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RIPPLES	
  IN	
  THE	
  COSMIC	
  SEA	
  

q  Linearized	
  Einstein	
  equaNons	
  admit	
  wave	
  soluNons,	
  as	
  
perturbaNons	
  to	
  a	
  background	
  geometry	
  

q  Gravita9onal	
  Waves:	
  
transverse	
  space-­‐Nme	
  distorNons	
   	
   	
   	
  propagaNng	
  
propagaNng	
  at	
  the	
  speed	
  of	
  light,	
  	
  
described	
  by	
  2	
  independent	
  polarizaNon	
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PSR1913+16:	
  GW	
  DO	
  EXIST	
  
q  Pulsar	
  bound	
  to	
  a	
  “dark	
  companion”,	
  

7	
  kpc	
  from	
  Earth.	
  	
  
q  RelaNvisNc	
  clock:	
  vmax/c	
  ~10-­‐3	
  

q  GR	
  predicts	
  such	
  a	
  system	
  to	
  lose	
  
energy	
  via	
  GW	
  emission:	
  orbital	
  
period	
  decrease	
  

q  PredicNon	
  of	
  general	
  relaNvity	
  verified	
  
at	
  0.2%	
  level	
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Nobel Prize 1993: Hulse and Taylor 

P	
  (s)	
   27906.9807807(9)	
  

dP/dt	
   -­‐2.425(10)·∙10-­‐12	
  

dω/dt	
  (º/yr)	
   4.226628(18)	
  

Mp	
   1.442	
  ±	
  0.003	
  M	
  

Mc	
   1.386	
  ±	
  0.003	
  M	
  



TARGET	
  GW	
  AMPLITUDE	
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h ~ 10-21 

Target amplitude: 
coalescing NS/NS in the Virgo cluster 

(r ~10 Mpc) 

Efficient sources of GW must be asymmetric, compact and fast 

GW detectors are sensitive to amplitude h : 1/r  attenuation! 

hµν =
2G
c4

⋅
1
r
Q

µν
 

Compactness C  
1     for BH  
0.3  for NS  

10-4  for WD  

LUMINOSITY	
  

AMPLITUDE	
  
€ 
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G
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Example:	
  inspiral	
  signal	
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Le fasi dell’evento
Una coalescenza binaria può essere grosso modo suddivisa in tre fasi[6]

Inspiral è la fase in cui le stelle si possono considerare come distanti, e in cui si predice
il “fischio” che abbiamo già considerato [3, 5, 4, 1, 9]

Merger è la fase in cui le stelle si fondono. Per le NS, dipende da dettagli come le
equazioni della materia nucleare. Se si tratta di BH, è un regime altamente non-lineare
della relatività, accessibile probabilmente solo con le simulazioni numeriche.

Ringdown è la fase in cui il sistema prodotto si rilassa, ad esempio un BH dissipa le
oscillazioni dell’orizzonte degli eventi. Il segnale gravitazionale sarà una somma di
sinusoidi smorzate corrispondenti ai vari modi.

La ricerca di questi segnali si basa per lo più sulla fase inspiral, anche se comincia ad
essere possibile simulare numericamente le tre fasi nelle collisioni di BH.

Andrea Viceré Lezioni di Dottorato 2011: le binarie coalescenti 9

Il segnale approssimato nella fase inspiral

Nell’esempio della coppia di masse, avevamo assunto di osservare il segnale dall’asse
di rotazione. Più in generale, avremo per le due componenti di polarizzazione

✓
h+

h⇥

◆
= A [n (t)]2/3

 
cosf (t)cos(2q) cos

2 i+1

2

+ sinf (t)sin(2q)cos i
sinf (t)cos(2q)cos i� cosf (t)sin(2q) cos

2 i+1

2

!
(14)

Solo l’armonica fondamentale del
segnale viene considerata!
i indica l’inclinazione dell’orbita
della binaria rispetto alla linea di
vista;
q è la polarizzazione dell’onda
a,d indicano l’ascensione retta e
la declinazione della sorgente nel
cielo;
f (t) è il doppio della fase orbitale,
mentre n (t)⌘ ˙f (t)
L’ampiezza A come sappiamo
dipende dalla distanza delle stelle e
dalla loro massa.
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Un esempio di segnale da una binaria in coalescenza

In questo esempio mostro un evento BH-BH, nel quale le masse dei BH sono
m

1

= 10M�, m
2

= 20M�, e la frequenza iniziale di osservazione è a16Hz. L’ultima porzione
dell’evento è ingrandita per mostrare le cosiddette fasi di “merger” e “ringdown”.

