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(1) EM counterparts: revolution for astronomy and astrophysics
— accretion physics: luminosity and spectrum, as 

functions of BH masses, spin, orbital parameters
— quasar/galaxy (co)evolution: long-standing problem

(2) EM counterparts: benefits for fundamental physics
— Hubble diagrams from  standard sirens    (Schutz 1986 + …)
— dL(z) from GWs and photons: new test of non-GR gravity

(Deffayet & Menou 2007)
— delay between arrival time of photons and gravitons:

extra dimensions, graviton mass              (gm0c2=hf; Kocsis et al. 2008)

— frequency-dependence in delay: test Lorentz invariance
(3) EM counterparts will also help with confidence of detection

Why should we care about photons? 
GWs alone from (104-107)M⊙ binaries a rich source of information

but:



LISA binaries should 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 (still some 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



Arp 271 (credit: ESO)

LISA binaries produced in “wet” mergers



Track of binary in the LISA band

(ZH 2017)
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X-ray chirp inevitable(?) 

Farris et al. (2015)

• X-ray [optical] emission from quasars from few Rg [few 100 Rg]
• Smaller than tidal truncation radius for wide binary
• Minidisk = quasar disk (or corona)
• Doppler effect modulates brightness at O(v/c) ~ O(0.1)

Tidal force
from companion
truncates minidisk

ΔFν/Fν=(3-α)(vII/c)

α=dlnFν/dlnν



Track of binary in the LISA band

Mtot=106M¤ , q=1/3,  z=1 

125 RgEnter LISA band:

Example:

(ZH 2017)



Track of binary in the LISA band
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V(orb) ~  O(0.1c)
T(orb) ~  O(hr)



Track of binary in the LISA band

Mtot=106M¤ , q=1/3,  z=1 

125 RgEnter LISA band:

40 RgLocalized (3 deg2):

400Tidal radius < 10 Rg:
cycles

Example:

(ZH 2017)

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



GW vs. X-ray chirp

Overlap integral for phase shift:
Þ Δv/c ~ [S/N] � torb / [D/c] ~ 10-17

Improve bounds from
LIGO BNS and from GW
dispersion/phasing 
Berti+(2005), Will (2006)

Þ New constraints on scalar-
tensor theories (beyond LIGO)

De Rham & Melville (2018)

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

Chirp detectable by wider-field telescopes (e.g. Athena / Lynx ) 

ZH (2017)M=106 M¤, q=1/3,  z=1,   i=10�



Can GW-driven runaway binaries shine ?

There are no stable periodic orbits around binary at r ≲ 2a



Can GW-driven runaway binaries shine ?

Milosavljevic & Phinney (2005)

???

Electromagnetically ‘silent’ merger, in vacuum ?

There are no stable periodic orbits around binary at r ≲ 2a

When t(GW)  <  t(visc), disk “decouples”, left behind at ~100 RS



Gas flow into the Cavity - kinematics

particle
distribution
evolved with 
restricted 
three-body
approximation



Hydrodynamical Simulations

Tang, ZH, MacFadyen (2018, 2017) D’Orazio et al. (2016),  Farris, Duffell, 
MacFadyen,  ZH (2014, 2015a,b), D’Orazio, ZH & MacFadyen (2013)

• 2D moving-mesh grid code DISCO
• pseudo-Newtonian hydrodynamics (no GR/MHD/radiation) 
• α-viscosity (α=0.1)
• heating (viscosity, shocks) + Cooling (rad. diffusion) 
• BHs are on the grid, accretion via ISCO resolved
• Initial Shakura-Sunyaev disk 0 ≤ r ≤ 60 abin

run for ~1000 binary orbits (>viscous time near binary)

well posed problem: gas + two point masses  

follow last ~month of the LISA inspiral self-consistently



(1) Large cavity
(2) Strong accretion via narrow streams feeds “minidisks”
(3) Cavity lopsided with lump (for q≳0.3)
(4) Strong periodicity at torb
(5) Additional periodicity at  ~5�torb (for q≳0.3)
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Figure 9. Under construction: Snapshots of log density from
hydrodynamical simulations for a disk withM = 20, and constant
coe�cient of kinematic viscosity ⌫ = 0.01a2

0
⌦bin/M2.

