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Figure 2. Di�erent components of the total torque exerted on the secondary
BH, scaled by the viscous torque. Showing the case of the strongest migration
torque (scaled by ⌃� ).

Our simulations provide the ability to understand the origin
of migration torques in more detail, and how di�erent components
depend on the accretion or migration rate of the BH. The entirety
of the disc exerts some gravitational force on the secondary BH,
including both the inner and outer disc, streams across the gap, and
gas near the BH itself. We include all these regions when calculating
the total migration torque.

We find that gas closest to the BH, particularly within the Hill
sphere, is the dominant contributor to the torque due to its close
proximity. The Hill sphere is an approximation of an embedded
body’s sphere of influence in the presence of a more massive body
at a distance a. It’s radius is estimated as

rH =
✓ q
3

◆1/3
a. (13)

Because of peculiarities in the gas flow across the gap, the asym-
metry within the Hill sphere arises as a slight increase in the gas
density upstream from the BH, leading to a consistently positive
(outward) torque, producing an opposing contribution that is seen
in other works (e.g. D’Angelo et al. 2005) Accurately capturing this
morphology within the Hill sphere requires su�cient resolution.
Further work investigating the gas streamlines, particularly with
high-resolution 3-dimensional simulations, may shed light on how
this asymmetry arises.

The assumption that material within rH is bound to the per-
turber has lead people to dampen the Hill sphere torque Dürmann
& Kley 2017) or to excise a part of this region entirely when calcu-
lating the total migration rate (as in de Val-Borro et al. 2006). Other
works, however, (e.g. Crida et al. 2009) demonstrate that gas within
this region must be carefully considered, because using a torque
cuto� does not mimic the solution obtained in simulations with
self-gravity. Our simulations su�ciently resolve gas flow within
the Hill sphere, and thus we choose to not omit this region when
computing the total torque.

Figure 3 shows the torque broken into two
components��within and without the BH Hill sphere, along
with smooth fits to the data which we use for calculating detectabil-
ity in Section 5. The Hill sphere torque is qualitatively di�erent in
that it is responsible for the positive contribution, and it shows a
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Figure 3. Gravitational torqueTg exerted by di�erent regions of the gas disc
onto the secondary BH, as a function of separation. The torque is scaled by
the viscous torque.

dependence on migration rate (decreasing as migration increases).
The gas from elsewhere in the disc, including the inner and outer
disks��and the streams connecting the two�� exerts a negative
(inward) torque that is less than 10% of the traditional viscous
torque. Figure 4 shows 2D torque density contours of each of these
components.

4.2 Accretion and accretion torque

For the fiducial accretion rate we use, we find that the accretion
torque is negligible compared to the gravitational torque by ⇠ 6
orders of magnitude, as seen in Figure 2. This is due to the fact
that the relative velocity of the gas near the black hole is e�ectively
negligible. We show this in Figure 5 with a snapshot of the velocity
vector field in the co-rotating frame. The gas close to the BH has
low angular momentum and resembles an atmosphere rather than a
mini-disk.

Ultimately the e�ect of accretion is to reduce the density of the
gas near the BH, which leads to a decrease in the positive component
of the torque. We hypothesize that more e�cient accretion would
lead to less positive torque, although it is unclear if a drastic increase
in accretion rate would lead to other di�erences, since it would steal
gas that would otherwise flow to the inner disk.

5 DETECTABILITY OF GAS IMPRINT BY LISA

5.1 Gas produces a shift in the accumulated GW phase

Here we estimate how the torque exerted by the gas leads to a
deviation from the idealized GW signal, in order to determine its
detectability by LISA.

The total accumulated phase of a gravitational wave event can
be obtained by integrating over the total frequency evolution

�GW =
Z t0+tobs

t0
�̇ dt = 2⇡

Z t ( fmax)

t ( fmin)
fGWdt (14)

where tobs is the total observation time (which corresponds to an
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surface density

How does gas affect an inspiraling BH in the LISA band? 

Simulations of a q = 10-3 IMRI in a 2D viscous disk

torques exerted on inspiraling BH

Derdzinski+ 2018

gas-embedded IMRI = “g-IMRI”

Gas torques are weaker than GWs, but they accumulate



Phase shift:

Migration torques lead to deviation in GW signal



Migration torques lead to deviation in GW signal
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density for near-Eddington accretion discs (Eqs. 11 and 12). Initially
the SNR scales linearly with surface density, before it saturates
around a particular value once �� ⇡ 2⇡.

The bottom panel of Fig. 7 shows the ratio of the SNR of the
deviation compared to that of the total event, �⇢/⇢. By dividing
out the total SNR, this quantity isolates the impact of the gas. For
the case where the SNR of the deviation is highest (the green curve
in Fig. 7), the SNR never reaches a saturated value because as
the binary chirps towards merger, the change in the GW frequency
results in a considerable contribution to (�⇢)2 from a broad range
of higher frequencies. While the influence of gas is comparatively
stronger than GWs during the earlier stages of the inspiral, the
detectability is less likely because a smaller frequency range results
in a weaker SNR.

