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LISA sky localization 

(Kocsis et al. 2008;  Lang & Hughes 2008) 

during most or all of the inspiral. Presumably the same behavior
would also be seen for lower mass binaries at higher values of N;
this conclusion is supported by Figure 4 of Kocsis et al. (2007a).
For all other cases, 2a/2b ! 1:3Y1.7 at N ¼ 28 and increases to
!1.8Y4 atN ¼ 0. The largest increase is typically in the final day.

What causes this dramatic improvement in the last day of in-
spiral? Three factors primarily contribute to our ability to localize
a source on the sky: modulations due to LISA’s orbital motion,
modulations due to spin precession, and S/N accumulated over
time. Since LISAmoves the same amount in the final day as in any
other day, orbital-induced modulations cannot be the cause. A
great deal of S/N is accumulated in the last day (typically in-
creasing by a factor of !2 or more), and many parameter errors
scale as (S/N)#1. However, K07 demonstrate that sky position and
distance errors do not scale as (S/N)#1 in the last fewweeks before
merger. Our ‘‘no precession’’ code supports their conclusion: The

final jump in S/N cannot make up for the lack of orbital modu-
lation over such a short timescale.

The remaining possibility is spin-induced precession. Indeed,
we found in Paper I that the number of modulations due to spin
precession increases dramatically as the binary approaches merger.
This suggests that the improvement we see is due to the impact of
precession. To examine this hypothesis, we plot the ‘‘precession’’
and ‘‘no precession’’ results together on the same axes. Figure 5
shows such a plot for a low-mass system and an intermediate-mass
system at z ¼ 1. We see that at N ¼ 28 days, the two codes give
similar results for localization accuracy. Their predictions grad-
ually diverge asmerger is approached. The greatest jump between
the two codes occurs on the last day before merger, agreeing with
our expectation that precession effects are maximal then. The ef-
fect is greater in the low-mass case than in the intermediate-mass

Fig. 5.—Medians of 2a and 2b as a function of time, comparing an analysis that accounts for spin-induced precession to one that neglects it. Solid lines trace the
evolution of 2a, dashed lines trace 2b. Precession results are marked with crosses, no precession with circles. The left plot shows a low-mass case, m1 ¼ 3 ; 105 M$ and
m2 ¼ 105 M$; the right plot shows an intermediate-mass case, m1 ¼ m2 ¼ 106 M$. Both plots are for z ¼ 1.

Fig. 6.—Off-diagonal covariance matrix entries illustrating correlation be-
tween sky position and binary orientation as a function of time, for the binary in
Fig. 2a. The correlations decrease rapidly in the final day before merger, when
precession effects are maximal.

Fig. 7.—Distribution of !DL/DL for 10
4 binaries with m1 ¼ 106 M$, m2 ¼

3 ; 105 M$, and z ¼ 1 at different values of N (the number of days beforemerger).
Reading from left to right, N ¼ 0 (solid line), 1 (dashed line), 2 (dash-dotted line),
4 (dotted line), 7 (solid line again), 14 (dashed line), 21 (dash-dotted line), and
28 (dotted line).
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How much advance notice? 
Look-back time when sky position error shrinks down to ~10 deg2 

mass (solar mass) 

re
ds

hi
ft

 

(Kocsis et al. 2007; 2008;  Lang & Hughes 2008) 



Track of binary in the LISA band 

Mtot=106M¤ , q=1/3,  z=1  

125 Rg Enter LISA band: 

38 Rg Localized (10 deg2): 

387 Tidal radius < 10 Rg: 
cycles 

Example: 

(Haiman 2017) 
V(orb) ~  O(0.1c) 
T(orb) ~  O(hr) 



LISA binaries produced in “wet” mergers 



LISA binaries will be surrounded by gas 
1.  Most galaxies contain SMBHs 
     - SMBH mass correlates with galaxy size 
 
2.  Galaxies experience several mergers 
     - typically a few major mergers per Hubble time 
 
3.  Most galaxies contain gas 
    -  M <107 M¤  SMBHs are in gas-rich disk galaxies 
    -  M >107 M¤  SMBHs are in “dry” ellipticals, but still with gas 
 
4.  Both SMBHs and gas are driven to new nucleus (~kpc) 
    -  SMBHs sink by dynamical friction on stars and on DM 
    -  gas torqued by merger and flows to nucleus 





