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Gravitational waves 

• The existence of  gravitational waves (GWs) is one 
of  the most intriguing predictions of  General 
Relativity.

• GWs are freely propagating oscillations in the 
geometry of  spacetime − ripples in the fabric of  
spacetime. 

6

accelerating charges
(time-varying dipole 
moment)

accelerating masses
(time-varying 
quadrupole moment)

electromagnetic 
waves 

gravitational 
waves 



• Linearized gravity is an adequate approximation to GR when 

Gravitational waves in linearized GR  

12

gab = ηab + hab, ‖hab‖ � 1

spacetime metric
(analogous to potential ϕ 

in Newtonian theory) 
“flat” metric

diag(-1, 1, 1, 1)

small perturbation

[More in GR lectures by Tiglio]

On the surface of the Earth, where we aim to 
detect GWs, linearized gravity is an adequate 

approximation to GR. 
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Plane-wave solutions:

Gravitational waves travel at the speed of light.

Gauge conditions imply that                               Further gauge conditions 

For a wave traveling in the z-direction then 
Gauge conditions, transversality and traceless conditions imply

Only two independent amplitudes. Two independent degrees of 
freedom for polarization: plus-polarization and cross-polarization.

Plane wave solutions

Transverse-Traceless Gauge andNumber of Degrees of
Freedom

kαkα = 0h̄αβ = Aαβ exp(2πıkμx
μ),

Aαβkβ = 0.

1. A0β = 0 ⇒ Aijkj = 0: Transverse wave; and

2. Aj
j = 0: Traceless wave amplitude.

ii dd dd llii dd TT ii dd dd dd

kz = k, kx = ky = 0.

A0α = Azα = 0, Axy = Ayx, Ayy = −Axx.

Wednesday, 26 June 2013
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In the TT gauge, the effect of a wave on a particle at rest

So a particle at rest remains at rest. TT gauge is a coordinate 
system that is comoving with freely falling particles.
The waves have a tidal effect which can be seen by looking at the 
change in distance between two nearby freely falling particles:

Isaacson showed that a spacetime with GW will have curvature 
with the corresponding Einstein tensor given by

In the TT gauge the effect of a wave on a particle at rest
Tidal Effect of Gravitational Waves

d2

dτ 2
xi = −Γi

00 = −1

2
(2hi0,0 − h00,i) = 0.

d2

dτ 2
ξi = Ri

0j0ξ
j =

1

2
hij,00ξ

j.
ξ

Gαβ = 8πT
(GW )
αβ

T
(GW )
αβ =

1

32π
hTT

μν ,αhTTμν
,β.

Wednesday, 26 June 2013



Gravity's Standard Sirens 

GWAmplitude - Measure of Strain

δl

l

Gravitational waves cause a strain in space as they pass
Measurement of the strain gives the amplitude of 
gravitational waves

Wednesday, 26 June 2013
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h jk(t) ∼ 2
d

Q̈ jk ∼
(G
c4

) 4μ
d

(GM
R

)
cos 2ωt

Gravitational waves in linearized GR  

14

• In transverse-traceless gauge, the metric perturbation can be related to the quadrupole-moment of  
the source. 

source

dis
tan

ce
, d

 

observer

second time-
derivative of the 

quadrupole moment

distance to 
the source

GW 
amplitude

j, k = 1...3
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Gravitational waves in linearized GR  

m2

m1

ωt

R

M = m1 + m2

Most promising sources are relativistic
phenomena involving massive and compact

objects

15

frequency of 
the source

“compactness” 
of the source

reduced-
mass of the 

source

Keplerian v210−45!

