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1/ 20 < s < 20 range, then it does not contribute in the evolution
of the binary at the considered time step. The binary separation
a then evolves according to Equation (38), where
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is given by summing over alla� ,i . We accordingly shrink the
binary froma0 to a1.

Consider now the second time step� t1. Since the stellar
distribution changes with time, in principle one should carry
out new scattering experiments according to the updated stellar
distribution to derivedf/d� |j at every time step. However,
as long as the stars depleted during the previous steps are
appropriately excluded, the original scattering experiments can
still be used. For the stars in ansj bin, the elapsed scattering-
experiment time� j, 1 during the �rst time step can be solved
from the implicit equation
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wheredf/d� |j is the same function as in the �rst time step, and
j1 identi�es the newsj bin to which thea� ,i stellar bin belongs in
the second time step. In the second time step, the time zero point
of the functiondf/d� |j 1 shifts to� = � j, 1 to exclude the stars
with depletion timescales shorter than� j, 1, so the interaction
mass becomes
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where (a1/a 0)Š3/ 2 accounts for the change in the period of the
binary as it shrinks froma0 to a1. We then evolve again the
binary according to Equation (38), where now� E1 is given by
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For a generic time step� tk, the interacting mass is
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wherejk identi�es thesj bin to which thea� ,i stellar bin belongs
in thekth time step, and� j,k labels the value of� that solves the
implicit equation:
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The binary is then evolved according to Equation (38), where
� Ek is given by replacing the index 1 withk in Equation (44).

In this way, we account for the fact that, in each stellar bin
a� ,i , the interacting fraction in the time stepk is governed by
the stars left in the bin at that time step following the ejection
occurred in the previous time steps and that the ejection occurs
at a rate given by thesj k bin to which thea� ,i stellar bin
belongs at thekth time step. When we also consider the binary
eccentricity evolution, we interpolate the values ofdf/d� |j and
dE/d� |j between the different eccentricities sampled by the

Figure 19. Evolution of binary separationa (top panels) and eccentricitye
(bottom panels) for an MBHB with different combinations of the initiale, �
values. The curves in the left panels are computed neglecting tidal disruptions,
while those in the right panels include the effect of stellar disruptions. The other
system parameters areq = 1/ 81,M7 = 1, and� 100 = 1.

scattering experimentse = (0.1, 0.3, 0.6, 0.9); the eccentricity
evolves according to Equation (39), where � Jk is computed
from the analogous of Equation (44), but usingdJ /d� . We
only considered the variation in thez-component of the angular
momentum, because in a spherical stellar cluster the rotational
Brownian motion of an MBHB is negligible (Merritt2002).

Our hybrid approach relies on an adiabatic approximation,
i.e., the MBHB orbital evolution is assumed to be slower
compared to the typical star–binary interaction timescale. This
is certainly true for chaotic encounters, but it is not so for
secularly evolving stars. To justify our evolution scheme, we
have therefore run test scattering experiments in which the
MBHB was evolved by hand, according to the shrinking rates
derived with the hybrid model. The initial conditions of the
test experiments were the same as in Section5, and the stellar-
disruption rates were calculated following the scheme described
in Section6. This setup allowed us to directly measure the
disruption rate caused by an inspiraling binary on a population
of stars drawn from a chosen density distribution. Figure20
compares the stellar-disruption rates derived in this fashion
to those given yielded by the hybrid model; the agreement
between the two is quite good, validating our orbital integration
scheme.

7.3. Results

Figure19 shows the evolution of an MBHB withq = 1/ 81,
M7 = 1, and� 100 = 1 according to our hybrid model. The
unit of time,P0, is the initial binary orbital period ata = a0,
equal to (400, 6700) yr when� = (2, 1.5). When stellar
disruptions are not taken into account, the orbital semimajor
axis shrinks by a factor of 10 on a timescale of 500P0 before
the binary stalls: at the same time, the eccentricity increases
signi�cantly to e � 0.5–1, depending on the initial value and
of the parameter� . When compared with the central panel of
Figure7 in Sesana et al. (2008), the results of the two integration
schemes appear to be in excellent agreement. The inclusion of
stellar disruptions causes the binary to stall at slightly largera
and highere. The increase in the stalling radius is caused by
the partial suppression of energetic ejections in favor of tidal
disruptions. The larger eccentricity increase can be explained as
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Figure 20.Stellar disruption rates as a function of time for an evolving MBHB
with q = 1/ 81, M7 = 1, � 100 = 1, and different combinations of the initial
e, � values of the system. Each dotted curve is derived from 104 test scattering
experiments in which the MBHB is evolved according to the rates given by the
hybrid model (see the solid lines in the right panels of Figure19). Other line
styles as in Figure19

follows. Sesana et al. (2008) demonstrated that stars witha� < a
tend to drive the binary toward circularization, while stars with
a� > a tend to increase its eccentricity. Since the former are the
most susceptible to tidal disruptions, and disrupted stars do not
exchange energy and angular momentum with the binary on the
average, the relative contribution of stars witha� > a is larger in
the presence of tidal disruptions, pushing the binary eccentricity
to higher values. In a realistic situation, the shrinking of the
binary would continue att > 500P0 because of loss-cone
diffusion processes and gravitational wave emission, which are
not considered in this study.