Fino a tempi recenti, solo della prima porzione, il “chirp” o fischio, si aveva una buona
predizione e quindi poteva essere usata per l’analisi dei dati.

Andrea Viceré Lezioni di Dottorato 2011: le binarie coalescenti 8



Principle	
  of	
  Detec9on	
  

Need to measure: ΔL ~ 10-18 m 

Target h ~ 10-21 

(NS/NS @Virgo Cluster)  

Big challenge for experimentalists! 

Feasible L ~ 103 m 

GW induce space-time  
deformation  

Measure space-time  

strain using light  

Interference fringes 

Credit: M.Lorenzini 
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ΔL ≈ 1
2
hL



Size of the Universe Distance to 
Virgo cluster 

Distance from Galactic Center 

Typical wavelength of GW 
Radius of a Neutron Star 

Laser wavelength 
Atom 

Radius of a proton 

Required sensitivity! 

1 lght-year 

log10	
  r	
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What	
  does	
  10-­‐18	
  m	
  mean?	
  



INTERFEROMETRIC	
  GW	
  DETECTION	
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Pout	
  depends	
  also	
  on	
  Pin	
  ,	
  l,	
  L.	
  	
  

ITF	
  sensiCve	
  to	
  power	
  and	
  frequency	
  fluctuaCons,	
  displacement	
  noises,	
  …	
  

The	
  simplest:	
  a	
  Michelson	
  &	
  Morley	
  	
  

10	
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€ 

Pout = Pin cos
2(φ0 + φGW )

€ 

φGW =
4π
λ
L⋅ h



The	
  remarkable	
  power	
  of	
  interferometry	
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q  An	
  interferometer	
  is	
  a	
  low	
  pass	
  filter,	
  with	
  the	
  first	
  zero	
  at	
  c/(4	
  L)	
  
q  Even	
  if	
  we	
  could	
  afford	
  it,	
  L	
  should	
  not	
  be	
  too	
  large.	
  But	
  …	
  100	
  km	
  ?	
  	
  

=
4πL

λ
h(t)eiπfgwτrtsinc(πfgwτrt) (8)

Having a fixed GW frequency fgw, we have obtained the
transfer function h → ∆φ; the factor L/λ is the amplifi-
cation which makes interferometry useful.

100 101 102 103 104

fgw

109

1010

1011

1012

Δ
Φ
/h

In the example, it is assumed λ ∼ 1µm, L ∼ 100 Km .

• The larger L, the greater the amplification, but the narrower
the detection band! The first zero indeed occurs at f = c

4L.
An interferometer is a GW low-pass filter.

• L = 100 Km is not a joke. What really counts is the
optical length, which can be made much larger than the
physical distance between the mirrors.

Andrea Viceré, INFN Pisa section 8

Assume	
  L	
  =	
  100	
  Km	
  
	
  
Take	
  λ	
  =	
  1µm	
  



OPTICAL	
  READOUT	
  NOISE	
  
q  Power	
  fluctuaNons	
  limit	
  the	
  phase	
  sensiNvity.	
  UlNmate	
  power	
  

fluctuaNons	
  are	
  associated	
  to	
  the	
  quantum	
  nature	
  of	
  light	
  

q  Shot	
  noise	
  (assuming	
  P,	
  l	
  stable):	
  

	
  

q  L	
  =	
  100	
  km,	
  P	
  =	
  1	
  kW	
  	
  	
  à	
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hshot ≈10
−21

φshot =
2ω
P

 ⇒  hshot =
1
L
cλ
π ⋅P



100	
  KM	
  INTERFEROMETER?	
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Effective length: 

 
q  Fabry-Perot cavities: amplify 

length-to-phase transduction 

q  Higher finesse à higher dφ/dL 
q  Drawback: requires a resonance 

condition to work 

2' FL L
π

= ⋅



1	
  KW	
  POWER?	
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 Idea: recycle the wasted light! 

q  Peff= Recycling factor ·Pin   20 W  1 kW 
q  Shot noise reduced by a factor ~7 
q  But … one more cavity to be controlled 



q  For	
  instance,	
  thermal	
  noise.	
  Any	
  DOF	
  of	
  	
  the	
  detector’s	
  
components	
  obeys	
  to	
  the	
  fluctuaNon-­‐dissipaNon	
  theorem:	
  

q  Mirrors	
  and	
  wires	
  vibrate,	
  pendulum	
  oscillates	
  
q  All	
  translate	
  into	
  an	
  equivalent	
  noise	
  for	
  GW	
  

	
  