Accretion onto BHs 

Factor of ~two variability 
on orbital timescale 
 

Factor of ~two variability 
 on orbital time at cavity wall 

0.05 < q < 0.3 0.3 < q < 1 

Total accretion is not suppressed by binary 



X-ray chirp inevitable  

Farris et al. (2015) 

•  Optical – X-ray emission from quasars from 10-1000 Rg 
•  Smaller than tidal truncation radius for wide binary 
•  Minidisk ~ quasar disk 
•  Doppler effect modulates brightness at O(v/c) 

Tidal force 
from companion 
truncates minidisk 

ΔFν/Fν=(3-α)(vII/c) 

       α=dlnFν/dlnν 



Gravitational lensing size scales of quasars 
358 Chartas et. al.: Gravitational lensing size scales for quasars
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Fig. 1 X-ray half-light radii of quasars as determined from our
microlensing analysis versus their black hole masses.

X-ray emission region to have an upper limit of log(r1/2/cm)
= 15.33 (95 % confidence), a low inclination angle is pre-
ferred statistically, the mean mass of the stars in the lensing
galaxy, ⟨M⟩, ranges between 0.1 and 0.4 M⊙ and the slope
of the size-wavelength relation r1/2 ∝ λ

ξ is ξ = 1.0+0.30
−0.56. The

majority of the observed continuum X-ray emission is found
to originate within ∼30rg, assuming a black hole estimate of
MBH = 5.9×108 M⊙ based on the width of the Hβ line (As-
sef et al. 2011). Based on this black hole mass estimate the
gravitational radius of HE 1104−1805 is rg = 8.7×1013 cm.

In MacLeod et al. (2015), we analyze the light-curves
of the z = 1.524 quasar SDSS 0924+0219 using static mi-
crolensing magnification patterns. SDSS J0924+0219 has
been observed at a variety of wavelengths ranging from the
near-infrared to X-ray. Our microlensing analysis in this
system constrains the soft-X-ray, UV, and optical half-light
radii to be 2.5+10

−2 ×1014 cm, 8+24
−7 ×1014 cm, and ∼ 5+5.

−2.5×1015

cm, respectively. Assuming the Mg II based black-hole esti-
mate of MBH = 2.8×108 M⊙, the majority of the soft X-ray
emission of SDSS 0924+0219 originates within ∼30rg. The
gravitational radius of SDSS 0924+0219 is rg = 4.12×1013

cm.
In Dai et al. (2010) and Chartas et al. (2009), we analyze

the light-curves of the z = 0.658 quasar RX J1131−1231.
We find the X-ray and optical half-light radii to be
2.3×1014 cm and 1.3×1015 cm, respectively. These sizes
correspond to ∼ 26rg and ∼ 147rg, respectively.

An important result found in all microlensing studies is
that optical sizes of quasar accretion disks as inferred from
the microlensing analysis are significantly larger than those
predicted by thin-disk theory. Specifically, measurements of
the radius of the accretion disk at 2500 Å rest-frame indicate
that the sizes obtained from microlensing measurements are
2–3 times larger than the values predicted by thin-disk the-
ory (e.g., Morgan et al. 2010; Mosquera et al. 2013).

In Fig. 1 we present the X-ray half-light radii of quasars
from recent microlensing studies of lensed systems ob-
served as part of our monitoring program (MacLeod et al.
2015; Blackburne et al. 2014, 2015; Mosquera et al. 2013;
Morgan et al. 2008, 2012; Dai et al. 2010; Chartas et al.
2009). Included in Fig. 1 are the uncertainties of the black-
hole mass estimates and uncertainties in the size estimates.
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Fig. 2 Evolution of the Fe Kα line possibly caused by the motion
of a magnification caustic as it moves away from the center of the
black hole.

The X-ray sizes of the quasars in our sample are found to
be close to the sizes of their innermost stable circular or-
bits. Assuming that most of the X-ray emission in the band
detected originates from the hot X-ray corona, these results
indicate that the corona is very compact and not extended
over a large portion of the accretion disk.

3 Estimating the innermost stable circular
orbit using microlensing

RX J1131−1231 has been monitored 38 times over a pe-
riod of 10 years with the Chandra X-ray Observatory. As
reported in Chartas el al. (2012), redshifted and blueshifted
Fe Kα lines have been detected in the spectra of the lensed
images.

