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(Dated: August 30, 2017)

Laser interferometers with high circulating power and suspended optics, such as the LIGO grav-
itational wave detectors, experience an optomechanical coupling effect known as a parametric in-

stability : the runaway excitation of a mechanical resonance in a mirror driven by the optical field.
This can saturate the interferometer sensing and control systems and limit the observation time
of the detector. Current mitigation techniques at the LIGO sites are successfully suppressing all
observed parametric instabilities, and focus on the behaviour of the instabilities in the Fabry-Perot
arm cavities of the interferometer, where the instabilities are first generated. In this paper we model
the full dual-recycled Advanced LIGO design with inherent imperfections. We find that the addition
of the power- and signal-recycling cavities shapes the interferometer response to mechanical modes,
resulting in up to four times as many peaks. Changes to the accumulated phase or Gouy phase in
the signal-recycling cavity have a significant impact on the parametric gain, and therefore which
modes require suppression.

I. PARAMETRIC INSTABILITY IN COMPLEX

INTERFEROMETERS

Prior to the first detection of a gravitational wave sig-
nal in September 2015 [1], the two LIGO detectors went
through the first stage of a major upgrade, which aimed
to boost their sensitivity by a factor of 10 [2]. One major
aspect of this upgrade was a significant increase in optical
power circulating in the arm cavities, which is expected to
reduce shot noise and therefore improve detector sensitiv-
ity. During the first observational run (O1) of Advanced
LIGO, circulating power approaching 100 kW was con-
sistently achieved; the target power is 750 kW resulting
in a design sensitivity of 200 Mpc binary neutron star
range [3].

In this paper we discuss a phenomenon known as para-
metric instabilities [4], a consequence of using high opti-
cal power in the interferometer. Parametric instabilities
result from an interaction between the radiation pressure
of the optical field and the natural vibrational modes
of the mirrors. In the presence of positive optical feed-
back this can couple energy from the field into the mirror
mode, resulting in exponential growth of the mechanical
oscillation.

Parametric instabilities (PIs) have now been observed
in prototype optical cavities [5–7], and at LIGO [8], where
the mechanical modes have been observed to ring up until
the interferometer control systems failed. Current miti-
gation strategies are focused on technologies already built
into the interferometers: using ring heaters to change the
optical gain of problematic higher order optical modes
[9–13], and using electrostatic drivers to actively damp
the mechanical mode that is unstable [14, 15]. So far
these techniques are proving successful; however, as the
circulating power is increased towards the design level
the severity and number of PIs will increase, resulting in
more unstable modes.

∗ agreen@star.sr.bham.ac.uk

Over many years we have developed a detailed simu-
lation model using Finesse [16] to describe behaviours
in the Advanced LIGO detectors [17–19]. In this paper,
we present numerical analyses of PIs in the full design
configuration of Advanced LIGO [20]. This complements
existing extensive analytical and numerical modelling of
PIs [6, 21–25].
First, we present an overview of how Finesse is used

to model PIs throughout this work. In section II we
study the parametric gain of specific mechanical modes
and how this changes when recycling cavities are intro-
duced, including inherent defects such as astigmatism.
Section III then focuses on parameters of the signal-
recycling cavity and consequences for the parametric gain
in a realistic interferometer configuration. We find that
changes to the tuning or accumulated Gouy phase of the
signal-recycling cavity have a significant impact on para-
metric gain, and therefore which modes will require sup-
pression. However whether this has consequences for the
current mitigation scheme is not yet known.

A. Numerically Modelling PIs

Finesse [16] is a fast, frequency-domain interferom-
eter simulation tool. It is particularly suited to mod-
elling parametric instabilities as it easily provides the
required mechanical-to-optical transfer functions in im-
perfect and arbitrary interferometer configurations using
Hermite-Gaussian beams. Previously this has been used
to apply limits to the number and type of higher order
modes used in simulation [26], and investigate the poten-
tial use of higher order Laguerre-Gauss modes to reduce
thermal noise in future gravitational wave detector de-
signs [27]. It is also actively used in LIGO commissioning
and design modelling [19, 28]. Finesse and its Python
wrapper PyKat [29] are open source and freely available
for others to use in future studies.
Parametric instabilities can be considered as a feed-

back system [22] resulting from the linear interaction be-
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