	
  

q  L	
  is	
  the	
  physical	
  distance	
  of	
  the	
  mirrors,	
  
not	
  the	
  op9cal	
  length!	
  

q  Possible	
  cures:	
  reduce	
  the	
  dissipa3on,	
  
or	
  cool	
  down	
  the	
  mirrors	
  

A	
  complica9on:	
  posi9on	
  noise	
  

by	
  D.Crooks	
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v(ω) =Y (ω)Fext (ω)
Ftherm
2 (ω) = 4kBTℜ[Y

−1(ω)]

xtherm
2 (ω) = 4kBT

ω 2 ℜ[Y (ω)]

htherm (ω)∝
1
L
xtherm (ω)
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A	
  real	
  detector:	
  Virgo	
  

3	
  km	
  North	
  arm	
  

Central	
  
Building	
  

Control	
  
Building	
  

Mode	
  
cleaner	
  
building	
  and	
  
tube	
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Scheme	
  of	
  Virgo	
  (rather	
  similar	
  to	
  LIGO	
  I)	
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Laser 20 W 

Output Mode Cleaner 

3 km long Fabry-Perot cavities: 
to lengthen the optical path to  
100 km 

Input Mode Cleaner 

Power recycling mirror:  
to increase the light power  
to 1 kW  

Virgo optical scheme 
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Laser	
  
q  20 W, Nd:YVO4 laser, two pumping diodes 
q  Injection locked to a 0.7 W Nd:YAG laser 
q  Required power stability: δP/P~10-8 Hz-1/2   

q  Required frequency stability: 10-6 Hz1/2 

Laser	
  
cavity	
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Input	
  Mode	
  Cleaner	
  
q  Mode cleaner cavity: filters laser 

noise, select TEM00 mode	



Input	
  mode-­‐cleaner:	
  dihedron	
  

Input	
  mode-­‐cleaner:	
  curved	
  mirror	
  

refbeaminbeam outbeam

Input	
  beam	
   Transm.	
  beam	
   Refl.	
  beam	
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Mirrors	
  
q  High quality fused silica mirrors 
q  35 cm diameter, 10 cm 

thickness, 21 kg mass 
q  Figures: 

–  Substrate losses:              1 ppm 
–  Coating losses:                 <5 

ppm 
–  Surface deformation:       λ/100 

VESF	
  School	
  –	
  April	
  15,	
  2013	
   A	
  Viceré	
  -­‐	
  UNIURB	
  &	
  INFN	
  Firenze	
   20	
  



Output	
  Op9cs	
  
q  Light filtering: output mode cleaner, 3.6 

cm long monolithic cavity 
q  Light detection: InGaAs photodiodes, 3 

mm diameter, 90% quantum efficiency 
q  Suppression of TEM01 by a factor of 10 
q  Length control via temperature 

(Peltier cell) 
DetecNon	
  bench	
  

Output	
  Mode-­‐Cleaner	
  VESF	
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VIRGO	
  DESIGN	
  SENSITIVITY	
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At	
  all	
  frequencies,	
  seism	
  would	
  be	
  king	
  
Superattenuator: A 
chain of pendula in 
all DOF, filtering the 
seismic noise in all 
directions. 
Without it we would 
be 15 orders of 
magnitude from the 
goal !!! 
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ITF	
  Opera9on	
  Condi9ons	
  
q  Keep	
  the	
  FP	
  caviNes	
  in	
  resonance	
  

–  Maximize	
  the	
  phase	
  response	
  

q  Keep	
  the	
  PR	
  cavity	
  in	
  resonance	
  
–  Minimize	
  the	
  shot	
  noise	
  

q  Keep	
  the	
  output	
  on	
  the	
  “dark	
  fringe”	
  
–  Reduce	
  the	
  dependence	
  on	
  power	
  

fluctuaNons	
  

Keep the armlength constant within  
10-12 m ! 

24	
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THE	
  LEGACY	
  OF	
  THE	
  	
  
1ST	
  GENERATION	
  DETECTORS	
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The	
  technology	
  has	
  been	
  demostrated	
  …	
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q  LIGO	
  and	
  Virgo	
  have	
  reached	
  the	
  design	
  sensiNvity	
  
q  An	
  important	
  achievement!	
  Highly	
  non	
  trivial	
  …	
  



...	
  aier	
  a	
  long	
  commissioning	
  
q  All	
  detectors	
  went	
  through	
  a	
  long	
  commissioning/learning	
  phase	
  

–  AsymptoNc	
  process.	
  	
