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! Extreme-mass-ratio inspiral (EMRI) 
!Form at tidal radius, GW mHz, LISA source

How to place a binary around a SMBH?
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(XC & Han 2018 CommsPhy)
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!Results:
0.7 < Rp/Rt < 2.5

About(10� 30)%
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b-EMRI

e=0.9999

! Tidal capture of BBHs: 
! according to Hills 91, Addison, Laguna, Larson 2015 

! but not hyperbolic orbit, not long-term evolution, no GWs 
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Long-term evolution of b-EMRIs
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Notice the pericenter passages

! New features: 
! Not hierarchical triple 
! Eccentricity of the binary gets excited 
! Merger happens (joint LISA/LIGO observations?)
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Not all binaries count: 
big a-=> big b-EMRI

! Merger: 30% 
! Ejected: 10% 
! Disrupted: 60% 
! Circularization: 1% (need 3-body PN terms) 

(XC & Han 2018 CommsPhy)



Prospect for detection
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nbemri = (�BHB p fcap) [tlife f(tlife)] Ngal

⇠ 0.02Gpc�3 (two� body relaxation)

⇠ 20Gpc�3 (Massive perturber/axisymmetric potential)
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Formation rate Lifetime Number of galaxies

! Multi-band GW source 
!  Continuous source in LISA band, a~0.005 AU 

! 0.02-20 Gpc-3 
! Acceleration~3000 radian per year

E
asy ======> D

ifficult

! LIGO/Virgo event 
! 30% coalescence probability 
! at most 0.03 Gpc-3 yr-1 

! Separated from the LISA burst by 100 yrs

! Exceptional case: both LISA and LIGO/VIrgo event 

! A small percent circularize

!  Burst at pericenter 

! Every ~200 yrs per b-EMRI 

! At most 50% of catching one in five years





What stories can b-EMRI tell us?

• Providing clues for dynamical process in NSC; 


• Measuring the gravitational recoil due to the merger of 
BBH;


• Measuring the mass loss due to the merger of binary;


• Constraining the GW dispersion in an extreme accuracy


• ……

Han & Chen arXiv:1801.07060, 2018

https://arxiv.org/abs/1801.07060


low frequency GW

high frequency GW

kick

1. Accurately measure recoil velocity of binary 
merger and linear momentum 

LISA can determine the orbital  
parameters of EMRIs ~ 0.1%



EMRI waveforms glitch due to recoil  
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FIG. 2. Semi-major axes of b-EMRIs at the moment when
the BBHs coalesce (solid, dashed, and dotted lines), plotted
as a function of the mass M of the SMBHs. The lines are
computed according to our model of the dynamical evolution
of b-EMRIs [16]. This model calculates the pericenter dis-
tance Rp of a BBH captured by a SMBH and predicts the
critical eccentricity ecri when the BBH merges. The semi-
major axis is thus derived from R = Rp/(1 � ecri). Di↵erent
line styles correspond to models with di↵erent mass, m, for
the stellar BHs and di↵erent relaxation timescale, Trlx, for the
star cluster surrounding the SMBH. For simplicity, we con-
sider only equal-mass BBHs. The cyan shaded area shows the
sensitive band, i.e., 10�4 � 10�2 Hz, of a LISA-type detector.
The upper and lower boundaries are computed according to
Equation (37) in Ref. [18], which relates the frequency of the
strongest GW mode to R and e.

What is interesting about a b-EMRI is that the two
stellar BHs in the binary are likely to coalesce due to the
tidal perturbation by the SMBH [16, 17]. Such a merger
is detectable by LIGO/Virgo. On the other hand, when
the merger happens the orbit of the BBH around the
SMBH has such a small semi-major axis that the orbital
motion generates low-frequency GWs with a character-
istic frequency of f ⇠ (10�4

� 10�2) Hz. This result
is shown in Figure 2, which is derived from our earlier
model of the dynamical evolution of b-EMRIs [16]. This
plot suggests that LISA could catch b-EMRIs at the mo-
ment when the BBHs coalesce.