• In transverse-traceless gauge, the metric perturbation can be related to the quadrupole-moment of  
the source. 

h jk(t) ∼ 2
d

Q̈ jk ∼
(G
c4

) 4μ
d

(GM
R

)
cos 2ωt
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Expected sources of gravitational waves 

19

Frequency    10−16 Hz                  10−9 −10−6 Hz       10−5 −10−1 Hz             10−1 −1 Hz                 1 −104 Hz
Wavelength  1021 km                   1014 −1011 km       1010 −106 km              106  −105 km               10 5  −10 km
Detection    CMB Polarization     Pulsar timing         eLISA/NGO               BBO/DECIGO           LIGO/Virgo/KAGRA/ET

Coalescing binaries of 
stellar- & intermediate- 
mass BHs / neutron stars

Spinning 
neutron starsN

A
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/C
X

O
/S
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O

Core-collapse 
supernovae, 
gamma-ray bursts, 
soft gamma-ray 
repeaters ...N
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Coalescing SMBH binaries 

White-dwarf 
binaries 

Energetic processes in 
the early universe
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Neutron stars / stellar-
mass BHs inspiralling 
into SMBHs 



Expected sources of gravitational waves 

• Burst sources Collapse of  massive stellar cores 
can produce a burst of  GWs.

may also produce a 
supernova/long GRB

leaves behind 
a compact object

(black hole or neutron star)

-10 0 10 20 30 40 50
-200

-150

-100

-50

0

50

100

t - tbounce (ms)

h
+
D

(c
m

)

Type I

Type II

Type III

[Dimmelmeier et al (2002)]

EGW = 10−12 − 10−4 M� c2
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Expected sources of gravitational waves 

• Burst sources Collapse of  massive stellar cores 
can produce a burst of  GWs

• Continuous sources Spinning neutron stars with 
non-axisymmetric deformations.

• Compact binary coalescences driven by GW 
emission.

merger (involving 
NS) might also 
produce a short GRB

h(t)

EGW � 0.01 − 0.15 Mc2

22



Gravitationalwave searches
Compact binary coalescences

Binary neutron stars - low-mass
searches
Binary black holes - high-mass searches

Unmodelled bursts of radiation
Un-triggered searches
Searches triggered by gamma-ray
bursts, pulsar glitches, supernovae, etc.

Continuous waves from rapidly
rotating neutron stars

Radiation from known pulsars
All sky, blind searches
Pulsars in binary systems

Stochastic radiation
Isotropic searches
Directed searches

28

Wednesday, 26 June 2013



GWA School, January 2013, A.M. Sintes  9 

Tests of  Relativity 
 
• Confirm speed of gravitational waves, 

constrain graviton mass 
• Measure polarization and test general 

relativity 
• Two body dynamics (spin-orbit, spin-spin 

couplings)  
• Non-linear gravity  
• Uniqueness theorems on BH space-times 
• Relativistic instabilities  

Cosmology 
 
• Cosmological parameters and their 

variation with red-shift 
• Dark energy – equation of state and nature 
• Origin of the Universe and connection 

between quantum theory and general 
relativity.  
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PSR 1913+16: orbit from pulsar timing
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PSR 1913+16: orbital phase shift
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Benasque  2012, A.M. Sintes  9 

Indirect evidence of gravitational radiation: PSR 1913+16  

Observed Pulsar orbit 

General Relativity Prediction 
from Gravitational Waves 

R. Hulse J. Taylor 

   The emission of gravitational waves by a pair of 
neutron stars orbiting each other has been observed by 
measuring a tiny systematic shrinkage of the orbit.  

   For this seminal discovery Hulse and Taylor were 
awarded the Nobel Prize in 1993.  

  However, this dramatic observation is referred to as an 
indirect confirmation of the existence of gravitational 
waves, since what we have observed is the effect of the 
waves on the binary orbit rather than the waves 
themselves.  