  It	
  slows	
  down	
  when	
  approaching	
  the	
  design	
  curve	
  

q  Many	
  common	
  troubles:	
  great	
  benefits	
  from	
  reciprocal	
  exchanges	
  (to	
  
be	
  conNnued	
  in	
  the	
  advanced	
  detectors	
  era)	
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q  Lessons	
  we	
  had	
  to	
  learn:	
  
-  operaNng	
  controls	
  
-  coping	
  with	
  increasing	
  

complexity	
  of	
  the	
  opNcal	
  
configuraNon	
  

-  coping	
  with	
  thermal	
  effects	
  
-  coping	
  with	
  scasered	
  light	
  
-  idenNfying	
  unknown	
  noise	
  
-  fix	
  detector	
  bugs	
  
-  …and	
  many	
  others	
  



ROBUSTNESS	
  

q  Excellent	
  robustness	
  (and	
  very	
  good	
  duty	
  cycles)	
  obtained	
  by	
  1st	
  
generaNon	
  detectors	
  

q  Not	
  just	
  sensiNve	
  instruments,	
  but	
  reliable	
  ones!	
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Science	
  9me:	
  85.85%	
  
Locked	
  9me:	
  	
  92.42%	
  

GEO:	
  	
  Nov	
  07	
  –	
  Jun	
  09	
  	
  

VIRGO	
  VSR2	
  

Virgo:	
  Jul	
  09	
  –	
  Jan	
  10	
  

Science	
  9me:	
  80.4%	
  
Locked	
  9me:	
  	
  85.2%	
  



INFRASTRUCTURES	
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q  The	
  infrastructures	
  of	
  km-­‐scale	
  interferometers	
  were	
  established	
  
q  The	
  same	
  ones	
  will	
  be	
  used	
  for	
  the	
  next	
  generaNon	
  of	
  LIGO,	
  	
  Virgo	
  

and	
  GEO	
  
q  New	
  ones	
  will	
  be	
  needed	
  for	
  LCGT	
  in	
  Japan	
  and	
  for	
  a	
  new	
  detector	
  

in	
  the	
  southern	
  hemisphere:	
  LIGO-­‐India	
  



EXTERNAL	
  COLLABORATIONS	
  

LSC/VIRGO	
  are	
  starNng	
  external	
  collaboraNons,	
  first	
  step	
  towards	
  MULTI-­‐
MESSENGER	
  science:	
  

q  NEUTRINO	
  DETECTORS	
  
–  IceCube	
  and	
  ANTARES	
  MOUs	
  are	
  signed	
  
–  Super-­‐K	
  MOU	
  on	
  hold	
  

q  WIDE-­‐FIELD	
  OPTICAL	
  FOLLOWUPS	
  
–  All	
  have	
  been	
  approved	
  as	
  part	
  of	
  LOOC-­‐UP	
  
–  TAROT,	
  QUEST,	
  ROTSE	
  signed	
  	
  
–  Pi	
  of	
  the	
  Sky,	
  Skymapper,	
  Palomar	
  Transient	
  Factory	
  in	
  process	
  

q  NASA	
  SATELLITE	
  MISSIONS	
  
–  RXTE,	
  Swix,	
  Fermi	
  LAT	
  and	
  GBM	
  working	
  through	
  the	
  signature	
  process	
  
–  Long	
  standing	
  exisNng	
  MOU	
  with	
  RXTE	
  for	
  Sco-­‐X1	
  work	
  

q  RADIO	
  TELESCOPES	
  
–  Arecibo,	
  LOFAR,	
  Green	
  Bank	
  

q  NUMERICAL	
  RELATIVITY	
  
–  NINJA2	
  MOU	
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SCIENCE	
  SO	
  FAR…	
  
(A	
  SELECTION)	
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Some	
  science	
  papers	
  

VESF	
  School	
  –	
  April	
  15,	
  2013	
   A	
  Viceré	
  -­‐	
  UNIURB	
  &	
  INFN	
  Firenze	
   32	
  



COSMOLOGICAL	
  BACKGROUND	
  

LIGO	
  S5	
  limit	
  surpasses	
  indirect	
  limit	
  from	
  Big	
  Bang	
  nucleosynthesis	
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LIGO S5 result: 	


Ω0 < 6.9 x 10-6"

Abbos,	
  et	
  al.	
  (LSC	
  and	
  Virgo),	
  	
  
Nature.,	
  V460:	
  990	
  (2009)	
  