Therefore, b-EMRI is a unique target that is observ-
able, at the same time, by LIGO/Virgo and LISA. How-
ever, given the current LIGO/Virgo detection rate [19], it
is expected that multiple unrelated LIGO/Virgo events
could have occurred during one EMRI event. Such a ran-
dom coincidence would confuse the search for b-EMRIs.
Here we propose a novel method of distinguishing gen-
uine b-EMRIs from those fake ones.

Glitch induced by gravitational recoil.–Because the GW
radiation of a merging BBH, in general, is anisotropic, the
remnant BH produced by the merger obtains a residual
linear momentum and recoils with a substantial veloc-
ity v ([20]). The direction and magnitude of this recoil

velocity depends on the mass ratio and orbital eccen-
tricity of the binary, as well as the spin vectors of the
BHs before the merger [21–32]. High velocities usually
associate with equal-mass binaries and large spin (e.g.
see the fitting formulae in Ref. [33–35]). According to
the earlier calculations performed by one of the authors
[8], the recoil velocity for equal-mass BHs assuming ran-
dom spin orientation and magnitude lies in a broad range
of v 2 (200, 103) km s�1, with a mean value of about
400 km s�1.
If a merger happens to the BBH in a b-EMRI, the

subsequent recoil will perturb the motion of the small
body around the SMBH and cause a “glitch” in the GW
waveform. Figure 3 shows an example where the recoil
happens at the time t = 0 and points in the polar direc-
tion (v✓ in the Boyer-Lindquist coordinate). We compute
the waveform using the standard quadrupole expansion
[36] and evolve it for a few months using the augmented
analytical kludge (AAK) model [37]. In doing this, we
implicitly assumed that the BBH can be approximated
by a single body of 20M�. This approximation is valid
because during the last months of the BBH merger the
tidal force exerted by the SMBH on the BBH is dynam-
ically unimportant for the evolution of the b-EMRI [17].
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FIG. 3. Comparing the waveforms of the EMRIs with (red)
and without (blue) a recoil. The upper and lower panels are
showing the two polarizations. The SMBH has a mass of
M = 106 M� and a spin parameter of 0.9, and each stellar
BH in the BBH has a mass of m = 10M�. Initially, the
center-of-mass of the BBH is moving inside the equatorial
plane of the SMBH, with an orbital eccentricity of e = 0.7 and
a semi-latus rectum of p := R(1 � e2) = 17M . At the time
t = 0 we introduce a kick to the velocity of the BBH, which
is in the polar direction with a magnitude of 1500 km s�1. As
a result, the orbital parameters changes to p = 16.9990M
and e = 0.7019, and the orbital plane of the EMRI becomes
inclined by ◆ = 0.5233� relative to the equatorial plane of the
SMBH. This inclination gives rise to the “⇥” polarization.

In the above example, because we choose a relatively
large recoil velocity, i.e., 1500 km s�1, the glitch is visible
to the naked eye within a time of 1.8 ⇥ 104 M after the
merger. This duration corresponds to about 1 day for

Han & Chen, 2018



2. b-EMRI can accurately weighing mass loss due to 
binary merger



Very important for binary NSs!
2. b-EMRI can accurately weighing mass loss due to 
binary merger



The accuracy of the constraint on recoil velocity and mass loss



3. b-EMRI can definitely confirm or rule out GW 
dispersion

EMRI data flow

BHB merger time

glitch due to merger

Han & Chen arXiv:1801.07060, 2018

Time delay could be up to 1 year!

https://arxiv.org/abs/1801.07060


Testing GW dispersion with highly 
eccentric EMRIs

• Eccentric binary will radiates a few of modes 
simultaneously;


• If GWs are dispersive, the propagation velocities of 
different modes will be different, then induce a distortion 
of waveforms compared to the one predicted by GR;


• EMRIs with 10^6 solar masses and at 1 Gpc has a 
capability to constrain the mass of graviton up to 3 orders 
better than the current result by LIGO.

Yang, Han & Xin, arXiv:1812.04350





Thank you for your 
comments!


