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Massive Black Hole Binaries (MBHBs)

* Most energetic gravitational wave 
sources in the Universe - probe 
of gravity

* Can teach us about the mutual 
evolution of galaxies and MBHs 

* How do we find them? They don’t 
(necessarily) exist in vacuum!

Mbin ⇠ 106 ! 1010M�



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 
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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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Figure 1. Results of 2D hydrodynamical simulations of a binary BH sur-
rounded by a circumbinary accretion disc. The BHs clear out a central cav-
ity and form their own minidiscs. Left-hand panels: snapshots of the (log-
arithmic) surface-density of the gas discs, after reaching quasi-steady state,
with mass ratios of q = 0.5 (top) and q = 0.1 (bottom). Right-hand pan-
els: corresponding LSPs of the total accretion rate on to the secondary +
primary BHs. The discs are locally isothermal with a Mach number of 10
and an alpha viscosity prescription (↵ = 0.1).

observed rest-frame period and the true binary period. The binary
separation is then

a ⇡ (94± 3)R
S

⇣
�
5

⌘�2/3
✓

M
10

8.5
M�

◆�2/3

, (1)

or (0.0029± 0.0001) pc for the fiducial choices of � and M .
In the rest of this article, we first (§2) explore several impli-

cations of a reduction in the binary’s orbital period, including the
nature of PG 1302’s orbital decay and its ability to produce elec-
tromagnetic (EM) radiation (§2.1), the expected binary fraction of
quasars (§2.2), and the detectability of gravitational waves (GWs)
from PG 1302 by pulsar timing arrays (PTAs). We then (§3) pro-
pose possible observational tests of the underlying binary BH +
circumbinary disc (CBD) model, including variations of broad line
widths and centroids correlating with the optical variability (§3.1),
additional periodic variability at the true t

bin

caused by relativis-
tic beaming (§3.2), signatures in the broad Fe K ↵ lines (§3.2), and
the existence of distinct secondary peaks in the periodogram (§3.3).
We briefly summarize our main conclusions in §4.

2 IMPLICATIONS OF A SHORTER ORBITAL PERIOD

In order to demonstrate the possibility of a short orbital period for
the PG 1302 binary, we have performed hydrodynamical simula-
tions, following the set-up in our earlier work (Farris et al. 2014).
The hydrodynamical equations are evolved for ⇠> 600 binary orbits,
using the two-dimensional code DISCO (Duffell & MacFadyen
2011), with the BHs moving on fixed circular orbits, surrounded
by an isothermal (Mach number = 10) disc, obeying an ↵-viscosity
prescription (↵ = 0.1). The fluid motion around individual BHs is
well resolved (with a log grid of 384 radial cells extending to 8a
and a maximum of 512 azimuthal cells). The two runs discussed
below differ only in their BH mass ratio (q = 0.1 and q = 0.5). A

wider range of simulations is needed in the future, to address possi-
bilities such as eccentric (Roedig et al. 2012), tilted (Hayasaki et al.
2015), or retrograde (Nixon et al. 2011) binary orbits.

The results are illustrated in Fig 1. The left-hand panels show
snapshots of the surface density, and the right-hand panels show
Lomb Scargle periodograms (LSPs) of the total accretion rate mea-
sured in the two BH minidiscs over 200 binary orbits. The top pan-
els, for q = 0.5, show an over dense lump orbiting at the rim of
the central cavity, resulting in strong periodicity at the orbital time
⇡ 6t

bin

of the lump. The periodogram shows weaker peaks at t
bin

and at ⇠ 0.6t
bin

. This three-time-scale behaviour, with the longest
time-scale dominating, is observed for 0.3 ⇠< q ⇠< 0.8. The location
of the highest frequency peak is closer to 0.5t

bin

near the low end
of this range (q ⇠ 0.3), and also has a weak dependence on disc
temperature and viscosity which must be quantified in future work.
The bottom panels, for q = 0.1, show no orbiting lump and exhibit
accretion rate periodicity only at t

bin

and 0.5t
bin

. This behaviour
is found in the range 0.05 ⇠< q ⇠< 0.3.