GRB070201	
  
q  GRB070201	
  

–  Short,	
  hard	
  gamma-­‐ray	
  burst	
  
–  Consistent	
  with	
  being	
  in	
  M31	
  
–  Leading	
  model	
  for	
  short	
  GRBs:	
  binary	
  

merger	
  involving	
  a	
  neutron	
  star	
  

q  Looked	
  for	
  a	
  signal	
  in	
  LIGO	
  data	
  
–  searched	
  for	
  both	
  inspiral	
  and	
  burst	
  

signals	
  	
  
–  No	
  plausible	
  GW	
  signal	
  found	
  [1]	
  

q  CONCLUSION:	
  probably	
  a	
  merger	
  
farther	
  out,	
  	
  or	
  a	
  SGR	
  giant	
  flare	
  in	
  
M31	
  [2,3]	
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[1]	
  Abbos	
  et.al.,	
  ApJ	
  681,	
  1419	
  (2008)	
  
[2]	
  Mazets	
  et.al.,	
  ApJ	
  680,	
  545	
  (2008)	
  
[3]	
  Ofek	
  et.al.,	
  ApJ,	
  681,	
  1464	
  (2008)	
  



PULSARS	
  
q  Strength	
  of	
  emised	
  GW	
  

depends	
  on	
  ellipNcity	
  ε	


q  Radio	
  observaNons	
  of	
  Crab	
  

pulsar	
  constrain	
  ε <	
  10-­‐3	
  

q  LIGO-­‐Virgo	
  non	
  detecNon	
  of	
  
GW	
  constrains	
  Crab’s	
  ε <	
  10-­‐4	
  	
  

q  Vela	
  spin-­‐down	
  limit	
  beaten	
  
(Virgo	
  data),	
  ε < 10-­‐3	
  

q  For	
  some	
  pulsars,	
  ε < 10-­‐7	
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Abbos	
  et	
  al.	
  (LSC	
  &	
  Virgo),	
  ApJ	
  713,	
  671	
  (2010)	
  

Abadie	
  et	
  al.	
  (LSC	
  &	
  Virgo),	
  ApJ	
  737:93	
  (2011)	
  



Binary	
  coalescences	
  
q  Upper	
  limits	
  on	
  the	
  

rates	
  now	
  about	
  a	
  
factor	
  10	
  above	
  
op9mis9c	
  rates,	
  and	
  
about	
  a	
  factor	
  100	
  
above	
  plausible	
  rates	
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Abbos	
  et	
  al.	
  (LSC	
  &	
  Virgo),	
  ApJ	
  713,	
  671	
  (2010)	
  

Abadie	
  et	
  al.	
  (LSC	
  &	
  Virgo),	
  PRD	
  85,	
  082002	
  (2012)	
  



S6/VSR2,3	
  GRB	
  TRIGGERED	
  SEARCHES	
  
q  154	
  GRBs	
  analyzed	
  (26	
  short-­‐hard)	
  
q  Non-­‐detecNon	
  -­‐>	
  exclusion	
  

distances:	
  had	
  there	
  been	
  a	
  GW	
  in	
  
coincidence,	
  we	
  would	
  have	
  seen	
  it	
  
if	
  closer	
  than..	
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Abadie	
  et	
  al.	
  (LSC	
  &	
  Virgo),	
  ApJ	
  760:12	
  (2012)	
  



ADVANCED	
  DETECTOR’S	
  
TECHNOLOGIES	
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What	
  can	
  we	
  shoot	
  for?	
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q  We	
  possess	
  now	
  the	
  technology	
  to	
  aim	
  
at	
  tenfold	
  sensiNvity	
  improvement	
  

Measured	
  spectrum	
  from	
  	
  
hsp://www.ligo.caltech.edu/~jzweizig/distribuNon/LSC_Data/	
   Measured	
  spectrum	
  courtesy	
  of	
  the	
  Virgo	
  Coll.	
  



