remillard & McClintock 2006).
We note that, because self-lensing is more probable for the higher
mass binaries, which generate a stronger PTA signal, preferential
removal of the high mass MBHB candidates helps even further
to satisfy both the lensing and the PTA constraints. Future con-
straints using both the GWB and lensing statistics will help to
vet the population of EM-identified MBHBs.

Even if all of the known MBHB candidates are real, and con-
sistent with GWB measurements, the Graham et al. (2015a) and
Charisi et al. (2016) studies may not have found the MBHBs which
exhibit periodic flaring. This is because the selection processes
used to identify periodic light curves preferentially pick out sinu-
soids. Lensing events in the Graham et al. (2015a) and Charisi et al.
(2016) samples may have simply been discarded due to this bias.
Hence, we point out that it is crucial that present and future time-

domain surveys search for periodicity that may not necessarily be
sinusoidal, but spiky as in the case of the self-lensing flares calcu-
lated here.

Finally we note that some lensing flares may be at too
low of a magnification to be picked out from the data by eye.
This could be due to flux contributions from components of the
MBHB system that are not being lensed. Exploration of this
possibility requires a more careful search in the existing MBHB
candidate light curves. We leave this for a separate study.

The probability calculation of Eq. (3), plotted in Figure
2, assumes a flat prior on the inclination of the binary orbit to
the line of sight. If, however, a set of MBHB candidates is se-
lected by identification of periodicity in AGN light curves due
to the relativistic Doppler boost, the conditional probability of
observing a lensing event increases. This is because observation
of the Doppler boost restricts the range of possible binary incli-
nations.

To compute this conditional probability of lensing given
an observed Doppler-boost, we compute the range of orbital
inclinations available to a binary given that it has been identi-
fied as a Doppler boost candidate. For a given Doppler-boost
MBHB candidate one has a measurement of na through the
measured binary orbital period and mass, the amplitude of
variability Aobs, and the spectral slope in the observing band
↵. The binary mass ratio and orbital inclination are unknown
but are related to eachother and the measured parameters by,

I(q) = cos

�1
h
(1 + q)

Aobs

3� ↵

p
na

i
, (19)

to order v/c (see D’Orazio et al. 2015b) and where we have as-
sumed that only the secondary is emitting light. For measured
values of na, ↵, and Aobs, we can calculate the range of pos-
sible binary orbital inclinations from the range of mass ratios.
We require as before that a significant lensing event be one that
brings the source and lens within one Einstein radius of each
other I 6 sin

�1
hp

2/na

i
(Eq. 7). But now, instead of compar-

ing this range of inclination angles to the full unrestricted ⇡/2
(Eq. 3), we take into account a smallest I(q = 1) and largest
I(q = 0) possible binary inclination set by the Doppler-boost
observation. Then the increased probability of lensing is,

P(L|D) ⇡
sin

�1
hp

2/na

i
�Re {I(q = 1)}

Re {I(q = 0)}�Re {I(q = 1)} . (20)

We plot this probability as a function of binary separa-
tion and the spectral slope dependent Doppler-boost amplitude
Aobs/(3�↵) in Figure 6. The upper-right gray region of Figure
6 labeled ‘No Doppler Solutions’ is where the ↵-scaled Doppler-
boost amplitude is not achievable given the binary separation
(no matter the orbital inclination or mass ratio). The lower-left
blue region labeled ‘Weak Magnification’ is where the combi-
nation of Aobs/(3�↵) and na implies a binary inclination that
is larger than that required for significant lensing, for any bi-
nary mass ratio. In between these two disfavored regions we
plot contours of the conditional probability, Eq. (20). As ex-
pected, the larger the observed Doppler-boost amplitude, the
more narrow the allowed binary inclinations and the higher the
conditional probability of lensing.

As an example of the utility of this calculation, we plot
the position of the known Doppler-boost MBHB candidate PG
1302 on Figure 6. We use the measured values of ↵ = 1.1 and
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Figure 6. The probability of a lensing event (of the secondary ac-
cretion disc) given that the Doppler boost is observed (labeled con-
tours). The Doppler-boost signature has modulation amplitude Aobs ⌘
�F⌫/F |max for a binary with scaled separation na ⌘ a/RS and ob-
served with spectral index ↵ (↵ = 2 here). The upper-right gray region
labeled ‘No Doppler Solutions’ is where Aobs is not possible, even for
an edge-on binary. The lower-left blue region labeled ‘Weak Magnifica-
tion’ is where the full range of allowed binary inclinations is at a higher
latitude than require for significant lensing magnification.

Aobs = 0.14 in the optical and the range of separations given by
the binary masses consistent with the Doppler-boost scenario
M = 10

9 � 10

9.4M� (D’Orazio et al. 2015b). It is interesting
to note that PG 1302 falls in the allowed lensing regime. If the
Doppler boost interpretation is correct for PG 1302, then there
is a ⇠ 30% chance for PG 1302 to have hosted a lensing flare.
Because PG 1302 does not exhibit a lensing flare, however, fur-
ther analysis could be used to restrict the binary inclination and
mass ratio of the putative MBHB in PG 1302. We leave such an
analysis for a future study.