The SNR of the deviation (top panel in Fig. 7) is directly
relevant to the detectability, and is dependent both on the strength
of the deviations introduced by the gas, as well as on the total SNR
of the event. While gas e�ects are stronger in the earlier stages of
the inspiral, the overall SNR obtained by observing these stages
(regardless of any phase change) is relatively low. If LISA catches
the binary 5 years prior to merger, however, where its initial rest-
frame separation is rmin ⇠ 10rS, it will accumulate a significant
amount of SNR as the binary chirps to merger, largely because the
LISA noise is much lower towards higher frequencies (see Fig. 6).
Thus for this particular binary, the deviation is most detectable in
the final five years of the inspiral. This would not necessarily be
the case, however, for lower-mass primary BHs, or lower-redshift
events, which would chirp past the minimum of the noise curve.
Adopting the criterion of detectability �⇢ � 10, we find that the gas
imprint is detectable for our fiducial binary if the BH is embedded
in gas with surface density ⌃0 & 103 g cm�2.

6 DISCUSSION AND CAVEATS

In the present work we find that, depending on the AGN disc mass,
LISA can detect the migration imprint on gas-embedded IMRIs in
the final 5 years of the inspiral. With our current understanding
of AGN, the typical density of accretion discs is uncertain, and
theoretical estimates range from ⌃ ⇠ 101�108 g cm�2 in the regions
of interest (. 30rS). We find that the deviation is detectable (SNR >
10) if the secondary BH is embedded in a disc with a surface density
⌃ & 103 gcm�2. This density is reasonably reached in models of
near-Eddington accretion discs; in particular it is exceeded in so-
called �-discs. In our fiducial ↵-disc model, the torques are too
weak to detect.

The di�erence between ⌃ in these models lies in the physical
mechanism providing the viscosity and its dependence on radia-
tion pressure, an area of active research in accretion disc dynamics
(see Blaes et al. 2011; Jiang et al. 2013). The viscosity in �-discs,
in particular, is assumed not to rise with radiation pressure. As a
result, it is much lower than in the ↵-discs, resulting in a much
higher disc surface density at a fixed accretion rate. If the signatures
of a gas-embedded IMRI are detected by LISA, then it should be
possible to extract information about the underlying disc, as even
a measurement of a total accumulated phase shift will provide (at
the least) a lower limit on the disc density. If both the amplitude
and frequency-dependence of the deviation in the GW signal are
well measured, this will directly probe the density, and we expect
other disc parameters to be constrained as well (e.g. density gra-
dient, temperature, viscosity) provided the frequency-dependence
amongst these parameters is well understood and not degenerate.
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Figure 7. The top panel shows the SNR of the gas-induced deviation (�⇢;
eq. 22) in the LISA waveform as a function of disc density, for di�erent 5–
year observation windows, and with our fiducial parameters M = 106M� ,
q = 10�3, and z = 1. The lines are labeled with the binary’s rest-frame
separation during the LISA observation, with an assumed total observation
time of 5 years. The top axis shows the corresponding total accumulated
phase drift for each surface density, for the (ideal) case of observing the final
5 years to merger (green line). The lower panel shows the relative SNR: the
SNR of the deviation in units of the total SNR of the event (�⇢/⇢; with ⇢
from eq. 23).

Our basic conclusion is that LISA will have to opportunity to probe
disc migration physics via gravitational waves.

We find that the e�ect of migration torques is stronger during
the earlier stages of the inspiral, but its detectability is highest at
higher frequencies, where LISA is most sensitive, and the system is
chirping rapidly. For our fiducial binary (M1 = 106M� , q = 10�3,
z = 1), the gas-induced deviation is most detectable during the
final years of the inspiral, as this is when LISA accumulates most
of the total SNR for the event. This feature is characteristic of the
particular (redshifted) chirp mass, for which the last several cycles of
the coalescence occur at frequencies near the minimum of the LISA
sensitivity curve (see Fig. 6). For IMRIs with a higher chirp mass
the merger will occur more quickly, the characteristic frequency is
shifted to lower values, and we expect the contribution to the SNR
from the final stages to be lower. The same may be true for lower
chirp masses, which shift the final few cycles to higher frequencies
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detectable if gas disc is 

sufficiently dense

accumulated phase shift
most detectable when binary is chirping (better for IMRIs)



IF LISA detects an E/IMRI in a dense disc…. 

how accurately can we measure a phase drift (hello data analysts??) 

how well can we infer information about the gas? 

how can we break degeneracies (with system and environmental 

parameters)?

imprint in GW waveform can probe the disc mass and constrain 

AGN disc models!

BUT
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Varying perturber mass, or viscosity… 
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• understand how gas effects vary with system parameters e.g. BH 

mass, viscosity, accretion rate (i’m trying) 

• connect with other constraints (eccentricity, spin, EM counterpart?) 

to build a more complete picture  

LISA can teach us about BH environments  

Migration is complicated, but g-EMRIs can probe it

GOALS