Will	
  it	
  suffice?	
  Expected	
  BNS	
  rates	
  

q  IniNal	
  detectors:	
  ~15	
  -­‐	
  20	
  Mpc	
  inspiral	
  range.	
  One	
  event/50	
  years	
  
q  Advanced	
  detectors:	
  200	
  Mpc	
  insp.	
  range	
  (aLIGO	
  at	
  its	
  best).	
  40	
  ev/yr!	
  
q  DetecNons	
  expected	
  in	
  the	
  near	
  future	
  

–  …but	
  reaching	
  the	
  design	
  sensiNvity	
  will	
  be	
  a	
  long	
  process	
  

VESF	
  School	
  –	
  April	
  15,	
  2013	
   A	
  Viceré	
  -­‐	
  UNIURB	
  &	
  INFN	
  Firenze	
   40	
  

[CQG 27 (2010) 173001]	
  



ADVANCED	
  LIGO	
  
q  Funding in place (approved by NSF: 4/08) 
q  Total budget (equipment, personnel, travels): 240 M$ (including 

UK, D contributions) 
q  Installation in advanced state 
q  First lock expected: April 2014 
q  3rd interferometer to be shipped to India (LIGO-India) 
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KAGRA	
  

q  Underground detector in the Kamioka mine 
–  3km length 
–  Cryiogenic mirrors in the 2nd phase 
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ADVANCED	
  VIRGO	
  –	
  ID	
  CARD	
  

q  Advanced Virgo: upgrade of the Virgo interferometric 
detector of gravitational waves 

q  Goals:  
–  improve the detection rate by ~1000 
–  Participate to the early detections  
–  Start the GW astronomy 

q  Funded by INFN, CNRS, EGO, Nikhef in Dec 2009: 23.8 ME 
–  With some contributions from Poland and Hungary 

q  First light expected: fall 2015 
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OPTICAL	
  LAYOUT	
  

q  MAIN CHANGES 
–  Signal recycling 
–  Larger beam 
–  200W rod laser 
–  heavier mirrors 
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Vibra9on	
  isola9on	
  
q  aLIGO	
  to	
  extend	
  bandwidth	
  down	
  to	
  10	
  Hz	
  

–  acNve	
  seismic	
  isolaNon	
  (1/2	
  stages)	
  +	
  triple/
quadruple	
  pendulum	
  

–  low	
  frequency	
  cutoff:	
  40à10	
  Hz	
  

q  AdV	
  will	
  sNll	
  use	
  the	
  Virgo	
  superasenuators	
  
–  direct	
  measurements	
  proved	
  isolaNon	
  to	
  be	
  

compliant	
  with	
  AdV	
  requirements	
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In memory of Stefano Braccini 



MIRRORS	
  –	
  SUBSTRATES	
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q  Large high quality mirrors: 35cm diameter, 
10 à20cm thick, 21 à 42 kg 

q  Large beam splitter: 55cm diameter 
q  Manufacturer = HERAEUS (like in 

VIRGO), leader in low absorption silica 
q  New fused silica grade (Suprasil 3002): 

-  Better bulk absorption (0.2 ppm/cm 
measured at LMA): better for thermal lensing 

-  Good mechanical properties (High quality 
factor, > 107)   



POLISHING	
  

q  Optical losses must be minimized to 
–  Maximize the circulating power (and thus the sensitivity) 
–  Minimize the scattered light (and the associated noise…) 

q  AdV requirement: round-trip losses <50ppm à 
 à mirror flatness < 0.5 nm rms 

q  Standard polishing may achieve flatness ~2 nm rms 
q  To reach specifications we apply “corrective coating” to polished 

mirrors 
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CORRECTIVE	
  	
  
COATING	
  

q  Interferometric sensing of surface 
imperfections and correction by 
sputtering of silica molecules 

q  Mirror moved with respect to the silica 
beam by a robot (42kg mirror 
positioned with accuracy ~200 um)  
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Exp. result: 
RMS = 0.36 nm 



THERMAL	
  COMPENSATION	
  

q  Aberrations (intrinsic mirror defects 
or thermal deformations of the 
mirrors) spoil the beam quality 

q  A set of sensors and thermal actuators 
has been conceived to get an 
“aberration free” interferometer  
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Heating rings around 
mirrors to tune RoC  
(accuracy: ~1m over 1500m) 

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

Effect of RoC asymmetry in Virgo+ 



Payload	
  suspensions	
  
q  “Monolithic”	
  suspensions	
  (silica	
  fibers	
  +	
  silicate	
  

bonding)	
  used	
  in	
  aLIGO	
  and	
  AdV	
  
–  pendulum	
  Q:	
  105	
  (steel)	
  à	
  ~108	
  

q  aLIGO	
  “quad”	
  designed	
  and	
  contributed	
  by	
  UK	
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40 kg silica 
test mass 

four stages 

q  Monolithic	
  payloads	
  
integrated	
  in	
  Virgo	
  (the	
  so	
  
called	
  Virgo+	
  upgrade)	
  

q  Similar	
  design	
  for	
  AdV	
  



Signal	
  recycling	
  

knob	
  2	
  

optical 
transmittance of 

SRM1 
 

Signal	
  
Recycling	
  
bandwidth	
  

Input  
Light power 

 

knob	
  3	
  

knob	
  1	
  

microscopic po-
sition of SRM1 

(nm scale) 