Farris et al. (2014) have shown that for unequal-mass binaries,
accretion occurs preferentially on to the secondary BH, with the
ratio of accretion rates as skewed as ˙M

2

/ ˙M
1

⇡ 10 � 20 in the
range 0.02 ⇠< q ⇠< 0.1. Over long time-scales, this would drive
the binary to more equal masses, suggesting that mass ratios of
0.3 ⇠< q ⇠< 0.8 may be common. Near-equal mass binaries are
also preferred in cosmological models of the population of merging
SMBHs (Volonteri et al. 2003).

Although there are large uncertainties in how accretion rate
fluctuations turn into luminosity variations, we do expect the sim-
ulated accretion rate variations to lead to optical luminosity varia-
tions for PG 1302. The luminosity will follow local accretion rate
fluctuations when the longer of the thermal or photon diffusion
time-scale is much shorter than the accretion rate fluctuation time-
scale (⇠ t

bin

). This is indeed the case where accretion modula-
tions occur in our simulations, at the minidisc edges. Furthermore,
optical emission is generated at the minidiscs edges. We compute
thin disc spectra for the CBD and minidiscs. For the preferred mass
range of PG 1302, near unity mass ratios, and the expected range of
�, the dominant optical component of the spectrum is generated by
the low-energy tail of the blackbody emission from the outer edges
of the minidiscs, as well as (steady) emission from the inner re-
gions of the CBD. Disc+binary simulations by Farris et al. (2015b),
which self-consistently compute the local effective disc tempera-
ture not assuming a steady state, find results in agreement with
our analytic reasoning: luminosity variations track the accretion-
rate fluctuations, except at low frequencies where the quasi-steady
CBD dominates.

The above lines of evidence motivate us to examine the possi-
bility that the apparent 5.2 yr period in PG 1302 is the (redshifted)
lump period, and assess the implications.

2.1 Binary-Disc Decoupling

A shorter orbital period would place the binary at a later stage
of its orbital decay. A critical point during the orbital decay is
the decoupling of the binary from the CBD, and it is important
to know whether the binary is past this point. Here, we consider
the decoupling radius for which the GW decay time-scale becomes
shorter than the decay time-scale due to gaseous torques (so-called
secondary-dominated Type II migration; Syer & Clarke 1995), out-
pacing the CBD. We use simple 1D models of the binary + disc
system (Haiman et al. 2009, hereafter HKM09) to calculate the sep-
aration r

GW

at which decoupling occurs for a circular binary with

c� 2015 RAS, MNRAS 452, 2540–2545
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Binary BH accretion rate: 
*can exceed the rate for a single BH
*can be uniquely modulated
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MBHB candidate: PG 1302-102
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Variability in the IR:  A lighthouse in the dust?
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Dust Reverberation Model

*Dust is optically thick to UV/optical and optically thin to IR 
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Dust Reverberation Model

Isotropically varying Doppler boosted
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(Analytic) Results

Relative IR amplitude Phase lag
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� 1
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Dust Sphere

A Lighthouse in the Dust 9

Figure 8. The same as Figure 3 but for a radially thin torus geometry. Each panel varies the opening angle ✓T of the dusty torus for
a di↵erent torus inclination angle J . The solid lines are the analytic solutions Eq. (26) in the limit that J = ⇡/2. The green line in the
right panel is the analytic solution Eq. (27) for a edge-on ring of dust (J = 0, ✓T = ⇡/2). The x’s are the result of numerical calculations
presented in §3.

nosity

L

Dop

IR

= ⌃d⇡a
2

e↵

a

e↵

Rd
L

0 [1 + � cos I J

1

(⌦td) cos (⌦ (t� td))]

(Edge�On� Ring), (28)

where J

1

(z) is the first order Bessel function of the first
kind.6 This solution is plotted in the right J = 0 panel of
Figure 9.

