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When flat spacetime is no longer enough
1

Flat-space description. Over 
one wavelength the background 

looks almost flat

Curved background description. 
Perturbation of a non-trivial
geometry: the background 

affects propagation

Minkowski is the local limit. 
Curved backgrounds are needed when the wave
samples expansion or strong curvature over an 
extended region
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What QNMs teach us about black holes
37
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Minkowski, FRW, and black holes as three laboratories
2
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Gauge freedom beyond flat spacetime
4
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Background curvature enters the perturbation equations
5

Background curvature changes the operator that propagates the perturbation and 
adds curvature-cooupling terms.
This is the mathematical origin of cosmological damping and black-hole scattering
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Symmetry and decoupling of perturbations
6

Key idea: decompose the 
perturbation field according
to the background 
symmetries.
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The spatial background: maximally symmetric 3-geometry
7
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Scalars, vectors, and tensors on a 3-space
8
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The SVT decomposition of metric perturbations
9
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Scalar perturbations
10
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Vector perturbations
11
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Tensor perturbations
12
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Decoupling at linear order
13



GW theoretical aspects and principia  •  Lecture 2 G. Cella  •  INFN Sezione di Pisa

Gauge transformations in the SVT language
14



GW theoretical aspects and principia  •  Lecture 2 G. Cella  •  INFN Sezione di Pisa

Gauge-invariant variables: what survives coordinates?
15
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Which SVT pieces propagate in GR?
16
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Tensor modes as gravitational waves
17
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Minkowski limit: SVT reduces to TT waves
18
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FRW spacetime as the cosmological case
19
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Tensor perturbations in FRW
20



GW theoretical aspects and principia  •  Lecture 2 G. Cella  •  INFN Sezione di Pisa

Canonical variable for tensor modes
22
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Sub-horizon and super-horizon propagation
23
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Wavelengths stretch with the scale factor
24
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Frequency redshift
25
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Amplitude damping
26
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Luminosity distance and GW amplitude
27
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Redshifted masses in GW astronomy
28
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From propagation to scattering
29
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Perturbations of compact objects
30
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Normal modes versus quasinormal modes
31
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Quasi Normal Modes
34
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Black holes spectroscopy
35
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Ringdown as relaxation of spacetime
36



Non standard polarizations
35
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