Gravitational lensing:
deflection of light

in equatorial plane:
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Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl) » STScl-PRC00-08

Radial distances
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Light cones

radial light rays:
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If a mass M is concentrated in a sphere of surface area
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the object becomes a black hole
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Galactic black holes
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Cosmology: dynamical geometry

On large scales our universe is homogeneous and isotropic
—— line element of cosmic geometry:

ds* = —c*dt* + a*(t)
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Gravitational waves

- fluctuations of metric

. . G = Guv + 2h v
in the form of traveling waves e 8

- asympotic form:

. . L =1+ 2h,,
waves on Minkowski background Jpw = Ny = 2l

linear approximation of Einstein equations:
Oy — 8,000, — B,00h, + 0,01 — 1y, (DR — 0,0\h™) = —87G T,
this implies energy-momentum conservation:
T, =0

and is invariant under gauge transformations
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polarization
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De Donder gauge: & hu = 50,0",  —>
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inhomogeneous massless (dispersion-free) wave equation
in empty space: Py = Ty = / € (k)e™ ™
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dispersion law =0 & w=k¢
amplitude polarization k*e,, (k) =0,  \(k)=0

— 2 transverse polarization states
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energy-momentum of gravitational waves

integral of energy density = hamiltonian
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equation of continuity i V-®
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energy conservation:
change in field-energy in V =
flux of gravitational-wave energy across the boundary

with @ Vh,

Energy flux of plane gravitational waves
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Non-relativistic sources

: . d dP
No dipole radiation: pr (Z ml-ri) = =0
(momentum conservation)
Quadrupole radiation:
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where Q) is the retarded mass quadrupole:
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Total energy flux de. G =,

dt ~ Bed YU
Newtonian binaries: (reduced mass)
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frequency
of newtonian binaries:
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Non-binary sources

- continuous sources msec pulsars
- transient sources supernovae
- cosmological sources tensor modes in CMB:

- B-mode polarization
- quantum gravity