In Fig. 2 we show the evolution of the red and blue com-
ponents of the Fe Kα line possibly caused by the motion of
a magnification caustic as it moves away from the center
of the black hole. We interpret the shift of the Fe Kα line
as resulting from general relativistic and special relativis-
tic Doppler effects. As shown in Fig. 3, the two redshifted
iron lines in the 2007 January 1 observation are each de-
tected at the ≥ 99 % confidence and the iron lines in the 2007
February 13 observation are each marginally detected at the
≥ 90 % confidence level (Fig. 3).

c⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org

Chartas, Rhea, Kochanek et al. (2015) X-rays: 



Gravitational lensing size scales of quasars 
Morgan et al. (2007) UV: 

QUASAR ACCRETION DISK SIZES 3

Fig. 1.— Inclination-corrected accretion disk size R2500 versus black hole mass MBH . The solid line shows our best power-law fit to
the data and the dot-dashed line shows the prediction from thin disk theory (L/LE = 1 and η = 0.1). Disk sizes are corrected to a rest
wavelength of λrest = 2500Å and the black hole masses were estimated using emission line widths. The filled points without error bars are
R2500 estimates based on the observed, magnification-corrected I-band fluxes. They have typical uncertainties of 0.1-0.2 dex.

estimates is small compared to our measurement uncer-
tainties provided the disk size we obtain is several times
larger than the radius of the inner disk edge. We assume
that the disk radiates as a black body, so the surface
brightness at rest wavelength λrest is

fν =
2hpc

λ3
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!
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is the radius at which the disk temperature matches
the wavelength, kTλrest

= hpc/λrest, hp is the Planck
constant, k is the Boltzmann constant, MBH is the
black hole mass, Ṁ is the mass accretion rate, L/LE
is the luminosity in units of the Eddington luminosity,
and η = L/(Ṁc2) is the accretion efficiency. We can
also compute the size under the same model assump-
tions based on the magnification-corrected I-band quasar
fluxes measured in HST observations as

RI =2.83 × 1015 1√
cos i

"

DOS

rH

#

×
"

λI,obs

µm

#3/2

10−0.2(I−19) h−1 cm (3)

where DOS/rH is the angular diameter distance to
the quasar in units of the Hubble radius, I is the
magnification-corrected magnitude and i is the disk in-
clination angle.

Our results are shown in Figures 1 through 3 and
summarized in Table 1. For the comparison with the-
ory and the figures, we corrected the measured sizes to
λrest = 2500Å assuming the λ4/3 scaling of thin disk
theory and the mean inclination ⟨cos i⟩ = 1/2. There
are two striking facts illustrated by the figures. First,
we clearly see from Fig. 1 that the microlensing sizes are
well correlated with the black hole mass. A power-law
fit between R2500 and MBH yields:

log

"

R2500

cm

#

=(15.6 ± 0.2)

+(0.54 ± 0.28) log

"

MBH

109M⊙

#

(4)

which is consistent with the predicted slope from thin

disk theory (R ∝ M2/3
BH) and implies a typical Eddington

factor of log(L/ηLE) = 1.29±0.44 if we fix the slope with
mass to 2/3 (see Fig. 2). Kollmeier et al. (2006) estimate
that the typical quasar has L/LE ≈ 1/3, which would
indicate a radiative efficiency of η = L/(Ṁc2) ≃ 0.02.
This efficiency is low compared to standard models (e.g.
Gammie 1999). Second, we find that microlensing sizes
are well correlated with sizes estimated from thin disk
theory and from the observed flux (Figs. 1 and 3), but
the three size estimates show systematic offsets in scale.
Most of the offset between the microlensing disk size
measurements and thin disk theory size estimates could
be explained by the existing uncertainties, but the off-

e.g.  R=1014 cm à R=600 Rg for M=106 M
☉

: 



Thermal Emission from Binary 

q = M2/M1 = 1 

Surface density           Surface luminosity: 
shocks in streams and minidisks 

Farris et al. (2015a) 



Composite Spectrum 
Farris et al. (2015a) 

bolometric luminosity 
varies, tracks accretion  

periodic spectral variability  
   at high energies (~6 torb) 
  

outer 
disk 

minidisks 

streams 

•  Spectrum brighter, harder, variable compared to single BH 
•  opposite of previous expectations based on empty cavity!  



