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Spacetime metric fluctuations
and gravitational decoherence



Gravitational waves



• In general relativity gravitation is a manifestation of the 
curvature of the spacetime geometry.

• Gravitational waves distortions of the spacetime geometry 
that propagate at the speed of light

• Transverse waves of quadrupolar nature:
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• Dynamics of linearized gravitational waves (GWs):

• Analogous to electromagnetic waves (transverse but dipolar):

• I will exploit this analogy to introduce in a non-technical way 
some key concepts and ideas in connection with gravitational 
decoherence due to spacetime metric fluctuations.

⇤ h̄µ⌫ = 8⇡G Tµ⌫

⇤Aµ = Jµ



• First GW detection announced in February 2016:

• Spectacular example of mass-energy equivalence, :
  about 3 solar masses radiated in a fraction of a second!

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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• New era of gravitational-wave astronomy.

• Opens a completely new window to the universe:

‣ different frequency bands

‣ completely different kind of radiation

• “Listening” to the universe:

‣ coherent emission due to the motion of macroscopic masses

rather than incoherent emission due to microscopic processes

‣ analogous to hearing a violin rather than seeing it



• Dynamics of linearized gravitational waves (GWs):

• Analogous to electromagnetic waves (transverse but dipolar):

• I will exploit this analogy to introduce in a non-technical way 
some key concepts and ideas in connection with gravitational 
decoherence due to spacetime metric fluctuations.
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1. Classical gravitational waves

2. Metric fluctuations and gravitational decoherence

3. Quantum vacuum fluctuations in the early universe 
and cosmological large-scale structure

Outline



Metric fluctuations and
gravitational decoherence



• Example:  interferometry with charged particles

• Sources of decoherence (Coulomb gauge):

‣ potential entanglement with other test charges

‣ transverse radiation entanglement, dephasing

Analogy with electromagnetism
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Missing slides corresponding to material
being prepared for publication.

To be included in a later version.



Gravitational decoherence

• Example:  interferometry with massive particles

• Sources of decoherence (TT gauge):

‣ Newtonian potential entanglement with other test 
masses

‣ GW radiation entanglement, dephasing
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• Weakness of gravitational interaction

 difficult to produce and detect GWs

 no shielding/absorption, undisturbed radiation from early 

universe ( )

• Negligible decoherence in vacuum extremely low 
emission rate (average graviton number )

• What about dephasing due to stochastic background of 
classical GWs generated by astrophysical sources?
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Quantum vacuum fluctuations
in the early universe



Inflation

• Exponential expansion in the very early universe:

•  -fold size increase in less than seconds
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• Extreme dilution:    almost no particles left in the whole
  observable universe,  nearly perfect vacuum

• Erases any previous features  generic initial conditions

‣ classical vacuum vanishing field amplitudes

‣ but there are quantum fluctuations!



• Effects of the exponential expansion:

‣ wavelength of the fluctuations stretched to cosmological scales
                                  (redshift)

‣ amplification of their amplitude

Quantum vacuum fluctuations

primordial inhomogeneities result of amplified
quantum vacuum fluctuations



• Observation of the resulting primordial inhomogeneities through 
temperature anisotropies of cosmic microwave background (CMB):

• Seeds for the formation of cosmological large-scale structure  
due to instability under gravitational collapse.
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• They correspond to the analog of the Coulomb part of the 
gravitational interaction (Newtonian potential).

• Similar effect for the transverse part (gravitational waves). Besides 
direct detection, they can be observed through polarization anisotropies 
of the CMB:

• Observation of such a stochastic GW background would provide 
strong evidence for inflation and a quantum gravity effect:
                the squeezing of the graviton vacuum.

LIGO-G0900081-v1
 Workshop: GW Detection with Atom Interferometry
 9


CMB Polarization Fields


E mode (simulation!)
 B mode (simulation!)


B modes are evidence for primordial gravitational waves


Seljak and Zaldarriaga, astro-ph/980501
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• Accelerated quasi-exponential expansion during early inflationary 
period amplification of quantum vacuum fluctuations and 
stretching to cosmological scales.

• Each normal mode harmonic oscillator with time-dependent 
frequency: 

• Parametric amplification: crucial role of zero-point fluctuations
of the ground state for each normal mode.

d2�̄k

d⌘2
+ ⌦2

k(⌘) �̄k = 0 ⌦2
k(⌘) = c2k2 � a00(⌘)/a(⌘)

Amplification of quantum vacuum fluctuations



Example of parametric amplification with a classical pendulum:Example of parametric amplification with a classical pendulum:



Thank you for your attention.
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