PSR 1913+16 orbit will continue to decay over the next 
~300 million years, until coalescence. Gravitational wave 
emission will be strongest near the end. 
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• Established 1992
• Origin: two initially independent efforts
• Development of high quality optics (sources and

mirrors): stringent requirements for gw interferometry
– Work on light source stabilization A.Brillet
– Large investment in coating facility : Laboratoire des Matériaux

Avancés, Lyon, J.M. Mackowski

• Quest for low frequency detection: pulsar population,
signal increase at low frequency
– Development of passive seismic attenuation A. Giazotto

8
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Gravity's Standard Sirens 

Interferometric gravitational-wave 
detectors 

For Typical Astronomical sources

Wednesday, 26 June 2013
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Laser Nd:YAG

P=20 W

Input Mode Cleaner
Length = 144 m

Recycling

Output Mode Cleaner
Length = 4 cm

L=3km
Finesse=50

L=3km
Finesse=50P=1kW

1.06 μm (IR)
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Let's swing!
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h ~ 3 x 10-21 Hz-1/2 @ 10 Hz
h ~ 7 x 10-23 Hz-1/2 @ 100 Hz

9
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GWA School, January 2013, A.M. Sintes  3 

Supernovae, BH/NS formation Stochastic background 

Spinning NS  
in X-ray 
binaries 

Wobbling NS

SBH and NS Binaries     

Long duration Short duration 

CW 
 
CBC 

? 

Matched filter 

Template-less 
methods 



Search for GWs from CBCs: Matched filtering 

30

h
(λ

)

t t τ

d

Cross-correlationSignal template Data

d
�
ĥ
(λ

)

Detection requires accurate models of the expected GW 
signals, as computed in GR. 

Also, understanding the physics & astrophysics of sources 
requires accurate theoretical models of the source.
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• High mass search 
– Major progress in numerical and analytical relativity has allowed 

us to use “complete” inspiral merger ringdown templates and 
extend search reach 

– Search underway  using these templates 

• Low mass search 
• Using non-spining and spining waveforms 

We have several analytic families of waveform covering 
inspiral, merger, ringdown 



GWA School, January 2013, A.M. Sintes  22 

How far away could we hear? 



77



Associated gravitational waves

Binary coalescence

Waveform mostly known
⇒ Template matched filtering

Hypernova

[Dimmelmeier et al., 2008]

Waveform, amplitude uncertain
Main emission mechanism
unknown

⇒
�

�

�

�“Unmodeled” search

Michał Wąs (G1100070) Moriond, 2011 March 22 5 / 15
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Coherent analysis

Michał Wąs (G1100070) Moriond, 2011 March 22 8 / 15



Time frequency maps

⇒ Concentrate signal energy in
a small number of pixels

Michał Wąs (G1100070) Moriond, 2011 March 22 9 / 15
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GWA School, January 2013, A.M. Sintes  43 

optical 

radio 

gamma rays, 

x-rays 

neutrinos 

 



Searching GW in association with GRBs

Gamma-ray burst observed by satellites (Swift, Fermi, ...)
⇒ GCN: Gamma-ray bursts Coordinates Network

Known position and time
Position → simplify coherent analysis
(time delays between detectors known)
Reduced time → reduced background

⇒ Better sensitivity by a factor ∼ 2

Time coincidence between GRB and GW: window [−10,+1]min
→ dictated by long GRB astrophysics (several sec for short GRBs)

Michał Wąs (G1100070) Moriond, 2011 March 22 11 / 15



Michał Wąs (G1100070) Moriond, 2011 March 22 12 / 15
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LVD Borexino Super-K 

IceCube 

ANTARES 
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2nd generation detectors
– BNS inspiral range >10x better than Virgo
– Detection rate: ~1000x better

– 1 day of Adv data  3 yrs of data

2121



BASELINE DESIGNBASELINE DESIGN

MAIN CHANGES
– Signal recycling
– Larger beam
– 200W rod laser
– heavier mirrors

G Losurdo - INFN Firenze 23



THERMAL COMPENSATIONTHERMAL COMPENSATION

Aberrations (intrinsic mirror defects or 
thermal deformations of the mirrors) 
spoil the beam quality
A set of sensors and thermal actuators 
has been conceived to get an 
“aberration free” interferometer 

Seminario CdS - Oct 31, 2011 G Losurdo - INFN Firenze 27

Heating rings around
mirrors to tune RoC
(accuracy: ~1m over 1500m)

CO2 laser shined on the mirror: 
heat deposition where needed
to compensate for aberrations 

Effect of RoC asymmetry in Virgo+
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GEO 

VIRGO 

LIGO-India 

KAGRA 
LIGO H1 

LIGO L1 
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How a new infrastructure (and new technologies) 
pushes ET beyond the 2nd generation?