Signal	
  Recycling	
  
resonance	
  frequency	
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OBSERVATIONAL	
  
PERSPECTIVES	
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SENSITIVITY	
  GOAL(s)	
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OVERVIEW 

!  The first chapter defines: 
–  the reference sensitivity(ies) 
–  the main system requirements 
–  the evolution of the detector configuration 

STAC, May 30, 2012 G Losurdo - AdV Project Leader 15 
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–  the reference sensitivity(ies) 
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q  Advanced	
  detectors	
  will	
  be	
  tunable,	
  to	
  be	
  opNmized	
  for	
  different	
  
sources	
  

q  Typical	
  benchmarks	
  include	
  BNS	
  and	
  10+10	
  BBH	
  



Plausible	
  run	
  schedule	
  

q  Recently published paper on arXiv: http://arxiv.org/abs/1304.0670 
Prospects for Localization of Gravitational Wave Transients by the 
Advanced LIGO and Advanced Virgo Observatories 

q  Official information about prospective observation schedules and 
associated sensitivities 

q  A live document: to be updated as our understanding progresses 
q  All numbers should be taken with several grains of salt … 
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Plausible	
  sensi9vity	
  evolu9on	
  

q  Educated guess, on the basis of current detector’s status, and past 
experiences. 

q  Note that Virgo lags behind LIGO by about 1.5 – 2 yrs 
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Sky	
  localiza9on	
  capabili9es	
  

q  Top left: 2016-17 ; top right: 2017-18 
q  Bottom left: 2019+ ; Bottom right: 2022 (with India)  
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AdV	
  and	
  aLIGO	
  science	
  in	
  one	
  slide	
  

q  Range for BNS or BBH expanded by 10 à rate by 1000 
q  Amplitude sensitivity improved by 10 à same factor improvement 

of UL (or detection) of signals from galactic NS: allow to probe 
ellipticities down to ~ 10-9 

q  Detection of impulsive events in our Galaxy with energies as small 
as 10-9 M¤c2 à likely detection of next supernova 

q  Limits on stochastic background, for instance on ΩGW, improved by 
a factor 100 

q  Localization of BNS events improved as sensitivity progresses and 
all detectors come on line: from only 2% of the events localized 
within 5 deg2, up to about 20% (and about 50% within 20 deg2) 

q  But it will take time: please be patient! 
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The	
  end	
  

Thank	
  you	
  for	
  the	
  asenNon	
  



A	
  Michelson-­‐Morley	
  sensi9ve	
  to	
  GW?	
  Why?	
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wave +

wave x

y

x

t=0 t=T/4 t=3 T/4

Freely falling masses will sit on the geodesics of this “pertur-
bated” metric.

LASER LASER

In the TT gauge, the masses define the coordinate system!
Then how can we detect any effect?
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q  Freely	
  falling	
  masses	
  (in	
  the	
  TT	
  gauge)	
  sit	
  on	
  the	
  geodesics	
  of	
  the	
  
metric	
  perturbed	
  by	
  the	
  presence	
  of	
  gravitaNonal	
  waves	
  

q  But	
  the	
  speed	
  of	
  light	
  remains	
  the	
  same,	
  hence	
  
	
  
	
  
considering	
  an	
  element	
  dx	
  along	
  the	
  axis	
  x	
  of	
  the	
  interferometer	
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Why a Michelson-Morley is sensitive to GW?

• Light velocity is constant, and space-time events linked by
the light have

ds2 = 0 = gµνdxµdxν

= [ηµν + hµν] dxµdxν (4)

• Consider the length of the axis x̂ leg of the ITF, under the
influence of a monochromatic GW: you have

c2dt2 = [1 + h11 (2πfgwt − k · x)] dx2 (5)

• Assume for simplicity a (complex!) + polarized wave
propagating along ẑ: then the wavefront leaving the BS at
t = 0 and propagating along x̂ comes back to the BS at
(complex!) time

τx =
2L

c
+

h

4πifgw

h

ei2πfgw2L/c − 1
i

; (6)

along ŷ the light picks the effect of h22 = −h11, hence
one has that the two wavefronts are out of time by

∆τ(t) = h(t)τrte
iπfgwτrt

sin (πfgwτrt)