of Figure 10 is for 10 times higher viscosity than the fidu-
cial case. The second column is for 40 times larger viscosity
and the final column is for the same ⇥40 viscosity and a disk
which is twice as hot as the fiducial case. The rows delineate
the choice of sink radius. Note that the bottom-right panel
has nearly identical parameters as the simulation found in
(Farris et al. 2014), the di↵erence being the choice of inner
boundary condition and a constant (here) vs ↵-law viscos-
ity prescription (We could redo all simulations for alpha law
viscosity and di↵ ICs). As expected, we find that the higher
viscosity disks have smaller, more dense gaps. Decreasing
the Mach number (increasing disk temperature) increases
pressure forces in the disk which also results in a smaller,
more dense cavity. The e↵ect of a larger sink radius is to cre-
ate a less dense cavity, this is apparent in the last column
of Figure 10, where the higher Mach number and viscos-
ity have begun to fill in the cavity. Additionally, increasing
the disk temperature increases the scale-length of density
waves which results in a more spread out circumprimary-
disk which, for the hotter disk, resembles more of a spiral
than a compact mini-disk. Hence a hotter accretion flow
su↵ers more overflow into the cavity but harbors a more
dispersed circumprimary-disk.

The mini-disks in Farris et al. (2014) are less prevalent
than the mini-disks we find for our fiducial disk parame-
ters. This could be due to the hotter disks of Farris et al.
(2014) spreading out the mini-disk as mentioned above or
if it could be a result of the cavity initial conditions (ICs)
used in Farris et al. (2014). If the unstable horseshoe region
for a q = 0.05 mass ratio binary does not allow gas to flow
across the binary into an orbit around the primary, then one
might expect a smaller circumprimary-disk. To test wether
the existence of a circumprimary-disk is dependent on ICs,
we run a simulation with the same binary+disk parameters
as the bottom right panel of Figure 10, but for two di↵er-
ent ICs, an initial cavity around the binary (identical to the
density IC in D’Orazio et al. (2013)), and an initial con-
stant surface density disk. Up to an overall density scaling,
we find nearly identical results. This means that the tran-
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Figure 10. Log density for a mass ratio near the transition from
ring to cavity. The rows di↵erentiate the size of the sink radius
and the columns vary the Mach number and viscosity as labeled.
The density scale is the same in each panel.

sition to a cavity found in (Farris et al. 2014) where the
ICs are an initial cavity is not set by the inability of gas to
to flow across horseshoe orbits and generate an inner disk,
but is more directly linked to disk parameters, especially the
Mach number.

We observe that, while the properties of the mini-disks
depend on Mach number, viscosity, and sink radius, they are
independent of whether the ICs initially immerse the binary
in gas or if the gas di↵uses in from an initial cavity config-
uration. Additionally, we find that for larger viscosities the
cavity elongation mechanism is damped and the gap struc-
ture becomes more symmetric, however, the gap does not
revert completely to an annular shape. Hence, the transition
mass ratio is not shifted greatly by large viscous and pres-
sure forces. We conclude that gap morphology most strongly
depends on the binary mass ratio and thus the dynamics of
the R3B while its depth and elongation can be altered by
pressure and viscosity.

4 CONCLUSION

The R3B problem captures the salient features of gap mor-
phology and provides an explanation for the transition from
annular-gaps at small mass ratios to central-cavities for
larger mass ratio binaries. We find that the transition can
be explained from the restriction of particles in the R3B
to inner and outer parts of the disk via the conservation
of the Jacobi constant. The transition mass ratio occurs at
q ⇠ 0.04 and is coincident with the loss of stable horseshoe
orbits.

To estimate the e↵ects of pressure in the disk we com-
pare the Jacobi constant with the closely related Bernoulli
constant and derive a maximum disk temperature (mini-
mumMach number) for which a gap or cavity will form. This
zero-viscosity gap closing condition matches the prediction
of ?? in the limit of small binary mass ratio where it is de-
rived. For larger mass ratios the two predictions diverge. We
test our prediction (4) with inviscid hydrodynamical simu-
lations of an equal mass binary and find good agreement.

The e↵ects of both viscosity and pressure on the annu-
lus to cavity transition are studied via 2D viscous hydro-
dynamical simulations. These show that the results of the
R3B analysis hold for low viscosity, cold disks, and that the
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q=0.05 q=1
Binaries with circumbinary disks

Common features:



Can run-away LISA binaries still shine?
Tang et al. 2018from 60M to merger



Inspiral
Tang et al. 2018
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Spectrum

Thermal emission extends to X-rays from inner regions around each BH

Tang et al. (2018)

streams 
in cavity 

minidisks (hard)outer disk (soft)
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Lightcurve

strong accretion all the way to merger:  binary remains luminous & periodic

Tang et al. (2018)
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hardhard
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Conclusions

1.   LISA binaries bright: efficient accretion across cavity (to merger)  

2.   Accretion onto minidisks strongly periodic on ~orbital timescale

3.   Such EM chirp is inevitable in LISA band, tracking GWs

4.   Wide-field UV & X-ray telescopes should be able to detect chirp

5.   New probe of propagation speed of GWs vs photons



The End