34
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CONFLICT OF INTERESTS 
High Power for low 
SShot Noise: 3MW 

Need Cryogenics for  
lowThermal Noise: 10K 
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ET XYLOPHONE STRATEGY 

10K,  18kW, 1550nm 300K,  3MW, 1064nm 

Split detector into two interferometers optimised for  

LLow Frequencies and High Frequencies 



Slide 26 

ET-D HIGH FREQUENCY DETECTOR 

 

 

 

 

Coating Brownian reduction factors (compared to 2G): 
3.3 (arm length), 2 (beam size) and 1.6 (LG33) = 110.5 
Shot Noise reduction factors (compared to 2G):  
1.6 (arm length), 1.9 (power), 3.2 (squeezing (10dB)) = 99.7 

Slide:  Christian Gräf, ET Symp., 2013, 
modified 
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ET-D LOW FREQUENCY DETECTOR 
 

 

 

 

 

As mirror TN is no longer limiting, one could relax the assumptions 
on the material parameters and the beam size…  

Slide: Christian Gräf, ET Symp., 2013; modified 



ET-D XYLOPHONE SENSITIVITY 
Slide: Christian Gräf, 2013, modified 

Slide 7 

ET-D-LF ET-D-HF 



TRIANGULAR CONFIGURATION 
SIX INTERFEROMETERS IN TOTAL 
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ET Conceptual design

R&D

Technical design

Site preparation

ET Site  and infrastructures realisation
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First detection on advanced interferometers

Components pre-commissioning and first ET detector commissioning

First science data

20
29

Hardware production

ET Observatory Funding
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1ST, 2ND 2+, AND 3RD GENERATION 

LLIGO 3G 

High Power 
3 MW 

Cryo T 
10 K 
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FFT (Detector Data)

Reference signal, called 
template in freq. domainMatched filtering:

77777

• 1° gen use 4000 of 
Templates.
• 2° gen 8-10000
• 3° gen 1-2000000 !!

One-sided noise power 
spectral density

Looping over ALL templates 
for each timeslice of data.

Leone B. Bosi , ET project  - INFN Perugia - E4 Workshop 2010, Bologna  
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2-3 10-8 s/sample

gain = X100 

Leone B. Bosi – INFN Perugia

Leone B. Bosi , ET project  - INFN Perugia - E4 Workshop 2010, Bologna  



LISA 1 LISALISAhttp://lisa.jpl.nasa.gov

LISA
Laser Interferometer
Space Antenna

Jet Propulsion Laboratory
California Institute of Technology



LISA 3 LISALISA

The Gravitational-Wave Spectrum



LISA 5 LISALISA

Launch Configuration

Spacecraft design constrained by volume of Launch vehicle shroud
Delta-II preferred because of lower cost

10’
3 m



LISA 12 LISALISA

Payload Mounting Structure



LISA 13 LISALISA

Optical System



LISA 14 LISALISA

Optical Bench Schematic



LISA 15 LISALISA

Technology Drivers

Micronewton thrusters
       Range 1-100 μN
          Noise <1  μN

Picometer interferometry
Accuracy < 1 pm

rms for 1000 s average

    1 W laser 

Gravitational sensors
    Noise < 10-16 g

rms for 1000 s average













LISA Pathfinder

LISA Pathfinder Mission

LISA Pathfinder can be functionally split into the spacecraft 
and payloads:
– Spacecraft