4.2.1 Light curves

In Figure 10 we plot the IR (solid lines) and optical light-
curves (dashed lines) for various torus opening and inclina-
tion angles, choosing a value of td/P = 0.6. We recover the
amplitudes of Figure 8 and 9 and observe the expected dim-
ming of the IR light curves for larger torus opening angles.
In both the isotropic and Doppler cases, the phase lag of
the IR to the UV/optical is independent of the dust geome-
try parameters J and ✓T . In the isotropic cases (left panels
of Figure 10) the half-cycle phase shift (§4.1.2) between the
J = ⇡/2 and J = 0 curves is consistent with the correspond-
ing signs of A

IR

/A in Figure 8; For J = ⇡/2, A
IR

/A < 0 for
the chosen ✓T , while for J = 0, A

IR

/A > 0.
Finally, we explore the e↵ects of binary inclination in

the torus dust model. With the freedom to orient the bi-
nary plane relative to a non-spherically symmetric (✓T 6= 0)
dust structure through parameters I and J , the possibility
of generating IR variability with no observed UV/optical
variability arises. Figure 11 demonstrates that when the bi-
nary is face on, there is no observed UV/optical variability
(e.g. Eq. (10)), but IR variability still persists.

For the spherical model, a face-on binary generates no
IR variability because there is no time changing emission
between the front and back hemispheres of the dust shell,
the integrated dust emission is constant. This back-to-front
symmetry is broken in the case of a torus dust shell, as long
as the dust is not symmetric around the plane perpendicular
to the observer that contains the source, i.e., ✓T 6= 0, J 6= 0
and J 6= ⇡/2.

6 Note again that the derivate of AIso

IR

, with respect to td/P , is

�ADop

IR

.

5 APPLICATION TO MBHB CANDIDATE PG
1302

We now apply our models to interpreting the periodically
variable quasar and MBHB candidate PG 1302-102. We
use data published by J15 from the W1 (3.4µm) and W2
(4.6µm) bands of the WISE instrument. Measurements in
the WISE W3 (12µm) and W4 (22µm) bands only exist at
two epochs so are not used for fitting IR light curves, but
are used to constrain the spectral energy distribution (SED).
Data for W1 and W2 exists at six month intervals from 2010
to July 2015 with a three year gap during hibernation be-
tween 2011 and 2014. Each epoch of WISE measurements
consists of ⇠ 10 data points taken within a few days of each
other. To fit models to the WISE data, we use a single data
point at each epoch with mean and variance given by the
average mean and variance at that epoch (see Figure 12).

5.1 Strategy

Using our models we aim to determine whether the IR data
from PG 1302 is consistent with reverberation from a peri-
odic UV/optical source, and whether such a source is varying
isotropically, or via the Doppler-boost mechanism. We also
constrain the parameters of a putative dusty torus.

Given the period P of source variability, the primary
observables are the relative amplitude and phase of the IR
light curves. We have shown that the relative amplitude of
IR variability A

IR

/A is dependent on the ratio td/P , the
opening angle of the dusty torus ✓T , and the torus inclina-
tion to the line of sight J ; the IR phase lag � is dependent on
the ratio td/P . For a Doppler-boosted source, the IR ampli-
tude also depends on binary inclination angle I and source
spectral slope ↵⌫ .

We measure P , � and A

IR

/A directly from the opti-
cal and WISE light curves. A blackbody spectral fit to the
WISE data allows measurement of the total IR luminosity
and also the fraction of total luminosity in the IR. Together
these determine the dust covering fraction cos ✓T and the
dust radius Rd, yielding ✓T and td/P . The phase lag � pro-
vides a second measurement of td/P . Hence we may use the
inferred values of td/P and ✓T and determine values of J

that yield the measured value of A
IR

/A. In the Doppler case
we may measure ↵⌫ and choose the binary orbital speed and
inclination based on fits to the optical data (e.g. D’Orazio
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Figure 9. The same as Figure 8, but for the Doppler-boosted source with edge-on binary inclination. Solid lines plot analytic solutions
when available.