EM vs. X-ray chirp 

offer unique diagnostics of large-scale modified gravity.
This could reveal, for instance, that the phase of the GW
signal deviates from general relativistic expectations, once
propagated over cosmological distances.

Kocsis et al. (submitted for publication) have explored
further the possibilities of measuring photon and graviton
arrival-times from a same cosmological source. A general
difficulty with this approach is that there will be a system-
atic and a priori unknown delay in the emission of photons,
relative to the emission of gravitons, since the former must
causally lag behind the perturbing gravitational event. This
difficulty could be overcome if it were possible to calibrate
the relative timing of the photon and graviton signals at the
source.

Prior to coalescence, gas present in the near environ-
ment of the black hole binary would be gravitationally-per-
turbed in such a way that it could radiate a variable
electromagnetic signal with a period closely matching that
of the leading-order quadrupolar perturbation induced by
the coalescing binary (see Fig. 5). This would help identify
the electromagnetic counterparts of specific GW events. In
addition, it may be possible to match the variability fre-
quencies of the electromagnetic and GW signals. The offset
in phase between the Fourier components of the two sig-
nals with similar frequencies could be used to effectively
calibrate the intrinsic delay in electromagnetic emission at
the source. Late inspiral and coalescence can be tracked
via the GW signal, so that the relative timing of the gravi-
tational and electromagnetic signals may be known to
within a fraction of the binary’s orbital time. Any drift in
arrival-time with frequency between the gravitational and

electromagnetic chirping signals, as the source spans about
a decade in GW frequency during the last 2 weeks before
merger, could then be attributed to a fundamental differ-
ence in the way photons and gravitons propagate over cos-
mological distances. For instance, such a drift could occur
if the graviton is massive, resulting in a frequency-depen-
dent propagation velocity (e.g., Berti et al., 2005, 2006, sub-
mitted for publication). This tracking possibility is
illustrated graphically in Fig. 5.

Interestingly, while Lorentz invariance has been exten-
sively tested for standard model fields, Lorentz symmetry
could be violated in the gravity sector, especially on cosmo-
logical scales (e.g., Csáki et al., 2001, 2002). With a good
enough understanding of the source, electromagnetic coun-
terparts to black hole binary mergers may offer unique tests
of Lorentz violations in the gravity sector, via the opportu-
nity to match and track the gravitational and electromag-
netic signals in frequency and phase. It may be possible,
as the black hole binary decays toward final coalescence,
spanning a range of frequencies, to measure the delays in
graviton vs. photon arrival-times as a function of increas-
ing frequency of the chirping signal. The consistency
expected, if Lorentz symmetry is satisfied in the gravity sec-
tor could be tested explicitly for gravitons propagated over
cosmological scales. To have any chance to perform such
new tests of gravitational physics, one will need to identify
the electromagnetic counterparts of coalescing pairs of
massive black hole binaries as early as possible. This may
be one of the strongest motivations behind ambitious
efforts to localize these rare, transient events well before
final coalescence.

Fig. 5. [Left] From the numerical simulations of MacFadyen and Milosavljevic (2008): snapshot of a gaseous disk gravitationally-perturbed by the time-
dependent quadrupolar potential of a central binary. [Right] For such a system, in the inspiral phase, one may expect an electromagnetic (EM) source
varying in brightness at a frequency approaching that of the GW signal related to the quadrupolar perturbation. By matching the frequencies of the EM
and GW signals, one could remove the delay in EM emission at the source, measure reliable offsets in arrival-times between the two signals and possibly
reveal drifts in frequency of the GW signal when it is propagated over cosmological distances.

888 K. Menou et al. / New Astronomy Reviews 51 (2008) 884–890

106 M¤ binary, q=1/3,  z=1 
     
à  D/c = 3×1018 s 
à  torb = (1+z)2π10RS/c ~   
      4000 sec  
  (orbital time at merger) 
 
=> Δ c/c ~ torb / [D/c] ~ 10-15  
  (10-100 × better from  
   S/N=102-3) ~ 10-17 
 

Improve bounds from GW 
phasing alone (λg≳1016 km) 
Berti+(2005), Will (2006) 

Test Agw ∝ f2/3e-i2φ  vs  A𝛄 ∝ f1/3e-iφ 