• Provided by ESA
– Industrial Prime Contractor: Astrium UK

• s/c includes the drag free control software and
micro-Newton thrusters

– Payloads

• The LISA Technology Package (LTP)

– Provided by European member states and ESA
– Consists of inertial sensors, and interferometric readout

• The Disturbance Reduction System (DRS)

– Provided by NASA-JPL
– Consists of processor running drag-free

control software and micro-Newton
thrusters

ESA
etric readotric readout

Monday, 21 March 2011



LISA Pathfinder

Mission Concept

Monday, 21 March 2011



LISA Pathfinder

Mission Concept

Monday, 21 March 2011



LISA Pathfinder

LPF Spacecraft

The main role of the LPF spacecraft 
is to protect the test masses from 
external disturbances
– The spacecraft follows the test mass

Spacecraft integration is almost fully 
complete
– All s/c bus electronic units are integrated, 

and most of the LTP electronic units are 
integrated

– Only the LTP and micro-Newton thrusters 
are missing

Spacecraft and Prop module are 
now at the testing centre (IABG) for 
the start of the environmental test 
campaign

Monday, 21 March 2011



LISA Pathfinder

Integrated Spacecraft

Monday, 21 March 2011
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Why is the CMB Polarized? 
•  Thomson scattering cross section depends on polarization 
•  Quadrupole anisotropy (as seen by electron) @ last 

scattering  net linear polarization  

A. G. Vieregg for the BICEP2 Collaboration 14 

Hot Hot 

Cold 

Cold 



E-Modes & B-Modes 

A. G. Vieregg for the BICEP2 Collaboration 16 

E E 

No Handedness  

B B 

Handedness 



E mode can be generated by  
density perturbations and by  
gravitational waves  

B mode can be generated only by  
gravitational waves or by 
gravitational lensing 



Gravitational waves from orbiting double-star

titlepage introduction contents back forward −1 +1 fullscreen 68



•  Gravitational lensing deflects 
CMB photon trajectory 

•  Twists E-modes to have some 
component of B-modes 

•  Lensing B-modes detected by 
SPT and PolarBEAR in 2013 

Gravitational Lensing: Converting E to B 



Temperature spectrum traces 
density evolution of acoustic 
oscillations in early universe.   
E-polarization spectrum 
(first measured by DASI, 
Kovac et al. 2002) : 
•  102 lower 
•  correlated with T 
    but out of phase 

Features of the CMB Spectrum 

B-modes are a teeny 
signal! Hard to detect! 

B-polarization spectrum: 
•  102 - 103 lower still! 
•  gravitational waves:  
         large angular scale 
•  lensing: small angular scale 

reasonable GUT-scale 
inflation models 

18 A. G. Vieregg for the BICEP2 Collaboration 



The Hunt for B-modes 

A. G. Vieregg for the BICEP2 Collaboration 19 

•  Characterize the strength of the 
inflationary signal by the tensor-
to-scalar ratio, r 

•  Up to now: upper limits from 
searches for B-modes 

•  Best limit on r from 
BICEP1: r < 0.7 (95% CL) 

•  At high multipoles, lensing       
B-mode signal dominant 



The BICEP2 Telescope 
Lens 

Nylon filter 
Lens 
Nb magnetic shield 
Focal plane assembly 
Passive thermal filter 

Flexible heat straps 

Refrigerator 
Fridge mounting bracket 

Camera plate 
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1.2 m 

21 A. G. Vieregg for the BICEP2 Collaboration 

•  Cold (4K), on-axis, refractive 
optics 

•  12” aperture  0.5 degree 
beams 

•  Compact telescope for tight 
systematics control and ability 
to rotate around optical axis 

•  Detectors cooled to 250 mK 
using a helium sorption 
refrigerator 





BICEP2: 10-fold increase 
in mapping speed:  