πfgwτrt
(7)

that is, they are out of phase by

∆φ(t) =
2πc

λ
h(t)τrte

iπfgwτrtsinc(πfgwτrt)
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q  A	
  ray	
  of	
  light	
  takes	
  therefore	
  a	
  Nme	
  τx	
  to	
  go	
  from	
  the	
  beam	
  spliser	
  to	
  
the	
  end	
  mirror	
  and	
  back	
  again	
  (in	
  the	
  following,	
  I	
  mean	
  taking	
  real	
  part)	
  

q  With	
  a	
  GW	
  wave	
  in	
  +	
  polarizaNon,	
  a	
  similar	
  formula	
  holds	
  for	
  light	
  
propagaNng	
  along	
  the	
  y	
  axis:	
  at	
  recombinaNon	
  they	
  are	
  off	
  by	
  a	
  Nme	
  

q  That	
  is,	
  by	
  a	
  phase	
  (trt	
  is	
  the	
  round-­‐trip	
  Nme	
  in	
  the	
  Michelson)	
  
	
  
	
  
	
  
relaNng	
  the	
  GW	
  amplitude	
  h(t)	
  with	
  a	
  phase	
  shix	
  in	
  the	
  interferometer	
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=
4πL

λ
h(t)eiπfgwτrtsinc(πfgwτrt) (8)

Having a fixed GW frequency fgw, we have obtained the
transfer function h → ∆φ; the factor L/λ is the amplifi-
cation which makes interferometry useful.

100 101 102 103 104

fgw

109

1010

1011

1012

Δ
Φ
/h

In the example, it is assumed λ ∼ 1µm, L ∼ 100 Km .

• The larger L, the greater the amplification, but the narrower
the detection band! The first zero indeed occurs at f = c

4L.
An interferometer is a GW low-pass filter.

• L = 100 Km is not a joke. What really counts is the
optical length, which can be made much larger than the
physical distance between the mirrors.
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Wait:	
  freely	
  falling	
  masses???	
  

q  Well	
  above	
  a	
  pendulum	
  resonance,	
  the	
  asached	
  mass	
  responds	
  like	
  a	
  free	
  
mass	
  to	
  an	
  external	
  force	
  acNng	
  on	
  it	
  

q  This	
  force	
  could	
  also	
  be	
  (in	
  an	
  appropriate	
  gauge)	
  the	
  Riemann	
  force	
  driving	
  
the	
  deviaNon	
  of	
  the	
  geodesics.	
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Freely falling masses??

How can we have end mirrors which behave as freely falling
masses, without going in the space?

The idea is to have each mirror suspended to a pendulum.

x0

x1

l

z

x

Ideally, you have a motion equation

ẍ1 +
g

l
(x1 − x0) = Fext/m (9)

where Fext is a force applied to the
payload, that is

x̃1(ω) =
ω2

0x̃0(ω) + F̃ext(ω)/m

ω2
0 − ω2

(10)

we have two effects:

• Beyond the low frequency resonance, the effect of the mo-
tion of the suspension point on the test mass is attenuated:
we shall see that this is absolutely necessary in order to
isolate from the seismic noise.

• The effect of the force applied on the test mass, at high
frequencies, is approximated by

ω2mx̃1(ω) + Fext " 0 (11)

that is it responds, along the x̂ axis, as it were free.
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STRAY	
  LIGHT	
  MITIGATION	
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All	
  photodiodes	
  
seismically	
  isolated	
  	
  
and	
  In	
  vacuum	
  

HVAC	
  relocaNon	
   halls	
  re-­‐arrangements	
  
for	
  hosNng	
  minitowers	
  large	
  suspended	
  baffles	
  

+	
  payloads/superasenuators/
vacuum	
  modificaNons	
  
for	
  the	
  large	
  baffles	
  suspension	
  
+	
  superpolished	
  opNcs	
  on	
  
suspended	
  benches	
  
+	
  …	
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A	
  detail…	
  vacuum!	
  
q  Requirements:	
  

–  10-­‐9	
  mbar	
  for	
  H2	
  	
  
–  10-­‐14	
  mbar	
  for	
  hydrocarbons	
  

q  Vacuum	
  pipe:	
  
–  1.2	
  m	
  diameter	
  
–  Baked	
  at	
  150	
  °C	
  for	
  1	
  week	
  or	
  more	
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After bake

before bake

Residual Gases in tube
900m - 1500m N

October 2001 Ptot=3E-8 mbar

Ptot=2E-10 mbar

2: hydrogen
18: water
12,28: carbon monoxide
44: carbon dioxide
55, 57: hydrocarbon contamination
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