Because measurements of na, Aobs, and ↵ exist for the
MBHB candidates plotted in Figure 2, an analysis of the lens-
ing probability under the assumption of a Doppler boost origin
could be readily examined for the known candidates. We leave
this analysis, which should be accompanied by a more rigorous
vetting of the Doppler assumption, for future work.

Note that this calculation, as well as the reverse calculation:
the probability of observing the Doppler boost given a lensing
flare, will depend on the relative brightness of the emitting re-
gions around each BH and on the binary mass ratio. That is, the
Doppler boost signal should be present when a lensing signature
is observed, but it can be diminished for near a equal-mass, circu-
lar binary where both components are moving at nearly opposite
orbital speeds and are emitting at the same brightness.

3.3 Probe of binary orbit and accretion

In the point source case, observation of one or both lensing
flares could exquisitely constrain the binary orbital inclination
and mass ratio, two parameters which are otherwise difficult to

constrain (e.g. D’Orazio et al. 2015b; Kun et al. 2015). As seen
in Figure 3, the magnification of either secondary or primary
flare is very sensitive to the orbital inclination of the binary. Ad-
ditionally, a measurement of the relative magnification of both
flares would directly give the binary mass ratio (see §2.4). A
non-detection of the second flare would put an upper limit on
the binary mass ratio if the relative flux of each accretion disc
structure can be determined from the primary flare.

As we have shown in §2.4, when the finite size of the lensed
accretion disc becomes comparable to the Einstein radius of the
lens, the lensing flare will have temporal structure that depends on
the wavelength. Optical/IR radiation probes the cooler, outer re-
gions of the disc, while shorter wavelength, UV to X-ray radiation
probes the very inner regions of the disc where the point source
approximation is valid. Similar lensing tomography has been car-
ried out to probe the accretion disc structure of multiply imaged
quasars that suffer micro-lensing by stars in the lens galaxy (e.g.
Kochanek et al. 2007; Dai et al. 2010; Jiménez-Vicente et al. 2015;
Chartas et al. 2016). In the case of multiply images quasars, the
source structure is probed by comparing changes in the flux ratios
of multiple images due to an unknown distribution of stellar lenses.
In contrast, the binary self-lensing technique has the advantage that
the distance from source to lens, as well as the mass and trajec-
tory of the lens, could be known with higher certainty. Self-lensing
also probes a different type of accretion disc, that around BHs in a
binary.

Observations of the lensing of both primary and secondary
discs would allow us to separately study the contribution from
both mini-discs. By elimination, the contribution from an outer cir-
cumbinary disc could also be identified. This would be invaluable
to testing and informing theoretical work on the spectral signatures
of circumbinary accretion discs (e.g., Farris et al. 2015; Generozov
& Haiman 2014; Roedig et al. 2014), and circumbinary accretion
in general.

If the source periodicity is overwhelmed by accretion disc
variability rather than the Doppler boost, then the flare will not
necessarily occur at the relative phase displayed in Figures 3, at
the points of average brightness. However, a repeating flare on top
of a periodic light curve that does not occur at the expected Doppler
boost phase will teach us when in the orbital phase accretion occurs
onto the lensed BH, especially if a weaker Doppler-boost signal can
be recovered for phase reference. This could allow us to test hydro-
dynamical models of accretion onto MBHBs, especially if multiple
periods in the light curve are detected (e.g., D’Orazio et al. 2013;
Farris et al. 2014; D’Orazio et al. 2015a; Charisi et al. 2015).

If the Doppler variability is detected, the relative phase of the
flare can be fixed and can act as an excellent tracer of binary orbital
dynamics. If the discs surrounding the MBHs are very massive,
they could cause Newtonian precession of the orbit, or if the binary
is compact enough (and eccentric), relativistic precession effects
will become important. Orbital precession will cause the timing
(pericentre precession) and magnitude (apsidal precession) of the
flare to change, but the flare will always appear at the same rela-
tive phase in the light curve. Furthermore, the shape of the Doppler
light curve will encode the orbital elements of the binary (e.g., only
circular orbits considered here are sinusoidal). This scenario could
allow high precision measurements of precession effects.

Because the lensing flare reliably tracks the orbit of the binary
and will be common for binaries near merger (see Figure 2), the
existence of a lensing flare would also facilitate attempts to track
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Summary
* Characterization of MBHB population with EM signatures can 

constrain expected gravitational wave background as well as 
astrophysics (accretion, mutual growth of BHs and galaxies)

*New tool for finding MBHBs: self lensing

* MBHB self-lensing provides:
* Unique identifier : achromatic and known phase if coupled with 

Doppler boost
* Probe of accretion physics - finite source lensing
* Constraints on binary inclination and mass-ratio
* Orbit tracker - precession?
* Population constraints: in unison with e.g. PTA GWB

* Must look for spiky periodic flaring, which may have been 
missed so far!