BICEP1 

48        
150 GHz 
detectors 

BICEP2 

512        
150 GHz 
detectors 

  JPL : antenna-coupled TES arrays 

22 



Anatomy of A BICEP2/Keck Focal Plane 

23 

•  256 pixels per focal 
plane 

•  Slot antenna array 
per polarization per 
pixel 

•  Ti Transition Edge 
Sensor (TES) 
Bolometers  7.5 mm 

A. G. Vieregg for the BICEP2 Collaboration 



Detecting CMB Radiation 

24 



Observational Strategy 

Target the “Southern Hole” – an 
exceptionally clean region of the sky 

Observe @ 150 GHz until you see    
B-modes 
      Near peak of CMB spectrum 
      Dust + synchrotron predicted to  
          be at a minimum 

Expected foreground contamination 
of the B-mode power: r ≤ ~0.01 

Example: 
FDS dust 
model 

25 A. G. Vieregg for the BICEP2 Collaboration 



BICEP2 on the Sky 

•   Projection of the BICEP2 focal plane on the sky 

•   20 degrees across 

30 A. G. Vieregg for the BICEP2 Collaboration 



     B-mode Contribution 

Scale: 

39 A. G. Vieregg for the BICEP2 Collaboration 

B-modes of r = 0.1 contribute ~1/10 of the total 
polarization amplitude at    =100     =



BICEP2 B-mode Power Spectrum 
B-mode power spectrum 
temporal split jackknife 
lensed-ΛCDM  
r=0.2 

PTE 

significance   5.3σ 

42 A. G. Vieregg for the BICEP2 Collaboration 

•  Clear detection of B-modes 
above lensing floor 

•  Good fit to expected inflationary 
+ lensing signal spectrum 



BICEP2 Results 

65 A. G. Vieregg for the BICEP2 Collaboration 



What comes next for us? 

A. G. Vieregg for the BICEP2 Collaboration 66 

5 x 512 @ 150 GHz (2012-2013) 
Upgraded 2014: 2 x 512 @ 100 GHz 

Keck Array 
3 x deployed Jan 2011 
2 x deployed Jan 2012 
5 Years of Observation 

BICEP3 
Will Deploy in 2014 

2056 @ 100 GHz 



The Keck Array (2011 - ) 

67 67 

•  5x BICEP2  
•  New: pulse tube coolers 
•  2012-13: 5 @ 150 GHz 

A. G. Vieregg for the BICEP2 Collaboration 
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Winter Overs: 
Robert Schwarz 
and Steffen Richter 



BICEP3 (2015 - ) 
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Will deploy in December 2014: 2056 Detectors @ 100 GHz 

71 

•  Larger aperture, faster optics  10x 
BICEP2’s optical throughput 

•  Doubles the program’s survey speed 
•  Important for foreground separation 



The Planck satellite 

7 

1.5 m telescope 

shield facing sun 

2 instruments: 

 

- LFI (led by Italy) 

   - HEMTs (transitors) 

   - cooled at 20K 

   - sensitive to 30-100 GHz 

 

- HFI (led by France/UK)  

   - bolometer array 

   - cooled at 0.1K 

   - sensitive to 100-857 GHz 

13.11.2013 The Planck satellite results – J. Lesgourgues 



The Planck satellite 

• Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 

• 75 detectors cover 9 frequency channels, grouped as “LFI” (HEM transistors) and 
“HFI” (bolometers). 

• Planck strengths: large and redundant sky coverage, number of channels & 

detectors, low detector noise (25 x better than WMAP). Resolution intermediate 

between WMAP (3 x better) and ACT, SPT. 

• HFI requires complex cryogenic cooling at 0.1K (dilution of 3He in 4He). Designed 

for > 2 scans, achieved 5. Turned off in Jan 2012 (due to 3He level). 

• LFI requires cooling at 20K with 4He only and proceeded until few weeks ago (8 

scans). 

• 2013 release restricted to “nominal mission”, 15 months, > 2 scans. Further 

temperature data + polarization maps differed to 2014 - 2015. 

13.11.2013 The Planck satellite results – J. Lesgourgues 11 