Figure 20 shows the stellar-disruption rates predicted by
the hybrid model (solid and dashed lines) together with those
derived by the test scattering experiments with the MBHB
evolved by hand (dotted lines). During the �rst 500P0, the
rate remains constant, at a level that is comparable to the peak
value calculated for a stationary binary. The duration of the
plateau, however, is longer in the case of a decaying pair, as
new stars are continuously added to the time-varying interaction
loss cone. Att � 500P0, the evolution time of the MBHB
exceeds the tidal disruption timescale, strongly interacting stars
get depleted, and the consumption rate drops sharply. The �gure
also shows that the peak disruption rate is not sensitive to the
binary eccentricity but depends on� according to the scaling
relation in Equation (37). After 108 yr, the total number of
disrupted stars is (6.5 × 104, 2.3 × 104) for � = (2, 1.5). The
disruption rate during the plateau phase remains constant even
though Equation (37) predicts an increase	 a0/a (assuming
an isothermal cusp). Equation (37) was derived, however,
assuming a stationary binary at different orbital separations in
an unperturbed stellar pro�le. In our hybrid model, the binary
shrinks while depleting the stellar cusp, and many of the stars
available for disruption at, say,a = 0.1a0 are actually ejected
or disrupted during the evolution of the pair froma0 to 0.1a0,
leveling off the disruption rate. Given that (1) the disruption rate
in the plateau phase remains constant and is consistent with the
predictions of the Kozai mechanism even for evolving binaries
and (2) the duration of the plateau is of the order of the binary
decay timescale,td 	 qŠ3/ 2P0 (Sesana et al.2008), the total
number of disrupted stars can be scaled according to

N� 	 td �N� 	 (3 Š � )Š1/ 2q(2Š� )/ (6Š2� )M 2/ 3
1 � �

	 (3 Š � )Š1/ 2q(2Š� )/ (6Š2� )M 11/ 12
1 , (47)

where we used Equation (11) for P0 and theM1–� � relation
in the second proportionality. According to the above equation,
for q = 1/ 81, N� should drop by a factor of 2.5 as� varies
from 2 to 1.5, consistent with the numbers derived from our
hybrid model. Also, as long as� � 1.5, N� should not be
very sensitive to the binary mass ratioq. We stress that these
scalings are derived from the no-GR/no-cusp experiments, and
their validity is limited to binaries withq > 0.01.

8. SUMMARY AND CONCLUSIONS

In this paper, we have studied the tidal disruption rate in a
system composed by an MBHB and a bound stellar cusp. We
have carried out numerical scattering experiments for a detailed
investigation of the mechanisms responsible for the repopulation
of the tidal loss cone, and developed a hybrid model to self-
consistently solve for the evolutions of the binary, the depletion
of the stellar cusp, and the stellar consumption rate. Our main
results can be summarized as follows.

1. For unequal binaries (q < 0.1), the tidal disruption cross
section for bound stars, which quanti�es the probability
of stellar disruption, is three orders of magnitude larger
than the cross section for a single MBH fed by two-body
relation. Two mechanisms contribute to such enhancement,
the Kozai secular effect and chaotic resonant interactions.
When the eccentricity of the MBHB is small, stars inside
the Kozai wedge repopulate the tidal loss cone on the Kozai
timescale, while stars outside the Kozai wedge but inside
the interaction loss cone are scattered into the tidal loss
cone at random times due to close interactions with the
secondary hole. When the eccentricity is large, chaotic loss-
cone repopulation becomes dominant over the entire range
of stellar semimajor axisa� � (1 Š e)a.

2. GR and cusp-induced precession quench the Kozai secular
evolution of interacting stars, causing a signi�cant suppres-
sion (by a factor of� 10) of the disruption rate forq < 0.01.
Therefore, the optimal enhancement of the tidal disruption
rate by an MBHB occurs for mass ratios 0.01 < q < 0.1.
Note that even if suppressed by a factor of� 10, the tidal
disruption rate for binaries withq < 0.01 is still two orders
of magnitude larger than that given by standard relaxation
processes around a single MBH.

3. If an MBHB with mass ratioq � 1 does not evolve
signi�cantly during 1/q revolutions, tidal disruptions of
bound stars could initially persist at a constant rate (“plateau
phase”) that is 4 dex higher than the typical rates predicted
for single MBHs. After one Kozai timescale (evaluated
at a� = a), the tidal loss cone is repopulated mainly by
chaotic interaction, and the stellar disruption rate decreases
with time. The majority of stars are disrupted during a post-
plateau later phase.

4. If an MBHB evolves signi�cantly on a timescale of 1/q
revolution, the plateau phase of stellar disruptions may last
longer than a Kozai timescale. Tidal disruptions of bound
stars slow down the shrinking of the binary and speed up
the growth of binary eccentricity.

Our results indicate that, after the formation of an unequal-
mass MBHB at the center of a dense stellar cusp, the tidal

14