Figure 10. The same as Figure 6 but for the torus dust shell
model. Here Rd = 0.6R

0

, each panel plots IR light curves for
di↵erent torus inclination angles, and for torus opening angles
✓T = ⇡/4 (top) and ✓T = ⇡/3 (bottom). The left panels as-
sume an isotropic central source while the right panels assume a
Doppler-boosted source.

et al. 2015b). A consistent model yields constraints on the
dusty torus opening angle, inclination, and radius.

5.2 Measurements

To extract the phase lag and relative amplitude of IR light
curves, we fit separate sinusoids to the V-band, W1, and W2
data. For all model fitting we minimize a �

2 likelihood using
the Markov Chain Monte Carlo algorithms in the publicly
available code emcee (Foreman-Mackey et al. 2013). Details
are found in Appendix B1.

In Appendix B1, we show that the periods of each light
curve are non inconsistent with eachother. Hence we pro-
ceed by assuming that the IR lightcurves are caused by
reverberation of the UV/optical and hence have the same
period. Fixing the period to the value observed for PG 1302
in the optical, P = 1884 days, we fit sinusoids of the form
A sin⌦ (t� t

0

)+B. The best fit sinusoids are plotted in Fig-
ure 12 along with the V-band, W1, and W2 data. The best
fit parameters are recorded in Table 5.2.

The best fit sinusoid amplitudes in Table 5.2 give rela-

Figure 11. The same as Figure 10 but for a face-on binary in-
clination. For all but extreme torus inclinations, J = 0 and ⇡/2,
significant IR variability persists even when no UV/optical vari-
ability is observed.

V � 3

W1

W2 + 0.5

Figure 12. Best fit sin models to the V-band (blue), W1 (or-
ange), and W2 (red) bands. The black points and error bars are
used to fit the IR data. They represent the average mean and
standard deviation of each epoch of red or orange points.

tive IR to optical amplitudes

A

W1

A

V

⇡ 0.68+0.12
�0.21,

A

W2

A

V

⇡ 0.64+0.12
�0.20.

To compare to our analytic solutions we require the
quantity A

IR

/A, however, we face incomplete knowledge of
the frequency dependence of source variability. Here we as-
sume that the known values of A, in the V-band and the
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Implication for PG 1302?

V � 3

W1

W2 + 0.5
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�W1�
�W2�
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�W4�
not fit
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�W3�

�W4�
not fit

not fit

Figure B2. Top: best blackbody fits to the average WISE fluxes,
with one standard deviation errors (error bars are smaller than
data points for the W1,W2, and W3 bands). Bottom: posterior
distributions of parameters from MCMC sampling. The left in-
cludes the W1, W2, and W3 band fluxes while the right includes
only the W1 and W2 band fluxes. Each fit uses 32 walkers on
chains of length 8192 steps to sample the posterior distribution.
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Summary for IR from MBHB systems

Orphan IR variability - IR periodic variability, with no 
UV/optical component

IR Phase Lags - Quarter cycle difference between 
isotropic and Doppler sources

Relative Variability Amplitude  - Depends on ratio of 
dust light travel time to source variability period

PG 1302 - IR emission consistent with dust 
reprocessing by a thin dusty disk at ~1-4pc - cannot yet 

distinguish between Doppler and isotropic cases.

Inferring the MBHB population IR predictions provide 
more evidence for vetting MBHB candidates



To come:

~150 new MBHB Candidates from 
Graham+2015b

Charisi+2015(x’s)

Cannot be Doppler boost candidate

Doppler boost
 candidates

Multi-wavelength Population Studies


